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Preface

This volume of the Subcellular Biochemistry series devoted to Macromolecular
Protein Complexes continues the theme of Volumes 83 and 94, by presenting a
diverse selection of interesting chapter topics within which emphasis is placed
primarily upon soluble protein complexes, together with some membrane- and
virus-related protein topics. These two latter areas were previously covered in
Volumes 87 and 88 of the series, but will be integrated, along with fibrous proteins,
in the present and future volumes of the series in an almost encyclopaedic manner.
The recently published Volume 94, entitled Vertebrate and Invertebrate
Respiratory Proteins, Lipoproteins and other Body Fluid Proteins also comple-
ments the content of the present volume.

The compilation and editing of advanced multi-author scientific books of this
nature is a difficult task in the present state of demanding academic life and intense
scientific activity, where professional advancement is very much linked to publi-
cation of primary research outputs within prestigious scientific journals rather than
books. Nevertheless, the book format continues to provide an opportunity for
authors to present their own research achievements and express their opinions in a
freer, and more expansive manner than is possible within review articles. With
Open Access options now available for book chapters, together with electronic
download, this gives equally broad distribution and readership possibilities to the
scientific journals.

Chapter topics in this book were selected from the recently published research
work of authors who have interesting data available for full presentation and
integration with the research data of other groups. The structural and functional
aspects presented in these chapters are enhanced with views on the developing
biotechnological, biomedical, and pharmaceutical potential of the complexes dis-
cussed. The 18 chapter topics included in the book, listed immediately following in
the Contents list, will not be expanded upon here, apart from stating that grouping
of topics has not been performed here, owing to the diverse nature of the chapter
content. Some do link together, but in the main all are free-standing. Of significance
is the lengthy and important presentation on the complex structural and functional
dynamics of the 26S proteasome. Unfortunately, from our initial list of agreed
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chapters five good topics were lost during the extended production period, by the
authors failing to submit their material! This is perhaps a reflection of the extreme
pressures of work on those concerned and the unusual circumstances we find
ourselves in with the global COVID-19 pandemic.

We hope that this volume will provide broadly useful information for structural
biologists, biochemists and biomedical scientists, ranging from the advanced
undergraduate level, through to postgraduate and career scientists.

Mainz, Germany J. Robin Harris
Newcastle upon Tyne, UK Jon Marles-Wright
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Chapter 1
Structure, Dynamics and Function
of the 26S Proteasome

Youdong Mao

Abstract The 26S proteasome is the most complex ATP-dependent protease
machinery, of ~2.5 MDa mass, ubiquitously found in all eukaryotes. It selec-
tively degrades ubiquitin-conjugated proteins and plays fundamentally indispens-
able roles in regulating almost all major aspects of cellular activities. To serve
as the sole terminal “processor” for myriad ubiquitylation pathways, the protea-
some evolved exceptional adaptability in dynamically organizing a large network
of proteins, including ubiquitin receptors, shuttle factors, deubiquitinases, AAA-
ATPase unfoldases, and ubiquitin ligases, to enable substrate selectivity and
processing efficiency and to achieve regulation precision of a vast diversity of
substrates. The inner working of the 26S proteasome is among the most sophis-
ticated, enigmatic mechanisms of enzyme machinery in eukaryotic cells. Recent
breakthroughs in three-dimensional atomic-level visualization of the 26S proteasome
dynamics during polyubiquitylated substrate degradation elucidated an extensively
detailed picture of its functional mechanisms, owing to progressive methodolog-
ical advances associated with cryogenic electron microscopy (cryo-EM). Multiple
sites of ubiquitin binding in the proteasome revealed a canonical mode of ubiquitin-
dependent substrate engagement. Theproteasomeconformation in the act of substrate
deubiquitylation provided insights into how the deubiquitylating activity of RPN11
is enhanced in the holoenzyme and is coupled to substrate translocation. Intrigu-
ingly, three principal modes of coordinated ATP hydrolysis in the heterohexameric
AAA-ATPase motor were discovered to regulate intermediate functional steps of
the proteasome, including ubiquitin-substrate engagement, deubiquitylation, initi-
ation of substrate translocation and processive substrate degradation. The atomic
dissection of the innermost working of the 26S proteasome opens up a new era in our
understanding of the ubiquitin-proteasome system and has far-reaching implications
in health and disease.

Y. Mao (B)
Department of Cancer Immunology and Virology, Dana-Farber Cancer Institute, Harvard Medical
School, Boston 02215, Massachusetts, USA
e-mail: youdong_mao@dfci.harvard.edu

School of Physics, Center for Quantitative Biology, Peking University, Beijing 100871, China
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J. R. Harris and J. Marles-Wright (eds.), Macromolecular Protein
Complexes III: Structure and Function, Subcellular Biochemistry 96,
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Introduction

Human cells express more than 20,000 genes, which direct synthesis of a comparable
number of proteins by the ribosome. Intracellular constituents dynamically preserved
as proteins are continuously synthesized and degraded in cells. Newly synthesized
proteins might misfold into dysfunctional structures that are cytotoxic and must be
removed in a timely manner. Many initially well-folded proteins may need to be
partially degraded or cleaved to activate specific function. Functional proteins may
ultimately become unnecessary once they fulfil their missions. All these proteolytic
needs can be met by the master recycling machinery called the 26S proteasome
(Ciechanover and Kwon 2015; Mayer 2000; Meyer-Schwesinger 2019; Hnia et al.
2019; Coux et al. 1996; Finley and Prado 2019; Bard et al. 2018; Finley et al. 2016;
Collins and Goldberg 2017; Voges et al. 1999; Tanaka 2009). The 2.5-MDa 26S
proteasome counteracts the ribosome, by controlling the fate of synthesized proteins,
and tightly regulates intracellular protein contents (Livneh et al. 2016; Collins and
Goldberg 2017). To date, the 26S proteasome remains the largest, most enigmatic
degradation machinery known and is ubiquitously found in all eukaryotic kingdoms
(Darwin 2009; Muller and Weber-Ban 2019).

To be degraded by the proteasome holoenzyme, the targeted proteins must first
be covalently modified by ubiquitin moieties via a cascade of three types of enzyme,
namely, the E1 ubiquitin-activating enzyme, the E2 ubiquitin-conjugating enzyme,
and the E3 ubiquitin ligase (Ciehanover et al. 1978; Ciechanover et al. 1980a, b;
Hershko et al. 1979, 1980). Ubiquitin is a highly conserved protein with 76 amino
acids ubiquitously found in eukaryotic cells (Wilkinson et al. 1980; Goldstein et al.
1975). Regulated modification of protein substrates with ubiquitin initiates their
recognition and breakdown by the proteasome in anATP-dependent fashion (Etlinger
and Goldberg 1977; Arrigo et al. 1988; Wilkinson et al. 1980; Hershko et al. 1980).
Mammalian cells contain only very few E1 enzymes, several E2 enzymes and at
least several hundreds of different E3 ligases (Buetow and Huang 2016; Zheng and
Shabek 2017; Hua and Vierstra 2011). The hierarchical cascade of ubiquitylation
enzymes allows orthogonal regulation of hundreds of substrates in parallel. A large
network of proteins involved in ubiquitylation and ubiquitin-mediated degradation
by the 26S proteasome constitutes the ubiquitin-proteasome system (UPS) (Mayer
2000; Ciechanover 2005; Finley and Prado 2019; Livneh et al. 2016). Through the
UPS, the proteasome elegantly regulates all major aspects of cellular processes,
such as the cell cycle, gene expression, signal transduction, immune response, apop-
tosis and carcinogenesis (Ciechanover 2005). To serve as the sole terminal “pro-
cessor” for myriad ubiquitylation pathways, the proteasome evolved exceptional
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adaptability in dynamically organizing ubiquitin receptors, shuttle factors, deubiqui-
tinases, AAA-ATPase unfoldases, ubiquitin ligases and a large network of proteins
to enable substrate selectivity, processing efficiency and precision of intracellular
regulation (Finley and Prado 2019). The proteasome holoenzyme is one of the most
dynamic enzymes known. The inner working of the proteasome is among the most
sophisticated, enigmatic mechanisms of enzymatic machinery.

Indeed, owing to extremely complex dynamics in the 26S proteasome, the eluci-
dation of its atomic structures took about four decades following its first discovery
in the late 1970s (Etlinger and Goldberg 1977) despite continuous efforts by the
worldwide research community and several generations of scientists (Bard et al.
2018). Building upon recent cryogenic electron microscopy (cryo-EM) studies on
the human proteasome dynamics (Frank 2006; Chen et al. 2016a; Lu et al. 2017b; Zhu
et al. 2018), an eventual breakthrough in visualizing substrate-processing dynamics
of the human 26S proteasome at the atomic level (Dong et al. 2019) revealed the
inner working of this sophisticated holoenzyme for the first time, clarified many
long-term outstanding problems in the mechanisms by which a polyubiquitylated
substrate is recognized, deubiquitylated, unfolded and degraded by the proteasome.
These discoveries were partly echoed or complemented by separate structural studies
of the substrate-bound yeast proteasome (de la Pena et al. 2018) and of other related
systems in lower organisms (Puchades et al. 2017; Yu et al. 2018; Cooney et al. 2019;
Majumder et al. 2019; Puchades et al. 2019; Twomey et al. 2019; Ripstein et al. 2020;
Ding et al. 2019). These studies together establish the “central dogma” of the protea-
some, thus revolutionizing our mechanistic understanding of the UPS. Comparisons
among these studies further provide insights into conservation and variation of the
operating principles used by proteolytic machineries in general. In this chapter, I
offer a thorough account for our current understanding on the structure, dynamics
and function of the 26S proteasome. Throughout, all descriptions are presented in
the context of the human 26S proteasome in default, for brevity, unless otherwise
explicitly stated.

Overview of the Ubiquitin-Proteasome System

Ubiquitylation

Ubiquitin and its polymerized form serve as the degradation signals for substrate
recognition by the 26S proteasome (Komander and Rape 2012). Ubiquitin is an
essential member in the protein family that shares a globular β-grasp fold of around
70 amino acids with a surface-exposed C-terminal glycine residue. Canonical ubiq-
uitylation of a protein substrate is achieved via an isopeptide bond connecting the
C-terminal glycine of ubiquitin with the ε-amino group of any lysine side chain
exposed on the solvent-accessible surface of the substrate (Ciehanover et al. 1978,
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1980a, b; Hershko et al. 1979, 1980). In rare non-canonical cases, covalent attach-
ment of ubiquitin to cysteine, threonine, serine or the N-terminal amino group in the
substrate have also been observed (Kravtsova-Ivantsiv and Ciechanover 2012).

Ubiquitylation involves sequential, cascaded actions of the ubiquitin-activating
enzyme (E1), the ubiquitin-conjugating enzyme (E2), and the ubiquitin ligase (E3),
and the ubiquitin chain-elongation enzyme (E4) families (Fig. 1.1) (Koegl et al.
1999). The E1 enzyme catalyzes ATP-dependent activation of ubiquitin and isopep-
tide bond formation. The activated ubiquitin is then transferred to an E2 enzyme.
The activated intermediate of E2-ubiquitin functions as the ubiquitin donor to the
E3 ligase enzyme, which binds both the substrate and E2-ubiquitin intermediate via
different structuralmotifs and recruits the ubiquitylation target as the substrate for the
proteasome (Baek et al. 2020). Four families of E3 ligases have been discovered and
classified intoHECT,U-box, RINGandRING-between-RING (RBR), based on their
molecular architecture and enzymatic mechanisms. To enable selectivity and diver-
sity in substrate processing, eukaryotic cells have evolved at least hundreds of distinct
E3 ligases that feature a broad spectrum of substrate-interacting regions resembling a
limited number of structural scaffolds (Buetow and Huang 2016; Zheng and Shabek
2017; Hua and Vierstra 2011). For example, the multi-subunit cullin-RING ligases
(CRLs) in the RING family of E3 enzymes employ one of several cullin isoforms
to assemble the complex (Baek et al. 2020). The remarkable diversity of the E3
enzymes allows the UPS to operate in various intracellular contexts for tightly regu-
lating specific cellular activities via proteasomal degradation (Samant et al. 2018).
In some cases, the first set of ubiquitin molecules attached to a protein substrate is
further ubiquitylated so that the substrate becomes modified with longer polyubiq-
uitin chains. The additional ubiquitin moieties can be attached by the same E3 or by
a different ubiquitin ligase E4 (Koegl et al. 1999) that can only add more ubiquitin to
substrate-conjugated monoubiquitin or polyubiquitin chains such as UBE3C/Hul5
and Ufd2 (Crosas et al. 2006; Hanzelmann et al. 2010).

Many substrates of the proteasome are ubiquitylated on more than one lysine
residue. The ubiquitylation site on a substrate itself is not tightly bound to the
E3 so that structural flexibility of the ubiquitylation sites would allow several
different lysine residues to interact with the ubiquitin bound to the E2 in the E2-E3-
substrate intermediate complex (Baek et al. 2020). Through the conjugation cascade,
the substrates could be modified with only one ubiquitin, with several ubiquitin
molecules at distinct sites, or with polyubiquitin chains that are concatenated cova-
lently via any surface-exposed lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33,
Lys48 and Lys63) or the N-terminal α-amino group of methionine (Met1) in ubiq-
uitin. These three types of ubiquitin conjugation are referred to as monoubiquityla-
tion, multiubiquitylation and polyubiquitylation, respectively (Kirisako et al. 2006;
Xu et al. 2009;Yau et al. 2017).With the growth of the polyubiquitin chains, branched
or tree-like heterotypic chain topologies have been observed (Yau et al. 2017). Such
a complexity in ubiquitin polymerization generates highly diverse, heterogeneous
degradation signals and allows ubiquitylation to regulate myriad cellular functions,
some of which are not directly linked to proteolysis (Oh et al. 2018). The complexity
of the ubiquitin signals is reversely “decoded” through the proteasome-dependent
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Fig. 1.1 Overview of the ubiquitin-proteasome system. Ubiquitylation is accomplished by the
covalent conjugation of ubiquitin to lysine residues exposed on the surface of targeted substrates.
Ubiquitin is first activated by the E1 in the presence of ATP. The ubiquitin is then transferred
from E1 to E2. A ubiquitin ligase (E3) recruits the ubiquitin-bound E2 enzyme and a substrate to
transfer the ubiquitin from E2 to the substrate. A specific type of ubiquitin ligase (E4) elongates the
ubiquitin chains after monoubiquitin or polyubiquitin. The formation of Lys48-linked polyubiquitin
chains, the main signal for proteasomal degradation, is mediated by successive cycles of ubiquitin
conjugation. Monoubiquitylation could be sufficient for proteasome targeting in certain scenario.
Themonoubiquitin and polyubiquitin are removed from the substrate by the deubiquitinases (DUBs)
associatedwith the proteasome.After being translocating into the proteasome, substrates are cleaved
into short peptides, which are further broken down to amino acids by aminopeptidases (APPs).
Released free polyubiquitin molecules are further recycled by cytosolic DUBs for another round of
ubiquitylation
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recruitment of several ubiquitin receptors (Husnjak and Dikic 2012; Lu et al. 2015;
Oh et al. 2018), and many deubiquitylating enzymes (DUBs) capable of selectively
processing substrates with various types of ubiquitin linkages (de Poot et al. 2017;
Clague et al. 2019; Komander et al. 2009).

26S Proteasome Holoenzyme

As the sole proteolytic “central processor” in the UPS, the 26S proteasome holoen-
zyme assembles through noncovalent association of two subcomplexes, core particle
(CP) and regulatory particle (RP). The RP caps either or both sides of the CP cylinder
(Fig. 1.2). The CP, also known as the 20S proteasome, ubiquitously exists in prokary-
otes and eukaryotes (Coux et al. 1996). The RP subcomplex, also known as PA700
or 19S, is a vital, indispensable proteasome activator found in all eukaryotic cells.
The RP recruits, deubiquitylates, unfolds and translocates protein substrates into the
CP chamber for degradation in an ATP-dependent fashion. In archaeal cells, one of
the equivalent ATP-dependent activators is the proteasome-activating nucleotidase
(PAN) complex, an ortholog of the eukaryotic proteasomal AAA-ATPase (Benaroudj
et al. 2003; Smith et al. 2005). Several ATP-independent activators, typically PA28

(a)

RPN1

Non-ATPase

CP

ATPase

Deubiquitination site

(b)

Ubiquitin receptor RPN10

ATPase coiled coil

OB ring of ATPase
OB channel

AAA ring of ATPase
AAA channel

α-ring of CP
CP gate

β-ring of CP

Proteolytic site

Deubiquitinase RPN11

Substrate entry port

Substrate translocation pathway

RPT1-6

RPN3

RPN7

RPN12

RPN2

RPN9

RPN8

RPN5
SEM1

Nucleotide-binding site

RP

RP

CP
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Fig. 1.2 Overall architecture of the 26S proteasome. a The cryo-EM reconstruction of the doubly
capped 26S proteasome. TheCP is shown as cyan. TheRP ismarked by the dashed box.b Illustrative
anatomy of the RP-CP subcomplex structure, with black silhouettes representing the central cross-
section along the ATPase channel colored opaque blue. Dashed green curve illustrates the substrate-
translocation pathway across the channel to the proteolytic sites in the CP chamber. Only upper half
of the CP is shown
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(11S/REG) and PA200 (Blm10), can also bind the CP for proteasome activation
(Stadtmueller and Hill 2011).

Core Particle

Proteasomal peptidase activities are housed in the CP. The CP is composed of 14
α-type and 14 β-type protein subunits (Lowe et al. 1995; Groll et al. 1997; Arrigo
et al. 1988; Dong et al. 2019). In eukaryotic cells, there are seven distinct α-type or
β-type subunits. Each type of subunit assembles into a heteroheptameric ring. Four
such rings stack into a cylinder-shaped barrel in an α1–7β1–7β1–7α1–7 arrangement
with an approximately two-fold symmetry (Lowe et al. 1995; Groll et al. 1997). In
prokaryotic cells, there is only one gene for either the α-type or β-type subunit that
assembles into a homoheptameric ring. Similar to the proteasomal CP, several other
proteolytic proteins also assemble into a barrel-shaped proteolytic chamber, such as
HslV (Bochtler et al. 1997) and ClpP (Wang et al. 1997). In eukaryotes, each β-
ring houses three proteolytically active threonine residues in β1, β2 and β5 and
forms the catalytic chamber. The active sites of the peptidase are sequestered inside
the catalytic chamber. Heptameric α-rings, positioned on both sides of the catalytic
chamber, control substrate entry into this space. Opening of an axial channel within
the α-ring is allosterically controlled by the interactions of the CP with the 19S RP
(PA700) or other activators such as PA200 and PA28 (Whitby et al. 2000; Zhu et al.
2018; Dong et al. 2019).

In lymphoid tissues or other interferon-γ (IFN-γ) stimulated cells, three consti-
tutively expressed β-subunits are substituted with the subtype subunits β1i, β2i and
β5i to assemble a variation of the CP named the immunoproteasome (Ferrington and
Gregerson 2012). Different subtypes of β subunits may be mixed and combined in a
single proteasome assembly to form an intermediate-type CP that exhibits different
enzymatic properties (Dahlmann et al. 2000). Other CP subtypes such as thymus-
specific (Murata et al. 2007) and testis-specific CPs (Uechi et al. 2014) have been
observed to contain subunits β5t and α4s, which replace β5 and α4, respectively.
These cell-type specific CPs were also termed the thymoproteasome (β5t) and sper-
matoproteasome (α4s), respectively (Murata et al. 2007, 2018). Subtype variations
of the CP fine-tune its catalytic activity to meet tissue-specific functional needs.

Regulatory Particle

The RP consists of at least 18 protein subunits and regulates substrate recogni-
tion, recruitment, and unfolding in an ATP-dependent manner. The RP is struc-
turally divided into two subcomplexes named the lid and the base that may
assemble separately (Glickman et al. 1998). The lid subcomplex comprises 9
Regulatory Particle Non-ATPase (RPN) subunits, i.e., RPN3 (PSMD3/S3), RPN5
(PSMD12), RPN6 (PSMD11/S9), RPN7 (PSMD6/S10), RPN8 (PSMD7/S12),
RPN9 (PSMD13/S11), RPN11 (PSMD14/Poh1/Pad1), RPN12 (PSMD8/S14), and
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RPN15 (PSMD9/Dss1/Sem1) (Table 1.1). Six subunits (RPN3, RPN5, RPN6, RPN7,
RPN9 andRPN12) exhibits similar architecture featuring anN-terminal Proteasome-
CSN-Initiation factor 3 (PCI) domain (Hofmann and Bucher 1998). Two subunits
(RPN8 and RPN11) feature an MPR1-PAD1 N-terminal (MPN) domain and form
an MPN dimer (Tran et al. 2003). All of the eight subunits are decorated with a C-
terminal α-helical domain separated via a structured linker from their core PCI/MPN
domains. The lid subcomplex is organized into a horseshoe-like architecture through
an elaborate bundle that is composed of the C-terminal α-helical domain of each lid
subunit except RPN15 (Estrin et al. 2013).

The base subcomplex includes RPN1 (PSMD2/S2), RPN2 (PSMD1/S1),
and six paralogous, distinct Regulatory Particle ATPase (RPT) subunits—RPT1
(PSMC2/S7), RPT2 (PSMC1/S), RPT3 (PSMC4/S6), RPT4 (PSMC6/S10), RPT5
(PSMC3/S6a) and RPT6 (PSMC5/S8)—from the classic ATPases Associated with
diverse cellular Activities (AAA) family (Table 1.1). The six RPT subunits of the
base share a general domain organization, consisting of an N-terminal coiled-coil
(CC) domain, an oligonucleotide- and oligosaccharide-binding (OB) domain, and
a C-terminal AAA domain. They form a heterohexameric ATPase ring that acts
as a mechanical motor. The well-folded domains of a substrate are unfolded by
the mechanical force produced by the ATPase motor ring and translocated via the
central pore of the ATPase ring by harvesting the chemical energy of ATP hydrolysis
catalyzed by the ATPases. Thus, the ring-like RPT hexamer is also referred to as an
unfoldase or translocase in the literature (Bard et al. 2018).

The first step of substrate processing by the proteasome is recognition of a ubiq-
uitylated substrate, which is mediated by the ubiquitin receptors within the base,
including RPN1 (PSMC2/S7) (Shi et al. 2016), RPN10 (PSMD4/S5a) (Deveraux
et al. 1994; van Nocker et al. 1996), and RPN13 (ADRM1) (Husnjak et al. 2008;
Schreiner et al. 2008). RPN13 can reversibly associate with RPN2 and is sub-
stoichiometric in the endogenously purified human proteasome. In addition to the
ubiquitin receptors intrinsically residing in the proteasome, ubiquitylated substrates
can also be recruited and delivered to the proteasome by extrinsic ubiquitin recep-
tors consisting of ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains,
including RAD23, DSK2, and DDI1 (Elsasser and Finley 2005; Elsasser et al. 2004;
Zhang et al. 2009a). These UBL-UBA proteins interact with the intrinsic ubiquitin-
binding sites in the proteasome via their UBL domain, functioning as shuttle factors
that diversify the routes of decoding the ubiquitin signals for substrate selection and
recognition.

During substrate engagement, an unstructured initiation region of the substrate
is recognized by the pore loops of the RPT subunits (Prakash et al. 2004; Yu and
Matouschek 2017; Bard et al. 2019; Dong et al. 2019). To allow substrate transloca-
tion into the CP, conjugated ubiquitin chains are cleaved from substrates by either the
DUBRPN11 (Verma et al. 2002;Yao andCohen2002;Worden et al. 2017;Dong et al.
2019) or other auxiliary DUBs like USP14 (ubiquitin-specific protease 14) (Lee et al.
2016) and UCH-L5 (ubiquitin carboxyl-terminal hydrolase isozyme L5) (Vander
Linden et al. 2015). RPN11 is a zinc-dependent DUB in the JAB1/MPN/MOV34
(JAMM) family protein (Ambroggio et al. 2004) and is intrinsically located above



1 Structure, Dynamics and Function of the 26S Proteasome 9

the OB ring, guarding the entry of substrates into the ATPase ring and CP. It catalyzes
en bloc substrate deubiquitylation when a substrate is threaded into the ATPase ring.

The axial entrance of the CP proteolytic chamber, named the CP gate, is closed
in the resting state (Chen et al. 2016a; Huang et al. 2016; Schweitzer et al. 2016).
Opening of the CP gate is allosterically triggered by insertion of the C-termini of
all RPT subunits except RPT4 into the outward pockets of the α-ring (α-pockets)
located between adjacent α-subunits (Chen et al. 2016a; Zhu et al. 2018; Dong
et al. 2019; Eisele et al. 2018; de la Pena et al. 2018; Smith et al. 2007; Rabl et al.
2008). The PA200 and PA28 complexes are two alternative CP-activating regulators
that can replace the 19S RP in an assembled holoenzyme (Table 1.1). They trigger
CP gate opening in an ATP-independent manner due to lack of ATPase domain.
PA200 is a monomeric protein of ~250 kDa and conserved from the yeast to human
(Schmidt et al. 2005;Blickwedehl et al. 2008). ThePA28 family is expressed in higher
eukaryotes and some unicellular eukaryotes such as trypanosomes. In mammalian
cells, three isoforms (PA28α, PA28β, PA28γ) form two kinds of activators with
distinct properties of expression, localization and activation. PA28α and PA28β are
28-kDa proteins that assemble into heteroheptameric ring structures in vertebrates
(Ma et al. 1992; Dubiel et al. 1992) (Table 1.1).

History of Proteasome Structure Determination

X-Ray Crystallography of Proteasome Components

It has been half century since the first image of the human CP was recorded
by negative-stain electron microscopy when its function was unknown (Fig. 1.3)
(Harris 1968). The gradual elucidation of the proteasome structure and function was
propelled and accompanied by innovations in a broad set of methods and tools in
biochemistry and structural biology. Because the proteasomal CP is highly stable
overall, it became the first key component to be crystallized. In the 1990s, both
atomic structures of archaeal and yeast 20S proteasome were solved by X-ray crys-
tallography (Lowe et al. 1995; Groll et al. 1997). The crystal structure of the human
CP was solved much later (Harshbarger et al. 2015; Schrader et al. 2016). Crystal
structures of the isolated CP or immunoproteasome CP are available for several
species (Groll et al. 1997; Unno et al. 2002; Harshbarger et al. 2015; Huber et al.
2012). These structural works defined three conserved proteolytic sites in the β1,
β2 and β5 subunits, laying an important foundation for understanding the activation
of the CP and the mechanism of proteolysis. However, all these high-resolution CP
structures represent a basal resting state with a closed gate in their α-rings. The first
yeast CP with an open gate in the α-ring was determined by X-ray crystallography in
the presence of activation by the PA26 (11S) regulator (Whitby et al. 2000), whereas
the activated human CP in an open-gate state was only determined much later by
cryo-EM (Chen et al. 2016a; Zhu et al. 2018; Dong et al. 2019).
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Seven substrate-bound conformers 
of human 26S proteasome by 
cryo-EM at 2.8-3.6 Å reveal 

substrate processing mechanisms 

Six conformers of human 
26S proteasome by 
cryo-EM at 3.6-6.8 Å

Cryo-EM reconstruction of  
fission yeast 26S 

proteasome at 9.1 Å 

Crystal structure of 
archaeal CP at 3.4 Å and 

of yeast CP at 2.4 Å

Discovery of the 
ubiquitylation pathway 

(E1, E2 and E3) leading to 
proteasome degradation

Discovery of the ATP-de-
pendent proteolytic system 
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First negative-stain EM 
observation of human CP 
despite unknown function 

1987

Identification and 
purification of rabbit 26S 

proteasome Advent of the 
“central dogma” 
of the proteasome
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observation of Xenopus

26S proteasome 

1993 19951983 2017

Fig. 1.3 Timeline and milestones in the elucidation of structure and function of the 26S protea-
some. In 1968, the first image of the human proteasome CP was captured by negative-stain EM
when there was no knowledge about its function (Harris 1968). In the 1970s, concerted discoveries
revealed the functional role of the proteasome by studying ATP- and ubiquitin-dependent degra-
dation system in eukaryotic cells (Etlinger and Goldberg 1977; Ciehanover et al. 1978; Hershko
et al. 1979; Ciechanover et al. 1980a, b; Hershko et al. 1980; Wilkinson et al. 1980). In the 1980s,
the approaches of purification of mammalian 26S proteasome were developed, paving the way to
its structural analysis (Tanaka et al. 1983; Hough et al. 1986, 1987). In 1993, the first image of the
mammalian 26S proteasome was captured by negative-stain EM (Peters et al. 1993). Soon after,
X-ray crystallography revealed the proteasome CP structures in both Archaea and yeast (Lowe et al.
1995; Groll et al. 1997). In 2010, the first subnanometer resolution structure of a yeast 26S protea-
somewas reconstructed by cryo-EM (Bohn et al. 2010). During 2015–2017, the first high-resolution
structures of the substrate-free human proteasomewere determined by cryo-EM, which revealed six
coexisting conformations (Chen et al. 2016a; Huang et al. 2016; Schweitzer et al. 2016; Zhu et al.
2018), whereas cryo-EM structures of their yeast counterparts were also determined at the similar
resolution range in the following years (Eisele et al. 2018; Wehmer et al. 2017; Ding et al. 2017,
2019). In 2018, the first atomic structures of the substrate-engaged human 26S proteasome in seven
functional states were determined to higher resolution by cryo-EM (Dong et al. 2019), whereas the
yeast counterparts in four substrate-engaged states were analyzed at slightly lower resolutions (de
la Pena et al. 2018)

In stark contrast to conformational stability of the CP, the structure of the RP is
highly dynamic and samples an extensively expanded conformational landscape (Lu
et al. 2017b; Unverdorben et al. 2014; Chen et al. 2016a; de la Pena et al. 2018;
Zhu et al. 2018; Dong et al. 2019). Thus, the RP structure in the 26S proteasome
has completely evaded X-ray crystallography. However, many but not all of the RP
subunits were separately solved in certain domains or regions by X-ray crystallog-
raphy or nuclear magnetic resonance (NMR) (He et al. 2012; Pathare et al. 2012;
Boehringer et al. 2012; Riedinger et al. 2010;Worden et al. 2014; Pathare et al. 2014;
Zhang et al. 2009b, c; Schreiner et al. 2008; Shi et al. 2016). Despite its simplicity, the
archaeal PAN complex, an ATPase homohexamer, is thought to represent an evolu-
tionary precursor to the eukaryotic proteasomal ATPases. TheOB andAAAdomains
of the PANATPase have been separately crystallized and solved in a fragmented form
(Zhang et al. 2009b, c).
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Early Electron Microscopy Studies of Proteasome at Low
Resolution

The 19S RP in the 26S proteasome is highly dynamic and prevents the 26S protea-
some from being crystallized. Thus, electron microscopy reconstruction became
the only option to obtain the molecular shape of the 26S proteasome in the 1990s
(Peters et al. 1993; Frank 2006). The first cryo-EM reconstruction of the 26S protea-
some from Drosophila at 1–2 nm resolution was documented in 2009 (Nickell et al.
2009). Following the improvement of single-particle reconstruction method, the
cryo-EM structure of substrate-free Schizosaccharomyces pombe 26S proteasome
at a subnanometer resolution (9.1 Å) was reported (Bohn et al. 2010). This level of
resolutionwas insufficient to allowdirect identification of subunit organization. Thus,
other methods in biochemistry and cross-linking mass spectrometry were used in an
integrative fashion to define the subunit architecture of the RP (Beck et al. 2012;
Lander et al. 2012; Lasker et al. 2012; da Fonseca et al. 2012). Using the crystal
structures of individual RP subunits, the first pseudo-atomic model for the yeast 26S
proteasomewasbuilt using~8Åmaps (Beck et al. 2012). In the followingyears, addi-
tional cryo-EM reconstructions of the yeast proteasome at subnanometer resolutions
were analyzed under various substrate-free conditions and revealed three distinct
conformational states (designated s1, s2 and s3), which were hypothetically inter-
preted as the substrate-accepting, commitment and translocating states, respectively
(Matyskiela et al. 2013; Unverdorben et al. 2014; Sledz et al. 2013). Meanwhile, a
9-Å map of the substrate-bound yeast proteasome was reconstructed but the density
of substrate inside the proteasome was averaged out (Matyskiela et al. 2013). Never-
theless, the overall conformation of the substrate-bound yeast proteasome resembles
that of state s3, although they are not completely identical. The limited resolution,
however, precludes understanding of the structural mechanisms for ATP-dependent
degradation by the 26S proteasome (Forster et al. 2013). Inter-subcomplex regula-
tion, coordinated ATP hydrolysis in the AAA-ATPases, and substrate-proteasome
interactions remained particularly elusive in these studies.

High-Resolution Cryo-EM Studies of Substrate-Free
Proteasome

My colleagues and I started working on the human proteasome structure in 2014.
Our first near-atomic resolution reconstruction of proteasome was determined in the
late 2015 (Chen et al. 2016a). However, it showed closed gates on both sides of the
CP, in contradiction to early conclusions derived from the lower resolution cryo-EM
maps (Beck et al. 2012; Lander et al. 2012; Lasker et al. 2012; da Fonseca et al.
2012). To clarify this issue, additional analysis was conducted to test the hypothesis
on a possible coexisting conformational state with an open CP gate. A focused
classification strategy was devised by subtracting the CP density from the original
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raw single-particle cryo-EM images, following which exhaustive 3D classification
eventually sorted out four coexisting conformations (designated states SA, SB, SC
and SD) of the human proteasome in presence of ATP/Mg2+, among which only
one state SD was open in the gate of CP (Chen et al. 2016a). This allowed us to
observe that insertion of five RPT C-terminal tails into the CP albeit at a moderate
resolution (6–8 Å) for the first time (Chen et al. 2016a). The cryo-EM structure of the
human proteasome in state SA but no other states were also reported at comparable
resolutions by two other groups (Huang et al. 2016; Schweitzer et al. 2016). In
the following year, a high-resolution structure of the yeast proteasome in state s1
(analogous to human SA) was reported, along with an open CP state s4 (analogous
to human SD) at ~8-Å resolution discovered when the yeast proteasome was bound
to ATP analogs instead of ATP (Wehmer et al. 2017).

Following the first reconstruction of human proteasome at the atomic level, several
groups set out to determine the atomic structures of the substrate-bound proteasome
holoenzyme. However, the exceptional dynamics prevent the complex from being
reconstructed at high resolutionbyusing the samecryo-EMprocedure practiced in the
determination of the substrate-free proteasome in the resting state (SA). It was soon
realized that unprecedented challenges in cryo-EM and biochemical methodology
must be conquered before one can obtain an atomic structure of the substrate-bound
proteasome. First, how can one capture the complex before substrate degradation
is completed? Second, how can one deconvolute the exceptional conformational
heterogeneity in the sample not otherwise commonly encountered? Third, how can
one push asmanyproteasome conformations as possible to the near-atomic resolution
range (2.5–3.6 Å)? To confront these formidable challenges and to find a feasible
path forward, we devised two pilot studies along with several parallel cryo-EM
methodology developments (Xu et al. 2016; Zhu et al. 2017; Wu et al. 2017; Wang
et al. 2019), with the anticipation of gaining new ideas for devising novel methods
for solving the substrate-bound proteasome at the atomic level.

In one study, the free RP complex was analyzed by cryo-EM in states presumably
prior to its assembly with the CP. In the free RP, the AAA-ATPase ring exhibited
continuous motion of a broad conformational landscape, captured in seven confor-
mational states at ~9 Å resolution in the AAA-ATPase but 4.6 Å for the rest of the
free RP (Lu et al. 2017b). In another study, the 26S proteasome was analyzed in the
presence of ATPγS that replaces ATP. It was aimed to improve the open-gate state
to high resolution (Zhu et al. 2018). Surprisingly, ATPγS induced a dramatic shift
in the conformational landscape of the proteasome from state SA to SD. To improve
the resolution of state SD, we had to further classify the dataset corresponding to
state SD into three distinct sub-states SD1, SD2 and SD3, which were then improved
to 4.3–4.9 Å (Zhu et al. 2018). Averaging of the three sub-states instead gave rise
to a 6-Å resolution with smeared features in the center of the ATPase ring. These
studies taught us an important lesson that 3D classification of a highly heterogeneous
datasetwith significantly improved clustering accuracy is crucial for achieving higher
resolution for those lowly populated conformational states. The observations of six
coexisting states of the ATPγS-bound human proteasome was soon echoed by the
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discovery of states s5 and s6 of the yeast proteasome (Eisele et al. 2018), confirming
the conservation of the proteasome dynamics in the absence of a substrate.

Visualizing Atomic-Level Dynamics of Functional Proteasome

In the early summer of 2018, seven distinct states of the substrate-engaged protea-
some at 2.8–3.6 Å resolution (Fig. 1.4), which are referred to as EA1, EA2, EB, EC1,
EC2, ED1 and ED2, eventually emerged after a few years of marathon-like repeated
protein purification, data collection and analysis (Dong et al. 2019), in sharp contrast
to some of our other cryo-EM structures solved in a month (Zhang et al. 2015). These
exciting results would not be made possible without several lines of methodology
innovation and improvement. First, instead of completely replacingATPwithATPγS
or nucleotide analogs like several studies (Sledz et al. 2013; Wehmer et al. 2017;
Eisele et al. 2018; Zhu et al. 2018; Yu et al. 2018), a novel “nucleotide-substitution”
strategy that dilutes ATP with ATPγS in a time-dependent manner was deliberately
devised to capture the functional proteasome conformations in action that are as
diverse as possible (Dong et al. 2019). The proteasome was first primed with a bona
fide polyubiquitylated substrate Sic1PY and ATP/Mg2+ for 30 s, then exchanged in
a buffer containing both ATP and ATPγS at a 1:1 stoichiometric ratio (Dong et al.
2019). The choice of 30 s delay in ATPγS dilution after substrate-proteasomemixing
was based on the approximate half-life of the substrate degradation reaction, which
is consistent with a recent kinetic measurement on proteasomal degradation (Bard
et al. 2019). This strategy decelerated the hydrolysis activity of AAA-ATPases by
partially replacingATPwithATPγS in the proteasome. This is expected tomaximally
preserve the conformational landscape and native heterogeneity of the substrate-
engaged proteasome being captured before the completion of substrate degradation
reactions (Dong et al. 2019) (Fig. 1.4).

Second, to overcome the difficulties of cryo-EM data analysis entailed by an
extreme degree of conformational heterogeneity in this case, we decided to collect
a considerably larger cryo-EM dataset (44,664 raw micrographs) that is necessary

EA1 EB EC1 ED1 ED2EC2EA2

Ubiquitin recognition Ubiquitin transfer Deubiquitylation Translocation initiation Processive unfolding and degradationCP gate opening

Fig. 1.4 Seven cryo-EM maps of the substrate-engaged Homo sapiens 26S proteasome at 2.8–
3.6 Å resolution capture the key intermediate steps of substrate processing and provide important
insights into the chemical cycle of proteasome-mediated degradation (Dong et al. 2019)
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for improving resolutions for those lowly populated conformational states (Dong
et al. 2019), which would otherwise be either invisible or of low resolution with a
normally sized dataset. Note that a much larger dataset would drastically complicate
the computational task of 3D classification rather than straightforwardly ensuring
higher classification accuracy or higher resolution, because it could readily break the
upper limit of high-performance computational resources, causing frequent failure
of popular cryo-EM software. In fact, more data can effectively reduce resolution
rather than increasing it if the data classification accuracy is not warranted (Wu et al.
2017).

Third, we extensively used the latest data processing tools developed in my labo-
ratory, including deep-learning-based particle selection (Zhu et al. 2017), manifold-
learning-based 2D clustering (Wu et al. 2017), and hardware-accelerated 3D classi-
fication to optimize the data processing. Without these new computational tools, it
could have taken at least another year or longer to analyze the same dataset. Further-
more, building upon lessons learnt from previous studies, we further fine-tuned a
hierarchically focused 3D classification strategy with stepwise zoomed-in masking
and eventually sorted out seven conformations of the substrate-bound proteasome
covering the nearly complete cycle of substrate processing from substrate recruitment
and deubiquitylation to processive degradation (Dong et al. 2019).

Before fully committed to the “nucleotide substitution” strategy, therewas adebate
in my group regarding whether we should instead follow amore conventional, lower-
risk strategy of stabilizing the substrate-bound proteasome by inhibiting the deubiq-
uitylating activity of RPN11, which was previously used in a cryo-EM study of
the substrate-bound yeast proteasome (Matyskiela et al. 2013). But concerns were
that this treatment might be insufficient to lock the proteasome into a single confor-
mation, could fail in capturing the proteasome in functional steps other than substrate
translocation and also potentially create some artificial structural features that are not
physiologically relevant. These concerns turned out to be mostly the case when four
alternative cryo-EM structures of the substrate-bound yeast proteasome at 4.2–4.7 Å
resolution were obtained by inactivating the yeast Rpn11 with the inhibitor ortho-
phenanthroline (de la Pena et al. 2018). The inhibition of the yeast Rpn11 results
in certain structural features in state 1D* that are potentially off-pathway. However,
the AAA-ATPase structures in states 5D, 5T and 4D of the substrate-engaged yeast
proteasome are remarkably comparable to their human counterparts in states ED1 and
ED2 within the limit of their reconstruction quality and resolution (de la Pena et al.
2018; Dong et al. 2019). This suggests that the molecular mechanisms of substrate
processing by the proteasome must be highly conserved throughout the eukaryotic
kingdom.

With hindsight, the proteasome has served as an extraordinary model system
or “gold-standard trial” for furthering methodology development in cryo-EM for
its potential in solving atomic-level dynamics of complex enzymes (Dong et al.
2019). By retrospective comparison, it appears that the structural determination
of functional substrate-engaged proteasome was perhaps much more difficult than
those of the ribosome and spliceosome, the other two well-known dynamic protein
complexes. The conventional cryo-EMmethodology presumes a homogeneous core
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structure or fewdominating conformations that can afford high-accuracy image align-
ment leading to high-resolution reconstructions. However, the substrate-engaged
proteasome samples a significantly expanded, highly frustrated energy landscape
and severely violates the presumption of the conventional cryo-EM methodology.
Misclassification of conformers was found to be the major cause for limited resolu-
tions when the proteasome samples an expanded energy landscape (Zhu et al. 2018).
However, improved curation in initial particle ensemble with deep learning, higher
accuracy in data clustering using manifold learning, a fine-tuned, object-optimized
3D classification strategy and a significantly larger dataset all seem to contribute to
the improvement of 3D classification accuracy beyond the realm of the conventional
cryo-EM methodology. A more detailed account for the methodology advancement
leading to the breakthrough of atomic structure determination of functional human
proteasome will be provided elsewhere.

Structures and Dynamics of the Proteasome

Molecular Architecture of the Proteasome

Due to the highly dynamic nature of the proteasome, no single reconstructions of the
26S proteasome provided the best resolved local features for all components (Chen
et al. 2016a; Huang et al. 2016; Schweitzer et al. 2016; Zhu et al. 2018; Dong et al.
2019; de la Pena et al. 2018; Eisele et al. 2018; Ding et al. 2019). Overall, the CP and
AAA-ATPase motor in the RP were best resolved in state EA at 2.8-Å resolution;
the non-ATPase subunits in the RP were best resolved in states ED1 and ED2 at 3.3
and 3.2 Å (Dong et al. 2019). The early high-resolution structures of the proteasome
in state SA all presented poorer local density quality in the lid and the non-ATPase
subunits in the base, where the local resolution did not go beyond the range of 4–8 Å
(Chen et al. 2016a; Huang et al. 2016; Schweitzer et al. 2016; Zhu et al. 2018).
This issue was addressed in the recent study at higher resolution in these subunits
(Dong et al. 2019). Putting together, these atomic structures provide thus-far the
nearly complete understanding of the 26S proteasome assembly. In this subsection,
I intended to summarize the overall organization and architecture of the proteasome
holoenzyme based on the highest resolution structures available. More details about
conformational dynamics of the proteasome associated with distinct functional steps
are discussed in the following subsections.

The Lid Subcomplex

The ~370-kDa lid subcomplex in the RP has an overall dimension of 170 × 150 ×
140 Å3. The architecture of the ~370-kDa lid subcomplex in the RP bears topo-
logical similarity to those of the COP9 signalosome (Lingaraju et al. 2014) and
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the eukaryotic translation initiation factor 3 (eIF3) (des Georges et al. 2015). The
PCI domain of six RPN subunits (RPN9, RPN5, RPN6, RPN7, RPN3, and RPN12
from the left to right side in Fig. 1.5a) features N-terminal helical repeats (HR)
connected to a winged-helix (WH) subdomain. The lid subcomplex is stabilized by
two organizational centers (Fig. 1.5): a half-sized open ring formed through side-
by-side oligomerization of three-stranded β-sheets of the WH subdomains from the
six PCI proteins (PCI ring) (Fig. 1.5a), and an elaborate α-helical bundle comprising
the C-terminal regions from all of eight PCI/MPN subunits (Fig. 1.5b). The N-
terminal helical repeats of the six PCI proteins radially protrude from the PCI ring
of 18-stranded β-sheet, forming a horseshoe-like architecture.
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Fig. 1.5 Atomic structures of the lid subcomplex in the human 26S proteasome (PDB ID: 6MSB)
(Dong et al. 2019). a The lid-base interface lateral to the ATPase ring is composed of three local
inter-subunit interfaces of RPN5-RPT3, RPN6-RPT6 and RPN7-RPT6, which are highlighted by
dashed boxes 1, 2 and 3, respectively. b, c The atomic model of the lid subcomplex viewed from
two perspectives orthogonal to that in (a). The central helical bundle is highlighted in cartoon
representation. The rest of the lid structure is shown in a ribbon representation. The right inset
zooms into the central helical bundle. The asterisk symbols label the N-terminal ends of the lid
subunits
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The PCI and MPN proteins form largely two separate subassemblies that are
united in the central helical bundle. The central helical bundle is connected to the
PCI ring from one side and to the MPN dimer of RPN8-RPN11 from the other side
via structured linkers at the C-termini of the WH subdomains. Outside the helical
bundle, the MPN dimer does not directly contact the PCI ring. It is separated by
the base subunit RPN2 from one end and the von Willebrand factor type A (VWA)
domain of another non-lid subunit RPN10 from the other end. Only theMPN domain
of isopeptidase RPN11 in the lid subcomplex harbors a catalytic active zinc ion.

The Base Subcomplex

Thebase subcomplex is organized around theATPase ring (RPT1-RPT6). The coiled-
coil (CC) dimers ofRPT1-RPT2,RPT3-RPT6, andRPT4-RPT5harborRPN1,RPN2
and RPN10, respectively.While the interaction between the RPT3-RPT6 CC domain
and RPN2 was apparent in the cryo-EM maps of the proteasome in the resting state
(SA), the other two pairs of interactions were insufficiently visualized due to the local
conformational dynamics of RPN1 in the absence of a substrate (Chen et al. 2016a;
Huang et al. 2016; Schweitzer et al. 2016; Zhu et al. 2018). The interface between
RPT1-RPT2 CC and RPN1 was best visualized in the substrate-bound proteasome
in states ED1 and ED2 at higher resolution (Dong et al. 2019).

RPN10 was originally thought to be part of the base (Glickman et al. 1998), but
later considered to be neither part of the base nor the lid (Bard et al. 2018), based on
the structural observation that the RPN10VWAdomain interacts directly with the lid
subunits RPN8 and RPN9 in the proteasome and does not contact any base subunits
in the resting state of the proteasome (Chen et al. 2016a). Nevertheless, cryo-EM
structures of substrate-interacting proteasome did show a direct interaction of RPN10
with the base at the RPT4-RPT5 CC in state ED2 (Dong et al. 2019). Furthermore, the
RPT4-RPT5 CC dimer seems to harbor auxiliary ubiquitin-binding sites that assist
ubiquitin recognition by RPN10 and peptide-proximal ubiquitin transfer to RPN11
for deubiquitylation (Dong et al. 2019; Chen et al. 2020; Lam et al. 2002). The
ubiquitin-interacting motifs (UIM) of RPN10 are structurally flexible and missing
in all available cryo-EM reconstructions (Chen et al. 2016a; Huang et al. 2016;
Schweitzer et al. 2016; Zhu et al. 2018; Dong et al. 2019). In the yeast proteasome,
Rpn13 binds the C-terminal region of Rpn2 with a sub-stoichiometric ratio (Sakata
et al. 2012).

The OB domains of six RPT subunits form a ring with an inner diameter of 10 Å
(Fig. 1.6). This is the substrate entry port into the interior of the proteasome. Its narrow
dimension indicates that the OB ring imposes the restriction against translocation
of folded substrates. Each of the OB domains folds into a five-stranded β-barrel,
whose axis lies orthogonal to that of the OB ring and is directed radially (Fig. 1.6h).
Residues in loop L23 appear to impose the narrowest constriction in the central pore
of the OB ring subcomplex. Despite being surrounded by highly dynamic structures,
the OB ring mostly moves as a whole rigid body during ATP or substrate turnover.
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Fig. 1.6 The atomicmodel of theATPase heterohexamer in theEA/SA state (PDB ID: 6MSB) (Dong
et al. 2019). a The overall structure of the ATPase viewed from the perspective of the substrate entry
port. The OB ring is in the foreground and is shown with transparent surface superimposed on a
cartoon representation of the AAA domains. b Overall structure of the ATPase ring viewed from a
perspective rotated 90° from that in panel (c). c–e The component structures of the OB ring (panel
c), large AAA subdomains (panel d) and small AAA subdomains (panel e) viewed from the same
perspective as that in panel (b). f–h The component structures of the OB ring (panel f), large AAA
subdomains (panel g) and small AAA subdomains (panel h) viewed from the same perspective as
that in panel (a)

The link between the CC and OB domains is marked by a conserved proline
residue in the cis configuration in RPT2 (Pro106), RPT3 (Pro86) and RPT5 (Pro87)
at homologous residue positions in the structure. Thus, a cis-Pro residue in every other
subunit is essential for dimerization of the CC domains of three RPT heterodimers
(RPT1-RPT2, RPT3-RPT6 and RPT4-RPT5). Alternating cis-Pro residues at this
position have also been found in the archaeal PAN homohexamer—a remarkable
instance of evolutionary conservation (Zhang et al. 2009b; Arcus 2002).

The AAA domains of RPT subunits have a common architecture, featuring an
N-terminal α/β subdomain (large AAA subdomain) linked to a smaller C-terminal
α-helical subdomain (small AAA subdomain) via a short loop. The concave pocket
between the large and small AAA subdomain houses the nucleotide-binding site. In
the resting state (SA) of the proteasome, the AAA domains of RPT subunits form
a spiral staircase resembling a lock washer, in which RPT3 is located at the top
position and RPT2 at the bottom, with RPT6 bridging RPT2 and RPT3 at the “split
seam”. RPT6 possesses the most divergent fold in its AAA domain, consistent with
its unique role in driving the initial substrate engagement (Dong et al. 2019).
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The Lid-Base Interface

The interfaces between the lid and the base play crucial roles in coordinating substrate
recognition, deubiquitylation and translocation (Greene et al. 2019). The lid-base
interface is organized around the DUB RPN11, a metalloprotease fold, which is
positioned at the substrate entrance of the OB ring of the ATPase heterohexamer. On
one side of RPN8-RPN11, the MPN dimer is demarcated from RPN2, and the other
side from the VWA domain of RPN10. There are three types of lid-base interfaces:
(1) the central interface between RPN11 and the CC-OB domains of the ATPase
ring; (2) the interface defined by the CC domains of the adjacent RPT3 and RPT6
subunits, which project distally from the central interface; and (3) the lateral interface
between the AAA domains of ATPases and RPN5-RPN7. The interfaces between
the lid and the ATPase ring bury a ~3900 Å2 surface area in total. Specifically, the
CC-OB domains of RPT3-RPT6 contribute a ~3100 Å2 interfacial area with the lid.
The RPT3-RPT6 CC domain is encircled by the helices in RPN2, RPN3, RPN8 and
RPN11. This interfacial architecture appears to stabilize the lid-base association.

The lateral lid-base interface implicates distinct roles of interacting subunits in
the conformational transitions that follow substrate engagement. The AAA domains
of RPT3 and RPT6 bury ~1800 Å2 of interface area with RPN5-RPN7. One side
of N-terminal helical repeats in the RPN7 PCI domain, consisting of four helix-
connecting loops, makes extensive interaction (~940 Å2) with the RPT6 AAA
domain. In contrast, the AAA domains of RPT3-RPT6 contact RPN5 and RPN6,
with smaller buried footprints of ~340 Å2 and ~480 Å2, respectively. The interfaces
of RPN7-RPT6, RPN6-RPT6 and RPN5-RPT3 may serve as “switches” to alloster-
ically regulate the conformations of the RPT subunits, thus communicating between
adjacent subcomplexes during substrate degradation (Greene et al. 2019; Dong et al.
2019).

The CP Subcomplex

The CP has a cylindrical shape, with overall dimensions of 148 × 113 × 75 Å3

(Fig. 1.7). While the archaeal CP is composed of 28 subunits arranged in four
homoheptameric rings α7β7β7α7 coaxially stacked with D7 symmetry, the eukary-
otic CP is assembled from four heteroheptameric rings, α1–7β1–7β1–7α1–7, with only
C2 symmetry. The CP conceals the proteolytic active sites in the inner surface of
β-ring. As defined by the characteristics of the P1 cleavage sites of chromogenic
reporter groups, the Thr1 residues in β1, β2, and β5 subunits have been ascribed
with caspase-like (acidic; peptidylglutamyl-peptide hydrolytic (PGPH)), trypsin-like
(basic), and chymotrypsin-like (hydrophobic) activities. However, these specificities
are not reflected in the cleavage-site pattern of its substrates that are cleaved at almost
arbitrary positions.

In eukaryotic cells, five β-subunits are synthesized as proproteins,which are prote-
olytically cleaved to become the mature forms during the final steps of proteasome
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Fig. 1.7 The atomic structure of the human CP (PDB ID: 6MSB) (Dong et al. 2019). a The overall
structure of the CP from a lateral view. The color codes of the subunits are displayed on the right.
b The CP structure from a top view. c and d The atomic models of α1-subunit (c) and β1-subunit
(d) are shown in cartoon representations, which are typically homologous among all the α- and
β-type subunits. The names of the secondary structures are labelled

assembly (Chen and Hochstrasser 1995; Seemuller et al. 1995a; Frentzel et al. 1994).
The proforms of β1, β2, and β5 subunits are cleaved between Gly(-1) and Thr1,
which liberates the active site at residue Thr1. β6 is cleaved between His(-10) and
Gln(-9) and β7 is cleaved between Asn(-9) and Thr(-8). β1 and β3 are not further
processed and remain in their primary translational forms. All seven α-subunits and
seven β-subunits share the common α/β/β/α sandwich-like fold characteristic of Ntn
(N-terminal nucleophile)-hydrolase superfamily (Oinonen and Rouvinen 2000). It
exhibits two five-stranded antiparallel β-sheets sandwiched by three helices (H3, H4
and H5) on the top and two helices (H1 and H2) on the bottom. Structural differ-
ences between the subunits are entailed by the length variations (often by one or two
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residues) in theN-terminal and C-terminal regions, in turning loops and in long inser-
tions bridging adjacent secondary structural elements. For instance, the subunits α3
and α4 have longer C-terminal helices (H5) sticking out from the CP surface toward
the RP, potentially making direct contact with the base subunits.

The intersubunit interactions mediating the assembly of the CP can be categorized
into α-cis, β-cis, α-trans-β, and β-trans-β contacts. The α-cis contacts are mediated
by the N-terminal loop, the helix H0, the strand S7, the loop L, and the loop linking
H2 with S5. The β-cis contacts are mediated by loop L, the N-terminus of helix H1,
strand S7 and the turn connecting helix H3 and strand S8. The α-trans-β contacts
are mediated by the helix-loop-helix motifs spanning H1 and H2, which interdigitate
with the same motifs of two adjacent α-subunits. This mode of intersubunit contacts
is conserved in both prokaryotes and eukaryotes (Lowe et al. 1995; Groll et al.
1997; Dong et al. 2019). β-trans-β contacts are more specifically formed by the C-
terminal arm of β7 intercalating between β1′ and β2′ from adjacent β′-ring, and by
the intercalation of β5 C-terminal arm with β3′ and β4′ in a similar configuration.

The CP gate refers to the central axial pore controlled by the N-terminal loops of
α-type subunits (Groll et al. 2000). The CP stays in an inactive state in its free 20S
form and in the resting state after its assembly with the RP. In this inactive state, the
CP gate is blocked by stacking of N-terminal loops of only three α-type subunits, α2,
α3 and α4. Particularly, the N-terminal loop of α3 occupies the majority of the space
at the CP gate, resembling a linchpin that is stabilized by the N-terminal loops of α2
and α4. Opening of this gate is allosterically controlled by interactions between the
CP and RP.

The RP-CP Interface

TheRP associateswith theCP through a symmetry-mismatched interface (~3600Å2)
between the hexameric AAA-ATPase motor and the heptameric α-ring in the resting
state (SA). All RPT subunits but RPT6 directly contact the α-ring. The large void
between the RPT6 and α2 subunits is sided by the N-terminal helical repeats in the
PCI domain of RPN6. The helical repeats of RPN6 PCI domain protrudes down to
the lateral surface of α2, making ~620-Å2 contact. Similarly, the N-terminal helical
repeats of RPN5 PCI domain also make a lateral contact with the α1 subunit via a
small footprint area (~50 Å2) (Chen et al. 2016a; Eisele et al. 2018; Zhu et al. 2018;
Dong et al. 2019).

In the resting state, the conserved hydrophobic-Tyr-X (HbYX) motifs of RPT3
and RPT5 are docked into the α1-α2 and α5-α6 pockets, respectively (Chen et al.
2016a; Huang et al. 2016; Schweitzer et al. 2016) (Fig. 1.8). The terminal oxygen of
the penultimate tyrosine in the HbYX motifs (Tyr417 in RPT3 and Tyr438 in RPT5)
forms a hydrogen bond with the carbonyl oxygen in the mainchain of the glycine
residue in the correspondingα-pocket (Gly20 inα1 andGly19 inα5). Similar contacts
have also been observed between PA26 and archaeal 20S proteasome precursors
(Stadtmueller et al. 2010). These structural features explain the notion that RPT3
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Fig. 1.8 Asymmetric opening of the CP gates in the 26S proteasome (Chen et al. 2016a; Zhu et al.
2018). a The cryo-EM density map of the CP in the SD state viewed from the side (left), the top
(upper right), and the bottom (lower right). The RP density is not shown. The upper half of the CP
faces the RP in the SD state and is in the open conformation. b The atomic models of the α-rings
in the open (upper left) and closed (lower left) states in cartoon representation, viewed from the
perspective of the RP-CP interface. The two panels in the right show the central parts of the α-rings
in the open (upper right) and closed states (lower right). c Cryo-EM density map of the RP-CP
interface in the open gate state, in which the local densities of the C-terminal tails of RPT1, RPT2,
RPT6, RPT3 and RPT5 are highlighted by different colors for clarity. Two empty α-pockets are
marked by asterisks. d The atomic models of α-rings in the closed (blue) and open (closed) states
are superimposed

and RPT5 are the only two ATPase subunits whose C-terminal HbYX motifs are
indispensable for assembly of the human 26S proteasome (Kim and DeMartino
2011). By contrast, in the yeast proteasome, the HbYX motifs of RPT2, RPT3 and
RPT5 are inserted into the α-pockets (Tian et al. 2011; Stadtmueller et al. 2010; Ding
et al. 2017; Wehmer et al. 2017).
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Complex Dynamics of the Proteasome

Common Traits of Proteasome Dynamics and Plasticity

The 26S proteasome was consistently observed to sample multiple coexisting
conformers in bothHomo sapiens and Saccharomyces cerevisiae (Unverdorben et al.
2014; Chen et al. 2016a; Luan et al. 2016;Wehmer et al. 2017; de la Pena et al. 2018;
Eisele et al. 2018; Zhu et al. 2018; Ding et al. 2019; Dong et al. 2019). Although
several conformers of the substrate-free proteasome preserve architectural features
of the substrate-bound proteasome, certain conformers and crucial substrate interac-
tions are not accessible in the absence of substrates. This underscores the importance
of understanding the conformational landscape of the substrate-engaged proteasome
under physiological conditions, which is characterized at large by the seven atomic
structures of substrate-bound proteasome as summarized in Table 1.2. Because the
conformational state in the RP and its interacting α-ring on one side of a doubly
capped proteasome can be different from that of the interacting pair on the other
side, the states listed in Table 1.2 refer to the conformations of either the RP-CP
subcomplex or the singly capped proteasome. There is currently insufficient evidence
showing functional difference between the RP-CP subcomplex in a doubly capped
proteasome and the singly capped proteasome (Asano et al. 2015).

There are several common patterns of pronounced conformational changes occur-
ring in the proteasome under distinct biochemical conditions. First, the CP confor-
mation assumes states of either closed or open gate. The human CP structures with a
closed gate are virtually identical in all corresponding states including EA1, EA2, EB,
EC1, EC2, SA, SB and SC (Dong et al. 2019). The same is true for the human CP with
an open gate in the remaining states. This reflects a bistability of the CP gate that
has been also observed for the yeast CP. Second, the lid rotation is generally accom-
panied with the conformational transitions between different states. Most notably, a
prominent lid rotation of 25–40° is commonly observed during state transitions of
EB-to-EC (substrate-engaged) (Dong et al. 2019), SA-to-SB transition (substrate-free)
(Chen et al. 2016a; Zhu et al. 2018), C1-to-C3 (tetraubiquitin-bound yeast protea-
some) (Ding et al. 2019), and s1-to-s2 (substrate-free yeast proteasome) (Wehmer
et al. 2017; Eisele et al. 2018; Ding et al. 2017). Third, the quaternary structural
relationship between RPN11 and the OB ring is also approximately bistable. The
RPN11 blocks the entrance of the OB ring in states EC1, EC2, ED1, ED2, SB, SC, SD1,
SD2, SD3, 5D, 5T, 4D, C3-a, C3-b, s2, s3, s4, s5, and s6 (Dong et al. 2019; de la Pena
et al. 2018; Eisele et al. 2018; Ding et al. 2019; Chen et al. 2016a; Zhu et al. 2018).
By contrast, RPN11 is rotated to the side of the OB ring and leaves a wide entrance
to the ATPase channel in all remaining states. Fourth, whenever the CP gate is open
in states ED1, ED2, SD1, SD2, SD3, 5T, 4D, C3-a, C3-b, s4, s5, and s6, the conforma-
tions of the ATPase ring in these states are always remodeled and translated above
the CP to positions that confer a better axial alignment of the ATPase channel with
the CP gate as compared to the resting state (SA). Fifth, the pore-loop staircase is
similarly observed in states ED1, 5D and 5T, whereas a different pore-loop staircase
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is comparably observed in states ED2, SD2, and 4D. Taken together, these common
characteristics indicate that the conformational dynamics of the proteasome is evolu-
tionarily conserved to meet its critical functional needs. Despite these shared traits in
conformational dynamics of the proteasome holoenzyme, the exact structures of the
RP are all somehow different, more or less, among all the states enlisted in Table 1.2,
illustrating a structural plasticity of the proteasome to an exceptionally large extent,
which is yet to be comparably found in other protein complexes.

Key States of Proteasome in the Act of Substrate Degradation

States EA1 and EA2 overall resemble the SA conformation of the substrate-free human
proteasome holoenzyme (Dong et al. 2019). Several remarkable features distinguish
states EA1 and EA2 from SA. Foremost, a ubiquitin density is observed around the
T1/T2 site of RPN1 (Shi et al. 2016). Two ubiquitin densities are found at the N-
terminal CC domain of RPT4-RPT5 near RPN10. The ubiquitin near RPN11 is
attached to the RPT4-RPT5 CC but does not directly contact RPN11 in state EA1.
This ubiquitin is bound with RPN11 and detached from the RPT4-RPT5 CC in state
EA2. However, no substrate is observed inside the AAA-ATPase motor, indicating
that substrate engagement is not yet completed in these states. These suggest that
states EA1 and EA2 represents the steps of initial ubiquitin binding and ubiquitin
transfer to RPN11, respectively, presumably before a substrate is fully engaged with
the proteasome for deubiquitylation.

State EB presents a quaternary structure in the act of substrate deubiquitylation and
finds no rigorous counterparts among those substrate-free proteasome conformations
(Dong et al. 2019). It reveals an interesting conformation that has been absent in all
other studies (Chen et al. 2016a; Huang et al. 2016; Schweitzer et al. 2016; de la Pena
et al. 2018;Zhuet al. 2018).Although theoverallRP-CP relationship is closer to states
SA and EA, the lid swings outward away from the OB ring relative to state EA, toward
an opposite direction against that seen in the EB-to-EC transition. This results in a
wider access to the AAA-ATPase ring. Notably, the isopeptide bond linking substrate
lysine to the C-terminal glycine of RPN11-bound ubiquitin has been observed in the
vicinity to the zinc ion bound at the catalytically active site of the DUB RPN11. This
DUB-substrate interaction is achieved through extensive quaternary rearrangements
also involving RPT5 and RPN8. The lysine residue linking to the RPN11-bound
ubiquitin via the isopeptide bond is located above the OB ring and is about 15 Å
away from the central pore of theATPase ring,where the substrate density is observed
all the way from the ubiquitin-conjugated lysine down to the end of the central pore
of the ATPase ring.

States EC1 and EC2 present two successive snapshots that capture the initiation
steps of substrate translocation (Dong et al. 2019).While the RPN11-bound ubiquitin
remains in state EC1, its isopeptide bond linking the substrate appears to have been
broken. In state EC2, this ubiquitin is released from RPN11. As the overall lid-base
relationship resembles the substrate-free state SC, the lid is rotated ~40° clockwise
relative to states EA and EB. Although the ATPase conformation is nearly invariant in
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states EC1 and EC2, the ATPase ring exhibits a rigid-body translation of ~5 Å above
the CP, with a small rotation in the lid. The substrate inside the AAA-ATPase ring
is presumably advanced toward the CP relative to state EB. The two states exhibit
similar features in the RP-CP interface with a closed CP gate.

States ED1 and ED2 present two sequential conformations in which substrate-pore
loop interactions are consistent with processive substrate translocation (Dong et al.
2019). The substrate is presumably moved toward the CP relative to states EC1 and
EC2.Noubiquitin densities are found onRPN11. The overall lid-base relationship, the
RP-CP interface and the open state of CP gate are compatible with the substrate-free
states SD1, SD2 and SD3 of the human proteasome (Chen et al. 2016a; Zhu et al. 2018),
and the substrate-engaged states 5T, 4D (de la Pena et al. 2018), the tetraubiquitin-
bound states C3-a, C3-b (Ding et al. 2019), and substrate-free states s4, s5 and s6 of
the yeast proteasome (Wehmer et al. 2017; Eisele et al. 2018). It is noteworthy that
the pore-loop staircase architecture of states 5D, 5T, C3-b and s6 closely resembles
that of state ED1, whereas the pore-loop topologies of states SD2, 4D, C3-a and s4
match state ED2.

Allosteric Regulation of Proteasome Dynamics

Ligand binding and substrate interactions substantially modify the energy landscape
of the proteasome and thus regulate both the distribution of coexisting conformers
and the key features of these conformers (Fig. 1.9). In the presence of ATP/Mg2+,
the substrate-free human proteasome exhibits four conformational states SA, SB, SC
and SD in the particle populations at 76.1%, 10.2%, 5.8% and 7.9%, respectively.
In the presence of ATPγS (that completely replaces ATP), the expanded states SA,
SB, SC, SD1, SD2 and SD3 represent 51.8%, 3.5%, 5.3%, 14.9%, 17.0% and 7.5%
of the total particles, respectively (Zhu et al. 2018). The particle population of the
human proteasome in an open-gate state is about five times higher in the presence
of ATPγS than ATP. Indeed, the peptide-hydrolyzing activity of the proteasome has
been observed to be substantially stimulated by ATPγS (Li and Demartino 2009). In
contrast to the shift of conformational equilibria toward the open-gate states, binding
of the small-molecule inhibitor Oprozomib to the β5 subunit in the CP stabilizes
the resting state (SA) by substantially narrowing the ground funnel on the energy
landscape and inhibiting the human proteasome from sampling those states with an
open CP gate (Haselbach et al. 2017).

Structural and biochemical studies on the substrate-free yeast proteasome also
agree with this ligand-dependent regulatory picture in general. Binding of ATPγS
or other nucleotide analogs, such as AMP-PNP, ADP-AlFx and ADP-BeFx, substan-
tially induces ATPase conformations resembling those substrate-engaged states and
shifts the conformational landscape of the proteasome from the resting state (s1)
toward the open-gate states (s4, s5 and s6) (Wehmer et al. 2017; Eisele et al. 2018;
Ding et al. 2017). Similar allosteric effects have also been observed for the Lys48-
linked tetraubiquitin-bound yeast proteasome (Ding et al. 2019). In this case, the
conformational equilibria of the proteasome are driven toward two open-gate states
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Fig. 1.9 Conceptual schematic illustrating the regulation of the energy landscape of the 26S protea-
some by substrates and nucleotides. The replacement of ATP with slowly hydrolyzed ATPγS
enhanced the conformational states corresponding to an openCPgate. The engagement of a substrate
with the proteasome further stabilizes these states and induces more sub-states corresponding to a
closed CP gate

(C3-a and C3-b), which resemble the substrate-engaged human states ED2 and ED1,
respectively (Dong et al. 2019). Notably, the resting state no longer dominates the
energy landscape in some conditions. For example, 2 mM ATPγS significantly
expands the particle population of state s3, s4 and s5, whereas 4 mM ATPγS even
further promotes the distributionof state s3 and s4, allowing the two states to dominate
the energy landscape of the yeast proteasome (Eisele et al. 2018).

Because the resolution of most yeast proteasome reconstructions was insufficient
to define the nucleotide states in the proteasomal ATPases, a genetic approach has
been developed to evaluate how individual ATP-binding events influence the confor-
mational landscape of the proteasome (Eisele et al. 2018). The conserved Walker B
glutamatewasmutated to glutamine in eachATPase subunit in yeast,whichwas code-
named rpt-EQ. While mutations in three ATPases caused cytotoxic effects, mutant
proteasomes from rpt2-EQ, rpt3-EQ, and rpt6-EQ enabled cryo-EM analysis that
showed a consistent stimulation of states s4, s5 and even discovery of a new confor-
mational state s6 of the yeast proteasome. While states s4 and s5 were observed in
rpt2-EQ and rpt6-EQ proteasomes, state s6 was exclusively observed in rpt3-EQ
proteasome, in which the ATPase conformation resembles state ED1.

In the presence of bothATP/Mg2+ andATPγS/Mg2+, the substrate-engaged human
proteasome shows seven conformers EA1, EA2, EB, EC1, EC2, ED1 and ED2 in the
particle populations at 8.4%, 6.4%, 19.4%, 9.0%, 5.7%, 23.1% and 27.9%, respec-
tively (Dong et al. 2019). The open-gate states ED1 and ED2 dominate the energy
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landscape, in stark contrast to the conformational distributions of substrate-free
proteasome. Because all these seven states have been reconstructed at a resolution no
worse than 3.6 Å, these human proteasome structures afforded unambiguous deter-
mination of the nucleotide states of the ATPase, allowing the elucidation of how the
nucleotide hydrolysis and exchange trigger state transitions of the proteasome (Dong
et al. 2019). Similar allosteric effectswere also noted for the substrate-boundRPN11-
inactivated yeast proteasome (de la Pena et al. 2018). These structural data explain
why substrate engagement considerably stimulates the ATPase activity and serve
as a foundation to further understand how ubiquitin-like (UBL) proteins stimulate
proteasome activation (Kim and Goldberg 2018; Collins and Goldberg 2020).

In vivo experimental studies using cryo-electron tomography (cryo-ET) and subto-
mogram classification suggest that the 26S proteasome mostly stays at the resting
state in intact hippocampal neurons in the absence of proteotoxic stress, and exhibits
several alternative conformations (Asano et al. 2015; Guo et al. 2018). Although the
subtomogramaveraging fromcryo-ET reconstructions has a low resolution compared
to single-particle reconstruction, the large RP rotation between the resting state
(SA) and the substrate-degrading states (ED) is discernible at a nanometer reso-
lution. Subtomogram classification has been conducted on the proteasome within
intact neurons showing poly-Gly-Ala (poly-GA) aggregates,which results fromaber-
rant translation of an expanded GGGCCC repeat in the C9orf72 gene. Mutation in
C9orf72 is the most common cause of amyotrophic lateral sclerosis (ALS) and fron-
totemporal dementia (FTD) (Edbauer and Haass 2016; Freibaum and Taylor 2017;
Gendron et al. 2013; Lin et al. 2017). The poly-GA aggregates in neurons densely
pack into twisted ribbons and recruit a large number of 26S proteasomes that exist in
either the substrate-degrading states (ED) or the resting state (SA) (Guo et al. 2018).
The cryo-ET studies provide strong evidence supporting that the in vivo proteasome
conformational dynamics regulated by the endogenous substrates are reflected in
those analyzed in vitro at the atomic level.

Activation Dynamics of the CP

By studying the Thermoplasma acidophilum CP, which provides a lower structural
complexity, the NMR quantification of structural dynamics of activator binding and
specifically labeled residues (Sprangers and Kay 2007) elucidated the mechanism of
CP gating by the unstructured N-termini of α-subunits in the archaeal proteasomes.
It was observed that on average two of the chains move through the CP gate to
the proteolytic chamber, and block the passage for translocating protein substrates
(Religa et al. 2010). TheNMR studies of the CPwere conducted bymethyl transverse
relaxation optimized spectroscopy, which takes advantage of deuterated proteins and
selectively labellingmethyl groups of isoleucine, leucine,methionine andvaline (Kay
2011).

How the CP gate is regulated by its activators has been informed by
numerous structural studies. Crystal structure of the human PA28α/REGα homolog
reveals a toroidal heptamer architecture. The CP-interacting C-terminal residues and
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internal activation loop exhibit sevenfold symmetry (Knowlton et al. 1997). The 20-
Å pore inside this heptamer was initially suggested to be a substrate translocation
channel. However, it was later found that this pore is occupied in the PA26 homolog
of Trypanosoma brucei distantly related to PA28 (Forster et al. 2005). Crystal struc-
tures of PA26 in complex with the CPs in Saccharomyces cerevisiae (Whitby et al.
2000; Forster et al. 2003) and Thermoplasma acidophilum (Forster et al. 2005) indi-
cate that the C-termini of PA26 are docked into the α-pockets, whereas the activation
loops trigger the opening of the CP gate by repositioning the Pro17 turn of the CP
in a sevenfold symmetric fashion.

Crystal structures of a Blm10-CP complex exhibit an architecture distinct from
that of PA28. The single-chain ~250-kDaBlm10 activator binds theα-ring and resem-
bles the shape of a turban (Iwanczyk et al. 2006; Sadre-Bazzaz et al. 2010; Schmidt
et al. 2005). Interestingly, Blm10 docking onto the CP induces a disordered confor-
mation of the CP gate. There appears to be only limited access to the turban-like
architecture of Blm10 above the CP gate, consistent with a lower level of peptidase
activities in the presence of Blm10 compared to PA26 (Iwanczyk et al. 2006). One
C-terminal tail of PA200 docks the α5-α6 pocket, with the three C-terminal residues
closely resembling the C-termini structure of PA26, forming comparable mainchain
hydrogen bonds and electrostatic interactions (salt bridge) with the surface-exposed
lysine in the α6 subunit. This is insufficient to open the CP gate, because other α-
pockets are not occupied and conserved Blm10 residues sterically impedes the gate
opening. The structures of the PA28 and Blm10/PA200 in complex with the CP point
to the same binding mechanism of the CP activators in general. In both cases, a salt
bridge is formed between the C-terminal carboxylate of the activator and the surface-
exposed lysine of the CP (Forster et al. 2005; Dange et al. 2011; Sadre-Bazzaz et al.
2010) and the Pro17 turns of the CP is repositioned, resembling their configuration in
the PA26-CP complexes. These features underscore the functional importance of the
penultimate tyrosine (or phenylalanine) in the C-termini of the CP activators (Smith
et al. 2007). This mechanism of CP gating has been further supported by crystal
structures of the PA26 mutants binding the archaeal CP (Stadtmueller et al. 2010;
Yu et al. 2010), a cryo-EM structure of the CP in complex with the PAN C-terminal
peptides (Rabl et al. 2008), and high-resolution cryo-EM structures of the human
26S proteasome (Chen et al. 2016a; Zhu et al. 2018; Dong et al. 2019).

The structures of the PA28 and PA200 complexes do not intuitively clarify their
elusive biological function (Rechsteiner and Hill 2005). The expression of PA28α
and PA28β can be induced by interferon-γ, implicating a potential role in T-cell
antigen presentation mediated by major histocompatibility complex class I (MHC-I)
(Sijts et al. 2002). However, the mechanism underlying this process remains elusive,
because many species that do not seem to encode MHC-I also express a PA28
homolog (Sijts and Kloetzel 2011). PA28γ/REGγ was observed to mediate ATP-
independent and ubiquitin-independent degradation of some natively unstructured
transcription factors (Chen et al. 2007; Li et al. 2007a). PA200 has been proposed
to play a role in maintenance of mitochondrial inheritance, in DNA repair and in
spermatogenesis. The abundance of the PA200-CP complexes was increased when
either activated or disrupted CP prevails (Savulescu and Glickman 2011). Both PA28
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and PA200 can participate in the assembly of hybrid proteasomes, in which different
types of CP regulators bind to opposite sides of the same CP (Cascio et al. 2002;
Kopp et al. 2001; Tanahashi et al. 2000). Such hybrid proteasomes with the PA28
or PA200 at one side and the RP at the other side have indeed been observed on the
endogenously purified eukaryotic proteasome by cryo-EM in my laboratory (unpub-
lished data). The hybrid proteasome is expected to possess distinct gating dynamics
on opposite sides of the sameCP. Interestingly, the gate conformations at the opposite
sides of the archaeal CP appear to be coupled, which might allosterically regulate the
assembly of hybrid proteasomes (Yu et al. 2020). Structural and functional studies
of the hybrid proteasomes are anticipated to clarify their roles in regulating cellular
processes.

In the 26S proteasome, the conformation of the CP gate is controlled by the RP-
CP interface in an ATP-dependent fashion. The intermediate states of the RP-CP
interface are characterized in the substrate-engaged proteasome. Perhaps the most
interesting observation at this critical interface is the insertion of one additional
C-terminal tail of RPT subunits into one α-pocket at a time, when the proteasome
navigates from state EA, through states EB and EC to state ED. In the resting state
(SA) or substrate-accepting states (EA1 and EA2), RPT3 and RPT5 have already
docked their C-terminal HbYX motifs into two α-pockets (α1-α2 and α5-α6). State
transition to EB is accompanied with RPT2 HbYX motif insertion into the α3-α4
pocket, followed by RPT6 C-terminus insertion into the α2-α3 pocket in State EC

and RPT1 HbYXmotif insertion into the α4-α5 pocket in State ED (Fig. 1.10) (Dong
et al. 2019). Particularly, the RP-CP interaction modes of substrate-engaged human
states EC and ED were consistently found in those of substrate-free yeast states s3
and s4-s6, respectively (Eisele et al. 2018).

The principal gate-blocking N-terminal loops are from the α2 and α4 subunits
(Groll et al. 2000). The α3 N-terminal loop behaves as a lynchpin of the CP gate
overlaid with the N-terminal loops of α2 and α4 (Tian et al. 2011). Destabilization of
the α3 lynchpin is necessarily but insufficiently controlled by RPT2. By comparison,
the yeast RP-CP interaction in the resting state (s1) exhibits the same mode observed
in state EB of the human proteasome, in which three HbYX motifs from RPT2,
RPT3 and RPT5 are inserted in the α-pockets (Wehmer et al. 2017; Dong et al.
2019). In contrast to the sequential insertion of RPT C-terminal tails in the human
proteasome during the process of CP activation, the yeast CP apparently requires
fewer intermediate steps in full activation (Eisele et al. 2018). It is also notable that
once four RPT C-terminal tails docked into the α-pockets, the CP gate starts to show
partial opening, as captured in the substrate-bound state 5D (de la Pena et al. 2018),
states EC1 and EC2 (Dong et al. 2019) and substrate-free state s3 (Wehmer et al.
2017).

The insertion of five RPT C-terminal tails also demands the repositioning of the
ATPase ring above the CP, as well as necessary RPT conformational rearrangements
to satisfy the geometrical requirement. In states ED or SD, the N-terminal loops of
α2, α3 and α4 are rotated ~90° to approximately align along the heptameric axis
to open the CP gate. However, the secondary structural elements surrounding the
gate-blocking loops in the α-ring remain largely unchanged with only very subtle
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Fig. 1.10 Gating mechanism of the CP in the human proteasome (Chen et al. 2016a; Zhu et al.
2018; Dong et al. 2019). a Comparison of the cryo-EM densities of the RPT C-termini binding
the α-pockets of the CP in different conformational states of the human proteasome. The cryo-EM
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movements relative those in other states; indeed, the overall outer diameter of the
opened α-ring is dilated by only ~3 Å (Zhu et al. 2018; Dong et al. 2019). A similar
allosteric effect has also been observed in the open gate of yeast CP in complex with
the PA26/11S regulator from Trypanosoma brucei (Whitby et al. 2000; Stadtmueller
et al. 2010). Importantly, in both the RP-activated human CP and the PA26-activated
yeast CP, the same α-pockets (α6-α7 and α7-α1) are the only two that are empty,
indicating a highly conserved mechanism of CP gating regulation by its activators.

The CP is not only externally regulated by the RP, but is also internally affected by
the interactions at the proteolytic sites in the β-type subunits (Haselbach et al. 2017;
Osmulski et al. 2009). Studies of the yeast CP in the absence of RP using atomic force
microscopy have suggested that the CP gating is either stimulated or suppressed by
the proteolytic active-site engagement with a substrate or small-molecule inhibitors
such as Bortezomib and Epoxomicin (Osmulski et al. 2009). The CP gate opening
appears to be stimulated by a tetrahedral transition state at the proteolytic active sites.
Notably, such a short-range allosteric effect on the CP gate can be further transmitted
to the conformational state of RP through the RP-CP interface in a long-range fashion
(Haselbach et al. 2017).
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Quaternary Allosteric Regulation

The activity of proteasomal ATPase motor is regulated by the lid subunits, RPN1 and
RPN2 in an asymmetric fashion (Greene et al. 2019). While in states ED1 and ED2,
RPN1andRPN2 formadimer by a long-range association through a long turning loop
from RPN2, such a quaternary architecture was less clearly observed in other states
(EA-C) (Dong et al. 2019). During state transition from EA to EB, RPN1 undergoes
a prominent rotation. In states EC1 and EC2, the RPN1 density is blurred, indicating
strongmotions potentially disrupting theRPN1-RPN2associations observed in states
ED1 and ED2. Thus, the variation of RPN1 motion appears to be highly coordinated
with theATPhydrolytic cycle coupledwith conformational remodeling of theATPase
motor during substrate translocation.

The CC domains of RPT4-RPT5 also seem to coordinate substrate translocation
by its interactionwith the lid subunit. In states EC1, EC2, ED1 andED2, theRPT4-RPT5
CC domain interacts with either RPN9 or RPN10 in different contacts. By contrast, it
resides several nanometer away from any RPN subunit and recruits peptide-proximal
ubiquitin in state EA and transfers it to RPN11 for deubiquitylation in state EB.
Thus, the lid-base interaction regulates substrate interactions with the proteasome
through a combination of short-range and long-range allosteric regulations,which are
supported by a recent biochemical study (Snoberger et al. 2018). The conformational
regulation between the lid and base or CP is similarly observed in the absence of
substrates (Zhu et al. 2018).

The lateral RP-CP interface, particularly between the RPN6 PCI domain and the
α2 subunit, also demonstrates prominent fluctuations that interconvert between open
and closed configurations. This interfacial instability ismore prominently observed in
the states corresponding to an openCPgate or in the presence of substrates, indicating
an ancillary role of this interface in the regulation of the conformational changes of
the axial substrate-translocation pathway (Zhu et al. 2018; Dong et al. 2019). Indeed,
the interaction of RPT6with the α2 subunit is regulated by phosphorylation onRPT6,
which stimulates proteasome activity (Satoh et al. 2001; Asai et al. 2009)

Summary of Proteasome Dynamics

In this section, complex dynamics of the proteasome in the act of substrate processing
at the atomic level are compared in detail with structural characterization of protea-
some dynamics at the near-atomic or pseudo-atomic level under various in vitro
biochemical conditions. This retrospective comparison on 29 conformational states
of the proteasome not only reveals the common traits of proteasome dynamics, but
also makes clear several outstanding revelations that were relatively weak or less
obvious in single studies, as summarized in the following bullet points.

• The resting state is least active in its CP in the presence of ATP. Replacing ATP
with other nucleotides or nucleotide analogs, the presence of ubiquitin and UBL
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proteins, or the engagement of substrates generally re-equilibrates the proteasome
conformations toward the open-CP states and stimulates proteasome activation.

• Both the RPN11-OB interface and the CP gate controlling the substrate entrance
are approximately bistable. Their state transitions are desynchronized to coordi-
nate the timing between deubiquitylation and translocation events.

• The lid rocking is generally observed to regulate both the ATPase and CP confor-
mations. It becomes increasingly apparent that the lid interactions with the base
and CP favor two sets of ATPase conformations characterized in two sets of
comparable states [ED1, 5D/5T, C3-b, s6] and [ED2, SD2, 4D, C3-a, s4]. (See
below: sectionOperatingPrinciples of Proteasomal AAA-ATPaseMotor, formore
details).

• Substrate engagement stabilizes the states with the open CP gate, and via its inter-
actions with the proteasome at multiple sites along the substrate-translocation
pathway, coordinates the actions of ubiquitin recognition, deubiquitylation, initi-
ation of unfolding and processive translocation through the ATPase ring and the
CP gate. Such a multi-enzymatic coordination is allosterically assisted by the lid
subcomplex interacting with the base and CP at multiple peripheral sites.

• The dynamic CP gate is regulated both externally and internally via allosteric
effects. This enables the CP gating to be highly responsive to inter-subcomplex
coordination for processive substrate degradation without generating proteolytic
errors.

• The allosteric regulation between RP and CP is bidirectional via both short-range
and long-range pathways. While the interactions of ubiquitin receptors with ubiq-
uitin or UBLs can allosterically impact the CP state, the interaction of the CP
proteolytic active sites with substrates or inhibitors can also influence the RP
state. Once the RP and CP are assembled into a holoenzyme, the conformational
dynamics of all subunits are allosterically, coherently, and globally coupled. No
single subunit acts alone without triggering coherent allosteric effects within the
holoenzyme.

Life Cycle of the Proteasome

Proteasome Biogenesis

Constitutive Proteasome Expression

The cellular abundance of the proteasome is dynamically regulated by a genetic
circuit of negative feedback at the transcriptional level (Motosugi and Murata 2019)
(Fig. 1.11). Specific transcription factors regulating expression of the proteasome
subunits have been identified (Budenholzer et al. 2017; Rousseau and Bertolotti
2018). In Saccharomyces cerevisiae, a transcription factor Rpn4 control coordi-
nated gene expression of proteasome subunits (Wang et al. 2008). Rpn4 is a zinc-
finger protein and binds a conserved sequence motif (5′-GGTGGCAAA-3′) known
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Fig. 1.11 Life cycle of the 26S proteasome. Biosynthesis of proteasome subunits from individual
amino acids is regulated by transcription factors such as NRF1 in mammals, NAC53/NAC78 in
plants and Rpn4 in yeast. With assistance of CP and RP assembly chaperones, the expressed
subunits assemble into the mature form of the 26S proteasome in a coordinated manner. Protea-
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intrinsic ubiquitin receptors recognize and deliver polyubiquitylated substrates to the proteasome
for degradation. Damaged proteasomes are degraded in the lysosome or vacuole via autophagy,
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and several autophagy receptors, including p62/SQSTM1 in mammals, RPN10 in plants, and Cue5
in yeast
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as proteasome-associated control element (PACE) in the promoter region of genes
expressing proteasomal subunits and assembly chaperones (Mannhaupt et al. 1999;
Shirozu et al. 2015). Rpn4 is rapidly degraded by the proteasome and is thus short-
lived (t1/2 ≈ 2 min). Through such a negative feedback circuit, Rpn4 promotes
proteasome expression whenever the proteasome function is compromised (Xie and
Varshavsky 2001). Loss of RPN4 gene or PACE sequences compromises protea-
some activity and cell viability under various stress conditions such as oxidative
DNA damage (Wang et al. 2008). Rpn4 abundance is also regulated by many stress-
inducible transcription factors, such as Hsf1, Pdr1, Pdr3, and Yap1 (Owsianik et al.
2002; Ma and Liu 2010). Increasing proteasome expression might be a common
mechanism for cells to adapt to diverse challenging conditions (Hahn et al. 2006).

Although mammalian cells lack of any Rpn4 orthologs, several transcription
factors regulating the mammalian proteasome expression have been identified. One
of such transcription factors is nuclear factor erythroid-derived 2-related factor 1
(NFE2L1) also named NRF1 (Radhakrishnan et al. 2010). NRF1 promotes expres-
sion of all genes encoding proteasome subunits and their assembly chaperones in
the presence of proteasomal dysfunction, leading to de novo proteasome synthesis.
In Arabidopsis thaliana, the transcription factors NAM/ATAF1/CUC2 78 (NAC78)
and NAC53 were proposed to play a similar role as Rpn4 and NRF1 in upregulating
proteasome synthesis that help plants survive proteotoxic stress (Gladman et al.
2016).

In contrast to NRF1, several transcription factors specifically regulate the induc-
tion of a portion of proteasome subunits in mammalian cells. Nuclear transcription
factor Y (NF-Y) is a complex consisting of three proteins, NF-YA, NF-YB, and NF-
YC.NF-Y recognizes theCCAATmotif in the promoter regionof certain proteasomal
genes and upregulates cellular proteasome activity. The CCAATmotif is found in the
genes of six CP subunits (α2, α5, α7, β3, β4, and β6), five RP subunits (RPT1, RPT5,
RPT6, RPN10, and RPN11) and one RP assembly chaperone (p28) (Xu et al. 2012).
Other transcription factors, such as the forkhead box protein O4 (FOXO4) and the
signal transducer and activator of transcription 3 (STAT3), exhibit seemingly greater
specificity in the regulation of proteasome subunit expression. FOXO4 specifically
regulates RPN6 expression and maintains the proteasome activity at a higher level
in human embryonic stem cells (Vilchez et al. 2012; Webb and Brunet 2014). In the
JAK/STAT pathway, JAK phosphorylation upon cytokine signaling activates STAT3,
which upregulates PSMB5 (β5 subunit) expression through epidermal growth factor
(EGF) induction (Vangala et al. 2014).

Proteasome abundance is also regulated at the post-transcriptional or translational
level (Rousseau and Bertolotti 2016; Kors et al. 2019; Motosugi and Murata 2019).
In yeast, the mitogen-activated protein kinase 1 (Mpk1) regulates expression of the
proteasome subunits and RP assembly chaperones (RACs) under stress conditions or
in response to rapamycin and tunicamycin. However, mRNA levels are comparable
between wild-type and Mpk1-deficient cells, suggesting that Mpk1-mediated regu-
lation of the proteasome occurs at the translational level. Moreover, the translation
of RPT5 mRNA can be suppressed by haploinsufficiency of ribosomal genes, which
primarily causes Diamond-Blackfan anemia (Khajuria et al. 2018). In hematopoietic
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stem and progenitor cells, translation of proteasome mRNA is selectively inhibited
by the storage of ribosomes, thus impeding erythroid lineage commitment.

The growth-controlling kinase mTORC1 (Mammalian or mechanistic target of
rapamycin complex 1) is activated in response to growth factors or increased nutrient
levels. It activates protein translation and lipid synthesis to promote cell growth
and proliferation (Dibble and Manning 2013). The mTORC1 pathway has been
found to control proteasome abundance at multiple levels (Zhang et al. 2014; Zhang
and Manning 2015; Rousseau and Bertolotti 2016; Zhao et al. 2015). The inhibi-
tion of mTORC1 can induce ERK5, the human orthologs of Mpk1, which upreg-
ulates the RACs and proteasome subunits (Rousseau and Bertolotti 2016). Stimu-
lated by growth factor signaling, mTORC1 can activate sterol regulatory element
binding protein (SREBP-1) that regulates expression of lipogenic genes (Ricoult
and Manning 2013). The mTORC1-activated SREBP-1 is related to NRF1 expres-
sion that regulates proteasome expression (Zhang et al. 2014). On the other hand,
mTORC1 also phosphorylates and inactivates ATG proteins required for autophagy
induction, such as ATG1 and ATG13 (Hosokawa et al. 2009; Dibble and Manning
2013). Since the proteasome is destructed by autophagy (Marshall andVierstra 2015;
Marshall et al. 2015; Marshall et al. 2016; Cohen-Kaplan et al. 2016; Waite et al.
2016; Nemec et al. 2017), mTORC1 regulates both the proteasome biosynthesis and
breakdown in response to nutrient conditions.

Immunoproteasome Expression

Proteasomal subtypes are differentially expressed in response to certain cellular
conditions to meet specific functional needs (Motosugi andMurata 2019; Ferrington
and Gregerson 2012). Immune cells constitutively express the immunoproteasomes
at high levels. The immunoproteasome primarily processes antigens for their presen-
tation in the MHC-I pathway by degrading the antigens into short polypeptides.
The transporter associated with antigen processing (TAP) complex, a TAP1-TAP2
heterodimer, then transports the antigen polypeptides to the ER, where the MHC-I
molecules recognize the polypeptides for antigen presentation on the cell surface
(Leone et al. 2013). The three catalytic subunits β1, β2, and β5 are replaced by
subtype subunit β1i, β2i, and β5i, respectively, in the immunoproteasome (Kloetzel
2001). While PSMB10 (β2i) is located outside the MHC locus, PSMB9 (β1i) and
PSMB8 (β5i) resides in the MHC-II region next to the genes encoding TAP1-TAP2.

The expressions of β1i, β2i, and β5i are induced by interferon-γ in response to
oxidative stress or inflammatory stimuli (Aki et al. 1994; Hallermalm et al. 2001;
Hussong et al. 2010; Hisamatsu et al. 1996). Interferon-γ induces protein expression
involved in antigen presentation, including the proteasome activator PA28α/β, and
TAP1/TAP2 (Ma et al. 1997; Realini et al. 1994; Ahn et al. 1995). β1i expression
requires the GC boxes and the transcription factor SP1 (Wright et al. 1995). The
genes encoding β1i and TAP1 share a bidirectional promoter that lacks any TATAbox
and includes several GC boxes, interferon consensus sequence 2 and γ-interferon-
activated sequence sites, which are recognized by the interferon regulatory factor 1
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(IRF1) andSTAT1 (Wright et al. 1995;Chatterjee-Kishore et al. 2000).β1i expression
is induced by IRF1 and STAT1 under interferon-γ stimulation. The nuclear factor-κB
(NF-κB), a family of transcription factors, is required for the tumor necrosis factor-α
(TNF-α) dependent induction (Wright et al. 1995). Theβ2i promoter containsNF-κB,
IRF1 and SP1 consensus sequences that lack the CAAT or TATA boxes (Cruz et al.
1997;Hayashi et al. 1997). The β5i promoter contains anNF-κBconsensus sequence,
a GC-rich region and a TATA box (Zanelli et al. 1993). In neurons, expression of β1i
and β5i is induced by the transcription factor Zif268 (James et al. 2006).

Thymoproteasome Expression

Thymic cortex specifically expresses the thymoproteasome, another proteasome
subtype that plays an important role in the selection of CD8+ T cells (Murata et al.
2007; Murata et al. 2018). In the thymic cortex and medulla, immature thymocytes
are subject to positive and negative selection, respectively. In contrast to the immuno-
proteasomes expressed in medullary thymic epithelial cells (mTECs), the thymopro-
teasomes is assembled from the subtype subunit β5t in replacement of β5 and is
specifically expressed in cortical thymic epithelial cells (cTECs). The PSMB11 gene
encoding β5t is adjacent to PSMB5 encoding β5. The gene product is encoded by a
single exon in both the human andmouse genomes. The forkhead transcription factor
FOXN1 promotes both TEC lineage specification and β5t expression (Romano et al.
2013; Uddin et al. 2017). The β5t promoter contains the conserved FOXN1-binding
sequence 5′-ACGC-3′, in which a single mutation impairs CD8+ T cell production
and β5t expression. Paradoxically, because FOXN1 is present in mTECs that do not
express β5t at any detectable level, FOXN1 alone does not sufficiently regulate β5t
expression, suggesting that other unknown cellular factors might contribute to the
induction of β5t expression.

Proteasome Assembly

CP Assembly Chaperones

The assembly of the eukaryotic CP is more complex than their prokaryotic coun-
terparts and requires a set of extrinsic and intrinsic chaperones (Table 1.1) (Murata
et al. 2009; Tanaka 2009; Rousseau and Bertolotti 2018; Budenholzer et al. 2017).
The complex process of CP assembly can be understood as three consecutive steps in
eukaryotes (Fig. 1.12a) (Murata et al. 2009; Tomko andHochstrasser 2013; Rousseau
and Bertolotti 2018): (1) α-ring formation, (2) β-ring formation and (3) half-CP
dimerization and proteasome maturation. These intermediate assembling steps are
assisted by five proteasome chaperones named proteasome assembling chaperone-
1 (PAC1)-PAC4 and proteasome maturation protein (POMP) in human (Witt et al.
2000; Murata et al. 2009). The yeast orthologs of PAC1-PAC4 and POMP are known
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Fig. 1.12 Models of the RP and CP assembly in eukaryotic cells. a Assembly pathway of the
constitutive CP. The α-ring is assembled with the help of two heterodimers of chaperones: PAC1-
PAC2 and PAC3-PAC4. β2 and POMP then associate with the α-ring. The incorporation of β3 and β4
coincides with the dissociation of PAC3-PAC4, followed by sequential incorporation of β5, β6, β1
and β7. Dimerization of two half-CP forms the preholoproteasome. In the last step, the propeptides
of the β-ring is auto-cleaved to activate the CP; POMP and PAC1-PAC2 are then degraded to form
the mature CP. b Hypothetical assembly pathway of the RP. The base assembly is assisted by four
RACs: S5b, PAAF1, p27 and p28. The lid can be assembled via a hierarchical pathway without any
chaperones. It starts with the formation of two subcomplexes Module 1 and LP3. They associate to
form LP2. The final step occurs with RPN12 joining LP2 to form the mature lid. The lid then binds
the free base. Note that in yeast the base may first assemble with the CP before its association with
the lid
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as proteasome biogenesis-associated 1 (Pba1)-Pba4 and underpinning maturation of
proteasome 1 (Ump1), respectively.

Four CP assembly chaperones guide the assembly procedure of the α-ring. They
form two heterodimers, PAC1-PAC2 (Hirano et al. 2005) and PAC3-PAC4 in human
(Pba1-Pba2 and Pba3-Pba4 in yeast) (Hirano et al. 2006; Le Tallec et al. 2007).
The PAC1-PAC2 heterodimer promotes the assembly of the α-ring intermediate and
prevents premature binding of the RP to the α-ring, as well as aberrant dimerization
of α-rings (Hirano et al. 2005; Wani et al. 2015; Stadtmueller et al. 2012; Kusmier-
czyk and Hochstrasser 2008). Knockdown of PAC1 or PAC2 expression decreases
the amount of α-rings and results in accumulation of off-pathway products of aber-
rant α-ring dimers. PAC1-PAC2 binds to proteasome precursors until the complete
formation of the CP. PAC1-PAC2 is degraded by the newly assembled CP and has a
half-time of about half an hour (t1/2 ≈ 30min),which is consistentwith thematuration
time of the CP.

In yeast, the Pba1-Pba2 heterodimer ensures the appropriate incorporation of
the α5 and α6 subunits, whereas the Pba3-Pba4 heterodimer interacts with the α5
subunit of the CP intermediate to ensure the appropriate assembly. Crystal structure
of the Pba3-Pba4-α5 complex exhibits pronounced similarity to the structure of the
PAC3 homodimer (Yashiroda et al. 2008). Notably, the structures of Pba3 and Pba4
are mostly homologous to the CP subunits. Structural analysis of the Pba3-Pba4-
α5 complex suggests that Pba3-Pba4 binds the facet of the α-ring opposite that
contacted by Pba1-Pba2, thus sterically clashing with the incoming β4 subunit. This
explains why Pba3-Pba4 has to dissociate as β-subunits are incorporated. Deletion
of the Pba3 or Pba4 gene causes the accumulation of proteasome intermediates and
produces diverse aberrant CP, including those lack of α4 or harboring a second
copy of α4 instead of α3 (Velichutina et al. 2004; Kusmierczyk and Hochstrasser
2008; Padmanabhan et al. 2016). Thus, Pba3-Pba4 promotes and guides the proper
assembly of the α-subunits, especially α3 and α4.

The α-ring serves as a template for the assembly of the β-ring, which begins with
the sequential incorporation of β2, β3 and β4 subunits. POMP/Ump1 is incorporated
alongwith the first β-subunits, whereas the PAC3-PAC4/Pba3-Pba4 dimer is released
from the α-ring upon β3 integration (Hirano et al. 2006; Hirano et al. 2008; Li et al.
2007b). The resulting intermediate, known as the 13S complex, then progressively
recruits β5, β6, β1 and β7 to form a half CP assembly, also named the 15S complex.
Half-CP dimerization is immediately initiated after β7 incorporation (Li et al. 2016b).

The final stage of joining two half CP assemblies together is regulated by
POMP/Ump1. POMP prevents premature dimerization of half CP by hindering their
dimerization until all β-subunits are incorporated properly (Ramos et al. 1998). After
half CP dimerization, the N-terminal propeptides from the β1, β2, β5, β6 and β7
subunits are cleaved in the nascent CP for maturation. Human POMP and PAC1-
PAC2 are then degraded by the newly assembled proteasome (Hirano et al. 2006),
whereas yeast Pba1-Pba2 is recycled for assembly of newly synthesized CP subunits
in yeast (Ramos et al. 1998; Kock et al. 2015). Although there is lack of structural
information for POMP/Ump1 interactions, crystal structures of the Rhodococcus
proteasome mutants with its intact propeptides have offered insights into the final
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step of CP maturation (Kwon et al. 2004; Witt et al. 2006). These structures show
that the propeptide contacts two adjacentα-subunits, thereby promotingCP assembly
and maturation.

RP Assembly Chaperones (RACs)

The lid and base subcomplexes of the RP can assemble separately without and with
the RACs, respectively (Fig. 1.12) (Isono et al. 2007). Recombinant lid subunits
can self-assemble into a correct subcomplex in the absence of the CP or the base
subcomplex in vitro (Lander et al. 2012; Tomko and Hochstrasser 2014). The lid
assembly in yeast is preceded by the formation of two intermediate complexes,
one named LP3 containing Rpn3, Rpn7 and Sem1, and the other named Module 1
composed of Rpn5, Rpn6, Rpn8, Rpn9 and Rpn11 (Tomko and Hochstrasser 2014;
Fukunaga et al. 2010). The intermediate subassemblies LP3 and Module 1 associate
to form the subassembly LP2 through the formation of the C-terminal helical bundle,
which is finalized by the incorporation of the lid subunit RPN12 (Estrin et al. 2013;
Tomko et al. 2015). It remains to be clarified if there are unknown RACs assisting
the lid assembly in vivo. The pathway of lid assembly in mammalian cells is not well
understood.

Assembly of the base subcomplex is regulated by four RACs in mammalian cells
(Table 1.1): S5b (Roelofs et al. 2009; Kaneko et al. 2009), p28 (gankyrin) (Krzywda
et al. 2004; Nakamura et al. 2007a), PAAF1 (proteasomal ATPase-associated factor
1) and p27 (Park et al. 2010). Their yeast orthologs areHsm3,Nas6, Rpn14 andNas2,
respectively. The base assembly is centered around the formation of the heterohex-
americ ring of AAA-ATPases (RPT1-RPT6). Each RP assembly chaperone binds
the C-terminal domain of a distinct RPT subunit in pairs of S5b-RPT1, p28-RPT3
and p27-RPT5, forming three intermediate complexes S5b-RPT1-RPT2-RPN1, p28-
RPT3-RPT6-PAAF1 and p27-RPT5-RPT4, respectively (Kaneko et al. 2009; Park
et al. 2009; Roelofs et al. 2009; Thompson et al. 2009; Tomko andHochstrasser 2013;
Saeki et al. 2009b). In yeast, an intermediate in base assembly named BP1 has been
identified,which contains threeRpts,Rpn1, andHsm3 (Park et al. 2009).Despite their
functional similarity, the four baseRACs adopt different structures. Crystal structures
reveal that S5b/Hsm3 comprises HEAT repeats (Takagi et al. 2012), that p28/Nas6
comprises ankyrin repeats (Nakamura et al. 2007a), and that PAAF1/Rpn14 forms a
WD40 propeller (Kim et al. 2010). The p27/Nas2 sequence predicts a PDZ domain.
Modeling of the crystal structure of yeast Hsm3-Rpt1 and Nas6-Rpt3 complexes
(Nakamura et al. 2007a, 2007b; Takagi et al. 2012) into the proteasomal ATPase ring
suggests that Hsm3 and Nas6 physically occlude the formation of proper RP-CP
contacts.
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Mechanism of RP-CP Association

There remain two possible assembly pathways for the proteasome holoenzyme.
The first pathway is that the CP templates the assembly of the base and the CP-
base assembly intermediate further templates the lid assembly for the completion of
the 26S assembly. This pathway might dominate in yeast cells, given evidence of
observing the base-CP assembly intermediates (Park et al. 2009; Park et al. 2013).
The second pathway is that the lid and base assembled into a free RP intermediate,
which then assembles with the CP into the holoenzyme. This pathway might domi-
nate in mammalian cells, because the assembly intermediates of the lid with a partial
base have been observed in mammalian cells and there is lack of evidence on the
base-CP subassemblies in these studies (Lu et al. 2017b; Thompson et al. 2009).
Whether the two distinct assembly pathways can coexist and work in parallel in the
same system will require further investigations.

Cryo-EM structures of an endogenously purified human p28-RP complex provide
important insights into themechanism of p28/Nas6 in assisting the last step of protea-
some assembly and maturation prior to the RP-CP association (Lu et al. 2017b).
Surprisingly, the isolated endogenous p28-RP complex samples a very wide confor-
mational landscape. Pronounced conformational dynamics of the complex have been
captured by cryo-EM in seven intermediate states designated TA1 to TA7, in which
the RPT subunits, RPN1 and p28 were reconstructed to subnanometer resolutions
whereas the remaining components of RP were solved at 4.6 Å resolution (Lu et al.
2017b). The AAA domains of RPT subunits form a lock-washer-like shape with an
opening between RPT2 and RPT6 in all but states TA6 and TA7. The opening width
is variant in each state, revealing a continuum of conformational changes during
an open-to-closed transition of the AAA ring (Fig. 1.12). Remarkably, p28 strongly
clashes with the α2 subunit in all conformational states except TA7 when the p28-
RP is docked into the atomic model of the 26S proteasome. This analysis reveals a
functional role of p28 in guiding the CP to select a specific conformational state TA7

of the RP to facilitate the last step of proteasome assembly by increasing interfacial
complementarity while introducing no significant occlusion. This elegant mecha-
nism is supported by several functional and genetic studies of yeast Nas6 in the RP
assembly (Li et al. 2017; Nemec et al. 2019; Park et al. 2013).

A marked structural feature in the free p28-RP lies in the OB ring being blocked
by RPN11 that appears to be even tighter than that in states ED and SD of the mature
proteasome (Lu et al. 2017b). This quaternary arrangement prevents substrates from
being prematurely recruited by theAAAunfoldase. Comparison of the p28-RP struc-
ture with that of the mature proteasome in the resting state reveals marked conforma-
tional changes of the lid upon RP-CP association (Chen et al. 2016a; Lu et al. 2017b).
The lid is rotated ~40° around the heptameric axis of the CP. As a consequence, the
RPN7 PCI domain is translated ~15 Å towards the CP with repositioning of RPT3
and RPT6, whereas the N-terminal helical repeat region of the RPN6 PCI domain
undergoes a prominent rotation of 40° to allow the association of RPN6 with the α2
subunit.
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Structural and functional studies have unraveled a conformation-selective,
enthalpy-driven mechanism for p28 release upon RP-CP association (Fig. 1.13)
(Lu et al. 2017b; Li et al. 2017; Nemec et al. 2019). The presence of p28 facil-
itates the selection of one p28-RP conformation (TA7) by the CP to form a first-
encounter complex of p28-RP-CP,whereas other p28-RP conformations prohibit RP-
CP association. The first-encounter complex p28-RP-CP is transient and undergoes
pronounced remodeling driven by enthalpic gain at inter-subunit and inter-domain
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Fig. 1.13 The mechanism of RP-CP assembly. a Two possible pathways of RP-CP assembly. b A
proposedmodel of the p28 chaperone-guided conformational selection for RP recognition by the CP
for proteasome holoenzyme assembly (Lu et al. 2017b). The schematic illustrates the hypothetical
CP-independent assembly pathway of the RP prior to the 26S formation. However, this hypothesis
is subject to further tests and does not exclude alternative RP assembly pathways (Park et al. 2009;
Roelofs et al. 2009)
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interfaces. The gap closure between RPT3 and RPT4, which stabilized the ATPase
hexamer, and the stronger interaction of the ATPases with the α-ring all contribute to
the minimization of the free energy of RP-CP association, which allosterically drives
p28 eviction from RPT3 (Lu et al. 2017b). Specifically, RPT3 is translated ~15 Å
in order to tighten its association with RPT4, to dock its C-terminal HbYX motif
into the α-pocket, and to reposition its p28-binding site toward the α1-α2 surface
for p28 ejection. Consistent with this picture, a yeast proteasome mutant rpt3-Δ1,
in which the C-terminal residue from Rpt3 was deleted, was observed to be unable
to release Nas6 (Park et al. 2009), because the mutated Rpt3 loses the affinity of
its C-terminal tail with the α-pocket and is unable to complete the Rpt3 remodeling
that ejects Nas6. Although there is no structural information regarding other RACs
in complex with intermediate base assembly, it is conceivable that this intriguing
conformation-selective, enthalpy-driven model might similarly underlie the action
mechanism of other RACs.

Cellular Proteasome Regulation

Localization of Proteasome

The cellular proteasome is not only highly dynamic in structure but also in compo-
sition and location (Marshall and Vierstra 2019). It could dissociate into free RP
and CP subcomplexes and shuttle between the nucleus and cytosol under different
physiological conditions during growth, development or proteotoxic stress. Using
the fluorescent microscopy, it has been visualized in mammals, plants and yeast that
the free RP and CP diffuse throughout both the compartments of nucleus and cytosol
(Reits et al. 1997; Enenkel et al. 1998; Russell et al. 1999; Brooks et al. 2000; Pack
et al. 2014; Marshall et al. 2015; Gan et al. 2019). In different compartments, the
measured proteasome activities exhibit a large variation (Gardner et al. 2005; Chen
and Madura 2014; Dang et al. 2016). The local concentration of the 26S proteasome
is 830–980 nM in the nucleus of actively dividing yeast cells, but only 140–200 nM in
the cytoplasm measured by fluorescence correlation spectroscopy (Pack et al. 2014).
Similar results were observed in mammalian neuronal cells (Asano et al. 2015).

Transport of the proteasome between the nucleus and the cytosol could be chal-
lenging through the nuclear pores (Beck and Hurt 2017). It was suggested that the
nuclear proteasome may dissociate into free CP and RP subcomplexes to enable
their exportation separately (Nemec et al. 2017). In proliferating yeast, CP and RP
assembly intermediates, each of which carries certain nuclear localization signals
(NLS), are imported into the nucleus (Tanaka et al. 1990; Nederlof et al. 1995).
An importin-α/β heterodimer comprising Srp1/Kap60 and Kap95, which are two
members of the β-karyopherin family, can recognize the NLS carried by a small
portion of proteasome subunits and facilitate the transportation (Enenkel et al. 1995).
It has been suggested that the CP, lid and base subcomplexes are transported to the
nucleus separately by the importin-α/β and the final steps of proteasome assembly
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occur in the nucleus (Lehmann et al. 2002; Wendler et al. 2004; Isono et al. 2007).
The CP or its assembly intermediates might exist in either import-incompetent or
import-competent states, depending on solvent-accessibility of the NLS motifs in
certainα-subunits (Tanaka et al. 1990). In support of this hypothesis, cryo-EMstudies
have shown that NLS sequences are exposed on CP assembly intermediates (Kock
et al. 2015; Wani et al. 2015), but are concealed in the mature proteasomes. Import
of the base subcomplex into the nucleus was suggested to be mediated by an NLS
in RPN2 or RPT2 (Wendler et al. 2004; Isono et al. 2007; Savulescu et al. 2011;
Weberruss et al. 2013).

The proteasomes are exported from the nucleus and reversibly sequestered into
cytoplasmic proteasome storage granules (PSGs) in quiescent cells (Bingol and
Schuman 2006; Laporte et al. 2008; Yedidi et al. 2016; Gu et al. 2017; Marshall
and Vierstra 2018b). Supply of a fresh carbon source reverses this process by stimu-
lating rapid import of the free RP and CP back into the nucleus. Blm10 was found to
facilitate nuclear import of the mature CP dissociated from PSGs, when cells restart
growth from quiescence (Weberruss et al. 2013). In mouse embryonic fibroblasts, the
proteasomes of over 3 days old were also observed to be localized in the cytosolic
compartment (Tomita et al. 2019). In the green alga Chlamydomonas reinhardtii,
cryo-ET imaging has found that the proteasomes are enriched at the inner nuclear
membranewith a local concentrationof over 8μMaround thenuclear pore complexes
(Enenkel et al. 1998; Takeda and Yanagida 2005; Albert et al. 2017). Curiously, after
neuronal stimulation, a plasma membrane-associated CP was found to specifically
degrade ribosome-associated nascent polypeptides associated with the ribosome in
a ubiquitin-independent fashion (Ramachandran andMargolis 2017; Ramachandran
et al. 2018).

Several studies found that the proteasome can also fulfill nuclear transportation
without disassembly (Reits et al. 1997; Chen et al. 2011; Savulescu et al. 2011; Pack
et al. 2014), as the size of the nuclear pore complex is large enough to allow free
transportation of macromolecular complexes with a diameter of up to 39 nm (Pante
andKann 2002; Burcoglu et al. 2015). To examine this conception, a 26S proteasome
is genetically modified by translationally fusing the α4 subunit to RPT1 or RPT2 to
stabilizeRP-CP association,which did not result in detectable structural defects in the
reengineered proteasome. Such a stabilized variant of the 26S proteasome appears to
be normally distributed in the nucleus (Laporte et al. 2008; Pack et al. 2014). Because
protein synthesis is paused during quiescence, CP intermediates would be absent for
nuclear import. This suggests a transport pathway in which the older, stabilized 26S
proteasomes are directly imported to the nuclear (Pack et al. 2014).

Post-translational Modifications of Proteasome

Post-translational modifications regulate proteasome assembly, abundance, local-
ization and activity. In total, there are about 350 post-translational modifications
detected in the 26S proteasome. These can be categorized into 11 different types
of modifications: phosphorylation, N-acetylation, N-methylation, N-myristoylation,
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poly(ADP-ribosyl)ation, O-glycosylation, oxidation, sumoylation, ubiquitylation,
succinylation and proteolytic truncation (Kikuchi et al. 2010; Cui et al. 2014; Hirano
et al. 2016; Zong et al. 2014). These modifications provide complex layers of func-
tional regulation that endows the proteasome with exceptional adaptability to many
conditions.

Catalyzed by proteasome-associated phosphatases or kinases, phosphorylation
is a more extensively studied post-translational modification in the proteasome,
and affects many proteasome subunits (Iwafune et al. 2002; Lu et al. 2008; Kikuchi
et al. 2010; VerPlank and Goldberg 2017; Liu et al. 2020; VerPlank et al. 2019). The
proteasome disassembles into the free CP and RP after treatment with alkaline phos-
phatase (Satoh et al. 2001). The protein kinase A (PKA) catalyzes phosphorylation
of Ser120 in RPT6, which modulates the association of RPT6 and the α2 subunit and
can be dephosphorylated by the protein phosphatase 1γ (PP1γ) (Satoh et al. 2001;
Asai et al. 2009). Phosphorylation of RPN6 at Ser14 by PKA stimulates multiple
proteasomal activities, including peptide hydrolysis by the CP and ATP hydrolysis
by the RP, leading to an overall enhanced degradation rate (Lokireddy et al. 2015;
VerPlank et al. 2019). The phosphatase UBLCP1 dephosphorylates Ser361 of RPN1
by binding its UBL domain to RPN1, which controls nuclear proteasome assembly
bymodifying theRP-CP interaction (Guo et al. 2011; Sun et al. 2017; Liu et al. 2020).
Similarly, phosphorylation of the α7 subunit regulates the association of Ecm29 with
the proteasome (Wani et al. 2016).

Ubiquitylation of the proteasome subunits themselves also provides versatileways
to regulate the proteasome function. For instances, in Saccharomyces cerevisiae
and Arabidopsis, extensive ubiquitylation of the inactive proteasome targets itself
for autophagic clearance (Marshall et al. 2015; Cohen-Kaplan et al. 2016). Ubiq-
uitylation of RPT5 seems to regulate an intermediate checkpoint during the base
assembly (Fu et al. 2018). Ubiquitylation of the ubiquitin receptors RPN10 and
RPN13 downregulates their substrate-binding affinity or orchestrates their associ-
ation with UBL-UBA receptors (Isasa et al. 2010; Lipinszki et al. 2012; Jacobson
et al. 2014; Zuin et al. 2015).

Although numerous studies have started revealing their potential importance in
functional regulation of the proteasome, the exact function and mechanism remain
unknown for the majority of these post-translational modifications. Besides phos-
phorylation and ubiquitylation of the proteasome that have been subject to more
studies than others as mentioned above, a few additional examples of these efforts
are briefly summarized in the following. N-myristoylation of RPT2 can tether the
proteasome to membrane surfaces (Shibahara et al. 2002; Gomes et al. 2006; Kimura
et al. 2012; Kimura et al. 2016). Attachment of O-linked N-acetylgalactosamine to
RPT2 inhibits the activity of the AAA-ATPase motor and reduces the overall protea-
some activity (Zhang et al. 2003). In yeast, methylation of the Rpt1 N-terminus is
linked to proteotoxic stress induced by the amino acid analog canavanine or hydrogen
peroxide (Kimura et al. 2013). S-glutathionylation of the α5 subunit appears to regu-
late the yeast CP gating (Demasi et al. 2003; Silva et al. 2012). The NatB complex
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catalyzes N-acetylation of the proteasome subunits that regulates proteasome local-
ization in assembling PSGs and cell fitness during aging (van Deventer et al. 2015;
Marshall and Vierstra 2018b).

Proteasome-Associated Proteins

Proteasome functions are also regulated by numerous cellular factors that are tran-
siently or reversibly associated with the 26S proteasome (Verma et al. 2000; Wang
et al. 2007; Guerrero et al. 2006). These proteins are referred to as proteasome-
associated proteins and can be categorized into two groups (Tanaka 2009; Finley
2009). The first group contains proteins related to the ubiquitylation pathway. The
extrinsic DUBs USP14 and UCH37 can be recruited to the proteasome by associa-
tion with RPN1 and RPN13, respectively (Borodovsky et al. 2001; Lee et al. 2016;
Verma et al. 2000; Hamazaki et al. 2006; Qiu et al. 2006; Yao et al. 2006). The
extrinsic ubiquitin receptors RAD23, DSK2, DDI1 may be considered to belong
to this group (Elsasser and Finley 2005; Elsasser et al. 2004; Zhang et al. 2009a).
Many E3 ubiquitin ligases, such as UBE3C/Hul5, parkin, and UBE3A/E6AP, are
transiently associated with the proteasome (Crosas et al. 2006; Leggett et al. 2002;
Sakata et al. 2003; Martinez-Noel et al. 2012; Kuhnle et al. 2018). Other E3s such as
Ur1, anaphase-promoting complex/cyclosome (APC/C), SCFCDC4, UFD4 and some
E2 enzymes have also been suggested to transiently associated with the proteasome
(Demartino and Gillette 2007; Xie and Varshavsky 2000, 2002).

The second group includes other cellular factors that regulate proteasome func-
tions in a non-essential, auxiliary fashion. For example, Ecm29 (Extracellular
mutants 29) is a 205-kDa HEAT-repeat-containing protein that recognize a RP-
CP intermediate (Leggett et al. 2002). Another example is a proline-rich protein
called PI31 (Proteasomal Inhibitor of 31kD) that suppresses proteasome activities
by preventing the association of RP and CP and regulates proteasome transport in
axons (Zaiss et al. 1999; McCutchen-Maloney et al. 2000; Zaiss et al. 2002; Bader
et al. 2011; Li et al. 2014; Minis el al. 2019). In yeast, Ecm29 appears to suppress
the ATPase activity of the proteasome (Lee et al. 2011; De La Mota-Peynado et al.
2013). Ecm29 binds the RP-CP intermediate when the CP assembly is prematurely
paused due to lack of specific β-subunits (Lehmann et al. 2010). The RP recruits
Ecm29 in response to oxidative stress, which induces proteasome disassembly (Park
et al. 2011; Wang et al. 2010). It was suggested that the free CP but not the 26S
proteasome mediates degradation of oxidized proteins (Davies 2001; Breusing and
Grune 2008). Ecm29-regulated disassembly of the proteasome increases the abun-
dance of the free CP and allows cells to adapt to the oxidative stress (Haratake et al.
2016). In addition, by associating with various molecular motors and endosomal
components, mammalian ECM29 promotes localization of the proteasome at the
ER, the centrosome and likely other cellular locations (Gorbea et al. 2004; Gorbea
et al. 2010).
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Proteasome Destruction

Autophagic Control of Proteasome

Proteasomes are stable complexes exhibiting a half-life of 16 h in the embryonic
fibroblasts of mouse and more than 2 weeks in the liver cells of rat (Tanaka and
Ichihara 1989; Pack et al. 2014; Tomita et al. 2019). Their degradation could be also
rapid under specific conditions. Three pathways have been discovered to control
proteasome turnover (Marshall and Vierstra 2019; Karmon and Ben Aroya 2019).
The first pathway is by caspase-catalyzed cleavage.Upon apoptosis induction, RPN2,
RPN10 and RPT5 are cleaved by the caspase-3, which impairs proteasome activity
in human cells (Sun et al. 2004). In Drosophila melanogaster, the caspase-3 cleaves
the α2, α4, β4, and RPT1 subunits (Adrain et al. 2004). The second pathway is by the
breakdown of dysfunctional proteasome subunits by theUPS itself to avoid their mis-
assembly into the proteasome holoenzyme. It was shown that yeast Hsp42 coalesces
the dysfunctional subunits into cytoplasmic condensates that can be removed by the
proteasome itself (Peters et al. 2015; Nahar et al. 2019). The third pathway is by
proteaphagy that relies on the autophagy system, which degrades large heteroge-
neous cytoplasmic constituents, such as organelles, protein aggregates and invasive
pathogens (Marshall et al. 2015; Marshall et al. 2016; Marshall and Vierstra 2015).

There are two forms of proteaphagy, one that is induced by nutrient starvation
and the other that clears inactive proteasomes through ubiquitylation of dysfunc-
tional proteasome itself (Marshall and Vierstra 2015; Marshall et al. 2015; Marshall
et al. 2016; Cohen-Kaplan et al. 2016; Waite et al. 2016; Nemec et al. 2017).
During the autophagy process, cytoplasmic materials are delivered to the lysosome
in mammals or the vacuole in plants and yeast for breakdown by resident hydrolases
(Reggiori andKlionsky 2013;Gatica et al. 2018;Marshall andVierstra 2018a; Levine
and Kroemer 2019). During the macroautophagy process, a cup-shaped, isolated
membrane named the phagophore is formed de novo and suspended in the cytoplasm.
An autophagosome is eventually formed upon the closure of elongated phagophore
into a double-layer membrane sphere. The outer membrane of the autophagosome
then fuses with the lysosome or vacuole to form an autophagic body. By breaking
the inner membrane, the cargos inside the autophagosome are exposed to the entire
autophagic body and broken down by lysosomal or vacuolar hydrolases at acidic pH
optima, recycling constituents of amino acids, nucleotides, carbohydrates and fatty
acids for new biosynthesis (Parzych and Klionsky 2019).

The autophagy is carried out by a series of autophagy-related (ATG) proteins.
Upon stimulation by upstream signals from nutrient-responsive kinases, such
as Tor1/2 and Snf1, the autophagy is initiated by the serine/threonine kinase
complex ATG1. Membrane delivery required by the autophagy is controlled by
the transmembrane protein ATG9. Autophagosome nucleation is mediated by the
phosphatidylinositol-3-phosphate (PI3P) signal that is generated by the class III
phosphatidylinositol-3-kinase (PI3K) complex.Membrane extension is controlled by
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the ATG2-ATG18 complex at the site of PI3P labeling. Cargo recruitment is medi-
ated by the ubiquitin-like protein ATG8 (MAP1LC3 or GABARAP in mammals)
and its conjugation enzymes in a way highly analogous to ubiquitylation (Ohsumi
2001; Marshall and Vierstra 2018a; Levine and Kroemer 2019). Specifically, ATG8
is activated by the E1 enzyme ATG7, transferred to the E2 enzyme ATG3, and conju-
gated via an ether linkage to the lipid phosphatidylethanolamine (PE) by a hexameric
E3 ligase complex ATG5-ATG12-ATG16. Membrane-bound ATG8 interacts via an
ATG8-interacting motif (AIM, also named an LC3-interaction region, LIR) with
autophagy adaptors or receptors that recruit the vesicular transport machinery or
specific cargo (Rogov et al. 2014; Farre and Subramani 2016; Gatica et al. 2018;
Marshall and Vierstra 2018a; Marshall et al. 2019; Noda et al. 2008; Noda et al.
2010; Klionsky and Schulman 2014; Maqbool et al. 2016; Rogov et al. 2017).

Autophagic Clearance of Inactive Proteasome

In plants and yeast, a proteaphagic pathway independent of ATG1 can be stim-
ulated by genetic mutations that impair proteasome assembly, by proteasome
inhibitors, such as Bortezomib and MG132, and by pathogenic effectors, such as
HopM1 from Pseudomonas syringae (Marshall et al. 2015; Marshall et al. 2016;
Ustun et al. 2018; Nemec et al. 2017). Proteasome inhibition stimulates ubiquity-
lation of the proteasome itself and causes its accumulation (Book et al. 2010; Kim
et al. 2013; Marshall et al. 2015; Marshall et al. 2016). It is unclear which and how
proteasome subunits are ubiquitylated. The ubiquitin receptors in the autophagy
system then recognize and deliver the ubiquitylated inactive proteasomes to ATG8.
In Arabidopsis, RPN10 serves as the autophagy receptor, which uses two distinct
UIMs to deliver proteasomes to the autophagosome. One UIM recognizes the ubiq-
uitylated proteasome, while the other UIM recognizes ATG8 in its UIM docking site
(UDS) (Marshall et al. 2015;Marshall et al. 2019). The yeast Rpn10 lacks the second
UIM forAtg8 binding and has no detectable activity in proteaphagy. Instead, the yeast
receptor Cue5 uses a CUE domain to recognize the ubiquitylated proteasome and an
AIM domain to recognize Atg8 (Marshall et al. 2016; Lu et al. 2014).

In yeast, aggregation of the 26S proteasome into a superstructure named
peri-vacuolar insoluble protein deposit (IPOD) often precedes the ubiquitylation-
dependent proteaphagy (Kaganovich et al. 2008; Marshall et al. 2016). The Hsp42
chaperonemediates the formationof IPODbycoalescing aggregatedproteins (Specht
et al. 2011; Malinovska et al. 2012; Miller et al. 2015). The IPODs are structurally
distinct from PSGs (Marshall and Vierstra 2018b; Peters et al. 2016). They can be
differentiated based on the co-localized proteins, such as the prion protein Rnq1 in
IPODs or Blm10 in PSGs.

The RP-CP association has been observed to be allosterically stabilized through
small-molecule inhibitor engagement at the proteolytic active sites in the CP, which
appears to induce autophagic degradation of both CP and RP (Kleijnen et al. 2007;
Haselbach et al. 2017). By contrast, mutations that compromise the integrity of
proteasome assembly induce clearance of the affected CP or RP separately (Marshall
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et al. 2016). Thus, the proteaphagy can be carried out for both the proteasome holoen-
zyme and for the free CP or RP separately. How inhibitor-induced proteaphagy
discriminates between functional and dysfunctional proteasomes is very likely linked
to the conformational landscape of the proteasome regulated by inhibitor interac-
tions (Haselbach et al. 2017). It is possible that the inhibitor-bound proteasome is
strictly stabilized in the conformation of the resting state (SA) that is better recognized
by the ubiquitylation machinery and Hsp42, which directs their accumulation into
IPODs, whereas the functional proteasome samples a significantly more expanded
energy landscape that can effectively evade proteaphagy machinery (Dong et al.
2019).

Mechanism of Substrate Selection and Ubiquitin Recognition

Degradation Signals

Most proteins targeted for proteasomal degradation are recognized through ubiq-
uitin signals (Komander and Rape 2012), although ubiquitylation is also used for
signal transduction in other cellular processes (Kulathu and Komander 2012; Yau
and Rape 2016). Another essential requirement for efficient substrate degradation
is an unstructured initiation region in the substrate (Prakash et al. 2004; Takeuchi
et al. 2007; Zhao et al. 2010). Localization of a protein with such an initiation region
to the proteasome could lead to its degradation even in the absence of ubiquityla-
tion (Janse et al. 2004; Erales and Coffino 2014; Murakami et al. 1992). Lack of
an effective unfolded initiation site protects a protein from proteasomal degrada-
tion (Fishbain et al. 2011; Heinen et al. 2011; Elsasser and Finley 2005). Variations
in the length and composition of the unstructured segments affect protein half-life
presumably due to the changes of binding affinity with the initial substrate-binding
sites in the proteasome (Fishbain et al. 2015; van der Lee et al. 2014). The require-
ment of an unstructured initiation segment of a substrate has been visualized in the
cryo-EM structure of the proteasome in state EB, whereas the initial ubiquitin recog-
nition steps are observed in the structures of state EA1 and EA2 (Dong et al. 2019).
Although the entire ubiquitin chains have not been visualized in the proteasome,
these structural snapshots suggest an intriguing model for consecutive steps in the
coordinated ubiquitin recognition and the engagement of the unfolded initiation site
with the proteasome, which appears to be also coordinated with the catalytic step of
deubiquitylation regulated by the ATP hydrolytic cycles.

Ubiquitin Code

Polyubiquitin chains are the predominant degradation signals in vivo (Fig. 1.14)
(Komander and Rape 2012). The compactness and flexibility of the polyubiquitin
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Fig. 1.14 The ubiquitin code and initiation region of substrates. a Structures of diubiquitin chains
with different linkages. The diubiquitin chains are linked through their N and C-termini (Met1)
(PDB ID: 3WXE) (Sato et al. 2015), Lys6 (PDB ID: 3ZLZ) (Hospenthal et al. 2013), Lys11 (PDB
ID: 2MBQ) (Castaneda et al. 2013), Lys29 (PDB ID: 4S22) (Kristariyanto et al. 2015a), Lys33 (PDB
ID: 4XYZ) (Kristariyanto et al. 2015b), Lys48 (PDB ID: 1AAR) (Cook et al. 1992). b Structures
of tetraubiquitin chains with two different linkages. The PDB IDs for the Lys48- and Lys63-linked
tetraubiquitin chains are 2O6V and 3HM3, respectively (Eddins et al. 2007; Datta et al. 2009). c The
initiation signal recognized by the AAA-ATPase channels. The ATPase structure in the substrate-
bound proteasome in state EB (PDB ID: 6MSE) is shown from the perspective of side view (left)
and top view (middle) (Dong et al. 2019). The right insert shows the close-up view of the substrate
interaction with the pore-1 loops, with the aromatic residues in the pore loop highlighted by the
transparent sphere representations. The putative location of the substrate sidechains intercalating
with these pore-loop aromatic sidechains are marked by dashed red boxes



1 Structure, Dynamics and Function of the 26S Proteasome 57

chains are dependent on the lysine-linkage type and serve as a “ubiquitin code” to
control selectivity and specificity of substrate targeting. Ubiquitin-ubiquitin adducts
have been observed to form via all possible Lys residues (Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48 and Lys63) as well as the N-terminal Met1 in cells by mass spectrom-
etry. The ubiquitin chains can be either formed by homogeneous linkage types or
by heterogeneous ones leading to diverse chain topologies including branches. The
most commonly detected linkages are through Lys48, followed by Lys11 and Lys63
in yeast (Xu et al. 2009) and Lys63, Lys29, and Lys11 in human (Dammer et al.
2011). The type of chain linkage is determined by the E2 enzyme that works with
the E3 ubiquitin ligases or by the class of E3 enzymes that form covalent ubiquitin
intermediates (i.e., the HECT and ring-between-ring E3s). Different E2s can work
with the same E3 ligase to construct polyubiquitin chains of various linkages and
lengths at distinct locations on the same substrate (Ye and Rape 2009). In parallel
to their polymerization, ubiquitin chains are trimmed by DUBs associated with the
proteasome, or free DUBs in the cytosol (Komander et al. 2009).

The type of chain linkage partly dictates the conformational dynamics of the
polyubiquitin signals and thus contributes to the selectivity of substrate targeting by
the ubiquitin receptors. The lysine residues in ubiquitin are distributed throughout
the molecular surface so that different linkages result in different geometries and
flexibility of the polyubiquitin chain. The N- and C-termini are located at opposite
ends of the ubiquitin fold, whereas Lys63 is located near the N terminus of ubiquitin
(Datta et al. 2009). As a result, both Met1-linked and Lys63-linked polyubiquitin
chains adopt extended, highly flexible conformations (Liu et al. 2015; Varadan et al.
2004; Datta et al. 2009). In contrast, Lys48 is positioned roughly halfway between
N- and C-termini so that Lys48-linked chains form a more compact, less flexible
structure (Eddins et al. 2007). Presumably due to higher conformational entropy
of polyubiquitin chains, binding of Met1-linked linear ubiquitin chains with the
proteasome is weaker than that of Lys48-linked chains (Thrower et al. 2000). Lys11-
linked chains also form a compact structure that is distinct from the structure of
Lys48-linked chains (Castaneda et al. 2013).

The ubiquitylated proteins can be recognized by many families of proteins that
contain a ubiquitin-binding domain (UBD) (Husnjak and Dikic 2012). The UBD-
containing proteins themselves can also be ubiquitylated in certain cases so that
ubiquitin regulates the formation of intramolecular interactions to effect specific
protein function. At least 20 families of UBDs have been identified (Husnjak and
Dikic 2012). Most UBDs have a length between 30 and 120 amino acids and recog-
nize only one or two ubiquitin molecules. The interaction surface on ubiquitin facing
its receptors is a hydrophobic patch centered on conserved Ile44, Leu8, and Val70
residues. A smaller area around Phe4, Thr12, and Asn2mediates the ubiquitin recog-
nition as an endocytosis signal but is not essential in proteasomal degradation (Beal
et al. 1996; Sloper-Mould et al. 2001). Due to flexibility of polyubiquitin conforma-
tions, chains of different linkages could be recognized by the same UBDs (Alfano
et al. 2016). Post-translational modifications of ubiquitin itself have been shown to
regulate their interactions with UBDs (Yau and Rape 2016). One notable modifi-
cation is the phosphorylation of Ser65. Ser65-phosphorylated ubiquitin binds the
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proteins at the surface of damaged mitochondria and leads to the clearance of the
mitochondria by an autophagic process called mitophagy (Yau and Rape 2016).

Tetraubiquitin chains linked through Lys48 are the canonical signal for protea-
somal targeting (Thrower et al. 2000; Pickart 2000; Komander and Rape 2012). The
proteasome-binding affinity of Lys48-linked polyubiquitin chain rapidly increases
with more ubiquitin units added to the same chain until it becomes a tetraubiquitin
chain, beyond which the affinity slowly increases (Thrower et al. 2000). The surfaces
of every second ubiquitin molecule at positions i, i +2, i + 4, etc., in Lys48-linked
chains are recognized by the proteasome (Thrower et al. 2000). A single tetraubiq-
uitin chain is much more effective in substrate delivery to the proteasome than a
single monoubiquitin (Kravtsova-Ivantsiv et al. 2009). However, multiple sites of
monoubiquitylation or short polyubiquitylation with different linkages can also lead
to efficient degradation both in vitro and in vivo (Hofmann and Pickart 2001; Kirk-
patrick et al. 2006; Saeki et al. 2009a; Xu et al. 2009; Kim et al. 2011; Lu et al. 2015;
Shabek et al. 2012; Braten et al. 2016; Martinez-Fonts and Matouschek 2016).

Lys63-linked polyubiquitin chains are the second most abundant linkages (14–
40% of all ubiquitin chains) in mammalian cells (Dammer et al. 2011; Kaiser et al.
2011) and the third most common chains (16%) in yeast (Xu et al. 2009). In yeast,
Lys63-linked chains have been shown to mediate partial degradation of the transcrip-
tion factor Mga2-p120 (Saeki et al. 2009a). Lys11-linked ubiquitin chains are about
2–5% of all ubiquitin chains in mammalian cells (Dammer et al. 2011; Kaiser et al.
2011), and are as abundant (28%) as Lys48-linked chains in yeast (Xu et al. 2009).
They play a crucial role in cell cycle regulation. The E3 ubiquitin ligase anaphase-
promoting complex/cyclosome (APC/C) assembles both Lys48- and Lys11-linked
ubiquitin chains on many cell-cycle regulators to control their degradation, such as
Aurora A, cyclin A, cyclin B1, securin, geminin, Nek2A, Plk1, and E2F1 (Craney
and Rape 2013; Peters 2006). On some substrates, APC/C first coordinates with the
UBE2C to synthesize short chains with Lys48, Lys63 and Lys11 linkages (Jin et al.
2008). The chains could be further extended by APC/C working with the UBE2S
that primarily synthesizes Lys11-linked chains (Williamson et al. 2009; Wu et al.
2010). Interestingly, APC/C-synthesized branched polyubiquitin chains containing
both Lys11 and Lys48 linkages are more efficient degradation signals than homo-
geneous Lys11-linked chains (Meyer and Rape 2014). Lys11-linked chains mediate
proteasomal degradation of the hypoxia-inducible factor 1α (HIF-1α) (Bremm et al.
2014), as well as targeted degradation in response to the endoplasmic-reticulum
stress (Xu et al. 2009). IRF3 degradation can be targeted by both Lys11- and Lys48-
linked chains, which is induced by interferon pathways after viral infection (Qin
et al. 2014). In Drosophila, the E3 ligase Cul1-Slimb synthesizes similar portions
of ubiquitin conjugates with Lys11 and Lys48 linkages on the transcription factor
Cubitus interruptus (Ci) targeted for partial degradation by the proteasome (Zhang
et al. 2013).

Tandem repeats of the ubiquitin sequence are encoded in the UBI4 gene in yeast,
and in the UBB and UBC genes in human genome. They express Met1-linked linear
polyubiquitin chains that can be cleaved into individual ubiquitin molecules by ubiq-
uitin C-terminal hydrolases. Linear ubiquitin chains can also be synthesized by the
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600-kDa linear ubiquitin chain assembly complex (LUBAC) and are used as a scaf-
fold in the assembly of signaling complexes in several pathways (e.g., NF-κB, ERK,
Wnt, TNF) (Kirisako et al. 2006; Iwai et al. 2014; Shimizu et al. 2015). The linear
polyubiquitin chains do not mediate proteasomal degradation in vitro (Martinez-
Fonts and Matouschek 2016). However, a linear chain with a minimum of tetraubiq-
uitin is sufficient for proteasomal targeting assistedby theCdc48-Npl4-Ufd1 complex
in vivo (Kirisako et al. 2006; Zhao and Ulrich 2010), and physiologically mediate
the degradation of protein kinase C and TRIM25 (Inn et al. 2011; Nakamura et al.
2006).

The ubiquitin code is not exclusively used by the proteasome but also involved
in other proteasome-independent processes such as innate immunity and chromatin
remodeling (Komander and Rape 2012; Kulathu and Komander 2012). In yeast,
Met4 (Flick et al. 2004) and Cdc34 (Fishbain et al. 2015; Goebl et al. 1994) can
be ubiquitylated with Lys48-linked polyubiquitin chains that do not lead to protea-
somal degradation. Shorter ubiquitin chains or Lys63-linked polyubiquitin chains are
involved in processes like intracellular membrane trafficking during autophagy and
endocytosis (Erpapazoglou et al. 2014), DNA repair (Schwertman et al. 2016), cell
signaling (Chen and Sun 2009), immune responses (Wu and Karin 2015), mRNA
splicing (Song et al. 2010), and the regulation of translation (Silva et al. 2015; Spence
et al. 2000). Lys11-linked polyubiquitin chains targetMHC-I receptor (Boname et al.
2010) for internalization from the cell surface by endocytosis. Heterotypic linkages
mixed with Lys11 and Lys63 on receptor-interacting serine/threonine-protein kinase
1 (RIP1) mediate its binding to the IκB kinase (IKK) complex when the transcription
factor NF-κB is activated by TNF-α (Dynek et al. 2010). Monoubiquitylation also
functions in membrane trafficking as an endocytosis signal, in the regulation of tran-
scription and in the DNA damage response (Hurley and Stenmark 2011; Ramanathan
and Ye 2012).

Initiation Region of Substrates

The presence of an unfolded initiation region is an indispensable prerequisite for
initiating substrate degradation by the proteasome (Kraut and Matouschek 2011;
Prakash et al. 2009; Yu and Matouschek 2017). Such an unstructured region was
found to either flank at the terminus or appear as an internal loop of the substrate.
The receptor sites for this initiation region in the proteasome is expected to be the
interior of the axial channel of the AAA-ATPasemotor in the base (Fig. 1.14c) (Dong
et al. 2019). As illustrated in the atomic structure of substrate-bound proteasome in
state EB representing the initial commitment step (Dong et al. 2019), the minimum
length requirement for a terminal initiation region spans from the ubiquitin-linking
isopeptide bond, across the OB-ring, to the inner end of the ATPase channel, which
is equivalent to ∼20–30 amino acids (Fig. 1.14c). This structural estimation is well
consistent with several biochemical studies (Prakash et al. 2004; Takeuchi et al.
2007; Verhoef et al. 2009; Yu and Matouschek 2017). The distance of the initia-
tion region from the substrate-conjugated ubiquitin signal apparently determines the
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initial affinity of the substrate binding to the AAA channel and hence influences
the rate of proteasomal processing (Inobe et al. 2011; Lu et al. 2015; Fishbain et al.
2011). Proteasome-associated proteins such as extrinsicUBL-UBA receptors lacking
flexible segments suitable for initial engagement can thus avoid proteasomal degra-
dation. For instance, an unstructured segment intrinsic to RAD23 is not long enough
to mediate its recognition by the proteasomal ATPase motor, whereas artificial intro-
duction of a flexible initiation loop at the terminus of RAD23 leads to its proteasomal
degradation (Fishbain et al. 2011).

An unstructured initiation loop with a sufficient length is necessary for commit-
ting substrates to the proteasome for efficient deubiquitylation and translocation
(Peth et al. 2010). This commitment step is crucial for coupling of substrate deubiq-
uitylation with translocation at the proteasome, as shown in the state-EB structure
of the proteasome (Fig. 1.14c) (Dong et al. 2019; Worden et al. 2017). Decoupling
of substrate translocation with deubiquitylation can reverse the commitment step,
leading to futile substrate processing by the proteasome. The sequence composition
of the initiation region has strong correlative effects on the rate of substrate degra-
dation both in vivo and in vitro (Fishbain et al. 2015; Kraut et al. 2012; Yu et al.
2016b). Compared with diverse initiation sequences, those with small sidechains or
lower structural complexity (i.e., stretches of glycines, alanines or serines) impair
substrate degradation (Hoyt et al. 2006; Sharipo et al. 1998; Yu et al. 2016b). Chem-
ical properties of the initiation region, such as hydrophobicity, electrostatic charge
and flexibility further modulate its recognition by the proteasome.

The sequence dependence of the initiation region in the substrate could be
explained at least in part by its interaction with the pore loops in the AAA domains of
the proteasomal ATPase ring (Fig. 1.14c). In the state-EB structure of the proteasome,
the aromatic residues in the pore-1 loops appear to touch the substrate mainchain
backbone and occupy the space between adjacent side chains of the fully stretched
substrate polypeptide that assumes a conformation similar to a β-strand. The stair-
case of the pore-loop aromatic residues intercalating substrate sidechain resembles a
“rachet wheel” gripping a “cable tie” via its “teeth”. The force generated through this
“ratchet teething” model will be dependent of the depth of the “rachet teeth” of the
substrate. Large sidechains on the substrate polypeptide chain allow a tighter grip,
which can both prevent backsliding and apply a high enough unfolding force. Indeed,
introducing a low-complexity sequence of small sidechain residues at the terminus
of a highly stable globule domain appears to compromise the gripping force gener-
ated by the ATPase motor, thus promoting substrate slippage and releasing partially
processed substrate (Hoyt et al. 2006; Sharipo et al. 1998; Kraut and Matouschek
2011; Kraut et al. 2012; Yu et al. 2016b; Tian et al. 2005). Thus, an unstructured
but slippery internal loop can serve as degradation-stop signals and allow for partial
substrate degradation by the proteasome that then activates transcription factors such
as NF-κB, Spt23, and Mga2 (Tian et al. 2005; Piwko and Jentsch 2006; Hoppe et al.
2000, 2001).
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Ubiquitin Recognition at the Proteasome

The recruitment of ubiquitylated substrates to the proteasome can be mediated
through direct ubiquitin binding with the intrinsic receptors RPN1, RPN10 and
RPN13. These intrinsic receptors can also indirectly recruit ubiquitylated substrates
by reversibly binding the UBL domains of extrinsic ubiquitin receptors, also known
as shuttle factors, that are canonically made of UBL-UBA proteins, such as RAD23,
DSK2, and DDI1 families. In yeast, the cellular abundances of the extrinsic and
intrinsic receptors are quite comparable (Ghaemmaghami et al. 2003). The intrinsic
ubiquitin receptors also provide docking sites for certain DUBs and E3/E4 ligases,
which builds up additional layers of complexity in the functional regulation of the
proteasome. Binding of either UBL-containing proteins or ubiquitin chains alone,
mostly via the intrinsic ubiquitin receptors, are found to generally stimulate the
ATPase activity and peptide hydrolysis in the proteasome (Collins and Goldberg
2020; Ding et al. 2019; Kim and Goldberg 2018). This effect suggest that, similar
to the influence of substrate engagement, ubiquitin or UBL binding re-equilibrates
the ensemble of conformational states of the proteasome toward the ED-like states
(Table 1.2 and Fig. 1.9) (de la Pena et al. 2018; Ding et al. 2019; Dong et al. 2019).

RPN1

The importance of RPN1 is reflected in its ability to recognize both polyubiquitin
chains and UBL domains of UBL-UBA proteins. RPN1 is structurally homologous
to RPN2, which anchors another ubiquitin receptor RPN13. Both RPN1 and RPN2
resemble a tobacco pipe, with a central proteasome/cyclosome (PC) domain of 11
leucine-rich repeats (LRR) that make up the toroid-shaped “barrel” of the pipe
(Fig. 1.15). This toroidal “barrel”, composed of only tightly packed α-helices, is
demarcated on one side by an N-terminal α-helical domain comprising the wedge-
like stem, and on the orthogonal side by a C-terminal domain (CTD) comprising
mostly β-stranded barrel-like globular fold (He et al. 2012; Dong et al. 2019). In the
toroidal PC domain of RPN1/RPN2, the pore formed by the LRRs is occupied by
two α-helices. This packing is mediated by the highly hydrophobic residues in these
two central α-helices that sequester them from solvent.

RPN1 and RPN2 are positioned distally from the proteasomal long axis and are
the two most surface-exposed RP subunits. RPN1 and RPN2 engage with the RPT1-
RPT2 and RPT3-RPT6 CC domains, respectively. In RPN2, both the N-terminal
wedge-like domain and the concave side of the PC domain bind the N-terminal CC
ofRPT3andRPT6,with thePCdomain andCTDbeing positioned above the entrance
of theOB ring. Similarly, theN-terminalCCdomains ofRPT1andRPT2 interactwith
the concave side of the PCdomain ofRPN1 (Fig. 1.15). TheRPN1PCdomain and the
RPT1-RPT2 CC domain form a surface cavity that is inserted by a short α-helix from
RPN2. This α-helix is the middle part of a long loop (residues 820–871) extending
from the RPN2 PC domain. Through such a long-range interaction of RPN1-RPN2,



62 Y. Mao

State ED1 State ED1 vs. ED2

(b)(a)

46 Å

RPT1 CC
RPT2 CC

RPN2

RPN1

RPN2 short α-helix

RPT1 RPT2 RPN2RPN1

RPN1

12 Å

820
871

RPN2 short a-helix
RPT1 CC

RPT2 CC

RPN2

RPN1

90º

Fig. 1.15 Long-range interaction between RPN1 and RPN2 (PDB IDs: 6MSJ, 6MSK) (Dong et al.
2019). a Long-range association between RPN1 and RPN2 via a long looping (residue 820–871)
structure extending from the RPN2 PC domain observed in state ED1. b Comparison of the RPN1-
RPN2 structures between states ED1 and ED2 shows a prominent translation of RPN1 relative to the
CP

a more extensive interface is stabilized between RPT1-RPT2 and RPN1-RPN2 at the
concave side of theRPN1PCdomain facingRPN2. Such a quaternary interface is best
reconstructed in states ED1 and ED2, but less clearly observed in other states (EA-C)
(Dong et al. 2019). It appears that RPN1 is most dynamic in state EC, presumably
due to the requirement of ubiquitin release following deubiquitylation.

Structural and mutagenesis studies have revealed that the yeast Rpn1 harbors two
receptor sites, designated T1 and T2, which preferentially bind ubiquitin and UBL
proteins, respectively (Fig. 1.16) (Shi et al. 2016; Chen et al. 2016b). Although the
T2 site was found to only bind UBL proteins such as RAD23, cryo-EM structures of
the substrate-bound human proteasome suggest that this site can also engage polyu-
biquitin (Dong et al. 2019). It is likely that the ubiquitin or UBL-binding affinity
is different between the two sites, making one site primary and the other auxil-
iary under certain scenarios. When the primary site captures a polyubiquitin chain,
the auxiliary site could still directly bind a distal ubiquitin molecule in the chain
despite lower local affinity.

RPN10

RPN10/S5a seems to represent a “canonical” intrinsic ubiquitin receptor in the
proteasome, given its unique proximity to the essential DUB RPN11 than any other
intrinsic ubiquitin receptors in the proteasome. RPN10 recognizes polyubiquitin
chains via its α-helical UIM domains (Deveraux et al. 1994; Fu et al. 1998; van
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Fig. 1.16 Mechanism of ubiquitin recognition by the 26S proteasome (PDB IDs: 6MSB, 6MSD,
6MSE) (Dong et al. 2019). a The cryo-EM maps of states EA1 and EA2. b Ubiquitin densities
in state EA1 (left) and EA2 (right). The T1 and T2 sites are labelled by fitting the yellow cartoon
representation of the NMR structure (PDB ID 2N3U) of RPN1 T1/T2 element in complex with
two ubiquitin molecules into our density, showing the ubiquitin on RPN1 is bound to a site very
close to the T1/T2 sites (Shi et al. 2016). The density maps are low-pass filtered to 8 Å to show the
ubiquitin features clearly, due to the lower local resolution of the ubiquitin density in these maps.
c Comparison of two ubiquitin moieties between RPN11 and RPT4/5 CC among EA1, EA2 and
EB. The cryo-EM densities rendered as grey mesh representations are low-pass filtered to 8 Å. The
atomic model of ubiquitin is shown as a magenta cartoon representation

Nocker et al. 1996). RPN10 includes one to three UIMs at its C terminal region.
The exact number of UIMs in RPN10 depends on the species. Yeast Rpn10 that
possesses only a single UIM still prefers polyubiquitin chains over monoubiquitin
(Zhang et al. 2009a, d). Solution NMR structural studies indicate that the two UIMs
of the human RPN10 greatly enhance its affinity for a Lys48-linked ubiquitin chain
(Zhang et al. 2009d). Although not observed in the context of the proteasome, there
is a preference for UIM1 on recognizing the distal ubiquitin and for UIM2 binding
the proximal one; when both RPN10 and RPN13 bind the same Lys48-linked polyu-
biquitin chain, RPN13 seems to recognize the distal ubiquitin whereas the UIMs
compete for the proximal ones (Zhang et al. 2009d). This observation is consistent
with the spatial arrangement of RPN10 being much closer to the DUB RPN11 and
OB ring than RPN13 in the proteasome.
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The UIMs are highly dynamic and appear as a poorly resolved diffuse density in
cryo-EM structures of the proteasome (Dong et al. 2019). In contrast, the N-terminal
VWA domain of RPN10 is tightly folded and well resolved in the cryo-EM struc-
tures (Dong et al. 2019; Riedinger et al. 2010). The VWA domain makes extensive
contactwith the lid subunitsRPN8 andRPN9, suggesting that it structurally stabilizes
the quaternary architecture of the lid and thus of the RP. Disruption of the RPN10
VWA domain or loss of RPN10 destabilizes the lid-base interaction (Glickman
et al. 1998; Fu et al. 2001; Tomko and Hochstrasser 2011). RPN10 also provides
primary binding sites to recruit extrinsic ubiquitin receptors like DSK2/Ubiquilin
(Matiuhin et al. 2008; Zhang et al. 2009a; Chen et al. 2019) and certain E3 ligases like
E6AP/UBE3A (Buel et al. 2020).Binding of theE6APAZUL (Amino-terminal Zinc-
binding domain of Ubiquitin E3a Ligase) domain induces refolding of an unstruc-
tured C-terminal segment in RPN10 into a helical bundle (Buel et al. 2020). The
yeast Rpn10 is monoubiquitylated in vivo, at Lys71, Lys84 and Lys99 in the VWA
domain, which regulates its interactions with substrates by inhibiting the UIM (Isasa
et al. 2010). The levels of Rpn10 monoubiquitylation are reversibly controlled by
Rsp5, an E3 in the NEDD4 ubiquitin ligase family, and a DUB Ubp2. Interestingly,
cold shock, heat shock and cadmium all seem to reduce Rpn10 monoubiquitylation,
suggesting that this modification is likely a mechanism of proteasome regulation in
response to proteotoxic stress (Isasa et al. 2010).

Although the RPN10 UIMs are poorly resolved in the cryo-EM reconstructions
of the human proteasome, there appears to be multiple ubiquitin densities in states
EA1, EA2 and EB near RPN10 (Fig. 1.16). The low-resolution density of RPN10
UIMs in state EA1 appears to connect with the N-terminal helices of RPT4-RPT5 CC
presumably via the polyubiquitin chains bound to theUIMs. Twoubiquitinmolecules
likely connected within the same chain are attached to the near and far sides of RPT4-
RPT5 CC immediately next to the RPN10UIMs (Dong et al. 2019; Chen et al. 2020).
Consistently, in state EA2, one ubiquitin is transferred to the ubiquitin-binding site
of RPN11, whereas the density between RPN10 UIMs and RPT4-PRT5 CC appears
to be broken (Fig. 1.16b). As the step of substrate deubiquitylation is presumably
represented by state EB, these structural observations suggest that multiple steps of
ubiquitin transfer and repositioning or remodeling of substrate-conjugated polyubiq-
uitin chains are required for optimal deubiquitylation (Dong et al. 2019). A flexible
link of UIMs to the VWA domain of RPN10 would permit conformational adapt-
ability of the receptor sites in recognizing and delivering polyubiquitin chains of
diverse geometries to the deubiquitylation site. In this context, the RPT4-RPT5 CC
provides auxiliary receptor sites for enhanced docking of RPN10 UIM-recognized
ubiquitin chains and assisting peptide-proximal ubiquitin transfer to theDUBRPN11
for efficient substrate deubiquitylation (Dong et al. 2019; Lam et al. 2002).

RPN13

RPN13 prefers the recognition of the canonical Lys48-linked ubiquitin signals. The
N-terminal region of RPN13 comprises the Pleckstrin-like Receptor for Ubiquitin
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(PRU) domain that structurally resembles a pleckstrin homology fold (Schreiner et al.
2008; Husnjak et al. 2008). The PRU domain of RPN13 selectively recognizes a
dynamic, extended conformation of Lys48-linked diubiquitin via loops extending
from the β-strands in the PRU domain and exhibits ∼90 nM KD for Lys48-linked
diubiquitin. In the proteasome, the PRU domain binds a flexible C-terminal region of
RPN2, which emanates from its LRR-like toroidal domain (Chen et al. 2010; Sakata
et al. 2012; Lu et al. 2017a, 2020). The recruitment of RPN13 near the toroid apex
of RPN2 positions its PRU domain about four-ubiquitin away from the entrance of
the ATPase ring, which is comparable to the distance from the ubiquitin-binding
sites in RPN1 and RPN10 (Lu et al. 2020). The PRU domain of human RPN13 is
connected by a flexible linker to a C-terminal helical DEUBAD (DEUBiquitinase
ADaptor) domain that recruits and activates the DUB UCH37 (Lu et al. 2017a;
Sahtoe et al. 2015; Hamazaki et al. 2006; Qiu et al. 2006; Yao et al. 2006). In
contrast to the occupancy of the intrinsic receptors typically at more than 50% in the
yeast proteasome (Sakata et al. 2012), RPN13 seems to be either substoichiometric
or flexibly bound in the endogenously purified human proteasome (Dong et al. 2019).

NMR studies have shown that in the absence of the proteasome, multiple binding
modes are feasible for RPN10 and RPN13 in recognition of Lys48-linked tetraubiq-
uitin chains (Zhang et al. 2009d). This prompts the possibility of promiscuous modes
of polyubiquitin chain recognition by the intrinsic ubiquitin receptors in the context of
the proteasome. It is conceivable that RPN1, RPN10 andRPN13 simultaneously bind
polyubiquitin chains to orient substrates for optimal engagement and deubiquityla-
tion (Zhang et al. 2009d; Liu et al. 2019; Lu et al. 2020). This multi-site recognition
is both kinetically and enthalpically favored and could be functionally adapted to
tackle the vast conformational diversity of the polyubiquitin chains conjugated on
protein substrates. Although substrates with multiple short ubiquitin chains can be
targeted by any of the known receptors for proteasomal degradation, those delivered
to the proteasome via a UBL domain were observed to be degraded more efficiently
byRPN13 andRPN1 (Martinez-Fonts et al. 2020). It remains to be clarified if RPN10
and RPN13 can partly function as a substrate shuttle like those extrinsic receptors to
some extent.

Delivery of Substrates to the Proteasome

Shuttle Proteins

The extrinsic ubiquitin receptors share common domain organizations. The N-
terminal UBL domain that can be recognized by an intrinsic ubiquitin receptor in
the proteasome is integrated in a single fold with C-terminal UBA domains that
recognize ubiquitin signals (Elsasser et al. 2002; Funakoshi et al. 2002; Schauber
et al. 1998; Kaplun et al. 2005; Hofmann and Bucher 1996). Whereas Saccha-
romyces cerevisiae contains one shuttle receptor in each family of Rad23, Dsk2 and
Ddi1, higher eukaryotes contain many more paralogs, such as RAD23A/hHR23A,
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RAD23B/hHR23B, UBQLN1/2/3/4 and DDI1/2, and other additional UBL-UBA
proteins, such as UBAC1, UBL7 and NUB1L. Different paralogs of shuttle-receptor
have distinct binding preferences for specific intrinsic ubiquitin receptors owing to
differences in their individual UBL interfaces (Chen et al. 2016b). The associations
between intrinsic and extrinsic ubiquitin receptors are highly dynamic and compli-
cate their structural analysis. Some UBL-containing proteins can support protea-
some delivery in vitro but fail in vivo (Yu et al. 2016a; Gomez et al. 2011; Walters
et al. 2002). Differences in the number of UIMs of RPN10 create another level of
complexity in the preferential proteasomal binding sites for the UBL domains of
the extrinsic receptors. The N-terminal UIM1 of human RPN10 exhibits 25-fold
stronger affinity over UIM2 for binding the UBL domain of UBQLN2 (Chen et al.
2019). Recent NMR structural studies on RAD23 and UBQLN2/hPLIC2 examined
the structural basis for their preferences to bind the RPN1 and RPN13, respectively
(Fig. 1.17) (Chen et al. 2016b; Shi et al. 2016; Chen et al. 2019).

Besides the ubiquitin receptors in the UBL-UBA family, other proteins not in
this family have also been found to function as a shuttle factor (Saeki 2017; Finley
and Prado 2019). Several members in the ZFAND family of zinc-finger proteins,
including ZFAND1, ZFAND2A/B and ZFAND5, are among such candidates (Stan-
hill et al. 2006; Yun et al. 2008; Osorio et al. 2016; Rahighi et al. 2016; Turakhiya
et al. 2018; Hishiya et al. 2006; Lee et al. 2018). Recruiting extrinsic ubiquitin recep-
tors with a flexible domain architecture may allow the proteasome to accommodate a
greater variety of ubiquitin signals and substrate structures than those readily recog-
nized by the intrinsic ubiquitin receptors alone. They can also offer substrate selec-
tivity and specificity upstream of ubiquitylation by binding disordered regions in
substrates. Using their UBL domains to bind both E4 ubiquitin ligases and intrinsic
ubiquitin receptors allows them to ferry ubiquitylated proteins into the proteasome
for degradation (Elsasser et al. 2004; Chen and Madura 2002; Kim et al. 2004;
Hanzelmann et al. 2010; Tsuchiya et al. 2017). As a result, mistargeted or misfolded
proteins that can not be directly recognized by the proteasome due to lack of ubiquitin
chains or deficiency of an unstructured initiation region can still be delivered to the
proteasome for breakdown (Hanzelmann et al. 2010).

RAD23

RAD23 contains four domains: UBL, UBA1, STI1/XPCB and UBA2 (Walters
et al. 2003). TheUBA1 andC-terminalUBA2 are separated by the STI1/XPCB (heat-
shock chaperone-binding) domain (Yokoi and Hanaoka 2017). UBA1 and UBA2
preferentially bind Lys63-linked and Lys48-linked polyubiquitin chains, respec-
tively, although both can recognize Lys48-linked chains (Raasi et al. 2005). RAD23
UBL domain binds the T1 and T2 sites on the toroidal domain of RPN1 (Elsasser
et al. 2002; Shi et al. 2016), positioning it near the entrance of the central channel of
the base leading to the CP gate (Rosenzweig et al. 2008). RAD23 may also interact
with RPN10 and presumably other ubiquitin receptors via its UBLdomain (Ishii et al.
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Fig. 1.17 The architecture of ubiquitin receptors and their interactions with ubiquitin. a Domain
organization of the ubiquitin receptors RPN10, RPN13, RAD23, DSK2 and DDI1. b Distinct
modes of interaction with ubiquitin are shown for each receptor. Amino acids of each ubiquitin-
binding domain that contact ubiquitin are highlighted. The structures correspond to PDB IDs as
follows: Ly48-linked diubiquitin-bound yeast RPN1 toroid segment (2N3V) (Shi et al. 2016),
Lys48-linked diubiquitin-bound human RPN10 UIM (2KDE) (Zhang et al. 2009d), Lys48-linked
diubiquitin-bound human RPN13 PRU (5YMY) (Liu et al. 2019), Lys48-diubiquitin-bound human
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(1WR1) (Ohno et al. 2005). PRU, Pleckstrin-like receptor for ubiquitin domain; UBA, ubiquitin-
associated domain; UBL, ubiquitin-like domain; UIM, ubiquitin-interacting motif; VWA, von
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2006). Phosphorylation of its UBL domain inhibits RAD23 interactionwith the ubiq-
uitin receptors in the proteasome (Liang et al. 2014). The RAD23 UBL domain can
also bind other proteins that can recognize ubiquitin-like structures. For example, it
is recognized by the yeast E4 enzyme Ufd2 to facilitate proteasomal degradation of
ubiquitin-fusion degradation (UFD) substrates (Kim et al. 2004; Hanzelmann et al.
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2010). The peptidyl tRNA hydrolase Pth2 binds the RAD23 UBL, which antago-
nizes ubiquitin-dependent proteolysis by inhibiting the RAD23 association with the
proteasome (Ishii et al. 2006).

The roles of RAD23 in degradation appear to be adaptive and dynamically regu-
lated. Several studies suggest that it suppresses proteasomal degradationunder certain
conditions (Ortolan et al. 2000; Raasi and Pickart 2003), whereas others have found
that it promotes degradation by shuttling protein substrates to the proteasome (Shi
et al. 2016; Verma et al. 2004; Elsasser et al. 2004). RAD23 delivers substrates
preprocessed by p97/Cdc48 (Olszewski et al. 2019) to the proteasome by protecting
the substrates from further processing of their ubiquitin chains, including chain elon-
gation by E4 ligases and deubiquitylation by cytosolic DUBs (Tsuchiya et al. 2017).
This is expected to efficiently escort the substrates to the proteasome by preventing
premature processing of the ubiquitin signals (Richly et al. 2005). Interestingly,
RAD23 is found to be necessary for the formation of nuclear proteasome foci,
the transient structures that contain p97/VCP and multiple proteasome-interacting
proteins and collectively constitute a proteolytic entre in the nucleus (Yasuda et al.
2020). A liquid-liquid phase separation can be triggered by multivalent interactions
of two UBA domains of RAD23 and polyubiquitin chains (Yasuda et al. 2020).
RAD23 also functions in the pathway of endoplasmic reticulum-associated degra-
dation (ERAD) by binding of its Rad4-binding STI1/XPCB domain to the deglyco-
sylase Png1, forming a complex that mediates proteasomal degradation of a subset
of glycosylated ERAD substrates (Kim et al. 2006). Knockdown of RAD23 genes
in mouse models and human cells demonstrated their importance in mammalian
development, cell cycle control and apoptosis (Yokoi and Hanaoka 2017).

Ubiquilins/Dsk2

Ubiquilins, the mammalian orthologs of the yeast Dsk2, are a conserved family of
four ubiquitin-like proteins (ubiquilin-1-4 or UBQLN1-4) that function as shuttle
proteins and deliver ubiquitylated substrates to the proteasome. Similar to RAD23,
ubiquilins harbor an N-terminal UBL domain that binds the intrinsic ubiquitin recep-
tors in the proteasome and a C-terminal UBA domain that recruits a substrate (Ko
et al. 2004; Hamazaki et al. 2015). Mutations in ubiquilins that compromise their
ability to bind the intrinsic ubiquitin receptors were linked to elevated cellular levels
of ubiquitylated proteins and aggregate formation, which are implicated in the patho-
genesis of several neurodegenerative diseases, such as Huntington’s and Alzheimer’s
diseases, and amyotrophic lateral sclerosis (ALS) (Wang and Monteiro 2007; Wang
et al. 2006; Haapasalo et al. 2011; Hjerpe et al. 2016). In yeast, overexpression of
Dsk2 impairs proteolysis and exerts a cytotoxic effect (Funakoshi et al. 2002; Biggins
et al. 1996; Matiuhin et al. 2008). This effect seems to be attenuated by binding of
the Dsk2 UBL to the extraproteasomal Rpn10 UIM that restricts Dsk2 access to
the proteasome and alleviates the cellular stress associated with Dsk2 (Matiuhin
et al. 2008). This interaction may be regulated by Rpn10 monoubiquitylation (Zuin
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et al. 2015), which primarily regulates Rpn10 UIM binding with polyubiquitylated
substrates (Isasa et al. 2010; Woelk et al. 2006; Di Fiore et al. 2003).

Ubiquilins have been demonstrated to mediate the degradation of damaged
proteins in response to oxidative stress (Liu et al. 2014). Recent studies have revealed
a pathway for maintaining protein homeostasis mediated by UBQLN2 (Hjerpe et al.
2016) and a similar role of yeast Dsk2 (Samant et al. 2018) in the breakdown of
misfolded or damaged proteins in the nucleus generated by heat shock. TheUBQLN2
protein is found to cooperate withHSP70-HSP10 disaggregase chaperonemachinery
to clear protein aggregates, such as polyglutamine-expanded Huntingtin, via the
proteasome (Hjerpe et al. 2016). UBQLN2 recognizes substrate-bound HSP70 and
delivers it to the proteasome to enable the degradation of damaged, misfolded or
aggregated proteins in the nucleus. The absence of autophagy in the nucleus under-
scores the importance of this substrate-targeting pathway to the nuclear proteasome.
Further studies of similar pathways in yeast suggest that nuclearDsk2 shuttles Lys48-
linked polyubiquitylated substrates to the nuclear proteasome, whereas in the cyto-
plasm, hybrid Lys11/Lys48 chains enhance the affinity of misfolded proteins by
the cytoplasmic proteasome, presumably by engaging multiple ubiquitin receptors
at the same time (Samant et al. 2018).

P97/Cdc48

In addition to the extrinsic ubiquitin receptors, other proteins may also participate in
shuttling of substrates to the proteasome. The double-ring-shaped hexameric AAA+
ATPase unfoldase p97 or valosin-containing protein (VCP) in mammalian cells, and
its yeast ortholog Cdc48, remodel or segregate ubiquitylated substrates for ubiquitin-
dependent degradation (Stolz et al. 2011; Xia et al. 2016; van den Boom and Meyer
2018; Meyer et al. 2012). They play an important role in the UPS and protein quality
control (Godderz et al. 2015), especially inERAD(Wolf andStolz 2012;Christianson
and Ye 2014; Wu and Rapoport 2018; Stein et al. 2014) and outer mitochondrial
membrane associated degradation (OMMAD) (Taylor and Rutter 2011; Heo et al.
2010; Xu et al. 2011). Although archaeal Cdc48 can assemble with the CP in vitro
through artificial crosslinking (Barthelme et al. 2014), similar assembly has not been
observed in eukaryotic cells. Since the proteasome requires an unstructured segment
in its substrate to initiate substrate processing (Prakash et al. 2004; Fishbain et al.
2011; Inobe et al. 2011), p97/Cdc48 can act upstreamof the proteasome to preprocess
those substrates that are well-folded without a flexible initiation region or located
in membranes (Beskow et al. 2009; Olszewski et al. 2019). p97/Cdc48 can partially
unfold the substrate to create an unstructured initiation loop and transfer it to the
UBL-UBA proteins like RAD23 and DSK2 that ultimately deliver the substrate
to the proteasome for degradation (Itakura et al. 2016; Baek et al. 2011; Richly
et al. 2005). Alternatively, p97/Cdc48 might completely unfold the substrate that is
directly translocated into the free CP for breakdown (Barthelme and Sauer 2012,
2013). Furthermore, p97/Cdc48 is also involved in other cellular processes, such
as ribosomal quality control (Verma et al. 2013; Brandman et al. 2012), extraction
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of chromatin-bound proteins (Ramadan et al. 2007; Franz et al. 2016; Dantuma and
Hoppe 2012), membrane fusion and vesicular trafficking (Bug andMeyer 2012; Patel
et al. 1998), and autophagy (Ju et al. 2009; Papadopoulos et al. 2017).

The p97/Cdc48 complex functions as a molecular motor that mechanically
unfolds a substrate translocating across its axial channel. Each p97/Cdc48 protomer
comprises two tandem ATPase domains (D1 and D2) that are homologous to the
proteasomal RPT subunits, and couple ATP hydrolysis to its pore-1/2 loops that
can translocate substrates across the axial channel of the p97/Cdc4 homohexamer
(Sauer and Baker 2011; Ogura and Wilkinson 2001; Lupas and Martin 2002; Iyer
et al. 2004; Hanson andWhiteheart 2005; Erzberger and Berger 2006; Pamnani et al.
1997). The N domains are not fixed with respect to the double ring (Zhang et al.
2000; Davies et al. 2008). Upon ATP binding to the D1 ATPases, the N domains
change from a “down conformation” coplanar with the D1 ring to an “up confor-
mation” above the D1 plane (Banerjee et al. 2016; Tang et al. 2010). To engage a
substrate, p97/Cdc48 uses other cofactors such as the Ufd1-Npl4 (UN) heterodimer,
which binds the N domains and acts as the ubiquitin receptor (Hanzelmann and
Schindelin 2017; Buchberger et al. 2015). To achieve optimal substrate binding, at
least five ubiquitin moieties are required in a ubiquitin chain on a substrate (Bodnar
et al. 2018; Bodnar and Rapoport 2017). These cofactors endow p97/Cdc48 with the
substrate selectivity.

Cryo-EM structures of the yeast Cdc48 in a complex with UN and a ubiquity-
lated substrate establish the molecular basis for its substrate processing (Cooney
et al. 2019; Twomey et al. 2019). Interestingly, a ubiquitin molecule is partially
unfolded and the unfolded segment binds a conserved groove of Npl4 leading to the
axial channel of the double ATPase rings (Twomey et al. 2019). It is still unclear
how the Cdc48-UN unfoldase complex initiates its substrate processing. But the
current hypothesis is that the substrate engagement starts on a segment of the ubiq-
uitin molecule proximal to the substrate that can subsequently lead to substrate
unfolding. The D1 domains instead of the D2 are suggested to drive the transloca-
tion of ubiquitin-substrate adducts after ATP-independent insertion of the ubiquitin
N-terminal segment into the axial channel (Bodnar and Rapoport 2017; Olszewski
et al. 2019; Twomey et al. 2019). Importantly, this model explains why p97/Cdc48
does not need an unstructured initiation region in the substrate to start on substrate
processing.

Proteasome-Associated Ubiquitin Ligases

The proteasome exhibits not only deubiquitylating activity, but in certain condition
is also associated with ubiquitin ligase activity. Many ubiquitin ligases have been
found to be potentially complexed with the proteasome in a transient fashion, which
can impact how a substrate is recognized and processed by the proteasome (Verma
et al. 2000; Xie and Varshavsky 2000, 2002; Crosas et al. 2006; Leggett et al. 2002;
Besche et al. 2009; Martinez-Noel et al. 2012; Kuhnle et al. 2018). One hypoth-
esis is that there is a mutual regulation between the proteasome and its associated
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ubiquitin ligases. The ubiquitylation activity of a ligase could be enhanced once it
associates with both a substrate and the proteasome, as the temporal delay between
ubiquitylation and deubiquitylation at the proteasome is reduced (Xie andVarshavsky
2000). Ubiquitin-conjugating activity of the yeast Hul5 ligase was proposed to act
specifically on proteasome-bound substrates that have already been ubiquitylated by
another E3 ligase. Essentially, Hul5 functions as a ubiquitin chain-elongation E4
enzyme regulating the proteasome activity (Crosas et al. 2006). In vitro, Hul5 does
not take unmodified cyclin B as a substrate and efficiently adds ubiquitin to cyclin
B only if it had already been ubiquitylated (Crosas et al. 2006).

Mechanism of Substrate Deubiquitylation

Once ubiquitin receptors deliver a polyubiquitylated substrate to the proteasome,
the ubiquitin signal must be removed from the substrate by the DUBs in the protea-
some to enable transport of the unfolded substrate to the proteolytic sites in the CP
chamber. Although there are about a hundred distinct DUBs encoded in the human
genome, which govern a vast diversity of ubiquitylation pathways (Leznicki and
Kulathu 2017), only a few DUBs were found to physically associate with the protea-
some. By recycling ubiquitin from substrates, DUBs positively regulate the cellular
level of free ubiquitin available for ubiquitylation and, by dynamically reversing
ubiquitylation, decide the fate of protein substrates in myriad cellar processes. The
isopeptidase activity of proteasome-associated DUBs is often quite low in their
isolated form and is prominently enhanced upon their incorporation into the protea-
some. The allosteric regulation is reciprocal or bidirectional between the DUBs
and the proteasome, since multiple catalytic activities of the proteasome such as
the ATPase activity and substrate proteolysis are either stimulated or suppressed in
the presence of DUBs. Cryo-EM structure of the proteasome in the act of substrate
deubiquitylation and crystal structures of ubiquitin-DUBcomplexes, alongwith other
cryo-EM studies of DUB in either proteasome subcomplexes or in the absence of
substrates, have provided mechanistic insights into DUB activation and regulation
by the substrate-proteasome interactions.

Intrinsic Deubiquitinase RPN11

RPN11, a JAMMmetalloprotease, is the only intrinsicDUBstably associatedwith the
proteasome and guarding the entrance of the central substrate-translocation channel
in the base (Verma et al. 2002). RPN11 is an essential subunit of a functional protea-
some and is crucial for cell viability (Maytal-Kivity et al. 2002; Guterman and
Glickman 2004). Its role in the proteasome closely resembles the NEDD8 isopepti-
dase CSN5 in the COP9 signalosome (Cope et al. 2002). RPN11 resides immediately
above the OB-ring of the AAA-ATPase motor and is intimately surrounded by the
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ubiquitin receptors RPN1 and RPN10. Its ubiquitin-binding site and the auxiliary
ubiquitin-binding sites in the RPT4-RPT5 CC domain constitutes a concaved surface
resembling a “hook”, which is structurally poised for capturing polyubiquitin chains
(Dong et al. 2019; Chen et al. 2020). Proximity of RPN11 to the OB-ring and its
geometric relationship to the surrounding ubiquitin receptor sites sterically preclude
cleavage between ubiquitin moieties within polyubiquitin chains (Dong et al. 2019).
Instead, it cleaves ubiquitin chains en bloc by hydrolyzing the isopeptide bond linking
the C terminus of the first ubiquitin moiety to the substrate lysine (Yao and Cohen
2002).

TheMPN domain of DUBRPN11 features three key regulatory regions: Insertion
1 (Ins-1), Insertion 2 (Ins-2) and a catalytic loop. The catalytic Zn2+ ion is coordinated
with a metal-binding motif (EXnHXHX10D) and is surrounded by the Ins-1 region
and the catalytic loop (Verma et al. 2002; Yao and Cohen 2002). The mutations
His109Ala andHis111Ala at the catalytic site do not impair the proteasome assembly,
but inhibit substrate degradation and are cytotoxic in yeast (Verma et al. 2002). The
Ins-1 region is located in the vicinity of the RPT4-RPT5 CC domain but does not
make direct contact in the resting state of the proteasome. Ins-2 is notably flexible
and is not well resolved in the crystal structures of the RPN11-RPN8 MPN-domain
dimer (Pathare et al. 2014;Worden et al. 2014). By contrast, Ins-2 assumes an ordered
structure and interacts with the toroidal domain of RPN2 in the proteasome (Dong
et al. 2019). The catalytic loop of RPN11 contacts RPT4, forming hydrophobic
interactions with an OB domain pore loop. These two inter-subunit interactions are
critical to stabilize the conformations of Ins-2 and the catalytic loop in the pre-
engaged state of the proteasome.

The lid subunit RPN8 and RPN11 form a heterodimer in the proteasome andwhen
purified in isolation. In the free RPN11-RPN8 dimer, the Ins-1 region of RPN11
adopts a loop conformation that blocks the catalytic active site and self-inhibits the
DUB activity (Worden et al. 2014; Pathare et al. 2014). In the free lid subcomplex,
RPN5 further stabilizes the Ins-1 loop in the inhibited state, preventing RPN11 acti-
vation until it is assembled into the proteasome (Dambacher et al. 2016). In contrast,
several related DUBs, such as Sst2 and AMSH-LP, remain active in isolation and
their Ins-1 regions adopt a β-hairpin conformation, making the active site accessible
(Sato et al. 2008; Davies et al. 2011; Shrestha et al. 2014). RPN11 retains a basal
level of DUB activity in the context of the free RP subassembly (Lu et al. 2017b). In
the free RP, RPN11 blocks the substrate entrance of the OB ring similar to its confor-
mation in state ED of the proteasome, which prevents the OB ring from accepting
substrates. The free RP exhibits a moderate ATP-independent DUB activity and its
lack of any substrate-unfolding activity (Lu et al. 2017b). The ‘closed’ OB-ring in the
free RP minimizes this risk of premature substrate deubiquitylation and unfolding
prior to incorporation of the free RP into the mature proteasome. It remains to be
clarified what cellular roles the basal DUB activity of RPN11 will play in the free
RP.
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Mechanism of Substrate Deubiquitylation by RPN11

The atomic structure of the substrate-bound proteasome in state EB reveals how the
DUB activity of RPN11 is dependent on ATP hydrolysis and is coupled to substrate
unfolding (Fig. 1.18) (Dong et al. 2019). In state EB, the ubiquitin-bound RPN11
interacts with both RPN8 and RPT5, which forms a subcomplex. This quaternary
interface already starts to form in state EA2, when the substrate is not yet captured by
the ATPase ring. Comparison of ubiquitin densities between states EA1, EA2 and EB

suggests that the ubiquitin directly linked to the substrate is transferred from RPT4-
RPT5 CC to RPN11 (Dong et al. 2019). In both states EA2 and EB, RPN11 does not
interactwith the substrate on the peptide-proximal side of the scissile isopeptide bond,
explaining its non-specificity of removing ubiquitin chains from any ubiquitylated
substrates.

The ubiquitin-binding interface is located at a hydrophobic pocket around Trp111
and Phe133 of RPN11 (Worden et al. 2014; Pathare et al. 2014; Dong et al. 2019).
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The Ins-1 loop adopts a β-hairpin conformation, and pairs from one side with the
C-terminal strand of ubiquitin and from the other side with a segment of the RPT5
N-loop (residues 99–119) emanating from the OB ring. Together they form a four-
stranded β-sheet. This β-sheet places the isopeptide bond right next to the zinc ion in
the RPN11 active site (Dong et al. 2019). The Ins-1 β-hairpin is rotated outward in
state EB relative to its conformation in the crystal structure of ubiquitin-boundRPN11
and is better aligned with the zinc-binding site in the proteasome (Worden et al.
2017). The conserved RPT5 N-loop stabilizes the ubiquitin contact with RPN11 and
adjusts the orientation of the isopeptide bond for efficient deubiquitylation, whereas
it is unstructured in most other states (EA1, EC1, EC2, ED1 and ED2).

The Ins-1 region of RPN11 keeps changing its conformation with different
states of the proteasome (Fig. 1.19). The Ins-1 remains as a β-hairpin conforma-
tion throughout states EA2, EB and EC1, whenever ubiquitin is bound. It becomes a
large open loop in state EA1 and refolds into a closed, tighter loop in states EC2, ED1,
and ED2 whenever ubiquitin is released. The quaternary organization surrounding
the zinc-binding site of RPN11 appear to explain why the DUB activity of RPN11 is
prominently upregulated in the proteasome than in its non-proteasome forms, such
as the free RP assembly (Lu et al. 2017b), the free lid subcomplex (Dambacher et al.
2016) and the heterodimeric RPN8-RPN11 form (Pathare et al. 2014; Worden et al.
2014). The dynamic regulation of Ins-1 conformations allows allosteric coordina-
tion and timing between substrate commitment, deubiquitylation and degradation.
Initial substrate engagement with the AAA-ATPasemotor allosterically regulates the
conformational changes of RPN11 and RPT5 N-loop and enables deubiquitylation
only for committed substrates. Indeed, disrupting the closed state of Ins-1 stimu-
lates the RPN11 DUB activity but also causes degradation failure, because ubiquitin
chains are prematurely removed, allowing substrates to escape from the proteasome
prior to translocation and degradation (Worden et al. 2017).

The structural revelation of state EB fills up a fundamentally critical intermediate,
allowing the observation of stepwise activation of the CP by docking of the RPT
C-termini into the α-pockets one at a time (Dong et al. 2019). During the process of
CP gate opening, the relative positions of the RPN11 catalytic site, the central pore
of the ATPase ring, and the CP gate are coaxially aligned (Matyskiela et al. 2013;
Sledz et al. 2013; de la Pena et al. 2018; Dong et al. 2019), preparing the proteasome
for processive substrate translocation into the CP chamber.

Deubiquitinase USP14

USP14or its yeast orthologUbp6 is a cysteine-dependentDUB that is reversibly asso-
ciated with the proteasome (Borodovsky et al. 2001). The N-terminal UBL domain
of USP14 binds RPN1, whereas its catalytic USP domain contacts the exterior of the
OB andAAA rings opposite RPN11 (Bashore et al. 2015; Shi et al. 2016; Huang et al.
2016; Aufderheide et al. 2015; Leggett et al. 2002). Such multivalent interactions
facilitate stimulation of its DUB activity by lifting off the inhibitory loops blocking



1 Structure, Dynamics and Function of the 26S Proteasome 75

(d) (e)

Ins-1 loop EA1 EA2/EB/EC1 EC2/ED1/ED2

EB (color) vs. 5U4P (grey) EC1 (color) vs. 5U4P (grey)

90° 90°

Ins-1 loop
Zn2+

EC1

EB

EA2

5U4PUbiquitin

RPN11

Substrate

Ubiquitin

5 Å

Isopeptide bond
Ins-1

Ins-1

Ins-1 Ins-1

(f)

(b)

Zn+2

Ins-1

RPN11

RPT3RPT6
RPT4

Entry port

Ins-2

RPT5

Catalytic loop

RPN2(a)

RPN8

RPN11

RPN2

OB ring

Entry port

(c) RPN11

Zn+2

Catalytic loop

Ins-2

Ins-1
D126

H113

H115

Fig. 1.19 Conformational dynamics of the RPN11 associated with an enhanced isopeptidase
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et al. 2019). a Overview showing the inter-subunit relationship between RPN2-RPN11-RPN8 and
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the active site. Thus, the DUB activity of USP14 is allosterically regulated by its
interaction with the proteasome and is tightly coupled with the conformational state
of the proteasome (Bashore et al. 2015; Hanna et al. 2006). Association with the
proteasome activates USP14/Ubp6 ∼300- to 800-fold when assayed with the model
substrate ubiquitin-AMC (Leggett et al. 2002; Lee et al. 2010). Re-equilibrating
the yeast proteasome conformation toward the open-gate states with ATPγS further
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increases the activity of Ubp6 by a couple of folds in cleaving the ubiquitin-AMC
substrate (Bashore et al. 2015). The active sites of USP14 and RPN11 are only
35 Å apart in the base, allowing USP14 to antagonize ubiquitin binding to RPN11
(Bashore et al. 2015;Hanna et al. 2006).Ubiquitin-boundUSP14 appears to stimulate
the proteasomal ATPase activity and CP gate opening, suppress substrate degrada-
tion by destabilizing the resting state of the proteasome, inhibit deubiquitylation by
RPN11 and the basal peptide hydrolysis, and surprisingly enhance the E4 ligase
UBE3C/Hul5 association with the proteasome (Bashore et al. 2015; Aufderheide
et al. 2015; Peth et al. 2009; Leggett et al. 2002; Kuo and Goldberg 2017; Kim
and Goldberg 2017). Curiously, the UBL domain of USP14 alone can stimulate the
proteasome activation (Kim and Goldberg 2018). Hence, USP14/Ubp6 may alloster-
ically regulate the proteasome activities at multiple levels, including the recognition
of ubiquitin or substrate, timing of deubiquitylation and processivity of substrate
proteolysis.

When the USP domain is recruited to the base of the RP, the OB-ring is adjacent to
the proximal ubiquitin binding site of USP14 (Huang et al. 2016). This resembles the
quaternary structural relationship between the OB-ring and, in its immediate vicinity,
the proximal ubiquitin-binding site onRPN11 (Dong et al. 2019). Thus, the biochem-
ical behaviors of RPN11 and USP14 with respect to an incoming substrate might be
comparable and somewhat competitive to each other. With a preference for cleavage
at the substrate-linked isopeptide of ubiquitin chains, they both could reverse ubiq-
uitinmodifications enbloc on a time scale ofmilliseconds to seconds (Lee et al. 2016).
Interestingly, USP14 can rapidly cleave ubiquitin from a substrate that is conjugated
to multiple polyubiquitin chains, whereas deubiquitylation of single-chain conju-
gates or disassembly of free polyubiquitin chains by USP14 is very slow (Lee et al.
2016). Curiously, USP14 can cleave long, unbound Lys48-linked chains better than
does RPN11 for certain substrates (Mansour et al. 2015). Thus, USP14 seems to be
specialized in removing supernumerary ubiquitin chains and cannot replace RPN11
in thorough deubiquitylation of substrates (Lee et al. 2016). In contrast to the essen-
tial role of RPN11 in proteasomal activities, inhibition or absence of USP14/Ubp6
in the proteasome accelerates substrate degradation in vitro (Hanna et al. 2006) and
is tolerable for yeast cells (Guterman and Glickman 2004). However, the absence
of Ubp6 causes a growth deficiency due to enhanced proteasomal degradation and
depletion of free ubiquitin (Leggett et al. 2002). USP14 deficiency in mouse embry-
onic fibroblasts increased the abundance of UCH37 and RPN13 in the proteasome,
suggesting that UCH37 may compensate the loss of USP14 (Kim and Goldberg
2017).

Deubiquitinase UCH37

UCH37 is another cysteine-dependent DUB reversibly associated with the protea-
some in higher eukaryotes, such as Homo sapiens and Drosophila melanogaster. Its
ortholog Uch2 was found in Schizosaccharomyces pombe but not Saccharomyces
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cerevisiae (Lam et al. 1997; Holzl et al. 2000). UCH37 consists of two domains,
an N-terminal catalytic domain representative of the UCH family and a fibrous C-
terminal tail (Burgie et al. 2012). UCH37 is activated by binding of its C-terminal
tail to the N-terminal DEUBAD domain of RPN13 in the proteasome but not in a
free UCH37/RPN13 complex (Yao et al. 2006; Sahtoe et al. 2015; Vander Linden
et al. 2015). A loop sequesters the catalytic cysteine (Cys88) in the free UCH37
(Burgie et al. 2012). Upon association with RPN13, this loop is remodeled to open
the access to the catalytic triad residues (Cys88, His164 and Asp179), which gives
rise to an approximately five-fold increase in its affinity for ubiquitin (Yao et al.
2006; Hamazaki et al. 2006; Qiu et al. 2006; Sahtoe et al. 2015; Vander Linden et al.
2015). Within the free RPN13, the DEUBAD domain interacts with the PRU domain
and sterically occludes its ubiquitin-binding site. Association of RPN13 with RPN2
in the proteasome modifies this inter-domain interaction and makes the PRU domain
to become accessible for ubiquitin binding, leading to activation of UCH37 (Chen
et al. 2010; Lu et al. 2017a).

Once activated in the proteasome, UCH37 can catalyze the removal of distal
Lys48-, Lys11-, and Lys6-linked ubiquitin chains conjugated to substrates (Lam
et al. 1997). Inadequately ubiquitylated proteins could be released by UCH37 from
the proteasome. UCH37 may also reverse regulatory ubiquitylation modifications
from certain proteasome subunits (Jacobson et al. 2014). It might trim distal ubiquitin
moieties, release them from the ubiquitin receptors and vacate the ubiquitin-binding
sites in the proteasome (Zhang et al. 2011). Despite its putative location that is
about the length of tetraubiquitin away from the OB ring of the AAA-ATPase motor
(Holzl et al. 2000; Dong et al. 2019; Lu et al. 2020), UCH37 association with the
proteasome can allosterically stimulate the proteasomal ATPase activity and CP gate
opening (Peth et al. 2013a). These allosteric effects are in line with those seen in
the USP14-bound proteasome and further underscore the global allosteric coupling
between all components of the proteasome. In addition to its role in the proteasome,
UCH37 also appears as a subunit of the chromatin-remodeling complex INO80 (Yao
et al. 2008). It remains to be clarified what substrate specificities of UCH37 are and
how UCH37 acts on its substrates in the proteasome. How the three DUBs, RPN11,
USP14 and UCH37, are coordinated and collectively regulated in the context of the
proteasome will be an intriguing open question awaiting answers.

Operating Principles of Proteasomal AAA-ATPase Motor

Proteasomal AAA-ATPase Motor

Theproteasomeutilizes itsATPasemotormodule tomechanically unfold the globular
domains of substrates and deliver them into the CP for their breakdown into short
polypeptides. The proteasomal ATPases are members of the classic AAA clade in
the AAA+ superfamily (Fig. 1.20) (Vale 2000; Smith et al. 2006). Other members in
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(Chen et al. 2016a; Dong et al. 2019). a The OB-AAA domain structures of RPT subunits in a
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this clade include FtsH family, Cdc48 family, and ClpA/B/C-Domain 1 (D1) family
(Ogura andWilkinson 2001; Lupas and Martin 2002; Iyer et al. 2004; Erzberger and
Berger 2006; Hanson and Whiteheart 2005). The HCLR clade, which includes the
HslU/ClpX family, ClpA/B/C-Domain 2 (D2) family, and Lon family, and features
a pre-sensor 1 insertion residing in at least one AAA+ module, is found in many
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protease complexes and functions as substrate unfolding machinery resembling the
proteasomal AAA-ATPase motor (Sauer and Baker 2011).

The AAA domain of RPT contains highly conserved motifs commonly observed
in the AAA+ superfamily proteins, including Walker A, Walker B, inter-subunit
signaling (ISS) motif, sensor 1, arginine finger (R-finger), sensor 2, and pore-1/2
loops (Fig. 1.21) (Sauer and Baker 2011; Ogura and Wilkinson 2001; Lupas and
Martin 2002; Iyer et al. 2004; Hanson and Whiteheart 2005; Erzberger and Berger
2006; Chang et al. 2017; Zhang andMao 2020; Puchades et al. 2020). The nucleotide-
binding pocket is intimately surrounded in “cis” by Walker A, Walker B, sensor 1,
and sensor 2 within the same AAA domain, and two R-fingers and ISS motif in
“trans” from the large AAA subdomain of the clockwise adjacent ATPase subunit
(Wendler et al. 2012). With these structural motifs, ATP hydrolysis is coupled to
conformational changes of the ATPases that apply mechanical work on a substrate
through the axial channel-aligning pore loops.

Conformational Dynamics of the AAA-ATPase Motor

The Substrate Translocation Pathway

The substrate-translocation pathway in the proteasomalATPasemotor is narrowed by
the inward-facing pore loops that are common to the classic cladeATPases (Fig. 1.22)
(Erales et al. 2012; Beckwith et al. 2013; Hinnerwisch et al. 2005; Martin et al. 2008;
Dong et al. 2019). TheAAA channel exhibits a right-handed helical architecture with
a much narrower constriction compared to the OB channel in the resting state (SA)
of the proteasome. The interior of the AAA channel is largely negatively charged, in
contrast to the positively charged interior of OB channel (Chen et al. 2016a; Dong
et al. 2019). This may reflect distinct roles of the OB and AAA domains in priming
and mechanically translocating substrates. Despite this difference, the OB and AAA
channels share a dramatic enrichment of tyrosine residues. The OB channel features
six tyrosine residues (Tyr147 in RPT1, Tyr72 and Tyr121 in RPT6, Tyr111 in RPT3,
Tyr79 in RPT4, and Tyr158 in RPT5), whose sidechain oxygen atoms point towards
the substrate-translocation pathway. Likewise, the AAA channel is also decorated
with five tyrosine residues in the resting state. These tyrosine residues may facilitate
substrate engagement and translocation via cation-π orπ-π interactions (Glynn et al.
2009).

The pore-1 loops of the RPT subunits feature the conserved ‘[Tyr/Phe]-
[Val/Leu/Ile]-Gly’ sequence pattern and arrange into a super-helical staircase. In
many ATP-dependent AAA unfoldases, such as ClpX, HslU, LonA, FtsH and PAN
(Glynn et al. 2009; Iosefson et al. 2015), their homologous pore-1 loops drive
substrate translocation. The pore-2 loops constitute a second super-helical staircase
running in the opposite of the pore-1 loop staircase (Fig. 1.22), which may function a
‘sensor’ for the state of the substrate translocation as these pore-2 loops are directly
extended from the Walker B motif and can translate the presence of substrate in the
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Fig. 1.21 Structure-based sequence alignment. Sequences from the yeast and human proteasomal
ATPases are aligned with each other and with that of the archaeal PAN ATPase, based on their
structures. The structure of human proteasomal ATPase in state EA is used as the reference for the
sequence alignment
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Fig. 1.22 Architecture of the substrate-translocation channel in the human proteasome at a resting
state (PDB ID: 6MSB) (Chen et al. 2016a; Dong et al. 2019). a Top view of the pore loops aligning
along the channel axis from the perspective of the OB domain. The solvent-accessible surface of
the channel calculated by the HOLE program is rendered by surface dots. b Side views of the pore-
1 loops from six RPT subunits decorating the channel, which align along the channel in a spiral
staircase formed from RPT1-RPT5, with a backward recession in RPT6 pore-1 loop that is slightly
away from themajor channel pathway. The pore-1 loops form a helical part of the channel interior as
illustrated by the dashed green line. c Side view of the pore-2 loops from sixRPT subunits decorating
the channel, which form another spiral staircase. These pore-2 loops form another helical part of
the channel interior, illustrated by the red dashed line. d Side view of the complete ATPase channel
including components from both the OB and AAA domains, calculated by the HOLE program
(Smart et al. 1996). Side-chain patterns observed along the substrate-translocation pathway are
highlighted. The five tyrosine residues, highlighted by transparent sphere representation, and a
number of hydrophobic and negatively charged residues decorate the AAA channel; color codes for
ATPase protomers match those shown in (a). Lower left inset, a schematic cartoon showing that the
pore-2 loops of RPT3, RPT4, RPT5 pair laterally with the pore-1 loops of RPT4, RPT5 and RPT1,
respectively, to form the three narrowest constrictions in the AAA channel in the resting state of
the proteasome
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channel into the activation ofATPhydrolysis, bymodulating the distance between the
γ-phosphate of ATP and the Walker B motif (Zhang and Wigley 2008). In contrast
to the hydrophobicity of the pore-1 loops, the pore-2 loops are heavily decorated
with negatively charged residues, including seven glutamates and two aspartates.
The markedly contrasting side-chain patterns in the two complementary parts of
the channel surfaces indicate that they play somewhat different roles in substrate
translocation.

The AAA channel exhibits three constrictions in the resting state of the protea-
some, featuring the positional overlap along the channel axis between the two pore-
loop staircases. The aromatic and hydrophobic residues in the pore-1 loops from
RPT4, RPT5, and RPT1 are equilaterally paired with adjacent charged residues in
the pore-2 loops of RPT3, RPT4 and RPT5, respectively (Fig. 1.22d). Interestingly,
mutations in the pore loops resulted in similar phenotypic effects between each pore
loop pair. For pore-1 loop, RPT4 has the strongest phenotype, whereas for pore-
2 loop the partner RPT3 has the strongest phenotype (Beckwith et al. 2013). The
strength of phenotype is also similarly reduced with their distance along the pore
axis. In the resting state, the channel radius is constricted to as little as ~2 Å, which
must be opened up to allow the insertion of a substrate (Dong et al. 2019). The pore
loops of RPT6 is uniquely displaced from the channel axis and does not contribute
to these constrictions. Consistently, the pore-2 loop mutations of RPT6 were shown
to have little impact on substrate degradation rates (Beckwith et al. 2013).

Dynamic Substrate Interactions with the AAA Ring

The AAA channel formed by the pore loops is structurally plastic (Eisele et al. 2018;
Zhu et al. 2018). Even without a substrate, the pore-loop architecture in the states
with an open CP are dramatically reorganized between super-helical staircase and
saddle-shaped circles deviating from a rigorous staircase arrangement, as typically
characterized in state SD1, SD2 and SD3 (Zhu et al. 2018). While the substrate-free
conformation of the ATPase ring in state SD2 resembles that of the substrate-bound
one in state ED2, the pore-loop conformation is relaxed and less organized in the
absence of the substrate (Zhu et al. 2018; Dong et al. 2019). The plasticity of the
pore-loop conformation allows the AAA channel to not only accommodate a vast
diversity of substrate sequences, but also a hairpin-like polypeptide loop as typically
observed in the cryo-EM structure of AAA+ ATPase Vps4 bound with a circular
substrate (Han et al. 2019).

In state EB, the substrate density is approximately centered inside the OB ring
(Dong et al. 2019). By contrast, the substrate closely approaches Phe118 of RPT1
inside the OB ring in states EC1, EC2, ED1 and ED2. Within the AAA channel, the
substrate is gripped by the aromatic residues of pore-1 loops arranging into a right-
handed spiral staircase (Fig. 1.23). Either tyrosine or phenylalanine in the pore-
1 loops intercalates with the fully stretched main chain of the substrate through
hydrophobic interactions. The main chains of the pore-1 loops potentially form
hydrogen bonds with the substrate main chain. The adjacent pore-1 loops are spaced
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Fig. 1.23 Dynamic substrate-pore loop interactions (PDB IDs: 6MSE, 6MSG, 6MSH, 6MSJ,
6MSK) (Dong et al. 2019). a Varying architecture of pore-1 loop staircase interacting with
the substrate in five states (EB, EC1,2 and ED1,2). Aromatic residues in the pore-1 loops are labeled
and shown in stick representation superimposed with transparent sphere representation for high-
lighting. The distances from disengaged pore-1 loops to the substrate are marked. b Side view of
all substrate-bound ATPase-RPN11 structures superimposed together based on structural alignment
against the CP. cA diagram summarizing the axial stepping of the substrate-contacting pore-1 loops
and their correlations with nucleotide states. The vertical axis shows the relative location of pore-1
loops interacting the substrate, with the CP positioned at the bottom. The relative distance from the
lowest substrate-pore loop contact is labeled using the number of residues as a metric. State EC1
is omitted here as its AAA-ATPase structure is identical to that of EC2. The color code of subunits
used in all panels is shown in the upper right inset

by two amino acid residues of the substrate, thus evenly distributed along the substrate
(de la Pena et al. 2018; Dong et al. 2019). This “two-residue spacing” appears to
be a highly conserved structural “rule” for substrate-pore loop interactions among
many other AAA+ ATPases, such as p97/Cdc48 (Ripstein et al. 2017; Olszewski
et al. 2019), FtsH-like AAA proteases (Puchades et al. 2017, 2019) and Hsp104
disaggregase (Gates et al. 2017). This perhaps implies a common mechanism for the
force generation by nonspecific, intercalated stacking interactions between the pore
loop’s aromatic side chains and the stem of substrate side chains.

The architectural organizations of the substrate-pore loop staircase from states EB

to ED2 are all quite comparable, despite different subunit combination. The highest
positions in contact with the substrate in states EB, EC, ED1 and ED2 are occupied by
the pore-1 loops of RPT3, RPT6, RPT1 and RPT5, respectively. Notably, the pore-1
loop of RPT3 is translated from one end to the other end in the substrate-pore loop
staircase during state transitions from EB to ED2. Meanwhile, the pore-2 loops form
another shorter staircase and support the substrate from the opposite of the pore-1
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loop staircase (Chen et al. 2016a; Zhu et al. 2018; de la Pena et al. 2018; Dong
et al. 2019). In states EB, ED1 and ED2, the pore loops of only one ATPase subunit
(RPT6, RPT5 and RPT4, respectively) are dissociated from the substrate, whereas
the pore loops of two ATPase subunits (RPT1 and RPT2) are displaced from the
substrate in states EC1 and EC2. Thus, asymmetric substrate interactions with the
pore loops would inevitably exert an allosteric impact on the overall asymmetric
ATPase motor conformation. Consistently, functional asymmetry of the six ATPases
in substrate degradation has been observed in mutagenesis experiments (Beckwith
et al. 2013; Tian et al. 2011; Erales et al. 2012).

Nucleotide-Binding Sites

Three distinct nucleotide states in the proteasomal ATPase subunits have been
observed, i.e., ATP-bound, ADP-bound, and apo-like states. The apo-like state is
referred to the absence or a very weak density of nucleotide in the nucleotide-binding
pocket (Dong et al. 2019). The nucleotide-binding site is located at the Walker
A motif located near a short loop between the small and large AAA subdomains
(Fig. 1.24). The nucleotide state controls the ATPase conformation by modifying
the inter-domain and inter-subunit interactions (Sauer and Baker 2011; Ogura and
Wilkinson 2001; Sledz et al. 2013). The proteasome hydrolyzes ATP slowly in the
absence of substrate, on average only 27 ATPs per minute per complex (Hoffman and
Rechsteiner 1996; Kim et al. 2015; Smith et al. 2011; Benaroudj et al. 2003). ATP
hydrolysis inRPTsubunits requiresmagnesium ionbound to theβ- andγ-phosphates.
The pre-engaged proteasome, despite being saturated with ATP, stays in a basal
resting state of minimal ATPase activity (Benaroudj et al. 2003; Peth et al. 2013b;
Smith et al. 2011; Kim et al. 2015). Substrate engagement stimulates ATP hydrolysis
by tightening the overall ATPase ring structures, by initiating highly concerted inter-
subunit interactions and by coordinating conformational changes around the ring
(Dong et al. 2019).

The nucleotide states of RPT subunits in the substrate-engaged proteasome exhibit
common features reflecting a marked spatiotemporal continuity of the AAA-ATPase
motor (Fig. 1.24). Comparison of the pre-engaged structure with the substrate-
engaged ones suggests that ATP hydrolysis occurs first in RPT6, followed by
hydrolytic events in RPT5 (Dong et al. 2019; Schweitzer et al. 2016; Huang et al.
2016; Chen et al. 2016a). Notably, the ADP-bound states navigate counterclockwise
sequentially from RPT6 to RPT3 throughout all six ATPase subunits, indicating a
full cycle of coordinated ATP hydrolysis around the AAA-ATPase ring from state
EA to ED2. Magnesium ion density is evident next to ATP and, in fewer cases, also
to ADP as well in the cryo-EM density maps of several states (Dong et al. 2019).
Whenever the two adjacent ATPase subunits are both in contact with the substrate,
their intersubunit interface is stabilized by the insertion of a phenylalanine residue
from the ISS motif of the clockwise subunit into a phenylalanine-containing pocket
of the counterclockwise subunit near its nucleotide-binding site and pore-1 loop
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Fig. 1.24 Nucleotide-binding sites in the substrate-bound human proteasome in distinct states
(PDB IDs: 6MSB, 6MSD, 6MSE, 6MSG, 6MSH, 6MSJ, 6MSK) (Dong et al. 2019). Comparison
of the nucleotide-binding pockets of six ATPases in all states illustrates a common pattern in the
geometry of the nucleotide-binding sites. Each row shows the geometry of the nucleotide-binding
pocket of one ATPase in all six states. In each panel showing an ATP or ADP-bound state, one
red dashed line marks the distance from β/γ-phosphate of nucleotide to the arginine finger of the
adjacent ATPase, while the other line marks the distance from the same phosphate to the Walker B
motif. In the case of apo-like states, the red lines extend to the proline of the Walker A motif rather
than to the phosphate groups. These geometries indicate the potential reactivity of these sites (Zhang
andWigley 2008).When the ATPase is positioned in themiddle of pore-loop staircase, but not at the
lowest position, the nucleotide-binding pockets are tightly packed whenever ATP or ADP is bound.
By contrast, when the ATPase is either in the lowest position of the substrate-pore loop staircase
or disengaged from the substrate, the nucleotide-binding pocket is open regardless of whether it is
ADP-bound or free of nucleotide. The resolution of 2.8–3.6 Å in the cryo-EM maps of substrate-
bound human proteasome allows unambiguous assignment of nucleotide densities to ADP and ATP
in the nucleotide-binding pockets of the ATPases. Except for EA, at least one ATPase subunit in
each conformational state exhibits a very weak or partial density for a potential nucleotide in its
nucleotide-binding pocket, which precludes de novo atomicmodeling of nucleotide coordinates into
the density of that subunit. The nucleotide state of these ATPases has been referred to as an apo-like
state. It is not possible to differentiate between ATP and ATPγS at the present resolution. Because
the mixture of both in the particle population, the 3D classification is not supposed to differentiate
ATP against ATPγS at the present resolution. For simplicity, the potential nonhydrolyzed nucleotide
has been modelled with ATP
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(Chang et al. 2017; Puchades et al. 2017; Dong et al. 2019). This ISS-mediated inter-
action locks the substrate-bound ATPase subunits together into an approximate rigid
body, a mechanical property that is likely required to sustain the translocating force
applied by the pore loops on the substrate. It remains to be clarified how intersubunit
communications by the ISS motif help to order the timing of ATP hydrolytic events
around the ring during substrate translocation.

Substrate Interactions Coupled with ATP Hydrolysis

Key structuralmotifs of eachATPase subunit couple its interactionswith the substrate
with the ATP hydrolytic cycle (Ogura and Wilkinson 2001; Lupas and Martin 2002;
Iyer et al. 2004; Hanson and Whiteheart 2005; Erzberger and Berger 2006; Sauer
and Baker 2011). In other words, the nucleotide states determine the geometry of
the nucleotide-binding pockets and are strongly coupled with the substrate-pore loop
interactions (Dong et al. 2019). This coupling is reflected in several lines of structural
consensus. First, the apo-like state is always observed in the substrate-disengaged
ATPases. All apo-like subunits form prominent gaps at their inter-subunit interfaces
with their nearest neighbors on both sides. Specifically, the ISS motifs of these
apo-like subunits are in a retracted conformation and far away from its adjacent
subunit. Likewise, the arginine fingers from the adjacent subunit fall more than 10 Å
apart from the Walker A motif of the apo-like subunits, leaving an apparently open
nucleotide-binding pocket. Second, the substrate-engaged ATPase that is closest to
the CP is always found to be bound with ADP. The clockwise nearest neighbor of the
ADP-bound subunit is always found to be in an apo-like state. Third, whenever the
substrate-engaged ATPases resides in the middle or top registry in the substrate-pore
loop staircase, the nucleotide-binding pocket is always closed by the arginine fingers
of the adjacent ATPase. Except states EA and EB, these closed nucleotide-binding
sites are always occupied by ATP.

The AAA domain remains most stable when bound to ATP. Under this circum-
stance, the entire AAA domain may still rotate as a rigid body. Systematic struc-
tural comparison has revealed that ADP release is associated with the largest hinge-
like inter-domain rotation of 15–25° between its small and large AAA subdomains
(Fig. 1.25) (Dong et al. 2019). Release of γ-phosphate after ATP hydrolysis does
not immediately trigger inter-domain motion of the AAA domain, as the ATPase
conformation is also regulated by the inter-subunit interactions. The subsequent
disengagement of the ATPase from the substrate facilitates the ADP release, liber-
ates the potential energy that is converted into kinetic energy driving the hinge-like
inter-domain rotation. Dissociation from the substrate also allows the ATPase to flip
outward by 30–40° relative to the entire ATPase ring. The kinetic energy is liberated
and spread out to drive rigid-body rotation of four or five substrate-bound ATPase
subunits, propelling the substrate toward the CP (de la Pena et al. 2018; Dong et al.
2019). These structural findings are in line with a sequential model of ATP hydrolysis
around the ATPase ring (Smith et al. 2011; Kim et al. 2015; Olivares et al. 2018).
Notably, a common feature observed in most other substrate-bound ATPase hexamer
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Fig. 1.25 Asymmetric intramolecular dynamics of AAA domains driven by nucleotide exchange
(PDB IDs: 6MSB, 6MSD, 6MSE, 6MSG, 6MSH, 6MSJ, 6MSK) (Dong et al. 2019). Superposition
of the AAA domain conformations of the same subunit RPT6 (a), RPT1 (b), RPT2 (c), RPT3 (d),
RPT4 (e) or RPT5 (f) from distinct states aligned against their large AAA subdomains. Super-
position of the RPT6 AAA domain structures from five distinct states aligned against the large
AAA subdomain shows that RPT6 assumes three major conformations. As shown in the boxed
inset, transition from EA to EB involves both refolding of the pore-2 loop, shown in the right insert,
and a 20° rigid-body rotation between the large and small AAA subdomains. RPT1, RPT4, and
RPT5 assume two major conformations between apo-like and nucleotide-bound states, while RPT2
assumes three major conformations

structures is that at least one subunit is dissociated from the substrate for nucleotide
exchange (Gates et al. 2017; Puchades et al. 2017; Monroe et al. 2017; Ripstein et al.
2017; Deville et al. 2017; Alfieri et al. 2018; Thomsen and Berger 2009; Han et al.
2017; Puchades et al. 2019).

Principles of Coordinated ATP Hydrolysis in Functional
Regulation

The proteasomal ATPase motor bears a greater degree of inter-subcomplex inter-
actions than most of other AAA+ ATPase motors. On one side, the ATPase motor
interfaces with many RPN subunits in the lid and base. On the other side, it forms a
highly dynamic, multivalent interface with the α-ring. Such a structural complexity is
presumably evolved to achieve the functional complexity of the proteasome. Unex-
pectedly, three distinct modes of coordinated ATP hydrolysis in the proteasomal
ATPase ring appear to regulate the intermediate functional steps of the proteasome
(Fig. 1.26) (Dong et al. 2019). The capability of functioning in multiple modes
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Fig. 1.26 Principal modes of coordinated ATP hydrolysis in the functional regulation of the protea-
some (Dong et al. 2019). The cartoon summarizes the concept of three principal modes of coordi-
nated ATP hydrolysis observed in the seven states and the proposed model of how they regulate the
complete cycle of substrate processing by the proteasome holoenzyme. Coordinated ATP hydrol-
ysis in Modes 1, 2 and 3 features hydrolytic events in two oppositely positioned ATPases, in two
consecutiveATPases, and in only oneATPase at a time, respectively. Substrate processing undergoes
three major steps before CP gate opening for processive translocation: (1) ubiquitin recognition;
(2) simultaneous deubiquitylation and substrate engagement with the AAA-ATPase ring; and (3)
translocation initiation, which involves multiple simultaneous events, including ubiquitin release,
ATPase repositioning and switching of RPT C-tail insertion pattern. In some cases, the initiation
of translocation may precede deubiquitylation. In steps 1 and 2, the ATPases follow the Mode-1
ATP hydrolysis. In step 3, they follow the Mode-2 ATP hydrolysis. After the gate is open, the
AAA-ATPases hydrolyze ATP inMode 3, in which only one nucleotide is hydrolyzed at a time

implies the existence of multiple feasible pathways of conformational transitions in
the same AAA-ATPase hexamer induced by coordinated ATP hydrolysis.

Mode 1 Regulates Ubiquitin Recognition, Initial Substrate Engagement
and Deubiquitylation

Mode1 is observed in states EA1, EA2 andEB and features coordinatedATPhydrolysis
in a pair of oppositely positionedATPases, which is associatedwith the steps of initial
ubiquitin recognition and deubiquitylation (Peth et al. 2010; Worden et al. 2017;
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Dong et al. 2019). Before the proteasome gets ready to cleave the ubiquitin chain
conjugated to the substrate, the ADP in RPT6 is released and the ATP in both RPT2
and its opposite subunit RPT4 are hydrolyzed. These events trigger refolding of a
segment spanning residues 251–266 in RPT6 and drive a marked outward rotation
of the entire RPT6 AAA domain (Fig. 1.25). Regulated by this key conformational
change, the coordinated ATP hydrolysis in RPT5, and then in RPT4, is expected to
relax the conformational rigidity of the AAA ring to enable an iris-like movement
opening the AAA channel for substrate insertion (Fig. 1.27). The position of RPT6 at
the seam of the AAA ring endows it with certain energetic advantage in allosterically
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Fig. 1.27 Mechanism of initial substrate engagement with the proteasome (PDB IDs: 6MSB,
6MSD, 6MSE) (Dong et al. 2019). a Superposition of the AAA-ring structures of states EA (grey)
and EB (color). The insets show side-by-side comparison of RPT6 conformations in the four most
distant states. Interfacial gaps are marked by red dashed lines. b Pore-1 loop staircase before and
after engaging with the substrate in state EB as compared to that in state EA1
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triggering the AAA channel opening with little perturbation to the pore loop staircase
structure, which is poised to accept an unfolded segment of the substrate without
changing the overall ATPase architecture. This mode of coordinated ATP hydrolysis
is reminiscent of the nucleotide states in the crystal structure of the ClpX protease,
which drive different structural changes in the ATPase ring likely because of the
absence of a substrate (Glynn et al. 2009).

Mode 2 Regulates CP Gating, Ubiquitin Release and Initiation
of Substrate Translocation

Mode 2 is observed in states EC1 and EC2 and is characteristic of coordinated ATP
hydrolysis in at least two adjacent substrate-disengaged ATPases, which is linked
to the intermediate steps of CP gating, ubiquitin release and initiation of substrate
unfolding (Dong et al. 2019). Upon deubiquitylation, the proteasome must prepare
for substrate translocation and allosteric regulation of the CP gate opening. To this
end, ATP hydrolysis in two adjacent subunits, RPT1 and RPT5, is coupled with
disengagement of RPT2 and RPT1 from the substrate. As RPT6 acquires ATP again
and re-binds the substrate at the top of the substrate-pore loop staircase, forward
translocation of the substrate over a two-residue distance is driven by the confor-
mational changes of ATPases from state EB to EC. During the following EC2-to-ED1

transition, RPT1 and RPT2 both need to re-bind ATP and the substrate and return
to the top of the substrate-pore loop staircase, whereas RPT5 is about to release its
ADP. As multiple events occur during this process, it is anticipated that several key
intermediates were missed in cryo-EM analysis and it remains to be addressed how
the EC2-to-ED1 transition is accomplished. Recent cryo-EM structures of the yeast
Cdc48 and of FtsH-likemitochondrial protease AFG3L2 exhibited a substrate-bound
ATPase architecture highly comparable toMode 2 of the 26S proteasome (Twomey
et al. 2019; Puchades et al. 2019).

Mode 3 Regulates Processive Substrate Unfolding, Translocation
and Degradation

Mode 3 is observed in states ED1 and ED2 and features ATP hydrolysis in only one
ATPase at a time during processive substrate unfolding and translocation (Fig. 1.28)
(Dong et al. 2019). When the pore-1 loop of the substrate-engaged ATPase reaches
the CP-proximal bottom of the substrate-pore loop staircase, the nucleotide state
of the ATPase subunit is always ADP-bound. During the process of ADP release,
the inter-domain rotation within the AAA domain flips the AAA domain outwards
away from the rest of the ATPase ring and detaches its pore loops from the substrate.
Meanwhile, its counterclockwise adjacent substrate-engagedATPase is pushed to the
bottom of the ATPase ring, whereas its clockwise neighboring ATPase, which was an
apo-like detached seam earlier, now re-binds ATP and the substrate at the top of the
ATPase staircase. In concert with these motions, the other three substrate-engaged,
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Fig. 1.28 Mechanism of processive substrate translocation in the proteasome (PDB IDs: 6MSH,
6MSJ, 6MSK) (Dong et al. 2019). a Structural comparison between ED1 (color) and EC2 (grey),
by using the large AAA subdomain of RPT5 to align the AAA ring structures in distinct states. A
30° out-of-plane rotation is observed during RPT5 disengagement from substrate. The right panel,
viewed from a perspective rotated vertically against the left panel, shows that out-of-plane rotation
in RPT5 is more prominently amplified in its counterclockwise neighboring ATPases more than
its clockwise neighbors. Red arrows mark the center of the AAA ring. b Structural comparison
between ED2 (color) and ED1 (grey) in which the large AAA subdomain of RPT5 is used to align
the two AAA-ring structures together. A 7° out-of-plane rotation of RPT5 is observed during RPT5
re-association with the substrate. c Schematic illustrates the mechanism for processive substrate
translocation that involves synchronization of nucleotide processing in three adjacent ATPases, i.e.,
ATP binding, ADP release and ATP hydrolysis (left), creating vertical rotations in the ATPases that
cooperatively propel the substrate (right)

ATP-bound ATPases rotate downwards approximately as a rigid body driven by the
intrinsic conformational changes in the substrate-disengaged ATPase undergoing
nucleotide exchange. In support of coordinated ATP hydrolysis of Mode 3 in both
human and yeast proteasome (de la Pena et al. 2018; Dong et al. 2019), five distinct
conformations of the PAN ATPase ring in the archaeal PAN-CP complex in the
absence of a substrate all exhibits only one ATPase disengaged from the rest of the
ATPase ring, a key feature consistent with Mode 3 (Majumder et al. 2019). Both
the Mode-2 and Mode-3 hydrolysis models confer a unidirectional propagation of
conformational changes in the ATPase ring.

The aforementioned analysis postulates on a force generation model integrating
various structural observations that seem to suggest a high degree of conservation
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in the operating principle of many AAA-ATPase motors, unfoldases, translocases
and disaggregates (Fig. 1.28). To generate processive translocation of a substrate,
three adjacent ATPases appear to synchronize their nucleotide processing altogether.
When the first binds an ATP, the second releases an ADP and the third hydrolyzes
an ATP (Fig. 1.28). ATP binding and ADP release trigger a hinge-like rotation of
the AAA domain in opposite directions. Substrate disengagement from the second
ATPase provides its AAA domain with certain degrees of freedom to amplify the
inter-domain hinge-like rotations in both the first and second ATPases into a collec-
tive power-stroke-like motion. The largest out-of-plane rotation (~30°) occurs in the
substrate-disengaging ATPase. The power-stroke-like conformational change facili-
tates ATP hydrolysis in the counterclockwise neighboring ATPase, by repositioning
the arginine fingers coordinating the neighboring ATP (Zhang and Wigley 2008).

Coordinated ATP Hydrolysis Around the ATPase Ring

Because most substrate-bound AAA+ ATPase complexes were solved in only single
conformation per biochemical condition at high resolution, the sequential model of
coordinated ATP hydrolysis around the ATPase ring remains largely hypothetical
(Cooney et al. 2019; Puchades et al. 2017; Puchades et al. 2019; Monroe et al. 2017;
Ripstein et al. 2017). In few studies where several coexisting conformations were
obtained, there was often lack of unambiguous intrinsic features labeling the time
sequence of those conformations (de la Pena et al. 2018; Majumder et al. 2019;
Fei et al. 2020; Ripstein et al. 2020). Interestingly, two hypothetical interpretations
of very similar cryo-EM structures for the ClpXP complex, one proposing a strictly
sequential model and the other arguing a probabilistic model, illustrates the limit and
uncertainty of inferring biochemical mechanism solely from fewer structure snap-
shots that are lack of time labels or insufficiently represented in intermediate states
necessary to substantiate the hypothesized mechanism (Tsai and Hill 2020; Fei et al.
2020; Ripstein et al. 2020). This controversy underscores the importance of obtaining
cryo-EM structures that contain features labeling the temporal sequence, as well as
key intermediates unambiguously distinguishing between contradicting or alterna-
tive mechanistic models. Breaking such interpretive limits or reducing inference
ambiguity might require more structural snapshots along the path of conformational
changes. For instance, the seven cryo-EM structures of the substrate-bound human
26S proteasome obtained under a common buffer condition contain inherent features
of ubiquitin and substrate densities verifying the time sequence of the corresponding
states along the path of chemical reactions (Table 1.2) (Dong et al. 2019; Zhang and
Mao 2020). These structures establish themselves as a spatiotemporal continuum
and provide direct evidence for sequential ATP hydrolysis around the proteasomal
ATPase ring with a mixture of Modes 1, 2 and 3 (Dong et al. 2019). A rigorously
sequential Mode-3 hydrolysis around the ring still awaits further evidence.

It is anticipated that the proteasome ATPase motor and other similar systems
should be versatile enough to allow for the coexistence of multiple pathways of
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coordinated ATP hydrolysis. In other words, a rigorously sequentialMode-3 hydrol-
ysis does not necessarily exclude the possible occurrences of ATP hydrolysis that
are less sequential or more stochastic. Indeed, recent cryo-EM structures of the yeast
substrate-bound Cdc48-Ufd1-Npl4 complex revealed a nearly planar D1 ATPase
ring and a spiral-shaped D2 ATPase ring inMode 2 (Twomey et al. 2019). However,
the use of ADP/BeFx resulted in a spiral D1 ring with the D2 ring turning into
Mode 3. Similarly, cryo-EM structures of two FtsH-like mitochondrial proteases,
the engineered soluble Yme1 and AFG3L2 complexes, revealed conformations of
substrate-bound ATPase ring highly resembling Modes 3 and 2 of the 26S protea-
some, respectively (Puchades et al. 2017; Puchades et al. 2019). Thus, the fate of the
ATP hydrolysis pathway in the hexameric ATPase ring is energetically dependent of
its interactions with substrates and regulatory proteins, such as chaperones, shuttle
proteins or cofactors.

Summary of Mechanism of the Proteasomal AAA-ATPase
Motor

The proteasomal AAA-ATPase motor distinguishes itself from other homohexam-
eric ATPase complexes in several unique ways. First, its pre-engaged conformation
is poised to start highly coordinated ATP hydrolysis from RPT6. This role of RPT6
is already encoded in the proteasome structure in the resting state. Second, the mode
of coordinated ATP hydrolysis is tightly timed to switch for regulating the necessary
intermediate steps of substrate processing. Third, the conformation of the ATPase
ring during processive substrate translocation favors fewer major conformational
states like ED1 and ED2 other than six major states (Fig. 1.26) that are expected for
a rigorous sequential model, indicating a broken symmetry for the kinetic role of
each RPT in substrate translocation (Dong et al. 2019; de la Pena et al. 2018). This
also prompts the possibility that the sequential hydrolysis model may neither neces-
sarily nor sufficiently account for all translocation activities. To date, the differential
appearances of ubiquitin-substrate densities intrinsic to these structures are the only
pieces of evidence for labeling the time sequence of the corresponding conformations
along the pathway of chemical reactions (Dong et al. 2019). At least three modes
of coordinated ATP hydrolysis have been observed to regulate intermediate steps of
substrate processing in the functional proteasome (Dong et al. 2019). Remarkably,
each mode of coordinated ATP hydrolysis was comparably observed in separate
structural snapshots of various AAA+ ATPases under specific biochemical condi-
tions by independent studies (Glynn et al. 2009; Puchades et al. 2019; Cooney et al.
2019; Twomey et al. 2019; Puchades et al. 2017; de la Pena et al. 2018; Yu et al.
2018; Gao et al. 2019; Ripstein et al. 2020; Deville et al. 2019; Puchades et al.
2020; Zhang and Mao 2020). These studies collectively suggest highly conserved
dynamic patterns in the structure-function relationships of AAA+ ATPase hexamers
that appear to coexist in the proteasome (Dong et al. 2019; Zhang and Mao 2020).
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Mechanism of Substrate Degradation in the CP

Structural Mechanism of Substrate Proteolysis

The α- and β-type subunits of the proteasome are typical members in the superfamily
of N-terminal nucleophile (Ntn) hydrolases (Brannigan et al. 1995; Dodson and
Wlodawer 1998). Consistent with their sequence similarity, the α- and β-subunits
exhibit homologous folds (Lowe et al. 1995; Groll et al. 1997). The N-terminal
regions (~ 35 residues) of the α-subunits partly fold into a helix (H0) blocking a
groove in the β-stranded sandwich. Due to lack of H0, this cleft is left open in the β-
subunits, is referred to as S1 (“specificity”) pocket and harbors the active site at Thr1
(Groll et al. 1997). A catalytic triad formed at the N-terminal threonine nucleophile
constitutes the active site and is activated upon CPmaturation by proteolytic removal
of a proximal propeptide occluding the active site (Chen and Hochstrasser 1996;
Schmidtke et al. 1996; Seemuller et al. 1996; Huber et al. 2016; Li et al. 2016b). The
sidechain Oγ of the N-terminal residue Thr1 of the β-subunits provides the catalytic
nucleophile attack of the carbonyl carbon in a peptide bond (Fig. 1.29) (Seemuller
et al. 1995a; Lowe et al. 1995). Similar to the proposed hydrolytic mechanism in
penicillin acylase (Duggleby et al. 1995), the amino group of Thr1 might be the
proton acceptor when Thr1 Oγ adds to an electrophilic entre (Lupas et al. 1995;
Seemuller et al. 1995a; Lowe et al. 1995; Groll et al. 1997). Crystal structure of
the human CP at 1.8 Å identified a chloride ion, which was previously assigned as
catalytic water (NUK), in all active sites, which might aid the nucleophilic attack
(Fig. 1.29) (Schrader et al. 2016). The properties of the S1 pocket with respect to
substrates are also regulated by other residues of the same subunit and of adjacent
subunits β2, β3, and β6, respectively (Groll et al. 1997). Conserved residues essential
for the catalytic activity at Thr1 are Glu17 and Lys33 (Seemuller et al. 1995a; Lowe
et al. 1995; Arendt and Hochstrasser 1997; Heinemeyer et al. 1997; Seemuller et al.
1996). Other conserved residues, including Ser129, Ser169, and Asp166, seem to
be required for structural integrity (Lowe et al. 1995) or β-precursor processing
(Seemuller et al. 1995b).

Three β-subunits, β1, β2, and β5, in each β-ring of the eukaryotic CP are proteolyt-
ically active. Mutating the Thr1 residues of any of the three β-subunits can disrupt
the peptidase activities of the CP (Dick et al. 1998). Similar to classic proteases, the
binding pockets are formed at the active sites by specific inter-subunit interactions
of the catalytic subunit with its neighboring β-subunit (Borissenko and Groll 2007).
The proteasome should not be understood as a simple collection of functionally inde-
pendent, separated proteases or enzymes but an integral, coherent holoenzyme with
multifunctional activities allosterically coupled. Its distributed catalytic activities are
spatiotemporally coordinated, andonlywork properlywhen theCP is fully assembled
and activated. Cleavage of a substrate occurs favorably at the peptide bond located at
C-terminal of the P1 residue that is acidic, basic, or hydrophobic (aromatic). Thus,
the proteasome displays caspase-like, trypsin-like, and chymotrypsin-like peptide
hydrolytic activities (Arendt and Hochstrasser 1997; Voges et al. 1999). These types
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Fig. 1.29 The proteolytically active sites in the 1.8-Å crystal structure of the human CP (PDB ID:
5LE5) (Schrader et al. 2016). a Overview of the proteolytically active site of the β-type subunit of
the humanCP. Thr1 residues in the β1, β2, and β5 subunits are highlighted as sphere representations,
whereas the overall CP is rendered as transparent surface. b–d The close-up view of the residues
essential for catalysis around theThr1 residues inβ1 (panelb),β2 (panel c), andβ5 (paneld) subunits
are shown as stick representations. The chloride ion and water molecules are rendered as green and
red spheres, respectively. The distances of the closest water molecules to the side-chain hydroxyl
oxygen of Thr1 residue are marked in unit of angstrom

of activity have been thought to associate with specific β1, β2, and β5 subunits,
respectively (Wilk and Orlowski 1983; Heinemeyer et al. 1997; Orlowski 1990;
Heinemeyer et al. 1991, 1993; Hilt et al. 1993; Enenkel et al. 1994; Dick et al. 1998).
Although the three types of active sites exhibit different but weak preference for
substrate sequences, they do not have definite sequence specificity and can cleave
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peptide bonds at arbitrary positions in an unfolded substrate (Kisselev and Gold-
berg 2001). Multiple catalytic sites with weak substrate preference offer a unique
advantage in concerted processive degradation of diverse cellular proteins by the
proteasome (Dick et al. 1991; Bogyo et al. 1998; Wenzel et al. 1994; Ehring et al.
1996; Dolenc et al. 1998; Nussbaum et al. 1998; Arendt and Hochstrasser 1997;
Heinemeyer et al. 1997; Groll et al. 1999; Kisselev et al. 1999).

The propeptides of immature β-subunits may play a role in promoting the CP
assembly (Chen and Hochstrasser 1996; Mayr et al. 1998; Zuhl et al. 1997). In the
newly assembled CP, the propeptides are covalently linked to and bind the Thr1
catalytic sites of the same β-subunits for intramolecular autolysis (Schmidtke et al.
1996;Ditzel et al. 1998).Gly(-1) in the propeptide region is critical for intramolecular
processing of the precursor propeptides to activate the β-subunits (Seemuller et al.
1996;Ditzel et al. 1998).Because the catalytic sites also comprise residues of adjacent
β-subunits, autolytic activation requires the CP assembly at least in part (Groll et al.
1997). Autolyzed β-subunits (β1, β2, and β5) that are activated may also process the
propeptides of other β-subunit precursors (Schmidtke et al. 1996; Ditzel et al. 1998).
The propeptides (residues -8 to 1) of the partially processed inactive β-subunits (β3,
β6, and β7) are still covalently linked to and shield their Thr1 sites to prevent substrate
binding and to inhibit their catalytic activities.

Proteolytic Products by the Proteasome

TheCP is thought to degrade substrates in a processive fashionmostlywithout release
of partially degraded intermediates (Dick et al. 1991; Nussbaum et al. 1998; Akopian
et al. 1997), although partial degradation by the 26S proteasome has been observed
in the activation of many cellular proteins and is likelymediated by the recognition of
degradation-stop signal (Saeki et al. 2009a; Zhang et al. 2013; Sandstrom et al. 2019;
Chui et al. 2019). The proteolytic chamber efficiently traps unfolded substrates and
degrades them into short polypeptides below a certain length limit. The length distri-
bution of released peptide products is broad and ranges from 4 to 25 residues with a
length average of 7 to 9 residues (Wenzel et al. 1994; Ehring et al. 1996; Nussbaum
et al. 1998;Kisselev et al. 1998). How theCP regulates the product length of degraded
substrates has remained enigmatic. One early reasoning attributes to the distance
between the active sites that can potentially act in concert (Wenzel et al. 1994). A
diffusion-controlled mechanism has been hypothesized (Wenzel et al. 1994; Voges
et al. 1999). In the prokaryotic CP, the distance of 2.8 nm between adjacent active
sites corresponds to the length of an octa- or nonapeptide in extended conformations
(Lowe et al. 1995). However, quantitative analysis of the product length showed a size
variation that cannot be reconciledwith a solely geometry-based rulermodel (Dolenc
et al. 1998; Nussbaum et al. 1998; Kisselev et al. 1998). Moreover, these models did
not explain why the prokaryotic and eukaryotic proteasomes, which include 14 and 6
active sites, respectively, generate peptides with similar length distributions (Dolenc
et al. 1998; Nussbaum et al. 1998; Kisselev et al. 1998).
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The possible mechanism of product length regulation by the CP became more
comprehensible when more than a dozen non-catalytic substrate-binding sites inside
the CP chamber had been observed in the cryo-EM reconstructions of the substrate-
engaged human proteasome (Table 1.3) (Dong et al. 2019). Strikingly, all these
substrate-binding sites are heavily decorated with aromatic residues, which are also
the hallmark of substrate-interacting sites inside the OB and AAA channel. These
sites seem to generally stabilize an unfolded peptide segment with a length ranging
from 3 to 10 residues and are located in proximity to the three catalytic sites in β1,
β2, and β5 (Dong et al. 2019). Their distances to the catalytic sites range from 4
to 25 residues in length, well consistent with the experimental observation of the
product length variation. These auxiliary non-catalytic substrate-binding sites may
anchor the unstructured substrates during their proteolysis, prohibit refolding of the
substrates and prevent the short peptide products from further hydrolytic breakdown.
In strong support of this mechanism, long peptides have been observed to degrade
faster than short peptides (Dolenc et al. 1998) and NMR studies have shown that the
interior of the CP stabilizes unstructured conformations of translocated substrates,

Table 1.3 Substrate interactions with the CP

State Key contacts at the
binding site

Features Number of substrate
residues

EA, EB, EC1,2, ED1,2 Thr1, Cys31 of β2,
Cys129 of β3

C2 Symmetric 6

EA Asn24, Tyr134, Phe137
of β4

At the seam between
two β4 subunits

10

EA Tyr103 of α1, Tyr61,
Tyr90 of β1, and Phe88
of β2

C2 Symmetric, at the
inter-subunit interface

5

EA Asn90 of α5, Tyr90 of
β5, Phe101 of β6

C2 Symmetric, at the
inter-subunit interface

3

EA, EB, EC1,2, ED1,2 Tyr105, Arg117 of α1,
His88 of α2

C2 Symmetric 3

EA, EB, EC1,2, ED1,2 Tyr59, Cys91, Tyr98 of
β4

C2 Symmetric 3

EA Phe69, Cys91 and
Tyr98 of β3

Asymmetric, only
present in the chamber
with the CP gate open

3

EA Ile3, Tyr6, Tyr104 of
β3, Tyr120 of β4

Asymmetric, only
present in the chamber
with the CP gate open

3

EB, EC1,2, ED1,2 Tyr30 of β7 C2 Symmetric 4

The CP residues that are observed to contact the substrates are recorded and compared, showing a
high content of aromatic residues mediating substrate interactions in the interior of the CP. These
auxiliary, non-catalytic substrate-binding sites may help regulate the product length distribution of
the substrates after proteasomal degradation
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which prevents refolding of substrates inside the CP that would sterically hinder their
degradation (Ruschak et al. 2010).

Actions of the CP Inhibitors

Structural studies using enzyme inhibitor and site-directed mutagenesis have
provided insights into the catalytic mechanism of the CP (Groll and Huber 2004).
A crystal structure of the CP inhibited by the peptide aldehyde Ac-Leu-Leu-nLeu-al
(ALLN) reveals a hemiacetyl bond with the N-terminal threonine (Thr1) hydroxyl
groups of β-subunits (Groll and Huber 2004; Vinitsky et al. 1992; Rock et al. 1994;
Figueiredo-Pereira et al. 1994; Vinitsky et al. 1994; Harding et al. 1995). Indeed,
mutation of Thr1 to serine retains proteolytic activity, whereas mutation to alanine
completely abolishes the proteolytic activity (Groll and Huber 2004). Covalent
attachment of a Streptomyces metabolite lactacystin to Thr1 irreversibly inhibits
their proteolytic activity (Fenteany et al. 1995). Lactacystin hydrolysis produces
clasto-lactacystin beta-lactone that covalently reacts with the active sites (Dick et al.
1996). Other covalent inhibitors have also been investigated, including peptidyl vinyl
sulfones (Bogyo et al. 1997b, 1998), dipeptidyl boronic acids (Mc Cormack et al.
1997; Adams et al. 1998) and epoxyketones (Groll and Huber 2004). Most of the
covalent inhibitors share a common mechanism of action via reaction with Thr1 Oγ

in the β-subunits (Mc Cormack et al. 1997). These CP inhibitors have been exten-
sively used for dissecting the cellular functions of the proteasomes (Bogyo et al.
1997a; Lee and Goldberg 1998; Fenteany and Schreiber 1998).

Since the CP inhibition is an approved approach for cancer therapy, numerous
crystal structures of the inhibitor-bound CP complexes have been determined (Huber
andGroll 2012; Schrader et al. 2016). The crystal structure of the immunoproteasome
CP demonstrates that the active site architecture of the inducible subtype β-subunits
(β1i, β2i, and β5i) differs from that of the constitutive CP (Huber et al. 2012). The
variation in specificity largely occurs through changes in the S1 pocket and explains
why the inhibitor PR-957 specifically binds the β5i subunit. Since the immuno-
proteasome represents a minor fraction of the proteasome population and is found
predominantly in cells involved in the immune response, it is expected that treat-
ment with immunoproteasome-specific inhibitors could result in reduced toxicity
(Huber and Groll 2012). Higher resolution (1.9 Å) crystal structure of the human
CP in complex with the inhibitor Oprozomib revealed a ring-shaped electron density
in the inhibitor-Thr1 conjugate, which was modeled as a heptagonal 1,4-oxazepane
ring structure with the C6-methyl group pointed to the inner, solvent-inaccessible
side of the ring (Schrader et al. 2016). Thus, the inhibition reaction is mediated via
nucleophile attack by the N-terminal amine of the epoxide β carbon (Schrader et al.
2016).

It is also of great clinical merit in developing inhibitors against the proteasomes
of infectious pathogens, such as Mycobacterium tuberculosis that causes tuber-
culosis (Lin et al. 2009), the malaria parasite Plasmodium falciparum (Li et al.
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2016a) and the kinetoplastid parasites Trypanosoma cruzi, Leishmania donovani and
Trypanosoma brucei (Khare et al. 2016). Interestingly, binding of oxathiazole-2-one
inhibitors induces conformational changes of the M. tuberculosis CP, whereas no
comparable conformational changes are induced in the human proteasome (Lin et al.
2009). The comparative studies explain why these compounds exhibit specificity for
the pathogen proteasome, which provides an important mechanistic guidance for
structure-based design of other proteasome inhibitors targeting parasite pathogens
(Li et al. 2016a; Khare et al. 2016). Cryo-EM structure of the inhibitor-bound P.
falciparum proteasome CP provides information of the active-site conformation that
can be used for further refinement of inhibitor design (Li et al. 2016a). Furthermore,
NMR studies have demonstrated that CP inhibition can also be achieved by binding
near the interface between α and β subunits instead of binding directly to the active
sites (Sprangers et al. 2008). The novel structural determination tools in cryo-EM
and NMR are expected to offer new approaches of developing proteasome inhibitors
(Renaud et al. 2018; Scapin et al. 2018).

Proteasome in Health and Disease

Cancer

The proteasome plays a central role in regulating cellular proteostasis, and is recog-
nized as an important regulator of carcinogenesis (Voutsadakis 2017). The protea-
some controls the fate of many short-lived proteins regulating cell cycle and tumor
suppressors promoting cycle progression, such as cyclin B1, p21, p27 and p53 (Diet-
rich et al. 1996; Machiels et al. 1997; Adams et al. 1999; Wu et al. 2000; Shah
et al. 2001). Dysregulation of these regulatory proteins is associated with malig-
nancies and carcinogenesis. Most cancer cells survive on a considerable level of
proteasome activity and are more susceptible to inhibition of proteasome function
than are normal cells (Dulic et al. 1994; Pagano et al. 1995; King et al. 1996; Delic
et al. 1998; Orlowski et al. 1998). Many cancer types show aberrant functions in
their UPS (Hoeller and Dikic 2009; Chen and Madura 2005). A decreased activity
of the proteasome has been found in cancer stem cells compared to the rest of cancer
cells (Voutsadakis 2017). Proteasome inhibition disrupts cellular protein homeostasis
and cell cycle, and potentially activates programmed cell death and apoptosis. The
growth of multiple myeloma cell lines is inhibited by several proteasome inhibitors
and exhibits anti-inflammatory and immunosuppressive effects (Muchamuel et al.
2009; Basler et al. 2010; Voorhees and Orlowski 2006). Treatment with proteasome
inhibitors has been proven beneficiary for patientswithmultiplemyeloma andmantle
cell lymphoma in human clinical trials (Orlowski et al. 2002; Jagannath et al. 2004;
Roeten et al. 2018). Upstream of the ubiquitin recognition by the proteasome, many
E3 ligases and the ATPase p97/VCP that contribute to substrate selectivity for the
proteasome are also implicated in cancers (Tang and Xia 2016; Chapman et al. 2011;
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Kimonis et al. 2008), and have been considered as potential anti-cancer drug targets
due to their crucial roles in proteostasis, protein quality control and cell viability
(Anderson et al. 2015; Vekaria et al. 2016; Magnaghi et al. 2013; Skrott et al. 2017).

In clinical trials, the proteasome inhibitor Bortezomib or Velcade (initially called
PS-341) exhibited inhibitory efficacy specifically toward hematologic malignancies
(Orlowski et al. 2002; Jagannath et al. 2004). Bortezomib is a reversible peptide
boronate inhibitor, which preferentially inhibits the chymotrypsin-like activity of
the β5 subunit (Huber and Groll 2012). Bortezomib was approved by the US Food
and Drug Administration (FDA) for the treatment of refractory multiple myeloma
and mantle cell lymphoma (Ruggeri et al. 2009). It also exhibits certain efficacy in
treatment of non-small cell lung cancer and pancreatic cancer (Frankland-Searby
and Bhaumik 2012). However, Bortezomib treatment gives rise to the develop-
ment of drug resistance and causes adverse side effects, including asthenia, pain,
peripheral neuropathy, disorders, thrombocytopenia, and gastrointestinal, cardiac
and pulmonary disorders (Frankland-Searby and Bhaumik 2012).

Several next-generation proteasome inhibitors have been developed for the treat-
ment of hematologic malignancies and solid tumors (Roeten et al. 2018). Some of
these inhibitors also target the chymotrypsin-like activity of the β5 subunit, and
exhibit increased chemical stability and proteasome-binding affinities, as well as
altered toxicities in clinical trials (Huber and Groll 2012). The US FDA approved the
proteasome inhibitor Carfilzomib in 2012 for the treatment of patients with multiple
myeloma. In contrast to Bortezomib, Carfilzomib is an irreversible peptide epoxyke-
tone inhibitor of the CP (Wang et al. 2013). However, Carfilzomib has shown efficacy
in multiple myeloma patients who developed drug resistance against Bortezomib
(Wang et al. 2013).

In addition to the inhibitors targeting the CP, a bis-benzylidine piperidone RA190
and its derivatives like RA183 were developed as covalent inhibitors of RPN13 for
the treatment of ovarian cancer (Anchoori et al. 2013, 2018; Kisselev 2013; Lu et al.
2017a) and multiple myeloma (Song et al. 2016, 2019; Trader et al. 2015). NMR
structural studies found that RA190-binding site on RPN13 PRU domain coincides
with the interaction site of RPN13 with a proline-rich C-terminal extension of RPN2
(Lu et al. 2017a). PA190 is found to also directly bind and inactivate UCH37, causing
accumulation of substrates at the proteasome. Thus, it has been proposed that RA190
targets both RPN13 and UCH37 in a parallel fashion to effectively block substrate
degradation (Lu et al. 2017a).

Aging

Progressive aggregation of damaged or misfolded proteins is a hallmark of aging
cells, and is associated with decline in cellular proteostasis function and UPS impair-
ment, which is also implicated in aging-related disease likeAlzheimer’s disease (AD)
and dementia (Vilchez et al. 2014; Hegde et al. 2019; Fischer et al. 2009; Saez and
Vilchez 2014). The ability of the proteasome inmaintaining proteostatsis is generally
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challenged and prone to decline in aging cells, tissues and organisms, such as human
epidermal cells and lymphocytes, bovine eye lens and rat muscle, lung, liver, kidney,
hippocampus, spinal cord, cerebral cortex and heart (Baraibar et al. 2012; Saez and
Vilchez 2014). Age-related proteasome dysregulation may occur at multiple levels,
including suppressed expression of proteasome subunits (Lee et al. 1999), reduced
proteolytic activity caused by oxidative damage (Bulteau et al. 2001; Wang et al.
2010), and proteasome disassembly (Wang et al. 2010; Vernace et al. 2007; Bajorek
et al. 2003). Part of these is also reflected in altered function in ubiquitin ligases, such
as cytoplasmic E3 ligase mahogunin (MGRN1) that is found instead in nucleus in
aging hippocampal neurons (Benvegnu et al. 2017), and the reduced level of UBE3A
in the hippocampus of elderly rats (Fletcher et al. 2014).

Aggregated proteins might form non-productive, stalled complex with the protea-
some, deplete the intracellular proteasome reservoir and thus reduce their overall
cellular activity (Grune et al. 2004). When the constitutive β5 subunit was substi-
tuted with the thymus-specific subtype β5t subunit of reduced chymotrypsin-like
activity, the transgenic mice developed signs of early aging and suffered a much
shorter lifespan (Tomaru et al. 2012). Consistently, several studies on long-lived
humans (centenarians) and animals, such as the exceptionally long-lived naked mole
rat and a long-lived bat species and an exceptionally long-lived invertebrate called
giant clam, have found correlates with increased proteasome activity and capacity
(Chondrogianni et al. 2000; Perez et al. 2009; Salmon et al. 2009; Ungvari et al.
2013). These data suggest that the overall level of proteasome activity may be corre-
lated with the age of an organism. This hypothesis has been further supported by
genetic studies in several model organisms (Chen et al. 2006; Tonoki et al. 2009;
Kruegel et al. 2011).

Neurodegenerative Diseases

Aggregation of misfolded proteins compromises cellular proteostasis and is charac-
teristic of neurodegenerative diseases, such asAlzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), Amyotrophic lateral sclerosis (ALS) and
spongiform encephalopathies (Selkoe 2003; Rubinsztein 2006; Brettschneider et al.
2015).Maintaining appropriate proteostasis in neurons is crucial due to their complex
organization, function and prolonged lifespan. Unchecked aggregation of misfolded
proteins can impair normal cellular function in the cytoplasm, nucleus or extracellular
space. More importantly, neurons are unable to dilute aggregate loads through cell
division (Tai and Schuman 2008). These underscore the critical function of the UPS
in neuronal synapses. For example, synaptic protein homeostasis, plasticity and long-
term memory formation rely on the proteome remodeling that is tightly regulated
by the UPS (Fonseca et al. 2006; Tai and Schuman 2008; Aso et al. 2012; Djakovic
et al. 2012). Themembrane-anchored proteasomemodulates neuronal function in the



102 Y. Mao

mammalian nervous system, degrades intracellular proteins and releases the polypep-
tide products into the synaptic cleft, where they trigger neuronal signaling via post-
synaptic N-methyl-D-aspartate receptor for synaptic regulation (Ramachandran and
Margolis 2017).

Neurodegenerative diseases are mostly associated with aging, and share many
traits in proteostasis, such as impaired UPS function and reduced proteasome activity
(Vilchez et al. 2014; Hegde et al. 2019; Fischer et al. 2009; Saez and Vilchez 2014;
Keller et al. 2000;McNaught et al. 2002;Ciechanover andBrundin 2003;Rubinsztein
2006; Ortega et al. 2007; Ortega and Lucas 2014). Aggregation of misfolded proteins
causes loss of proteostasis and is commonly accompanied with progressive death of
neurons (Selkoe 2003; Rubinsztein 2006; Brettschneider et al. 2015). Brain region-
specific proteasome inhibition is implicated in the neuropathology and is a clinical
hallmark of neurodegenerative diseases (McNaught et al. 2002, 2004; Bedford et al.
2008; Li et al. 2010). In themicemodel of ADwithmutant amyloid precursor protein
(APP) transgene (Tg2576), Aβ1-42 seems to inhibit proteasome activity and DUBs
and enhances amyloid and tau accumulation (Almeida et al. 2006; Oh et al. 2005;
Tseng et al. 2008), likely by stalling the proteasome in the Aβ aggregation body
(Guo et al. 2018). Interestingly, a higher level of immunoproteasome expression was
observed in the brain of AD patients compared to the brains of the non-demented
elderly (Mishto et al. 2006). Going forward beyond the “Aβ hypothesis” of AD
(Morris et al. 2018; Mullane and Williams 2019), it remains to be understood how
the proteasome andUPS are related to other factors contributing to neurodegenerative
diseases, such as inflammation and insulin resistance in the brain.

Secretory proteins and integral membrane proteins are synthesized and enter the
ER lumen for proper protein folding and post-translational modifications. Misfolded
proteins in the ER are removed by the pathway of endoplasmic reticulum-associated
protein degradation (ERAD), which prevents neurodegenerative diseases (Wu and
Rapoport 2018). Impaired ERAD and ER stress are associated with polyglutamine
(polyQ) toxicity commonly found in several neurodegenerative disorders (Duen-
nwald and Lindquist 2008; Remondelli and Renna 2017; Smith and Mallucci 2016).
There are three distinct ERAD pathways, ERAD-L, ERAD-M, and ERAD-C, in
which the misfolded protein domain is localized in the ER lumen, within the
membrane, or on the cytosolic side of the ER membrane, respectively (Huyer et al.
2004; Vashist andNg 2004; Carvalho et al. 2006). Another pathway is used to remove
misfolded protein from the inner nuclear membrane (Foresti et al. 2014; Khmelinskii
et al. 2014). Through ubiquitylation, the p97/Cdc48 ATPase extracts the substrates
from the membrane and delivers them to the proteasome for degradation (Bays et al.
2001; Braun et al. 2002; Jarosch et al. 2002; Rabinovich et al. 2002). Proteasome
inhibition impairs ERAD and allows misfolded proteins to aggregate in the ER,
which activates the unfolded protein response (UPR) (Tsai and Weissman 2010).
UPR regulates the gene expression controlling protein folding and ERAD to restore
ER homeostasis (Travers et al. 2000). However, prolonged ER stress that is out of
control by UPR activation eventually leads to cell death (Travers et al. 2000). Besides
neurodegenerative diseases, many other physiological conditions, such as hypoxia,
glucose deprivation, oxidative stress and certain mutations in proteins, can also cause
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aggregation of misfolded proteins in the ER and trigger UPR activation (Tsai and
Weissman 2010).

Immune Diseases

The proteasome is extensively involved in the regulation of the immune system,
including antigen presentation, NF-κB pathway, and NLRP1 inflammasome acti-
vation. The proteasome mediates antigenic protein degradation into short peptides
that are presented on the MHC-I complex (Ferrington and Gregerson 2012). The
NF-κB transcription factors (NF-κB and Rel proteins) regulate gene expression in
innate and adaptive immunity, inflammation, stress responses, B-cell development
and lymphoid organogenesis. NF-κB is a prosurvival pathway and is upregulated in
many inflammatory diseases and cancers (Wang et al. 1996). In cancer cells, NF-κB
is involved in the expression of the antiapoptotic IAP family of genes as well as
BCL-2 prosurvival genes (Wang et al. 1998; Zong et al. 1999; Chen et al. 2000). The
proteasome mediates degradation of regulatory elements for transcriptional activa-
tion in both canonical and noncanonical pathways ofNF-κBactivation. In the inactive
state, NF-κB/Rel is bound to and sequestered by the inhibitory IκB subunits in the
cytoplasm (Baldwin 2001). In the canonical pathway, proinflammmatory cytokines
activate the IκB kinase (IKK) complex that phosphorylates IκB and causes IκB
ubiquitiylation for proteasome-mediated degradation that activates the NF-κB/RelA
complex (Chen et al. 1995; Scherer et al. 1995; Spencer et al. 1999; Winston et al.
1999). In the noncanonical pathway, the NF-κB-inducing kinase activates IKKα that
phosphorylates the C-terminal residues of NF-κB2/p100. Phosphorylated NF-κB is
ubiquitylated and partially degraded by the proteasome into transcriptionally active
NF-κB2/p52.

Mammalian cells use a diverse spectrum of pattern-recognition receptors (PRRs)
to monitor cytoplasmic microbial activities and pathogen invasion for signaling
innate immune responses. Several PRRs form megadalton multiprotein complexes
named the inflammasome upon recognition of their cognate danger signals.
The inflammasome recruits and activates caspase-1, which then cleaves and acti-
vates inflammatory cytokines and gasdermin D (GSDMD), and triggers inflamma-
tory cell death called pyroptosis (Zhang et al. 2015; Broz and Dixit 2016; Sharif et al.
2019). NLRP1B is one of the inflammasome-forming PRRs and a crucial member
in the nucleotide-binding domain leucine-rich repeat (NLR) protein superfamily.
Several studies have found that proteasomal degradation of N-terminal domains of
the NLRP1B protein releases the C-terminal fragment of the NLRP1B containing
a caspase activation and recruitment domain (CARD) domain, which is sufficient
to self-assemble, recruit caspase-1 and active the inflammasome (Sandstrom et al.
2019; Chui et al. 2019). The degradation-dependent activation of inflammasome
likely underlies its ability to sense any pathogen effectors that can induce protea-
somal degradation of NLRP1B, such as IpaH7.8, an E3 ubiquitin ligase secreted by
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the pathogen Shigella flexneri that ubiquitylates NLRP1B and lead to inflammasome
activation in Shigella-infected macrophages (Sandstrom et al. 2019).

Proteasome inhibition can give rise to decreased inflammatory and immune
responses, as well as compromised cell migration and adhesion (Frankland-Searby
and Bhaumik 2012). These effects are also reflected in the proteasome function in
antigen presentation. Lymphopenia is a toxicity effect commonly observed in clin-
ical administration of Bortezomib (Jagannath et al. 2004). Proteasome inhibition
by Bortezomib induces suppressive effects on the T cell compartment, potentially
leading to T cell apoptosis inmonocyte-derived dendritic cells (Nencioni et al. 2006).
Activated T cells are more susceptible to proteasome inhibition than resting T cells
(Blanco et al. 2011). Proteasome inhibition by Bortezomib can deplete alloreac-
tive T cells in vitro, while preserving immune response against pathogens (Blanco
et al. 2011). These observations suggest that proteasome inhibition represents a
promising option for the treatment of diseases involving activated T cells. This
hypothesis is supported by several preclinical studies in mouse models for autoim-
mune encepahlomyelitis, arthritis, colitis, graft-versus-host disease, systemic lupus
erythematosus, myastenia gravis and allograft rejection (Moran et al. 2012).

Cardiovascular Diseases

TheUPSplays an important role in cardiac physiology and disease (Drews andTaegt-
meyer 2014; Li and Wang 2011; Pagan et al. 2013; Shukla and Rafiq 2019). Impair-
ment of UPS function may cause a number of cardiac diseases, such as heart failure,
cardiomyopathies, hypertrophy, atrophy, ischemia-reperfusion, and atherosclerosis.
Increased oxidative damage to proteins, elevated levels of ubiquitylated proteins and
proteasome dysfunction have been found in several cardiac diseases, such as hyper-
trophic, diabetic cardiomyopathies and ischemic heart diseases (Powell et al. 2012;
Shukla and Rafiq 2019). Reduced proteasome activity has been linked to myocardial
ischemia/reperfusion (I/R) injury (Bulteau et al. 2001; Tian et al. 2012; Li et al. 2011).
A transgenic mouse line that overexpresses PA28α in the heart exhibited increased
proteasome activity, which protected the animals against I/R injury (Li et al. 2011).
In a mouse model of desmin-related cardiomyopathy (DRC), cardiac PA28α overex-
pression suppressed cardiac hypertrophy and prolonged the animal lifespan (Li et al.
2011). Inmany forms of cardiomyopathies, such as I/R injury and diabetic cardiomy-
opathy, inducible immunoproteasome expression is significantly elevated (Cai et al.
2008; Gomes et al. 2006; Powell et al. 2008). Similar to neurological toxicity, protea-
some inhibition with Bortezomib seems to be associated with an increase in cardiac
dysfunction, such as congestive heart failure or arrythmia (Schlossarek and Carrier
2011). Short-term and low-dose local treatments with proteasome inhibitors have
produced contradictive results that await further clarification (Powell et al. 2012).
Although both the inhibition and enhancement of proteasome activity can poten-
tially confer cardioprotection under distinct conditions, concerns and controversies
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remain for the toxicity of impairing the proteasome in long-term therapies (Pagan
et al. 2013; Li and Wang 2011; Shukla and Rafiq 2019).

Perspective

In this chapter, I reviewed nearly five decades of studies on the structures and
functions of the proteasome. The past five years have seen a major culmination
of breakthrough studies in elucidation of the inner working of the proteasome in
both human and yeast. Progressive improvements on the biochemical and cryo-
EM methods have yielded atomic-level information critical for understanding the
functional dynamics of the proteasome. Not only have the conformational states of
the proteasome been extensively mapped, but also their correspondence to the inter-
mediate steps of substrate processing and a nearly complete degradation pathway
within the proteasome have been reconstructed at the atomic level. A breathtaking
picture of the “central dogma” of the proteasome is now emerging and lays an essen-
tial foundation for further understanding how the UPS decodes the ubiquitin signals
as well as for the development of proteasome-related therapeutics. Looking forward,
a major knowledge gap exists between numerous ubiquitylation pathways and the
intrinsic working machineries of the proteasome, the understanding of which poses
much greater technical challenges due to the transient nature of the interactions of the
proteasome with the extrinsic receptors, DUBs, the ubiquitin chain-elongating E4s,
and an expanding network of proteasome-related proteins. Another great challenge
is how we can best convert what we know about the proteasome into clinical tools
and therapeutics for combating human diseases and improving human wellbeing.
With further developments in chemical and biological methods, cryo-EM imaging
approaches and data science tools, addressing these challenges will soon become
possible in years to come.

Future Problems

• What are the missing key intermediate states necessary for unambiguously
defining the detailed mechanisms for the complete cycle of substrate processing
in the proteasome? And, how are these intermediate states associated with the
proteasome function in vivo?

• Are there alternative pathways of coordinated ATP hydrolysis in the protea-
somal AAA-ATPase motor? How are these hydrolytic pathways regulated at the
proteasome level?

• How do the intrinsic ubiquitin receptors recognize the polyubiquitin chains in the
proteasome? What are the conformational dynamics of RPN13 in the protea-
some? What are the unidentified intrinsic ubiquitin or UBL receptors in the
proteasome? How do they coordinate with one another? What are their functional
differences and specificities in recognizing ubiquitin signals and UBL proteins?

• How do the extrinsic ubiquitin receptors deliver substrates to the proteasome?
How do the extrinsic receptors coordinate their ubiquitin recognitions with
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the intrinsic receptors? What are the other cellular proteins involved in the
delivery of substrates by the extrinsic receptors? Are there any other unidentified
extrinsic ubiquitin receptors associated the proteasome? What are the differences
in substrate selectivity between the intrinsic and extrinsic ubiquitin receptors?

• How do those non-essential DUBs such as USP14 and UCH37 work with the
proteasome? How do their interactions regulate the proteasome structure and
function during substrate processing?Are they involved in the process of substrate
delivery by the shuttle receptors?

• How do the proteasome-associated E3 and E4 enzymes process substrates in
the proteasome? How do their interactions regulate the proteasome structure and
function? Are there also other E2s and E3s associated with the proteasome for
substrate processing? How do they work together?

• How do the proteasome-associated proteins function in the proteasome in the
presence of substrates? How do their interactions with the proteasome regulate
the proteasome structure and function?

• Howdo those post-translationalmodifications of the proteasome regulate theways
the proteasome processes substrates? What are their cellular functions?

• What are the assembly pathways of the RP in mammalian cells? How does the
dynamic assembly of the RP affect or regulate the proteasome function?

• Are there inhibitors of the proteasome specifically interacting with the RP instead
of the CP? If any, how do these inhibitors contribute to the improvement of human
health?

• What are the exact underlyingmechanisms of proteasome inhibitors in vivo?Why
is the same proteasome inhibitor beneficiary for certain diseases but detrimental
for others?

• How can we best harvest the proteasomes or UPS for combating neurodegen-
erative diseases, and of course, other closely related human diseases in general,
including cancer and immune diseases?
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Chapter 2
Factor VIII and Factor V Membrane
Bound Complexes

Svetla Stoilova-McPhie

Abstract The formation of membrane-bound complexes between specific coag-
ulation factors at different cell surfaces is required for effective blood clotting.
The most important of these complexes, the intrinsic Tenase and Prothrombinase
complexes, are formed on the activated platelet surface during the propagation
phase of coagulation. These two complexes are highly specific in their assembly
mechanism and function modulated by anionic membranes, thus offering desirable
targets for pharmaceutical interventions. Factor V (FV) and factor VIII (FVIII) are
highly homologous non-enzymatic proteins. In their active state, FVa and FVIIIa
serve as cofactors for the respective serine proteases factor Xa (FXa) and factor IXa
(FIXa), significantly increasing their catalytic activity. This is achieved by forming
well organized membrane-bound complexes at the phosphatidylserine rich activated
platelet membrane in the presence of Ca2+ ions. The tenase (FVIIIa/FIXa) complex,
catalyzes the proteolytic conversion of FX to FXa. Subsequently the prothrom-
binase (FVa/FXa) complex catalyzes the conversion of prothrombin to thrombin,
required for efficient blood clotting. Although significant knowledge of FV and
FVIII biochemistry and regulation has been achieved, the molecular mechanisms of
their function are yet to be defined. Understanding the geometric assembly of the
tenase and prothrombinase complexes is paramount in defining the structural basis
of bleeding and thrombotic disorders. Such knowledge will enable the design of effi-
cient pro- and anticoagulant therapies critical for regulating abnormal hemostasis.
In this chapter, we will summarize the findings to date, showing our achievement in
the field and outlining the future findings required to grasp the complexity of these
proteins.
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Introduction

Haemostasis is defined as arrest of bleeding, derived from the Greek words ‘haeme’
meaning blood and ‘stasis’ meaning to stop. It is the complex physiological
process responsible for stopping blood loss that depends on a delicate equilib-
rium between pro- and anticoagulant forces. Hemostasis’ main components are
cells (platelets, and fibroblasts), soluble proteins (coagulation factors) and insoluble
proteins (extracellular matrix proteins). The hemostatic system is activated upon
vascular injury. Primary hemostasis leads to the formation of a platelet plug at the
site of the injury. Secondary hemostasis leads to the generation of a fibrin clot that
allows time for the injured endothelium to heal. The final stage—fibrinolysis acti-
vates the anticoagulant mechanisms necessary to dissolve the clot and restore blood
flow. Secondary hemostasis is generally referred as blood coagulation, defined as the
formation of insoluble, cross-linked fibrin by a sequential activation of coagulation
factors and thrombin. Fibrin also stabilizes the primary platelet plug in larger blood
vessels to stop hemorrhage (Gale 2011; Palta et al. 2014).

The blood coagulation process requires the following elements:

• Cells
• Enzymatic coagulation factors (zymogenes)
• Non-enzymatic coagulation factors (pro-cofactors)
• Calcium ions (Ca2+)
• Phosphatidylserine (PS) rich phospholipid (PL) membrane surface.

The coagulation processwas initially described as a series of sequential proteolytic
reactions, in which the activation of one clotting factor leads to the activation of the
next, culminating in a thrombin ‘burst’ and fibrin generation. This model, known
as a clotting cascade or ‘waterfall model’ explains well the clinical tests designed
to characterize the main bleeding and thrombotic disorders at the time (Macfarlane
1964; Davie and Ratnoff 1964).

Traditionally the clotting cascade has been divided into intrinsic, extrinsic and
common pathways (Fig. 2.1). This division has been helpful for interpreting labora-
tory results. The two clinical clotting tests: Activated Partial Thromboplastin Time
(APTT) (Langdellet al. 1953; Quick 1950) for the intrinsic/common pathways and
the Prothrombin Time (PT) (Quick 1950) for the extrinsic/common pathways repre-
sent well the property of blood to follow different mechanism of clotting in vivo and
in vitro.

The intrinsic pathway follows the coagulation of blood in vitro that occurs when
blood is in contact with a foreign body like glass, silica, kaolin. The extrinsic or FVII
pathway follows the in vivo coagulation, where the ‘intrinsic’ tenase (FVIIa/TF)
complex is formed during vascular injury producing small amount of FXa and
thrombin that activates the cofactors VIII and V required for the assembly of the
‘extrinsic’ tenase and prothrombinase complexes on the activated platelet surface.
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Fig. 2.1 Cascade model of blood coagulation. The coagulation factors are presented with roman
numerals. The active form is denoted with a suffix ‘a’. The factors in bold are the components of the
tenase and prothrombinase complexes. Only the pro-coagulant pathways are indicated for clarity

These two complexes work in synchronization to generate a thrombin ‘burst’—
several orders of magnitude acceleration of thrombin activation, necessary for effi-
cient hemostasis. The nomenclature of the coagulation factors participating in the
clotting is shown in Fig. 2.1. In bold are the ones that participate in the ‘extrinsic’
tenase (FVIIIa/FIXa) and prothrombinase (FVa/FXa) complexes securing timely
clotting. The significance of Ca ions (Ca2+) and phospholipid (PL) surfaces for blood
clotting are illustrated in Table 2.1.

Table 2.1 Clotting times of
blood in vitro, in the
presence and absence of
different components. APPT
and PT refer to the clotting
tests: activated partial
thromboplastin time and
prothrombin time, and their
components

Clotting system Clotting time

Whole blood 240–460 s (4–8 min)

Whole blood + EDTA or citrate Infinite

Citrated platelet-poor plasma (PPP) +
Ca2+

120–240 s (2–4 min)

Citrated platelet-poor plasma + PL +
Ca2+

60–85 s

APTT: Citrated platelet-poor plasma +
kaolin + PL + Ca2+

21–32 s

PT: Citrated platelet-poor plasma +
thromboplastin + Ca2+

11–12 s

Thromboplastin contains FVII and PL
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Clotting Factors

The coagulation factors are traditionally identified as roman numerals, based on the
order in which they were isolated and identified historically. They circulate in plasma
as inactivated and activated (denoted with ‘a’) proteins. The majority of clotting
factors are precursors of proteolytic enzymes known as zymogens that circulate in
blood as an inactive form. The activation of each zymogen is depicted by suffixing
letter “a” to the Roman numeral identifying that particular zymogen (Fig. 2.1) (Palta
et al. 2014). These proenzyme factors undergo a post translational modification
(vitamin K dependent gamma (γ) carboxylation of glutamic acid residues) which
enables them to bind calcium ions and adopt the suitable conformation required
for binding to negatively charged membrane surfaces, such as the activated platelet
surface. Deficiency of vitamin K or administration of vitamin K antagonists (e.g.
warfarin) abolish this carboxylation and it is to date the most powerful anticoagulant
drug (Fig. 2.2) (Hoffman and Monroe 2014).

Vitamin K-dependent proteins play a central role in the regulation of blood coag-
ulation. The N-terminal γ-carboxyglutamic acid (Gla) domain anchors the proteins
to cell membranes exposing phosphatidylserine in a Ca2+ dependent interaction. A

Fig. 2.2 Domains organization and similarities between theVitaminKdependent coagulation
factors in the propagation phase of coagulation. The proenzymes Factors II, VII, IX and X are
highly homologous single peptides that comprise of a catalytic/protease domain at the C terminus,
followed by a sequence of epidermal growth factor (EGF) or kringle domains, a γ-carboxyglutamic
acid (Gla) domain, an activation region (propeptide) and a signal peptide at the N terminus. Upon
synthesis, the signal and propeptide domains are cleaved (arrow heads) from the polypeptide chain,
exposing the Gla domain to the negatively charged platelet membranes. Further proteolytic activa-
tion (arrows) exposes the serine protease site of the enzymes. The table on the right shows the size
and concentration of the zymogenes and pro-cofactors in blood (Furie and Furie, 1992)
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linear area of Ca2+ ions bind internally to the carboxyl groups of the Gla domain
inducing a significant structural transition from a largely unfolded to a tightly folded
domain capable to bind anionic membranes. The Gla domain-membrane interaction
has a critical role in the assembly of the membrane-bound coagulation complexes
leading to enhanced catalytic efficiency of the respective proteases. This phenomenon
explains the fact that removing Ca2+ ions by citrate or EDTA prevents blood from
clotting indefinitely (Table 2.1) (Huang et al. 2003; Furie and Furie 1988; Kalafatis
and Mann 1997; Kalafatis et al. 1997; Zwaal et al.1998).

Cell Model of Coagulation

Since 2010 a new model of the coagulation process has been proposed—the cell
based model that explains some aspects of hemostasis, which a protein-centric
(cascade)model does not. The cascade theory is particularly useful for understanding
the in vitro coagulation tests, but does not consider the central role of cell-based
surfaces in the in vivo coagulation process (Hoffman and Monroe 2001). In the cell-
based model, the coagulation process of thrombin generation and fibrin formation is
represented on cell surfaces, as a sequence of three distinctive phases (Fig. 2.3):

1. Initiation phase: plasma factor (FVII) binds to tissue factor (TF) on subendothe-
lial fibroblasts, auto activates to FVIIa and forms the TF-FVIIa “extrinsic tenase”
complex that activates FX toFXaandproduces a small amount of thrombin (FIIa).

2. Propagation and Amplification phase: The small amount of thrombin (FIIa)
generated in the initiation phase activates the platelets. Cleaves FVIII from its
carrier-the von Willebrand Factor (vWF). Activates FVIII and FV to FVIIIa and
FVa, respectively. Then, it amplifies its own production through the assembly of
the FVIIIa-FIXa “intrinsic tenase” complex and the FVa-FXa “prothrombinase”
complex on the phosphatidylserine (PS)-rich surfaces of activated platelets. The
two complexes work in synergy to amplify and propagate thrombin generation,
producing a “thrombin burst”.

3. Fibrin formation: The thrombin burst is essential for forming cross-linked fibrin
(FIIa) from fibrinogen Factor I (FI), by cleaving fibrinogen to soluble fibrin, acti-
vating factor XIII (FXII to FXIIIa) is required to cross-link fibrin while concur-
rently inhibiting fibrinolysis. Calcium (Ca2+) is critical at all stages of thrombin
generation and fibrin formation.

It is important to note that from a spatial point of view, everything happens on
the injured blood vessel (endothelial) surface. The small amount of thrombin gener-
ated by the ‘intrinsic’ tenase complex also activates the platelets, which includes
translocating PS to the platelet surface. These activated platelets together with the
vWF, form a platelet plug on the site of injury, which occurs almost simultaneously
with the assembly of the tenase and prothrombinase complex.
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Fig. 2.3 Cell-based model of blood coagulation. Only the proc-coagulant pathways are included
in this model, characterized by three phases: Initiation, Propagation and Firbrin formation. The
first two phases of the cell model are directly linked to thrombin (FIIa) generation. In the first-
initiation phase, -only small (initial) amount of FII are generated on endothelial cells (fibroblast)
by the ‘intrinsic’ tenase complex assmbled on the surface of endothelial cells (fibroblast). In the
second-propagation phase, FII generation is increased more than fivefold due to the synergy of
the tenase and prothrombinase complex assembled on the activated platelet surface. The thrombin
burst generated in the second phase secure accelerated generation of crosslinked fibrin (FIa) in the
third-fibrinolysis phase, required to stop fast the blood loss
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Themodels for the coagulation process presented in this introduction include only
the pro-coagulant pathways. FVa and FVIIIa are also key players in the anticoag-
ulant pathways, forming membrane-bound complexes with active protein C (APC)
and protein S, leading to their inactivation. APC is a vitamin K-dependent serine
protease, highly homologous to FVII, FIX an FX. Protein S is a modified vitamin
K-dependent serine protease that has a gla-domain facilitating binding to anionic
membrane surfaces but does not have a protease domain and proteolytic activity. The
FV and FVIII membrane-bound complexes with APC are critical for fine tuning of
the coagulation process,more pronounced for FVa, as FVIIIa is intrinsically unstable.
In this chapter our focus will be on the pro-coagulant membrane-bound FV and FVIII
complexes.

The Tenase and Prothrombinase Complexes

The tenase and prothrombinase complexes are tertiary complexes formed on the PS-
rich activated platelet surface in the propagation phase of coagulation. The product
from the tenase complex, FXa is the enzyme in the prothrombinase complex that
catalyzes the conversion of prothrombin to thrombin. The presence of FVa andFVIIIa
within the macromolecular enzyme complexes enhances the respective proteolytic
reactions rate by several orders of magnitude, accelerating sufficiently thrombin
generation to secure normal hemostasis. The two membrane-bound complexes work
in synchronization and are pivotal steps in the coagulation cascade. (Figure 2.4)
(Mann et al. 1990).

The serine proteases FIXa and FXa by themselves are capable of activating the
respective zymogenes—FX and prothrombin (FII) in solution. The presence of a co-
factor and the assembly of the membrane-bound complexes increases the catalytic
activity of the enzymes ~ 300,000 times, as illustrated for the prothrombinase
complex in Table 2.2.

The significance of the FVIII co-factor function and the tenase complex assembly
is further illustrated by the fact that defects or deficiency of FVIII lead to a sever
hemorrhagic disorder known as Hemophilia A. Hence FVIII is also known as the
anti-hemophilia A factor (AHF) (Cawthern et al. 1998).

Factor V and Factor VIII

Blood coagulation factors V and VIII are two large multidomain glycoproteins that
share high structural and functional homology and do not have enzymatic (prote-
olytic) activity (Mann et al. 1988; Kane and Davie 1988). Factors V and VIII are
composed of three structural domains organized in the same order from the N- to the
C-terminal: A1-A2-B-A3-C1-C2, with a high degree of amino acid identity (~40%)
except for the B domains. The B domain consists of about 900 amino acids and
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Fig. 2.4 The tenase and prothrombinase complexes. These drawing illustrates the proposed
mechanism of the Tenase (X-ase) complex assembly between Factors VIIIa and IXa and the
Prothrombinase (PT-ase) complex assembly between Factors Va and Xa on the activated platelet
surface rich in PS. Xa is the product of the X-ase and the enzyme of the PT-ase complex. The
PT-ase complex activates Prothrombin (II) to Thrombin (IIa). The separate domains of the proteins
are sown as ovals/sphere. The membrane and protein complexes are drawn to scale

Table 2.2 Clotting times for
FII (thrombin) activation by
FXa. PL indicates
phospholipids

Clotting factors Rate of FII
generation

Clotting times

II, Xa 1 3,024,000 s
(35 days)

II, Xa, PL, Ca2+ 350 8640 s (2.4 h)

II, Xa, PL, Va, Ca2+ 21,000 150 s (2.5 min)

I, Xa, Platelets, Va, Ca2+ 302,400 10 s

The components of the prothrombinase complex In vitro are: FII,
FXa, FVa, PL and Ca2 + . In vivo platelets serve the role of PL

is rich in N-and O-glycosylation sites, 25 for the Factor V and 18 for the FVIII,
heavily glycosylatedwithN-linked oligosaccharides and are highly flexible (Fig. 2.5)
(Nesheim et al. 1979; Rosing et al. 1980). The significance of the B domain unique-
ness has not been fully understood. The A domains are about 330 amino acid and
have 30% identity between each other and the three A domains of Curuloplasmin,
a Cu-binding protein that circulates freely in blood. The C domains are about 150
amino acids and are highly homologous to the Discoidin 1 protein (Pemberton et al.
1997; Saenko et al. 2002).
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Fig. 2.5 Domains organizationofFactorVandFactorVIII.FVandFVIII are expressed as single
chain six domains proteins of ~ 300 kDa. The three A domains are homologous (~ 35% sequence
identity) and contain the FX and FXa binding sites, respectively. The A2 and A3 domains are
separated by a uniqueBdomain that is not required for function. TheCdomains are also homologous
(~ 40% sequence identity) and contain the membrane-binding sites. Upon proteolytic activation by
Thrombin (red arrows) the B domain is excised and the FVa and FVIIIa active forms present as non-
covalently bound heterodimers of a heavy chain (A1-A2 domains) and a light chain (A3-C1-C2)
domains stabilize electrostatically by Ca2+ ions. The A1 and A2 domains in FVIII, further separate
by proteolysis at Arg372, leading to the final active form presenting a heterotrimer of the A1 and
A2 domains holding together solely by hydrophobic interactions and the light chain stabilized by
both hydrophobic and electrostatic interactions. The blue arrows present the APC cleavage sites,
leading to inactivation of FV and FVIII

The activated forms, FVIIIa and FVa act as co-factors to the serine proteases
FIXa and FXa respectively, when assembled in a membrane-bound complex with a
zymogen substrate FX and prothrombin, respectively (Fig. 2.4). These complexes are
functional only when formed in the presence of calcium ions and anionic phospho-
lipid surfaces, such as the PS rich activated platelet membrane. Calcium is needed to
stabilize the Gla-domains of the vitamin K-dependent serine proteases so they can
efficiently bind to the negatively charge activated platelet membrane (Huang et al.
2004).Calcium is also needed for the single calciumbinding sites inFVIII andFV that
are required for stabilizing the heavy and light chain of the proteins after activation
(Fig. 2.5) but have not shown to be required formembrane-binding (Stoilova-McPhie
et al. 2013). The assembly of the FVIIIa/FIXa and FVa/FXa complexes increases the
Vmax of the FX and prothrombin activation ~5 orders of magnitude (Mann et al.
1988; Kane and Davie 1988; Nesheim et al. 1984a).

Although the knowledge of factor VIII and factor V and their regulation has
progressed significantly over the last two decades, the molecular mechanisms by
which their co-factor function leads to accelerated substrate cleavage remains to be
fully defined. The difficulties in having homogeneous preparations of these factors
have been overcome by the advent of recombinant DNA technologies and protein
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purification procedures. The dynamics and complex interactions of these factors
with their multiple partners (ions, membranes, activators and inhibitors) renders
them a change for structural and functional studies to date. There has not yet been a
consensus on the molecular models of FVIIIa and FVa within the membrane-bound
tenase and prothrombinase complexes, despite existing crystal structures for FVIII
and FV, the interacting proteases—FIXa and FXa and zymogen substrates—FX and
prothrombin, respectively. Understanding the mechanism by which the structure of
these factors morphs to fulfill their function is the endeavor of modern hematology
(Bos and Camire 2010).

Factor V

Factor V (FV) is a large (Mr ~ 330 kDa), multidomain (A1-A2-B-A3-C1-C2),
single chain glycoprotein that circulates in blood at a concentration of ∼ 20 nM
(∼ 10 μg/ml). At physiological plasma concentrations, the pro-cofactor FV cannot
assemble or function in the prothrombinase complex. Proteolytic processing of the B
domain is an absolute requirement for the expression of cofactor function. Thrombin
is the main physiological activator of FV and cleaves three peptide bonds (Arg709,
Arg1018, and Arg1545) within the B domain that leads to the B domain removal and
FV activation (Fig. 2.5). The active from—FVa, presents a heterodimer composed
of a heavy chain (A1-A2; Mw = 105 kDa) and a light chain (A3-C1-C2; Mw = 71–
74 kDa), which are associated through electrostatic forces supported by Ca2+ ions
(Fig. 2.5) (Jenny et al. 1987; Mann and Kalafatis 2003; Suzuki et al. 1982; Esmon
et al. 1973; Esmon 1979; Nesheim et al. 1984b; Stoilova-McPhie et al. 2008).

Deficiency of FV is associated with a rare bleeding disease (1:1,000,000) para-
hemophilia. Most mutations of FV are associated with venous thrombosis due to
resistance to cleavage by APC, leading to the FVa remaining active and accelerated
thrombin generation through the prothrombinase complex. The most common of
these mutations is known as the FV Leiden (Asselta et al. 2006; Sun et al. 1994; Bos
and Camire 2010).

Factor VIII

Factor VIII (FVIII) is expressed as a large (Mr ~ 330 kDa), heavily glycosylated
multidomain (A1-A2-B-A3-C1-C2) proteins that circulates in vivo, as a complex
with the von Willebrand factor (vWF)—a large (Mr ~ 2MDa) multidomain protein
(Figs. 2.3 and 2.4). Once activated by thrombin it exists as a heterodimer resulting
from limited proteolysis at the B-A3 junction and at additional sites in the B domain.
This heterodimer consists of a variably sized heavy chain (A1-A2-B; 200-290 kDa)
and a light chain (A3-C1-C2; ~ 80 kDa) that are non-covalently associated and
correspond to the FVIII form purified from blood (plasma derived, pd) or expressed
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in vitro (recombinant FVIII) (Fig. 2.5). The heavy chain interaction with the light
chain serves various important roles in FVIII physiology, as it has been reported to
stabilize the heterodimeric structure of FVIII, as well as to prevent proteolysis by
FXa and APC. The FVIII heterodimer is an inactive pro-cofactor and it is subjected
to further proteolysis to gain full cofactor activity (Fay 2004; Fay 2006). Factor
VIII can be proteolytically activated by both thrombin and FXa. Thrombin cleaves
three peptide bonds at Arg372, Arg740, and Arg1689, thereby generating FVIIIa,
which is a heterotrimer composed of the A1 (Mr ~ 50 kDa) and A2 (Mr ~ 43 kDa)
domains held together by hydrophobic forces, and the light chain (A3-C1-C2; Mr
~ 73 kDa) (Fig. 2.5). Once activated, FVIIIa biological activity decays over a short
period of time (~ 6 min in vitro) due to the A2 domain dissociation from A1/A3-
C1-C2 domains, a mechanism that contributes to the regulation of FVIIIa cofactor
activity (Vehar et al. 1984; Fay et al. 1991; Fay and Smudzin 1992; Lollar and Parker
1991; Fay 2004; Fay 2006; Lenting et al. 1998).

Defect or deficiency of FVIII result in Hemophilia A, an X chromosome genetic
disorder affecting 1:5000males (Graw et al. 2005). Recombinant FVIIIwas launched
as drug for Hemophilia A in 1992 and it was one of the first recombinant proteins
approved for treatments in humans. Multiple commercial recombinant FVIII forms
exist to date, that facilitate significant structural and functional studies (Antonarakis
1995; Oldenburg et al. 2004).

Despite the similarities in the structure and function of FV and FVIII, the molec-
ular mechanisms of activation have been found to differ substantially. The inactive
pro-cofactor is stable when purified from blood or expressed. The FV does not have
a transient heterodimer form before the final activation step to FVa. Activated FV
(FVa) forms a stable heterodimer that can be characterized structurally and function-
ally (Fig. 2.5 (Stoylova et al.1994; Stoilova-McPhie et al. 2008). The FVa inactivation
is achieved by forming a membrane-bound complex with APC/ProteinS and FVIII.
The inactivated FVai lacks itsA2 domain that contains themain interactions siteswith
the serine protease FXa. The structure of the FVai (Adams et al. 2004) and consequent
structures of FVa (not publicly available, because of ownership by pharmaceutical
companies) are highly homologous between themselves and to the resolved FVIII
structures (RMSD between the Cα atoms is ~ 1.5 Å). The mechanism of activation
of FVIII is quite different. The stable form is a heterodimer of variable size which is
an intermediate product between the stable complex of the pro-cofactor, FVIII with
the vWF and the stable complex between the activated FVIII (FVIIIa) and the FIXa
within themembrane-bound tenase complex (Fay 2006). To further stabilize the inac-
tive FVIII heterodimer, B domain deleted (BDD-FVIII) constructs were generated
producing FVIII homodimers that are more stable and homogenous in solution and
can be studies structurally and functionally. The deletion of the B-domain increases
the yield but does not affect the FVIII in vitro and in vivo activity (Parameswaran
et al. 2005; Kessler et al. 2005). Cleavage between the A1 andA2 domains at position
Arg372 is critical for the pro-coagulant activity of FVIII. The precise mechanism by
which cleavage at Arg372 facilitates the transition to the active cofactor state remains
to be determined (Nicolaes and Dahlback 2002; Bos and Camire 2010).
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The Factor VIII Structures

The macromolecular organization of the FVIII domains in their membrane-bound
form and their synchronization are the driving force behind FVIII activity and the
assembly of the FVIIIa-FIXa complex on the activated platelet surface. The presence
of multiple membrane-binding sites at the FVIII light chain interface is due to the
flexibility of the molecule and specifically the flexible link between the C1 and C2
domains lacking a stable hydrophobic macromolecular interface (Stoilova-McPhie
et al. 2013). While several structures of FVIII constructs organized in 3D crystals
were resolved at ~ 3.6 to 4Å resolution by X-ray crystallography (Ngo et al. 2008;
Shen et al. 2008; Svensson et al. 2008; Leksa et al. 2017; Smith et al. 2020), a different
membrane-bound domain organization has been proposed from our cryo-EM studies
(Fig. 2.6) (Stoilova-McPhie et al. 2002; Stoilova-McPhie et al. 2013; Miller et al.
2014; Dalm et al. 2015).

The structural basis of FVIII activation and the FVIIIa-FIXa complex assembly
strongly depend on the FVIII domain organization and geometry. Until we have
direct structural evidence for the FVIIIa-FIXa complex assembly on a membrane
mimicking the activated platelets surface, the functional implications of FVIII struc-
ture will not be completely understood. The macromolecular forces that drive the

Fig. 2.6 FVIII structure organized in 3D (FVIII-3D) and helical crystals (FVIII-LNT). FVIII-
3D is theBDD-FVIII structure as organized in 3D crystals (PDB: 3CDZ) resolved at ~ 4Å resolution
byX-ray crystallography (Ngo et al. 2008). The five FVIII domains are shown as ribbons and colored
as follows: A1-yellow, A2-red, A3-green, C1-blue, C2-cyan. The FVIII membrane-binding residues
identified on the C1 and C2 domains are shown in green. The FVIII residues identified at the FVIII-
FIXa interface on the A2 and A3 domains are shown in purple. The N terminal (Ala1) is indicated
with NH2. FVIII-LNT is the FVIII structure based on the helical organization of the FVIII light
chain bound to lipid nanotubes (3J2S) resolved by cryo-EM at 15 Å resolution (Stoilova-McPhie
et al. 2013; Dalm et al. 2015). The lipid membrane surface is denoted with a grey rectangle
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FVIII activation and the FVIIIa-FIXa complex assembly on a PS-rich membrane
surface are fundamental for the successful design ofmembrane-mimeticsmodulating
blood hemostasis at the FVIII level.

FVIII Structure as Helically Organized on Lipid Nanotubes

Self-organized lipid nanotubes (LNT) can be formed fromGalactosylceramide (GC)
lipids under specific conditions. These nanotubes are functionalized with specific
ligands incorporated into the lipid bilayer. Any protein that can bind to these ligands
can be subjected to helical organization and further structure determination by cryo-
EM (Wilson-Kubalek et al. 2010; Egelman 2010). Single bilayer GC-LNT rich in PS,
have been optimized in our group for the helical organization of FVIII. The geometry
and lipid composition of these LNTs mimics the tubular protrusions (pseudopodia)
formed by blood platelets upon their activation (Parmenter and Stoilova-McPhie
2008; Parmenter et al. 2008; Wassermann et al. 2010). Three recombinant FVIII
proteins, two human and one porcine, were helically organized and the structure
resolved by cryo-EM at 15Å and 14.5Å, respectively. All helical reconstructions
showed that the membrane-bound FVIII macromolecules formed tightly organized
and stablemembrane-bound dimers (Fig. 2.7) (Stoilova-McPhie et al. 2013; Stoilova-
McPhie et al. 2014; Miller et al. 2014; Dalm et al. 2015; Stoilova-McPhie 2017).
The FVIII membrane-bound dimer organization was further confirmed by electron
tomography of the helically organized FVIII on LNT (Miller et al. 2014; Dalm et al.
2015) and for FVIII bound to nanodiscs with the same lipid composition as the LNT
(Stoilova-McPhie et al. 2014; Grushin et al. 2015; Grushin and Stoilova-McPhie
2017). The FVIII dimer interface was defined by rigid body docking of two FVIII-
LNT FVIII structures (Fig. 2.6) within the cryo-EM map of the segmented dimer as
shown on Fig. 2.7C. Our studies show that the main interaction interface between the
two FVIII molecules is at the FVIII-heavy chain and predominantly at the level of
the A2 domains, as only 8 of the 33 residues identified at the FVIII dimer interface
within a cutoff of 8.7Å belong to the A1 domain (Fig. 2.8). Fourteen of these residues
differ between the human and porcine sequence and eight are known Hemophilia A
mutations (Stoilova-McPhie et al. 2014; Stoilova-McPhie 2017). The dimeric FVIII
membrane-bound model proposed from our cryo-EM studies is supported by data
reported for dimeric membrane-bound assembly of other coagulation factors, such
as human FVIII, FIXa, bovine FVa and FXa (Stoylova, Mann and Brisson 1994;
Stoilova-McPhie et al. 2014; Chattopadhyay et al. 2009; Miller et al. 2014).

The Supertenase Complex

The FVIIIa-FIXa complex assembly is regulated through high-affinity protein-lipid
and protein-protein interactions. The dissociation constants (Kd) for the FVIIIa and
FIXamembrane interactions are ~ 1 nM and for the FVIIIa-FIXa interaction ~ 15 nM
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Fig. 2.7 Helical reconstruction of pFVIII-LNT. a. Helical reconstruction of porcine FVIII-LNT
(light grey) from 10,433 segments at 14.5Å resolution (0.5 FSC) superimposed with the 3D recon-
struction of a lipid nanotube (LNT) from 2000 segments (red). The helical parameters: twist − �ϕ

= 35.5o and rise - �z = 36.0 Å converged after 200 IHRSR cycles. b. Segmentation showing the
asymmetric unit cell (dark grey). c. Rigid body fitting of the FVIII-LNT structure within the EM
map of the FVIII dimer. The FVIII-Light chain is shown in light pink and the heavy chain in hot pink
ribbons. The FVIII-FVIII dimer interface is shown with green and orange spheres respectively. The
FVIII-membrane interface is shown with green spheres and the FVIII-FIXa interface with magenta
spheres. The top row shows views along the helical axis and the bottom row, views perpendicular
to the helical axis (LNT membrane). The inner diameter of the LNT is 2.0 nm

Fig. 2.8 The FVIII dimer interface. The FVIII dimer interface is shown parallel to the membrane
surface. a. Interface of the monomer on the right in Fig. 2.7c facing the FVIII dimer interface. b.
Interface facing the monomer on the left in Fig. 2.7c facing the FVIII dimer interface. There are 33
interactions between 22 amino acid residues from the ‘left’ monomer interface, shown with orange
spheres with 13 residues from the ‘right’ monomer interface, shown as green spheres within a radius
less than 7.8 Å. 14 of these residues differ between the human and porcine FVIII sequence, and 8
residues have known Hemophilia A (HA) mutations
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(Ahmad, London and Walsh 2003). The extended FVIIIa-FIXa interface consists of
four distinctive interaction sites, which have been identified through a number of
functional studies assessing the inhibition by peptides, antibodies, direct mutagen-
esis, specific point mutations and cross-linking studies: (i) FVIIIa-A2 domain (558-
565)—FIX-protease domain (helix 330-338) (ii) FVIIIa-A2 domain (707-713)—
FIXa-protease domain (helix 301-303), (iii) FVIIIa-A3 domain (1811-1818) with
FIXa-EGF1 domain and (iv) FVIIIa-C2 domain (2228-2240) with FIXa-Gla domain
(Fig. 2.9) (Fay et al. 1994; Bajaj et al. 2001; Griffiths et al. 2013; Kolkman et al.
1999; Lenting et al. 1996a; Lenting et al. 1996b; Mathur and Bajaj 1999; Blostein
et al. 2003; Soeda et al. 2009). Based on this knowledge combined with the resolved
FVIII-2D (PDB: 3J2Q), FVIII-3D (3CDZ) and the FIXa (1PFX) structures, two very
different models of the Tenase complex have been proposed (Brandstetter et al. 1995;
Ngo et al. 2008; Autin et al. 2005; Stoilova-McPhie et al. 2002). In the first model
FVIII (3CDZ) binds to FIXa in solution then undergoes a significant domain reor-
ganization, such that all of the FVIII-LC domains interact with the membrane (Ngo
et al. 2008) In the second model, FVIII (3J2Q) first undergoes significant domain
reorganization upon binding to themembrane in a conformation suitable to bind FIXa

Fig. 2.9 The FVIIIa-FIXa complex. A, B are views along and perpendicular to the LNT surface.
The FVIII-light chain is colored in light pink and the heavy chain in hot pink. The residues at the
FVIII monomer-monomer interface are shown as green and orange spheres, respectively. The C2
domain membrane-binding residues are shown as light green spheres. The FVIII residues on the
A2 and A3 domains identified to bind to the FIXa are shown was purple spheres. The FIXa (1PFX)
heavy chain (protease domain) is colored in dark blue and the light chain holding the two EGF
like domains in light blue. The FIXa membrane-binding Gla domain is shown as magenta spheres.
The Asp39, His57 and Cys195 residues forming the FIXa serine protease active site are shown
as red spheres. The identified primary FIXa binding sites for FVIIIa on the Protease domain are
shown with green spheres: Lys132-Phe133-Gly134-Ser135 and Pro161-Leu162-Val163-Asp164-
Arg165-Ala166-Thr167-Cys168-Leu169-Arg170. The secondary FIXa-FVIIIa interaction sites on
the FIXa-FGF domains are shownwith yellow spheres: Lys80-Asn81–Glu83-Leu84-Asp85-Ala86-
Thr87-Cys88-Asp89-Ile90. The residues from the membrane-binding Gla domain are shown as
cyan spheres. The LNT’s bilayer structure as defined by cryo-EM is shown as a light grey surface
(Stoilova-McPhie, 2017).
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in the FVIIIa-FIXa complex (Stoilova-McPhie et al. 2002). Resolving the FVIII and
FVIIIa membrane-bound structures as assembled on LNT by cryo-EM will be deci-
sive in building a functional model of the FVIIIa-FIXa complex and understanding
the critical role played by FVIII in hemostasis.

The dimeric FVIIIa-FIXa (supertenase) complex was modelled with the
membrane-bound porcine FVIII dimer as a template, the porcine FIXa crystal
structure (1PFX) and the identified FVIIIa-FIXa interaction sites imposing similar
constraints as the ones used for the previous Tenase models. First, the FVIIIa and
FIXa molecules were oriented such as to face each other at the appropriate height
above the membrane (Mutucumarana et al. 1992). Second, the two molecules were
rotated and translated in the membrane plane such as to accommodate the four iden-
tifed FVIIIa-FIXa interactions sites and secure that the membrane-binding FIXa-Gla
andFVIIIa-C2domains interact correctlywith the lipid bilayer. Third, the FIXa active
site (Asp39, His57, Ser195 catalytic triad) needs to be exposed to the substrate—FX.

Further, flexible fittingwill be required to refine themodel based on subnanometer
resolution cryo-EM structures. None of the existing models, however, can accom-
modate all four FVIIIa-FXa interaction sites. The proposed dimeric model has the
advantage that the substrate, FXcan be positioned correctly on themembrane surface,
such as it is stabilized by interaction with the FVIII-FX binding site identified on the
A1 domain and accessible to the FIXa proteolytic/active site. The dimeric/multimeric
organization of the tenase and prothrombinase complexeswill also justify a structural
synchronization of the protein function needed for more than five order of magnitude
increase in the proteolytic activity for the respective enzymes (FIXa and FXa).

Structural Basis of FVIII Activation-Future Perspectives

Despite the considerable efforts have been made over the last two decades to define
themechanism of FVIII and FV activation, the structural basis of their co-factor func-
tions is poorly understood. (Mann and Kalafatis 2003; Fay 2004). The active form
of FV, FVa, is stable and we have previously obtained 2D crystals from membrane-
bound bovine FVa (Stoylova et al. 1994). The active form of FVIII, FVIIIa is much
more volatile and unstable for direct structural studies. The porcine FVIII (pFVIII)
expressed and activated in our lab had sufficient stability and quantity for func-
tional and structural studies by cryo-EM. The purity and integrity of the pFVIII and
pFVIIIa were assessed as described by Lollar et al. (1993). The FVIII and FVIIIa
were both helically organized on LNT at the same lipid composition and lipid to
protein ratio, as previously described (Miller et al. 2014; Dalm et al. 2015). The
current 3D reconstruction of pFVIII-LNT and pFVIIIa-LNT reached 12Å resolution
at Fourier Shell Correlation coefficient, FSC= 0.5 (Fig. 2.10). Further segmentation
of the helical volumes confirmed the dimeric organization of both porcine FVIII
and porcine FVIIIa when bound to the LNT surface. This first membrane-bound
FVIIIa structural data confirmed our previous observation frommembrane-bound 2D
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Fig. 2.10 Cryo-EM micrographs of pFVIII (A) and pFVIIIa (B) helically organized on LNT
(1024 × 1024 pixels at 1.4 Å/pix resolution). The insets are Fourier transform of the helical tubes
(512× 512 pixels) showing the layer lines corresponding to the helical organization. Helical recon-
struction of pFVIII-LNT (in blue) and pFVIII-LNT (in pink) calculated from 951 and 944 helical
segments (512 × 512 pixels) respectively, as described in (Dalm et al. 2015)

crystals of plasma derived FVIIIa (unpublished), that there are no significant differ-
ences in the oligomeric organization of the proteins after activation. This finding
confirmed our hypothesis, that significant domain reorganization of FVIII occurs
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uponmembrane-binding, not activation.Activation of the pro-cofactor is subtle struc-
turally, optimizing solely the FVIIIa-FIXa interface following proteolysis of FVIII
at Arg372.

It is important to note that all crystallographic structural studies of serine protease
so far, including FIXa and FXa have been carried out with active site-inhibited
constructs lacking the membrane-bounding Gla domain. Our FVIII cyo-EM studies
have been focused on the porcine BDD-FVIII construct that has been proven to
be more stable than the human analogue. At the same time porcine FVIII has been
successfully used for therapies for Hemophilia A, as it has been shown to form active
complexes with human FIXa (Lollar et al. 1993). Our working hypothesis for the
assembly of the tenase complex is that first the dimeric FVIII-FIXa complex is assem-
bled that requires significant reorganization of the FVIII domain upon membrane-
binding followed by dimerization (Dalm et al. 2015). The FVIII activation happens
for the membrane-bound FVIII form, restructuring the FVIIIa-FIXa interface to
increase singificantly FIXa proteolytic activity (Fig. 2.11).

Conclusions

The prothrombinase complex is the last step of the propagation phase of coagulation
impacting thrombin generation and the clotting process as shown in Fig. 2.4 and
Table 2.2. For that reason, most pharmaceutical interventions in the last 20 years
have been directed towards modulators of the FXa active site. Hence more than 100
crystal structure of FXa with different inhibitors exist in the protein structure data
bases (RSCB.org). A finer and refined modulation of the pro-coagulant pathways
can be achieved by targeting the co-factors and specifically the FVIIIa/FIXa and
the FVIII-FVIII dimer interface within the membrane-bound tenase complex. These
studies are however only in an initial stage. Several crystal structures of FVa exist that
are not publicly available except for the FVai (Adams et al. 2004), and a structure of a
soluble, not membrane-bound prothrombinase complex, has been resolved by X-ray
crystallography (Lechtenberg et al. 2013; Csencsits-Smith, Grushin and Stoilova-
McPhie 2015). The exact mechanism of the FVa-FXa interaction is not yet fully
characterized that makes it difficult to target with novel therapeutics. The situation
is more complex with the FIXa and tenase complex, as the FVIIIa form is highly
unstable and has not so far been structurally resolved with any of the existing direct
structural approaches: X-ray crystallography, cryo-EM and NMR. In our lab, we
conducted cryo-EM studies of FVIII bound to nanodiscs and tested our constructs
in hemophilic A mice followed by a proposal for nanodrugs based on our design
for treatment of Hemophilia A. Present achievement in both the nanotechnology
and Cryo-EM fields will soon lead to our full understanding of the FVIII and FV
membrane-bound complexes assembly and regulation.
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Fig. 2.11 Oral anticoagulant (non-Vitamin K Antagonist, NOAC) targeting the three
membranefigound complexes in the pro-coagulant pathways of the clotting process. So far
mainly the serine proteases and specifically FXa have been the target for modulation of the coag-
ulation process (Fig. 2.11). These new pharmaceutics, known as oral anticoagulant (po) or non-
vitamin K antagonists (NOAC) can inhibit a single protease, are sufficiently small to reach the
active site and their binding is reversible. The dosage and side effects of these oral coagulants
however, can be severe. Resolving the structural basis and mechanism of FVIII and FV co-factor
functions within the membrane-bound tenase and prothrombinase complexes will open avenues for
pharmaceuticals interventions at a new level of specificity and efficacy, providing efficient cures for
coagulation disorders (Hoffman and Monroe, 2017). In this chapter, we have focused on the FVIII
and the tenase (FVIII/FIXa) membrane bound complex assembly and macromolecular organiza-
tion. The protocols developed for these studies can be extended to the prothrombinase (FVa/FXa)
complex and the FVa and FVIIIa anti-coagulant membrane-bound complexes with APC. Resolving
the functional structure of the components of these complexes in a membrane environment and at
atomic resolution by cryo-EM will help elucidate their function. This will benefit not only drug
discovery, but will advance our scientific understanding of structure-function relarionship at the
membrane interface. It will open novel avenues for membrane-based nanotechnology designs that
can modulate protein activity though the assembly of intricate macromolecular complexes
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Chapter 3
An Overview of Dps: Dual Acting
Nanovehicles in Prokaryotes with DNA
Binding and Ferroxidation Properties

Sunanda Margrett Williams and Dipankar Chatterji

Abstract DNA binding proteins under starvation (Dps) are proteins belonging to
the ferritin family with the capacity for DNA binding, in addition to iron storage
and ferroxidation. Present only in the prokaryotes, these multifaceted proteins have
been assigned with a number of roles, from pathogenesis to nucleoid condensation
and protection. They have a significant role in protecting the cells from free radical
assaults, indirectly by sequestration of iron and by directly binding to the DNA. Due
to their symmetry, stability and biomineralization capacity, these proteins have ever
increasing potential applications in biotechnology and drug delivery. This chapter
tries to bring together all these aspects of Dps in the view of current understanding
and older perspectives by studies of our group as well as other experts in the field.

Keywords DNA binding proteins · Ferritin family · Iron oxidation · Atomic force
microscopy · Nanovehicles

Introduction

Dps (DNA-binding protein from starved cells) are homo-dodecamers belonging to
the ferritin family which can bind DNA, carry out ferroxidation and store iron.
These proteins are present only in members of eubacteria and archaea. In nature,
iron starvation and oxidative stress are two hurdles that bacteria must circumvent
to establish growth. To overcome the paradox of iron and oxidative stress, as free
iron contributes to further oxidative stress by its participation in the Fenton reaction
(Fenton 1894), iron is stored in a non-toxic form by Dps proteins.
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Dps also binds DNA in a sequence independent manner and brings about its
condensation. Thus, it is classed as a nucleoid associated protein (NAP) similar to
HU, IHF, H-NS etc. Dps seems to play a multi-faceted role in bacterial cells, as it
performs a number of diverse roles in various organisms. This section attempts to
give a general introduction from the discovery of Dps to a description of its role in
protecting cells under various stresses and its rapid degradation in the cells during
logarithmic growth phase through the N-end rule degradation pathway.

Discovery of DNA Binding Proteins Under Starvation (Dps)

The Kolter group (Almiron et al. 1992) while studying gene expression of starved
Escherichia coli cells discovered the over expression of a certain DNA binding
proteinwhose expression depended on a stationary phase specific transcription factor
σS. In negative staining electron microscopy, it had a double layered hexameric ring
like appearance and formed two dimensional arrays with DNA (Fig. 3.1a, b). Later a
homolog discovered in nitrogen starved Synechococcus sp. PCC7942 named DpsA
showed the presence of a carboxyl domain homologous to the C termini of bacte-
rioferritins (Pena and Bullerjahn 1995), giving first indications of its iron binding
property. Subsequently, a dodecameric ferritin-like protein isolated from the gram-
positive Listeria innocua able to sequester around 500 iron atoms and oxidise iron,
was shown to be a Dps-like protein (Bozzi et al. 1997).

More comprehensive information about the Dps structure which gave an experi-
mental basis for its functions, was obtained after the crystal structure of Dps from E.
coli was solved by Hogle, Kolter and colleagues. The X-ray crystal structure showed

Fig. 3.1 Negative stain electron microscopic analysis of a Dps protein, inset represents a higher
magnification showing ring-like structures and b Dps-DNA two dimensional crystalline arrays.
Images reproduced with permission from Genes & Dev. 1992, 6: 2646–2654
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Fig. 3.2 X-ray structure of E. coli Dps (PDB ID: 1dps) a Alpha helical monomer showing A, B,
C, D and BC helices; the right panel shows assembly as a dodecamer b Surface representation of a
dodecamer with the outer view (left) and a section showing the hollow interior (right)

Dps monomers to have a ferritin-like fold assembling into 12-mers with tetrahedral
(23) symmetry, enclosing a hollow core with pores at the three-folds (Grant et al.
1998) (Fig. 3.2a, b). The structure of another Dps homolog from L. innocua gave
the first direct evidence of a ferroxidase center indicating a structural basis of ferrox-
idase activity (Ilari et al. 2000). X-ray structures of more Dps homologs revealed
these features to be consistent within the family.

Iron Oxidation and Storage

Iron, one of the most abundant metals on earth, plays a vital role in the biology
of living organisms. It is a cofactor in many redox reactions and can be found in
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the active sites of a number of enzymes. Iron can act as an electron source and a
sink, and has a central role in various cellular processes like metabolism, respiration,
nucleotide synthesis, gene regulation etc. Iron starvation or a lack of this valuable
metal in the environment poses an adverse threat to existence.

Free iron can exist in two states, ferrous (Fe2+) and ferric (Fe3+) in organisms. The
ferrous state is soluble and readily assimilated in cells, but the ferric state is highly
insoluble and unavailable for physiological functions. But the more bioavailable
ferrous form has a tendency to oxidise to ferric thereby limiting its bioavailability
and also generating hydroxyl radicals in this process. H2O2, a product of oxidative
respiration reacts with ferrous iron to generate hydroxyl free radicals which are toxic
to cells, by a process called the Fenton reaction (Eq. 3.1) (Martinez and Kolter 1997).

Fe2+ + H2O2 → Fe3+ + OH• + OH− (3.1)

Thus, it is essential that iron is stored in a readily accessible but non-toxic form in
cells. Ferritin, a family of iron storage proteins are the primary iron storage compart-
ments in vertebrates, invertebrates, plants and microorganisms. They are structurally
adept at storing iron in their hollow protein shells in a state that is available and non-
deleterious. The ferritin family of proteins includes ferritins and other ferritin-like
proteins such as the haem containing bacterioferritins and Dps which can also bind
DNA (Andrews 2010).

Ferritins and other ferritin-like proteins have a hollow central cavity where iron
is oxidised and stored as ferric oxide. Based on their capacity to store iron, the
ferritin-like proteins can be also be widely categorised as the 24-meric maxiferritins
which include ferritins and bacterioferritins and 12-meric miniferritins which are the
Dps. The miniferritins or Dps have been recognised only in eubacteria and archaea,
unlike themaxiferritinswhich are present in bacteria, archaea and the eukaryotes. The
maxiferritins due to their bigger protein shells which consequently enclose a larger
cavity, can store >4000 iron atoms per protein. Miniferritins on the other hand can
store only around 500 iron atoms per dodecamer. Hydrogen peroxide is the preferred
reagent for iron oxidation in miniferritins, unlike maxi ferritins where dioxygen is
the major electron acceptor (Zhao et al. 2002).

In Dps, iron incorporation is a multi-step process of Fe (II) binding, Fe(II) oxida-
tion, nucleation and growth of the mineral core, in a reaction pathway similar to
classical ferritins (Zhao et al. 2002).

Fe(II) Binding (Phase 1)

24 Fe(II) binds at the 12 di-iron binding ferroxidation sites in the protein

2Fe2+ pz → [
Fe(II)2 − P

]Z+2
FS + 2H+ (3.2)
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where [Fe(II)2–P]Z+2FS represents a di-Fe(II)-protein complex at each of the 12 puta-
tive ferroxidase sites. For more information about the ferroxidase centre and di-iron
binding sites see section Conserved ferroxidase active site, below.

Fe(II) Oxidation (Phase 2)

Two di-nuclear ferroxidase sites bring about the rapid pairwise oxidisation of two
Fe (II) by one molecule of H2O2. Thus, two Fe (II) are oxidised per H2O2 reduced,
preventing the generation of hydroxyl radicals through Fenton chemistry (Eq. 3.1).

[
FE(II)2 − P

]Z+2
FS + H2O2 + H2O → [

Fe(III)2O2(OH) − P
]Z−1
FS + 3H+ (3.3)

Nucleation and Growth of Mineral Core (Phase 3)

A ferric core of approximately 500 Fe(III) is formed inside the Dps protein shell,
according to the mineralisation equation with a 2 Fe(II)/H2O2 stoichiometry:

2Fe2+ + H2O2 + 2H2O → 2Fe(III)OOH(core) + 4H+ (3.4)

A visual schematic of the ferroxidation pathway is represented in Fig. 3.14. In
Dps, ferroxidation can also take place with O2 as an oxidant, but the reaction happens
at a much slower rate.

DNA Protection by Direct and Indirect Modes

DNA is often called the blueprint of life. It is in the interest of cell survival to devise
highly efficient DNA protection mechanisms to offset the lethal effects caused by
DNA lesions. But during conditions of nutrient depletion the cell cannot afford
to repair DNA through energy extravagant DNA defence pathways. In starved E.
coli cells for example, Dps accumulates to very large amounts and forms the major
component of chromatin in late stationary phase bacteria (Martinez andKolter 1997).
Dps binds DNA and compacts it during stress, thereby exposing fewer unprotected
regions to reactive agents. Oxidation of Fe(II) to Fe(III) prevents the ferrous form
from participating in Fenton reaction (Eq. 3.1) quenching further production of free
radicals deleterious to DNA. The ferroxidation activity also results in the reduction
of toxic peroxides by utilization of H2O2 as an oxidant. Dps also has a role in the
regulation of the expression of certain proteins under conditions of stress.
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A bimodal protection of DNA by Dps was seen in homolog fromMycobacterium
smegmatis, MsDps1 (Gupta and Chatterji 2003). This homolog has two oligomeric
forms, dimer and dodecamer. The dimeric form has properties of ferroxidation only,
whereas the dodecamer could store iron, carry out ferroxidation and bind DNA.
The dimer could still protect DNA against the assault of free radicals, as it has intact
ferroxidase sites and thus can carry out ferroxidation. In the earlier publication (Gupta
and Chatterji 2003) the lower oligomer was identified as a trimer, whereas recently
through mass spectrometry it has been correctly assigned as a dimer (Williams et al.
2017).

The DNA binding property and protection can be assessed by simple biochemical
assays, which monitor DNA retardation or degradation in the presence and absence
of Dps proteins. DNA retardation of pUC19 plasmid by Dps1 from M. smegmatis
can be visualised on an agarose gel (Fig. 3.3a). Protection of DNA can be observed
by treating DNAwith H2O2, where the DNAwith bound Dps is shielded (Fig. 3.3b).
DNA protection from DNaseI digestion is also accorded by Dps (Fig. 3.3c), which
prevents access to DNA by these degrading enzymes (Gupta and Chatterji 2003).

Thus, Dps renders protection by directly binding to DNA and also indirectly by
preventing the generation of toxic free radicals through its ferroxidation property. A
more detailed description of themechanisms involved inDNAbinding and protection
are discussed below.

1 2 1 2 3 1 2 3

a b c

Fig. 3.3 Gel based assays for DNA protection by M.smegmatis Dps a Gel retardation of DNA by
Dps. Free pUC19 DNA (lane 1) and Dps-DNA complex shows retardation of DNA in the well (lane
2). b DNA protection from peroxide damage. pUC19 DNA (lane 1) pUC19 DNA treated initially
with 50 μM FeSO4 followed by 5 mM H2O2 for 5 min degrades the DNA completely (lane 2)
and Dps-DNA complex treated with 50 μM FeSO4 followed by 5 mM H2O2 for 5 min where the
DNA is protected (lane3). c DNA protection from DNaseI digestion. pUC19 DNA (lane 1) DNaseI
treated pUC19 DNA (lane 2) Dps-DNA complex protected from DNaseI digestion (lane3). Images
reproduced from J. Biol. Chem. 2003, 278: 5235–5241
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Dps Across the Prokaryota

The role of Dps in bacterial cells can differ widely, while retaining some of its classic
properties, like DNA binding and iron storage. E. coli Dps is one of the best studied
Dps homolog and exhibits most of the typical properties of Dps family proteins. E.
coli Dps is additionally known to protect the cells from UV and gamma radiations,
iron/copper toxicity, thermal stress, acid and base shock in addition to oxidative
stress (Nair and Finkel 2004). To better appreciate the numerous homologs of Dps in
bacteria and their varied roles, we have summarised some of the better studied Dps
proteins in prokaryotes.

Dps homologs like the L. innocua Dps do not bind DNA but can protect it against
the deleterious combination of Fe2+ and H2O2 as evidenced by DNA cleavage assays
(Su et al. 2005). The plant pathogen, Agrobacterium tumifaciens has a Dps with
a truncated N-terminus which is fixed on the protein surface and not available for
DNA binding, unlike the long and flexible N-terminus of E. coliDps which has DNA
binding property. In A. tumifaciens, Dps acts in concert with catalase A to counteract
toxic peroxides that are major components of plant defense systems against invading
bacteria (Ceci et al. 2003).

The Streptococcus mutans Dps homolog named Dpr (Dps-like peroxide resis-
tance) confers peroxide resistance, helping the bacteria to survive in aerobic condi-
tions. This organism is a principal causative agent of dental caries and lacks a respi-
ratory chain and the enzyme catalase responsible for H2O2 elimination (Yamamoto
et al. 2002). Similarly, S. pyogenes does not produce catalase, but can grow in
aerobic conditions due to the presence of Dpr. Both these streptococcal Dpr proteins
do not bind DNA, but provide protection from H2O2 stress through nullifying the
Fenton reaction and sequestration and oxidation of iron (Tsou et al. 2008). The swine
pathogen S. suis Dpr also protects DNA from hydrogen peroxide stress by removing
free Fe2+ from the cytosol, without any apparent DNA binding ability (Kauko et al.
2006). Bacillus anthracisBaDps1 and BaDps2 acts as a pair to carry out iron seques-
tration and H2O2 depletion respectively, without binding to DNA (Schwartz et al.
2010). B. cereus has three Dps homologs Dps1, Dps2 and Dps3 of which only the
latter shows DNA binding property (Shu et al. 2013).

TheDps-1 fromDeinococcus radiodurans an organism best known for its unusual
resistance to ionising radiations, fails to protect DNA fromhydroxyl radicalmediated
cleavage, due to continuous release of stored iron from the protein, although it can
bind DNA. This release of iron from the protein core was attributed to the presence
of a distinct iron-exit channel. The other Dps homolog in the same organism, Dps-2,
has a signal peptide which directs it to the perimeter of D. radiodurans cells. Dps-2
showsweak affinity to DNAbut displays robust iron storage and ferroxidation. These
distinct functional properties and localisation suggests that Dps-1 may participate as
a NAP, whereas Dps-2 protects against exogenous reactive oxygen species (ROS)
due to its location in the perimeter (Reon et al. 2012).

Lactococcus lactis DpsA and DpsB form Dps:DNA complexes which appear as
non-crystalline aggregates in electron micrographs, instead of the ordered crystalline
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arrays seen in Dps: DNA complexes of E. coli and other homologs. The disordered
N-terminus in E. coli andM. smegmatis is required for formation of crystalline array
with Dps. The N-terminal region of L. lactis on the other hand has an ordered helical
conformation.Also,L. lactisDpswas unable to sequester iron due to a preponderance
of positively charged residues near the iron entry pores, which occludes iron due to
charge repulsion (Stillman et al. 2005). The non-pathogenic mycobacterial species
M. smegmatis has two Dps homologs, MsDps1 and MsDps2. These are differently
regulated in the cells, where MsDps1 is expressed in the stationary phase and is
controlled by the extra cellular sigma factors sigF and sigH, whereas MsDps2 is
constitutively expressed by RNA polymerase under the control of sigma factors
sigA and sigB (Chowdhury et al. 2007). Streptomyces coelicolor, a soil dwelling
gram positive bacterium, has three Dps homologs, DpsA, DpsB and DpsC out of
which DpsA is over-expressed during osmotics shock and DpsC is a tailless protein
that does not oligomerise (Facey et al. 2009).

The Dps from Helicobacter pylori is a neutrophil activating protein HP-NAP,
and drives inflammation in allergic bronchial asthma in humans and mice (Kottakis
et al. 2008). HP-NAP of H. pylori does not bind DNA, but addition of Fe2+ was
shown to promote DNAbinding.Borrelia burgdorferiDpsNapA, is also a neutrophil
activating protein and elicits host immune response (Li et al. 2007). Microbac-
terium arborescens Dps termed AAH (acyl amino acid hydrolase) displays addi-
tional catalytic activities such as amide hydrolysis and synthesis (Pesek et al. 2011).
Porphyromonas gingivalis Dps, PgDps binds heme through its conserved cysteine
residue and confers resistance to heme toxicity (Gao et al. 2012). Campylobacter
jejuni Dps has a role in biofilm formation and cecal colonization in poultry, in addi-
tion to protecting DNA in the acidic conditions of the host digestive tract and inside
phagolysosomes (Theoret et al. 2012).

The role of Dps in extremophiles like D. radiodurans, which survive high
ionising radiation has been mentioned above. In thermophiles like Streptococcus
thermophilus, Dps functions as a cold shock protein (Nicodeme et al. 2004). An
archaeal Dps protein DpsA from the halophilic marine archaea Halobacterium
salinarum, renders protection for aerobic survival (Zeth et al. 2004). The Dps
from Sulfolobus solfataricus a thermophilic archaeon, has an active site similar to
manganese catalases, which can bindMn2+ in addition to Fe2+ (Hayden andHendrich
2010).

In pathogenic bacteria, Dps helps the cells to evade host defense pathways. In
Candidatus Legionella jeonii, DpsX protects the cells fromoxidative stress generated
by the phagocytic activities of the host (Park et al. 2006). InLegionella pneumophilia,
DpsL is upregulated during iron starvation and helps the pathogen to circumvent iron
limiting conditions (Yu et al. 2009).Bacteriodes fragilis, an opportunistic pathogen of
theGI tract causes infectionwhen the organismescapes the anaerobic colon to aerobic
sites like the peritoneum with high O2 concentrations. Here, resistance to oxidative
stress is important and is involved in the initiation and persistence of infection. One
of the proteins involved in detoxification of oxygen radicals is Dps and signifies its
role in oxidative stress response of aerobic and facultative organisms (Rocha et al.
2003). Dps in Helicobacter hepaticus, a bacterium associated with chronic hepatitis
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and hepatocellular carcinoma in mice, plays an important role in protecting DNA
from oxidative damage (Hong et al. 2006). In Salmonella enterica, Dps helps to resist
iron dependent killing by hydrogen peroxide and promotes virulence and survival
of the organism in macrophages (Pacello et al. 2008). MrgA, a Dps homolog in
Staphylococcus aureus, also resists phagocytic killing by macrophages (Gaupp et al.
2012).

The cyanobacterium Nostoc punctiforme features five Dps proteins, NpDps 1–5,
each having distinct physiological differences and cell-specific expression (Howe
et al. 2018). In photosynthetic cyanobacteria like Synechococcus sp strain 7942, Dps
localizes preferentially to the cytosolic side of thylakoids to provide iron to iron-rich
photosystem I (Durham and Bullerjahn 2002). Anabena sp. PCC 7120 has two Dps
homologs, which plays a role in alleviating oxidative stress due to environmental
changes like temperature and light in addition to its usual function of iron storage
andoxidation (Narayan et al. 2010).Thermosynechococcus elongatusDpshomologs,
Dps-Te and DpsA-Te, inhibits Fenton mediated damage and this is of special signif-
icance in the protection of DNA and photosystems I and II from hydrogen peroxide
mediated oxidative damage, as it lacks the catalase gene (Franceschini et al. 2006). In
the N2 fixing cyanobacterium Trichodesmium erythraeum, Dpstery protects the cells
from oxidative damage (Castruita et al. 2006).

N-end Rule Degradation

Wehave seen that Dps is an importantmultifunctional protein in bacteria which accu-
mulates to a variety of stresses in the cells, such as nutrient and oxidative stress. Dps is
typically over expressed during the stationary phase of the cells and rapidly degraded
during logarithmic phase by ClpX/ClpP (Stephani et al. 2003) and ClpS/ClpA/ClpP
proteases (Schmidt et al. 2009). The N-terminus of Dps has ClpX and ClpS recogni-
tion motifs which promotes degradation by ClpP and ClpA/ClpP proteases, respec-
tively. In E. coli Dps, ClpX recognition motif is the N terminus without the first
methionine residue i.e. Dps2-167, is degraded by ClpXP proteolysis. ClpS targets
the N-terminally truncated Dps variant with the first five residues missing, Dps6-167
harbouring the destabilizing Leu6 at the N-terminus.

The N-terminus of Dps in E.coli not only serves as a protease recognition motif,
but is also important for DNA binding (Ceci et al. 2004). It is proposed that the N-
terminal tail of Dps is sequestered during stationary phase when it binds to DNA and
this could protect it from degradation. Generation of Dps2-167 or Dps6-167 through
degradation of unprotected N- termini could initiate the disassembly of Dps-DNA
complexes and proteolysis of Dps when the cells enter exponential phase (Schmidt
et al. 2009). Thus, Dps is a substrate for the N-end rule degradation pathway, where
the half-life of a protein is determined by the nature of its N-terminal residue.
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Non-specific DNA Binding Property

DNA binding proteins found in cells have various interacting modes with DNA and
can be broadly classified as sequence specific and non-sequence specific interactions.
Sequence specific DNA protein interactions involve special structural motifs on a
protein which is recognised by a consensus sequence on the DNA, e.g. restriction
endonucleases recognising palindromic sequences on DNA. On the other hand, non-
specific DNA protein interactions predominantly involve ionic interactions with the
sugar phosphate backboneofDNA.Someof these non-specificDNAbindingproteins
gives rise to large supramolecular structures with their association with DNA, e.g.
as seen in the case of genome organization by histones in eukaryotes. Also, binding
of multiple proteins to long DNA strands allows condensation and makes DNA
inaccessible to other environmental factors, giving physical protection (Ganguly
et al. 2012).

Studies have shown that when Dps interacts with DNA, highly stable crystals
are formed within which DNA is sequestered and protected against various condi-
tions of stress. This has been shown under in vitro and in vivo conditions (Wolf
et al. 1999). DNA-Dps co-crystallization presents a binding mode that provides wide
range protection by non-specific DNA sequestration. Although the crystalline state is
incompatiblewith life, sequestration of important biologicalmacromolecules in crys-
talline assemblies may provide adequate protection under conditions of stress. Such
ordered Dps-DNA co-crystals have a condensed organisation, which also dramati-
cally enhances the stability of DNA and can endure prolonged starvation and other
adverse conditions (Frenkiel-Krispin et al. 2001).

This section explores the mechanism of non-sequence specific DNA binding
property of Dps, which has been studied by Atomic force microscopy, X-ray
crystallography and more recently Cryo electron microscopy.

Studies on Dps Deletion Mutants

Dps does not have any known DNA binding motifs. In this scenario, initial studies
on Dps-DNA binding were carried out by looking at how deletions affect binding to
DNA. In E. coli, to establish the effect of the electrostatic interactions between the
positively charged residues on the surface of the N-terminus and negatively charged
DNA, systematic deletions of the lysines at theN-terminuswere carried out. Dpswith
a deletion of two lysines at the N-terminus was able to bind DNA but could not carry
out DNA condensation, whereas a deletion of all the three lysines rendered it not able
to bind DNA. The property of Dps to self-aggregate was implicated in its ability to
condense DNA by protein–protein aggregation (Ceci et al. 2004) (Fig. 3.4). A long
flexible N-terminus (Fig. 3.5a) with charged residues like lysines and arginines are
seen in a number of Dps homologs, pointing to similar mechanisms of DNA binding.
This was demonstrated by Dps homologs in D. radiodurans, where deletion of the
N-terminus abrogated DNA binding (Bhattacharyya and Grove 2007).
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Fig. 3.4 DNA condensation
through E. coli Dps
self-aggregation a Model
proposed by Ceci et al. for
DNA condensation. Dps is
represented as blue circles.
The binding of Dps to DNA
is promoted by lysines at the
N terminus of Dps. b AFM
images of Dps-DNA
complexes. Upper panel
shows top view and lower
panel shows the
corresponding lateral 3D
views. Scale bar is 100 nm.
Figure adapted with
permission from Nucleic
Acids Res. 2004. 32(19):
5935–5944
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Fig. 3.5 DNA binding regions of Dps homologs from different species. a E. coli Dps dodecamer
(PDB ID: 1DPS)withDNAbinding flexibleN-terminal residues 9–21 represented in green, residues
1–8 are missing in the crystal structure due to flexibility. b M. smegmatis Dps1 dodecamer (PDB
ID: 1VEI) with the interlocking N-termini (magenta) and C-termini (blue). c L. lactis Dps (PDB
ID: 1ZUJ) dodecamer has a helical ordered N-terminus (cyan). d A. tumifaciens Dps dodecamer
(PDB ID: 1O9R) N-terminal region in red is immobilized on the protein surface and unable to bind
DNA

A variation is theM. smegmatisDps protein MsDps1 which seemed to bind DNA
through a mobile and positively charged C-terminus with 3 lysines and 2 arginines,
and a deletion of the 16 C-terminal residues resulted in a loss of DNA binding
activity (Roy et al. 2007). Deletion of the entire C-terminal tail resulted in an open
decamer assembly, indicating that the C-terminal tail has a role in DNA binding and
oligomerisation (Fig. 3.5b). An ordered alpha helical N-teminus in L. lactis Dps can
condense only long stretches of DNA > 4000 bp. The exact mechanism for this is
unclear, but the authors proposed that the decreased flexibility of the N-terminus due
to its helical conformation could have a role in the size limitation of DNA binding
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(Stillman et al. 2005) (Fig. 3.5c). The H. plylori Dps, HP-NAP has a positively
charged protein surface at neutral pH and binds DNA through the protonated amino
acids on the protein surface (Chiancone and Ceci 2010; Ceci et al. 2007). Dps from
T. erythraeum lacking a positively charged N-terminus and a truncated C-terminus,
could use a mechanism similar to HP-NAP to bind DNA (Castruita et al. 2006).

Some homologs of Dps like the L. innocua Dps, B. anthracis Dlp-1 and Dlp-2,
C. jejuni etc are characterised by a short N-terminus and are unable to interact with
DNA (Bozzi et al. 1997; Papinutto et al. 2002; Ishikawa et al. 2003). A. tumifaciens
Dps N-terminal region is immobilized on the protein surface and is not accessible for
DNAbinding (Fig. 3.5d) (Ceci et al. 2003). Also, pH and salt compositions are shown
to have an influence in the ability of Dps to bind and/or condense DNA in vitro, so
these factors have to be taken into consideration for comparison of studies across
different Dps homologs.

Higher Order Dps-DNA Assemblies Visualised Through
Atomic Force Microscopy

Dps condenses DNA by self-association giving rise to large Dps-DNA aggregates
which do not enter agarose gels. This was first demonstrated in E. coli, where Dps
binds DNA through its charged lysine residues. Further through self-aggregation it
brings about the looping and condensation of DNA (Fig. 3.4). The interaction to
DNA is directed towards condensation only at pH values where the lysine residues
are fully protonated. But H. pylori Dps HP-NAP uses a different mechanism, as it
is not able to self-aggregate, but can bind and condense DNA at slightly acidic pH
values where the histidines which mediates DNA binding are protonated (Ceci et al.
2007).

The Dps from M. smegmatis MsDps1 when overexpressed in cells, promoted a
toroidal structure of Dps-DNA. Whereas, with the overexpression of the second M.
smegmatis Dps MsDps2 a coral reef structure was formed (Fig. 3.6a) (Ghatak et al.
2011).D. radiodurans Dps2-DNA interaction was shown to form toroidal structures
withDNA, similar to the arrangement inMsDps1 (Fig. 3.6b) (Santos et al. 2015). The
higher-order assemblies of Dps-DNA shown by AFM and EM are a result of DNA
condensation or co-crystallization. Thus, looping and condensation of DNA is seen
whenDps is added to linear or circular stretches ofDNA.Toroids, coral reef structures
and co-crystals are formedwithin bacterial nucleoids under very late stationary phase
or when the protein is overexpressed in cells. Additionally, co-crystals with DNA
have been shown to form under in vitro conditions.

It was shown that the effect of Dps on the nucleoid state can vary depending on
different stages of growth or on the species of bacteria. The overexpression of Dps
in E. coli in the log phase induces neither nucleoid condensation nor DNA-Dps co-
crystallisation, whereas in the stationary phase it results in nucleoid condensation.
On the other hand, the S. aureus Dps homolog mrgA (Morikawa et al. 2006) causes
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Fig. 3.6 Higher order Dps-DNA assemblies visualised by Atomic Force Microscopy. a The lysate
ofM. smegmatismc2155 overexpressing Dps1 at late stationary phase, shows toroidal assemblies of
Dps-nucleoid with a diameter of 70–100 nm (left panel). Late stationary phase cell lysate of mc2155
overexpressing Dps2 shows coral reef structures with nucleoid (right panel). (Images reproduced
from PLOSONE. 2011. 6(1): e16019) bD. radioduransDps1-DNA complex at pH 6.5 shows DNA
condensation (left panel) and DrDps2-DNA toroidal assemblies at pH 6.5 (right panel). Color scale
represents the height of D. radiodurans Dps-DNA complex. Images reproduced with permission
from FEBS J, 282: 4307–4327

nucleoid condensation in both log and stationary phases on over-expression in cells.
This was due to the action of Fis, a bacterial nucleoid associated protein abundant
in the log phase which inhibits nucleoid condensation by Dps during this stage of
growth. Also, Fis is present in gamma Proteobacteria which includes E. coli but not
S. aureus, which explains why there is no regulation of DNA condensation in the
log phase when Dps is overexpressed in the latter organism. Thus, the organisation
of Dps into higher order assemblies with DNA is species-specific and also is an
interplay of Dps and other nucleoid binding proteins in cells during different stages
of growth.
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DNA-Dps Biocrystals

Living systems when exposed to severe environmental stresses, may sequester vital
macromolecules in intracellular crystalline assemblies for efficient protection. Under
these conditions often defense strategies based on enzyme catalysis can no longer
work efficiently due to energy restrictions, so DNA protection is often achieved
through physical transactions like phase separation and phase transitions (Wolf et al.
1999). A defense strategy involving co-crystallization of DNA andDpswas observed
under in vitro and in vivo conditions in E. coli byWolf and colleagues. They showed
that purified Dps and DNA interact and almost instantaneously form stable crystals
(Fig. 3.7a) within which DNA is sequestered and protected from possible environ-
mental assaults. Similar crystalline structures are also formed in vivo in cells where
Dps is overexpressed or in wild-type bacteria under starvation conditions (Fig. 3.7b).

Recently, two different types of Dps-DNA co-crystals were observed by cryo-
electron tomography (Kamyshinsky et al. 2019). Subtomogram averaging of first
type of co-crystals revealed a triclinic crystal lattice (Fig. 3.8a). The second type of
co-crystals adopted a cubic crystal lattice (Fig. 3.8b), where each Dps is surrounded
by six DNA strands, unlike in triclinic co-crystals where each Dps is surrounded
by four DNA molecules. But the exact nature of Dps-DNA interactions could not
be revealed in the low-resolution reconstructions and future single particle cryo-EM
studies on individual DNA-Dps complexes or 2D crystals may achieve this.

Modes of DNA Protection and Regulation

The multifarious protection of DNA by Dps is by virtue of three intrinsic properties
of the protein: DNA binding, iron sequestration and ferroxidation. Moreover, Dps is
proposed to have roles in gene regulation during starvation, by controlling expression
at the transcriptional level. This section explores these claims in the light of recent
findings, as well as summarising already existing knowledge of DNA protection
mechanisms.

Protecting DNA From Damage

Dps prevents DNA damage by direct physical sequestration and indirectly through
its ferroxidation activity. These biochemically separate activities function jointly to
preserve DNA integrity (Fig. 3.9) (Calhoun and Kwon 2011). Through its DNA
binding ability, Dps was shown to confer protection from UV and gamma radia-
tion damage, which induces potentially harmful mutations in DNA (Nair and Finkel
2004). Another instance of Dps endowing resistance to cells enduring acidic condi-
tions is through acid tolerance in E. coli which helps the bacterial passage through
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Fig. 3.7 Electron microscopy images of Dps-DNA co-crystals a Dps incubated for 15 s with closed
circular DNA in vitro (left panel), scale bar 100 nm and its higher magnification, scale bar 40 nm
(right panel). b Crystalline assemblies of Dps-DNA in a starved WT E. coli cell indicated by black
arrows (left panel) and dps knockout cell (right panel), scale bars are 100 nm. Images reproduced
with permission from Nature 1999. 400: 83–85

gastric barrier of humans. It was shown that acid stress led to damage of chromo-
somal DNA, accentuated in dps mutants (Jeong et al. 2008), showing a role for Dps
in shielding DNA against acid stress. One of the earliest mechanisms which explains
Dps protection of DNA against H2O2 mediated oxidative stress was found to be by
direct binding of Dps to DNA, reproduced in in vitro systems (Martinez and Kolter
1997). Dps null mutants were also more sensitive to some types of metal toxicity,
such as toxicity from copper and iron during stationary phase. Temperature depen-
dent adaptation was also seen to a less extent in these mutants as compared to WT
cells, during thermal stress (Nair and Finkel 2004). Dps expression is also upregu-
lated by the OxyR transcriptional regulator, in response to oxidative stress (Altuvia
et al. 1994).
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Fig. 3.8 Dps-DNA co-crystals a CryoTEM images of Dps-DNA co-crystals, red arrows indicate
ones with a triclinic crystal lattice and the red inset is a high magnification of the same. Blue arrows
indicate co-crystals with a cubic crystal lattice, a higher magnification is shown in the inset with
blue outline. Scale bars are 200 nm and inset 20 nm. b 3-D reconstructions based on subtomogram
averaging of cubic Dps-DNA co-crystals, in two different views. DNA is in orange and Dps are
blue spheres with unit cell shown in green (left). Corresponding models of Dps and DNA fitted in
the EM densities are shown in the right panel. Images reproduced from Biomolecules. 2020.10: 39
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Fig. 3.9 Oxidation of Fe(II) occurs via Fenton reaction releasing hydroxyl free radicals, which
causes cell damage (top panel). Oxidation of Fe(II) happening inside the Dps shell at ferroxidation
sites proceeds without production of free radicals thereby protecting cells from oxidative damage
(bottom panel). Figure adapted with permission from Journal of Applied Microbiology. 2010. 110:
375–386

Dps can also protect the genome from a distance using DNA charge transport
through the DNA base pair π-stack. This was demonstrated in E. coli Dps, where an
intercalating ruthenium photooxidant was used to generate localised DNA damage
to guanine repeats, which are the sites of lowest oxidation potential in DNA. When
iron loaded Dps was titrated against this modified DNA as opposed to apo-Dps, it
significantly reduced oxidative damage of DNA. The authors propose that the iron
loaded Dps is oxidised by DNA mediated oxidation through charge transport, as
there was no direct contact between the ruthenium photooxidant and Dps (Fig. 3.10)
(Arnold and Barton 2013). Thus through DNA charge transport, Dps could respond
to an oxidative affront happening around a 100 base-pairs away.

Conserved aromatic residues like tyrosine and tryptophan near the ferroxidase site,
can act as electron transfer intermediaries, allowing for rapid transfer of electrons
between the ferroxidase centre and outside of the protein shell. In L. innocua Dps,
a double mutant lacking both the aromatic residues near the ferroxidase site showed
attenuation of DNA protection and the DNA was degraded by hydroxyl radicals
generated through ferrous oxidation by H2O2. DNA protection assays indicated that
the presence of aromatic residues limited the release of hydroxyl radicals into the
solution and subsequent oxidative damage of DNA. Thus the aromatic amino acids
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Fig. 3.10 Schematic of DNA protection through charge transport. Steps: 1. A DNA intercalated
ruthenium(II) photooxidant is excited by visible light. 2. Ru(II) is oxidatively quenched to Ru(III)
by a diffusing quencher (Q). 3. Ru(III) abstracts an electron from DNA and the electron hole
equilibrates along the π-stack and localizes to the most easily oxidised base like guanine (G•).
4. DNA charge transport from Dps to guanine radical to fill the electron hole is a possible long
distance protection mechanism. Lower panel shows the structure of Ru(II) covalently tethered
to DNA via diaminononane linkage. Figure reproduced with permission from J Am Chem Soc.
2013.135(42):15,726–15,729

near the ferroxidase centre could act as a trap for electron holes generated byoxidation
of ferrous iron by H2O2 (Bellapadrona et al. 2010). Also, these residues could play
a role in DNA mediated oxidation of Dps through charge transport. These findings
further highlight the interplay of ferroxidation and DNA binding property for DNA
protection.

Nucleoid Condensation in Response to Stress

The genome in bacteria is folded into a compact structure called the nucleoid. In order
to reduce the volume to fit inside a cell, nucleoid associated proteins or NAPs bind
and condense DNA by bridging, bending or wrapping (Fig. 3.11a–f). In addition,
other factors like molecular crowding and DNA supercoiling contribute to further
compaction of DNA. DNA bending NAPs like IHF, HU and Fis act together with
DNA bridging proteins like H-NS or Lrp, with expression varying according to the
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DNA wrapping by LrpDNA bridging by H-NS

DNA bending by IHF

DNA coating by HU

DNA looping by Fis  DNA-Dps co-crystals

Fig. 3.11 Architectural roles of common nucleoid associated proteins. Images on the left show
microscopy images of DNA with the respective NAP, and the cartoon representation is shown on
the right. Images reproduced with permission from J. Struct. Biol. 2006. 156: 262–272 and Genes
& Dev. 1992. 6: 2646–2654

growth phases of the cells. Fis has optimal expression during exponential phase (1
Fis/460 bp), after which HU is expressed (1 HU/550 bp). In early stationary phase
IHF reaches its expression peak (1 IHF/335 bp). Dps is the most abundant protein in
late stationary phase (1 Dps dodecamer/300 bp) (Luijsterburg et al. 2006).

During fast exponential phase of growth with high transcriptional activity, the
nucleoid is associated with clustered transcriptional foci. In stringent response where
inhibition of transcription happens, the nucleoid decondenses to form an elongated
structure. In early and stationary phase ring-shaped toroids containing DNA and Dps
and eventually the Dps-DNA crystalline lattice appears (Fig. 3.12), where the DNA
is transcriptionally inactive (Travers and Muskhelishvili 2005). To summarise the
changes in the expression of NAPs, in the exponential growth phase Fis is the most
abundant protein with the following order of abundance: Fis > Hfq > HU > StpA
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Fig. 3.12 Alterations in the nucleoid organisation as a function of growth phase in a bacterial
cell. Figure reproduced with permission from Current Opinion in Genetics & Development. 2005.
15:507–514

> H-NS > CbpB > Dps. In early stationary phase, Fis disappears and the order of
abundance changes to: Dps > IHF > Hfq > HU > CbpA > StpA (Ali Azam et al.
1999).

Role in Transcription Regulation

The above sections have described the mechanisms by which multifaceted Dps
proteins protect cells against stresses throughDNAbinding, iron binding and seques-
tration and ferroxidation. Another possible mode of protection is by the regulation
of gene expression by modulating the structure of DNA thereby controlling access
to the transcription machinery. Two dimensional gel electrophoresis of cell lysates
from WT and dps null mutant shows differential expression of proteins (Almiron
et al. 1992). The compacted Dps-DNA structures, along with differences in protein
expression patterns suggested a role for Dps as a pleiotropic regulator of transcription
when cells enter the stationary phase.

But, a recent study has shown that dps deletion causes no significant change in
the gobal transcriptional patterns and only mild alterations in the proteome, in vivo
during the stationary phase. Dps had no effect on RNApolymerase (RNAP) initiation
at physiologically relevant concentrations. Single molecule transcription assays used
in vitro to probe effects of Dps-mediated DNA compaction revealed that Dps binding
did not induce RNAP pausing or arrest transcriptional elongation of DNA (Janissen
et al. 2018). These findings suggest thatDps is aDNAbinding protein that completely
decouples DNA condensation from transcriptional regulation, in contrast to histones
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a b

Fig. 3.13 Model of DNA Protection by Dps a Under normal conditions in cells, E. coli Dps binds
DNA but is unable to condense the nucleoid. b Under conditions of stress, Dps condenses most
sections of the nucleoid, creating phase-separated organelles, which is accessible to RNA poly-
merase but inaccessible to other nucleoid binding proteins. Figure reproduced with permission
from Cell. 2018. 174(5):1188–1199

and other bacterial NAPs like HU and H-NS. This could provide bacteria greater
freedom to tailor transcriptional responses to different stresses at the same time as
protecting the genome from damage.

Dps shows co-operativity in binding to DNA (Ganguly et al. 2012) and this
requires multiple nearest neighbour interactions between Dps dodecamers to stabi-
lize the relatively weak interactions with DNA. Thus, Dps has a cumulative affinity
for DNA, despite having low affinity for individual contacts on DNA (Vtyurina et al.
2016). Therefore, proteins such as RNAP which establishes stable interactions with
DNA could displace Dps. But it does not explain how some others like the restriction
enzymes with high affinity for DNA could be excluded from acting on Dps-DNA
complexes. The dynamic behaviour of Dps-DNA binding could indicate that it forms
a phase-separated organellewithDNA, permeable toRNAP. These evidences suggest
that the ability of Dps to protect cells during stress is a direct effect of DNA binding
rather than activation or repression of specific genes. This dynamic nature of Dps
assembly on DNA also ensures that transcription can continue even under extreme
conditions of stress (Fig. 3.13) (Janissen et al. 2018).

Ferroxidation Properties

Iron plays a vital role in the processes of living organisms and the acquisition and
storage of metal in a non-toxic and bioavailable form is a primary requirement for
cells. Iron starvation is one of the major obstacles for successfully establishing
growth. Proteins of the ferritin family, like ferritins, bacterioferritins and Dps are
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the major iron storage entities in cells, with Dps found only in prokaryotes. Dps are
dodecameric nano-compartments having roughly spherical structures with a hollow
core for storing iron. Twelve identical monomers assemble through a 23 symmetry to
form 12-mers, and are frequently referred to as miniferritins, smaller in size than the
24-meric ferritins. They can store ~500 iron atoms per dodecamer and can oxidise
iron to its inert ferric form (Bozzi et al. 1997). Studies that examine the mechanism
of iron uptake, ferroxidation and release in response to the needs of cells, has been
carried out through mutational and structural analyses. This section summarises the
molecular mechanisms of how Dps processes iron. Being iron storehouses in cells,
Dps proteins share considerable structural similarity to ferritins. An evolutionary
link to ferritins in the light of recent studies showing a structural basis of a switch
between Dps and ferritins is also discussed.

Iron Uptake and Release

To better understand howDps sequesters iron, it is necessary to examine the structure
of these dodecamers. Each monomer is an alpha helical bundle, with four helices
named A–D, and a short BC helix in between B and C helices (Fig. 3.2a). These
monomers have a tendency to form dimers, which are thought to be the first interme-
diate of oligomerisation. The ferroxidase center is placed in the dimeric interface in
between two subunits. Due to its symmetrical arrangement, Dps exhibits two type of
three-fold interfaces, namely the ferritin-like three-fold and the dps-like three-fold
interfaces. The ferritin-like three-fold interface is important in the channelling of
iron into the protein, whereas the dps-like interface is responsible for the protein
folding into a dodecamer. A model for iron incorporation can be described in three
steps: (1) Fe(II) atoms enter the protein cavity through the four ferritin-like three
fold interfaces of the dodecamer. (2) Fe(II) atoms are oxidised at the ferroxidase
centre. (3) Oxidised Fe(III) atoms move towards nucleation sites in the interior of
the cavity. (4) Fe(III) mineral core is formed, with the possibility of further incoming
Fe(II) atoms getting oxidised on the surface of this growing mineral core (Fig. 3.14)
(Pulliainen et al. 2005).

Like ferritins, Dps has a roughly spherical structure with a hollow core and pores
at the ferritin-like interface, making them highly suited for iron sequestration and
storage. The ferritin-like interface in Dps forms a funnel-shaped channel with a
wide mouth facing the solvent side and which narrows towards the interior of the
protein cavity (Fig. 3.15a, b). This channel is lined by hydrophilic residues, mainly
negatively charged aspartate and glutamate residues, which trap and internalize iron
into the cavity (Williams et al. 2014). A number of studies in ferritins point to the
ferritin-like pore as the channel of entry and exit. Mutational analyses in S. suis and
L. innocua Dps indicated the importance of the conserved aspartate residues in this
channel, whereby any substitutions at these loci led to changes in the rate of iron
uptake and release (Pulliainen et al. 2005; Bellapadrona et al. 2009).
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Fig. 3.14 Schematic of iron oxidation and storage by Dps proteins, with S. suis Dpr as a represen-
tative example. Steps: (i) Fe(II) enters the protein cavity through the four hydrophilic pores each
within the ferritin-like three-fold interfaces, possibly attracted by negatively charged residues like
aspartates which lines the pore. (ii) Fe(II) gets oxidised at the twelve inter-subunit ferroxidation
sites, each located between two subunits related by a two-fold interface (iii) and (iv) Fe(III) ions
move to nucleation sites where Fe(III) mineral formation is initiated, and the mineral deposition
continues to grow with more Fe(II) getting oxidised. “?” represents a path for Fe(II) ions to be
oxidised directly on the growing mineral core, which could happen at a faster rate and explains
the sigmoidal nature of the ferroxidation curve in Dps proteins. Figure reproduced with permission
from Mol Microbiol. 2005. 57(4): 1086–1100

A mechanism of iron uptake and release was demonstrated on the basis struc-
tural evidence in M. smegmatis Dps, MsDps2. An assembly of oppositely charged
histidine-aspartate cluster at the ferritin-like interface was identified, which guards
the narrowest point of the channel. Site specific variants which disrupted this ionic
knot, showed a defective mechanism of iron uptake and release, highlighting a gating
mechanism that happens by alterations in the side chains of the residues lining the
channel and does not change the over-all stability of the protein. Iron release from
iron loaded Dps can be carried out by a combination of reductants and chelators.
Reducing agents like sodium dithionite converts Fe(III) to Fe(II) which is chelated
by agents such as 2,2′-bipyridyl to form Fe(2,2′-bipyridyl)32+ complex and forms the
basis of iron release assays in vitro. The kinetics of iron release exhibits an early fast
rate which corresponds to the release of iron bound near the pores and easily acces-
sible to chelators, followed by a slower rate which coincides with the dissolution of
iron oxide in the protein core. Replacing the aspartates at the narrow opening with
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b

Fig. 3.15 Funnel shaped channel for iron entry in Dps a Side view and b Surface view with a
continuous blue circle revealing the diameter of the mouth of the funnel-shaped channel and dashed
circle shows the narrowest part of the channel. Residues important for iron channelling are shown
as sticks (PDB ID: 2Z90)
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bulkier histidine residues reduce the rate of iron release by several fold (Williams
et al. 2014).

However, the molecular mechanisms of iron release in vivo to meet iron require-
ment in cells during conditions of iron demand, is less understood. In vivo iron release
studies in ferritins have demonstrated the cytosolic release of iron by ferritin degrada-
tion within lysosomes (Linder 2013). It is thought that once the ferritins are degraded
in the lysosomes, the exposed ferrihydrite core maybe reduced/chelated and trans-
ported to the cytosol. This mechanism may not translate to Dps, as Dps is present
only in prokaryotes. The N-end rule degradation pathway of Dps via ClpX/ClpP
could release the iron deposited within, making it accessible to chelators and other
iron transporters in cells.

Conserved Ferroxidase Active Site

The first structural evidence of a ferroxidase site was revealed in the X-ray crystal
structure of L. innocua Dps (Ilari et al. 2000). This first ferroxidase centre identified
contained only one iron atom, contrary to the conventional di-iron centres found in
ferritins. Since then di-iron FOCs have been identified in other Dps homologs, where
the second iron displayed a partial occupancy. Unlike the FOCs in ferritins which
are contained within the four-helix subunit, the FOC in Dps is between two subunits
related by a two-fold. The iron in LiDps FOC is coordinated by carboxylate residues
and one or two histidine residues that play a role in the redox process. The two FOCs
in a two-fold interface are separated by a distance of 21.5 Å.

A di-iron FOC was indicated in the crystal structure of B. brevis Dps, where two
neighbouring di-nuclear ferroxidase centers responsible for the oxidation of Fe(II)
ions was identified. The iron at site 1 is tightly coordinated to NE2 of His 31 in
subunit A, carboxylate group of Asp58 and OE2 of Glu62 from subunit B, where A
and B are related by a two-fold symmetry. Iron at site 2 is loosely bound to NE2 of
His43 (subunit A), OE1 of Glu62 (subunit B) and OE1 of Glu47 in subunit A via
a water molecule (Fig. 3.16). A μ-oxo bridge links the iron atoms of site 1 and 2,
representing a reaction intermediate Fe(III)-O-Fe(III) during the oxidation of Fe(II)
(Ren et al. 2003). Like most active site residues, the ferroxidation site residues are
well conserved among Dps homologs from various species.

Iron Gating Mechanisms

Dps achieves iron channelling by very little changes to its overall conformation, being
very stable protein cages. A recent study by our group through co-crystallisation
of Dps with iron, showed that flexible aspartates could propel iron from the entry
site to the ferroxidation centre. A conserved arginine residue forms a network of
interactions which stabilizes the interface between the ferroxidation and iron entry
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Fig. 3.16 Dinuclear ferroxidase centre in B. brevis Dps. Two FOCs are in black discontinuous
circles, related by a two-fold interface (PDB ID: 1N1Q). One of the FOCs is magnified on the right
panel, showing cordinating residues from subunits A and B. Fe ions at site 1 and site 2 are labelled
Fe1 and F2, respectively. Figure adapted with permission from J. Mol. Biol. 2003. 329: 467–477

sites (Fig. 3.17) (Williams and Chatterji 2017). The iron can bind to three sites at the
entry channel as shown in Fig. 3.18a. InM. smegmatisMsDps2, Asp138 which lines
the narrowest region of the pore, shows flexibility which could help in propelling
iron to the interior and any substitutions at this site caused a marked reduction in
the rate of iron entry. Another, Asp68 at the ferroxidation site was shown to exhibit
alternate conformations. Asp68 in its “outward-facing” conformation where the side
chain faces away from the iron binding centre, is a possible state when no iron is
bound at the site. In an “inward-facing” conformation, the ferroxidation site satisfies
the coordination chemistry for iron binding (Fig. 3.18b). A three-tier arrangement of
flexible asparates, each tier having three aspartates related by a three-fold interface,
lines the path of iron from its entry to the ferroxidation site (Fig. 3.19) (Williams
and Chatterji 2017). Further biophysical studies looking at how the movement of
aspartate side chains are linked to the passage of iron might throw valuable insights
on iron channelling in Dps.

Structural analysis of Dps loaded with iron to saturation levels did not show
any appreciable changes in X-ray crystallographic structure. Possibly because an
amorphous core of iron cannot be detected by X-rays, no density accounting for iron
could be found in any of the co-crystal structures. Co-crystals of varying ratios of
iron: dps did not show any appreciable structural variations from low iron-bound
forms to higher iron loaded forms. This indicates the extraordinary stability of the
Dps cages which can take iron to saturation levels without major conformational
adjustments. These proteins could allow iron entry by fluctuations in side chains of
the hydrophilic residues lining the pore gates (Williams and Chatterji 2017).
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Fig. 3.17 View from the inside of a Dps dodecamer showing conserved arginine stabilizing interac-
tions between the ferroxidation centre (FOC) shown by a red circle and iron entry channel indicated
by a blue dashed circle. Each monomer and its residues forming the interface is colored differently.
Arg73 is the conserved arginine in the dps homolog MsDps2 (PDB ID: 2Z90)

a b

Fig. 3.18 Alternate conformations of aspartates at a Iron entry channel and b Ferroxidase site.
Asp68 and Asp138 are the residues in the FOC and iron entry pore, respectively in MsDps2 (PDB
ID: 5WW5)
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Fig. 3.19 Three tiers of flexible aspartates help to propel iron to the ferroxidase site (FOC). Iron
entry site residues are in magenta sticks, FOC residues are in green. The aspartate residues in blue
are in a site between the active site and entry site, could help the movement of iron between these
sites. Fe ions are shown as orange spheres. The three aspartates of each tier are related by a trimeric
interface (PBB ID: 5WW5)

Interestingly, small iron oxide clusters have been reported in H. salinarum DpsA
iron loaded protein crystals (Zeth et al. 2004). A greater mobilization of iron could be
required in a hypersaline environment faced by this organism, where iron reduction
and release could occur faster in small clusters having higher surface to volume
ratios, compared to large iron deposits. As such clusters have not been observed in
other Dps homologs, this could be an adaptation strategy unique to this organism in
surviving extreme conditions.

Binding to Other Metals

Metal ions like terbium and zinc were shown to inhibit iron incorporation into
mammalian ferritins. Listeria innocua Dps has also been found to be weakly inhib-
ited by Zn(II) and strongly be Tb(III) (Stefanini et al. 1999). S. mutans Dpr could
incorporate 11.2 zinc atoms per dodecamer in addition to its capacity to incorporate
up to 480 iron atoms (Yamamoto et al. 2002). This led researchers to propose that
other metal ions could compete with iron binding at the ferroxidation sites. The struc-
tural basis of Zn and Tb mediated inhibition of ferroxidation was shown in S. suis
where crystal structures with Zn and Tb incorporated Dpr showed the presence of Zn
and Tb at the ferroxidase centre and in the same location where iron normally binds
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(Havukainen et al. 2008). In vitro studies also confirmed that both ions abolish iron
oxidation in Dps at concentrations >0.2 mM. A di-zinc binding in the ferroxidase
site was also reported in S. pyogenes Dpr (Haikarainen et al. 2010). Divalent metal
cations Cu2+, Ni2+, Co2+, Mn2+, Zn2+ and Mg2+ bound to ferroxidase sites of S. suis
Dpr was characterised by isothermal titration calorimetry and X-ray crystallography.
These ions were found coordinated to the ferroxidase site. The exact physiological
function of the ferroxidase centre binding other metal ions is not known, but it could
have certain indications on how Dps confers resistance against metal stresses of zinc
or copper (Haikarainen et al. 2011).

In S. solfataricus, a cellular environment where availability of Mn is higher than
Fe, SsDps (S. solfataricus Dps) could load Mn and inhibit mineralisation of Fe
(Hayden and Hendrich 2010). In competition experiments where Mn2+ was already
bound to the metal sites, Fe2+ was unable to displace the bound manganese, thereby
inhibiting ferroxidation. Kineococcus radiotolerans, a radiation resistant bacterium
having a high ratio of Mn:Fe in the cytosol, can survive ionizing radiations. It was
discovered that the ferroxidation centre of this organism can have an Mn-Fe compo-
sition as opposed to the usual Fe–Fe dinuclear iron bound at the ferroxidase centre.
The authors propose that the hetero-binuclear ferroxidase centre with Mn-Fe could
have a role in redox cycling and help in combating oxidative stress (Ardini et al.
2013).

The Dps from the cyanobacterium T. elongatus was shown to bind two Zn at the
ferroxidase site. The FOC in this dps homolog is unique in having two histidines
and only one of the bound zinc can be displaced by incoming Fe ions, giving rise
to Zn(II)–Fe(III) complexes as indicated by atomic emission spectra (Alaleona et al.
2010). Another cyanobacterial Dps from N. punctiforme, NpDps4 has an atypical
ferroxidase site similar to TeDpsA with two additional histidines, which also can
bind Zinc. This led the authors to classify a new type of FOC called the His-type
FOC (Howe et al. 2018). Zinc bound at the ferritin-like three-fold interfaces seen
in the case of H. pylori HP-NAP, which are iron entry channels in Dps, indicates
that other metals could also enter the dodecamer through the usual iron entry sites
(Yokoyama and Fujii 2014).

Evolutionary Link with Ferritins

Ferritins are 24-meric proteins with an internal cavity which can store and oxidise
iron, like their smaller 12-meric counterparts, Dps. They have a 432 octahedral
symmetry with subunits forming four-fold, ferritin-like three-fold and two-fold
symmetries.Dps has a 23 tetrahedral symmetry,with subunits related by a ferritin-like
three-fold, Dps-like three-fold unique to Dps and two-fold symmetries (Fig. 3.20).
The ferritin-like three-fold interface is important for iron channelling, whereas the
Dps-like three-fold of Dps and the four-fold interface in ferritins are important for
protein folding into higher oligomers. In Dps, the AB loop between helices A and B
forms stable interactions at the dps-like trimeric interface, and a mutation of a highly
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MsDps1 F47E-MsDps1 Frog M ferritin

Monomer

Dimeric
interface

Ferritin-like
trimeric
interface

Dps-like
trimeric/
tetrameric
interface

Fig. 3.20 Symmetry related interfaces inMsDps1 (PDB ID: 1VEI), F47E-MsDps1 (PDB ID: 5H46)
and frog M ferritin (PDB ID: 3RBC). F47E-MsDps1 has an arrangement similar to ferritins. Dps
proteins have a dps-like trimeric interface, distinct from ferritins and F47E-MsDps1which has a
tetrameric interface. In Ferritins, E helix is at the centre of the tetrameric interface. F47E-MsDps1
has a large gap in the assembly of the tetramer having no E helices

conserved phenyl alanine to a glutamate (F47E) in the AB loop of M. smegmatis
Dps1 was shown to alter its assembly from the canonical 12-mer to a ferritin-like
24-mer. The assembly of mutated Dps monomers to ferritin-like cages seems to be
stabilised only under crystallization conditions, as in solution these subunits exist as
dimers (Williams et al. 2017).
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The crystal structure of F47E-MsDps1 exhibited a 24-meric ferritin-like assembly,
with an outer diameter of 120Å and an inner diameter of 80Å similar to ferritins.WT
Dps has an outer diameter of 90 Å and a central cavity of 45 Å. The F47E-MsDps1
had a 432 octahedral symmetry, with four-fold, ferritin-like three-fold and two-fold
symmetries (Fig. 3.20). The point mutation F47E caused the AB loop to lose its rigid
conformation due to disruption of the hydrophobic interactions at the dps-like three-
fold, pushing its conversion to a four-fold interface similar to ferritins (Fig. 3.21). In
ferritins, a C-terminal E helix is poised at the centre of the four-fold and stabilises the
tetrameric interface. It is interesting to note that some ferritin homologs have a short
AB loop and others have an AB loop which faces away from the four-fold interface,
so as to avoid clashes with the E-helix.

Ferritin family proteins are thought to have originated from rubyerythrin-like
ancestors which evolved into 12-meric bacterioferritins (Bfr) that later diverged into
12-meric Dps and 24-meric ferritins/Bfrs (Andrews 2010). Thus, early ferritin-like
proteins could have had a dodecameric assembly, and as indicated by the mutational
switch F47E, minor changes in secondary structure could have led to the evolution
of 24-mers.

Fig. 3.21 Model for assembly of ferritin family proteins. Top panel shows the proposed assembly
of a Dps 12-mer, where a four-helix monomer with a “rigid” AB loop associates via the dps-like
trimeric interface. Bottompanel shows themonomers associating through a tetrameric interfacewith
the C-terminal E helix at the centre, forming 24-meric ferritins. Figure reproduced with permission
from Structure. 2017. 25: 1449–1454
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Applications in Biotechnology and Nanomedicine

Biomolecules like Dps proteins with cage-like assemblies can be engineered via its
inner shell, external surface or subunit interfaces. The hollow interior can be manip-
ulated to load therapeutic drugs and other diagnostic molecules. External surface
modifications can help to enhance biocompatibility and cell-specific targeting. Self-
assembly can be modulated through altering the subunit interfaces. The iron release
pores can be altered to fine tune release of molecular cargos (He and Marles-Wright
2015). This section further explores the applications of Dps in biotechnology, drug
delivery and nonomedicine.

Engineering of Nanoscale Devices

Multiprotein complexes like Dps with their well-defined interior cavities are attrac-
tive templates for bionanotechnology. They can be produced in large quantities, are
amenable to chemical modifications, are structurally and functionally well charac-
terised (He and Marles-Wright 2015). The synthetic flexibility of these miniferritins
have been demonstrated by computational design introducing wide-scale mutations
for altering polarity of the interior from a hydrophilic to hydrophobic cavity. These
mutated Dps could assemble similar to WT proteins and form dodecamers, paving
way for engineering proteins with novel functions (Swift et al. 2006). Dps can bind
other metal ions in addition to iron and this property has been utilized to generate
mineral cores of cobalt and oxygen in L. innocua Dps (Allen et al. 2003).

Ferritin-like proteins are used to mineralise non-physiological metals through
self-assembly around a solution of metal ions, chemically mediated redox reactions
or photochemistry (Yoshimura 2006). Ferritins can also mineralise iron sulphide,
Mn(III) andmagnetite (Fe3O4) cores. Ferritin-like proteinswithmagnetite core called
magnetoferritins have uses in cell imaging, providingmagnetic contrast andmagnetic
separation of cells and particles (Deans et al. 2006).

Dps has been used to fabricate inorganic nanodevices like quantum dots and
nanowires. Here, Dps cores loaded with a mineral core are deposited on silicon
substrates which are silanized andmade functional with small peptides or molecules.
The protein cage can be removed with heat to leave the core in place, and such
semiconductor cores deposited on siliconwafers can be used asmemorygates (Okuda
et al. 2005). Metals cores isolated from Dps can be used to seed the growth of carbon
non-tubes and nanowires (Kim et al. 2011). Dps loaded with mineral nanoparticles
can crystallise in 2-dimensional arrays to give a regular array of uniformly sized
nanoparticles on solid surfaces.

Due to the capacity for mineralisation of heavy atoms in the core, Dps can be
used as contrast agents in electron microscopy. The stability of Dps and its ordered
symmetric structure makes it an ideal sample for cryoEM imaging techniques.
Apoferritins are routinely used as a standard for estimation of the magnification
of micrographs in cryoEM (Wasilewski et al. 2012).



210 S. M. Williams and D. Chatterji

Nanoparticles in Biomedicine

Ferritin family proteins are stable and biocompatible entities that can be manipulated
with respect to their assembly, surface modifications and reconstitution. Thus, they
have the potential to be developed as drug delivery vehicles. Due to their hydrophilic
cavities, incorporation of non-metal containing drugs poses challenges. Addition of
charged molecules or drugs complexed with metals such as copper, could overcome
this limitation (Maham et al. 2009, 2011). Surface modifications with epitopes and
labels to target these loaded nanovehicles to specific cell types or tumours, could be
a powerful tool for drug delivery.

Ferritins have been used to develop self-assembling nanoparticles that elicit
broader and more potent immunity in comparison to traditional vaccines. In this
instance, haemagglutinin from the influenza virus was fused to ferritins, which
assembled via the trimeric ferritin-like interfaces to give eight trimeric viral spikes
on the ferritin surface. Immunization with the HA-ferritin fusion protein generated
an increased HA inhibition antibody titre compared to the traditional inactivated
vaccines (Kanekiyo et al. 2013). Also, there was no autoimmune reaction here, due
to the use of H. pylori ferritin with high sequence variation from the human ferritin.
Similar fusion proteins have been engineered with Dps, with a roles in diagnosis,
treatment and prevention of diseases. Dps fusion proteins are soluble, in spite of the
poor solubility of the attached peptide/epitope. They also have enhanced thermosta-
bility and enhanced immune response due tomultimeric assembly, similar to ferritins
(Verma et al. 2018).

Biomoleules can often rival synthetic molecules due to their flexibility, biocom-
patibility, diversity and lower toxicity. Naturally occurring nanocompartments like
Dps can thus be exploited to encapsulate nanoparticles, and surface modifications
can help to target tissue systems and make them suitable as drug carriers. Under-
standing the loading and unloadingmechanisms, as exemplified in the study of gating
mechanisms in Dps can help us understand how to fine tune the release of drugs in
a tissue-specific manner (Williams et al. 2014). Also, having a better knowledge of
multi-subunit assembly of the ferritin family proteins can help in building higher
order assemblies (Williams et al. 2017).
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Chapter 4
Structure and Function
of the Separase-Securin Complex

Shukun Luo and Liang Tong

Abstract Separase is a large cysteine protease in eukaryotes and has crucial roles
in many cellular processes, especially chromosome segregation during mitosis and
meiosis, apoptosis, DNAdamage repair, centrosome disengagement and duplication,
spindle stabilization and elongation. It dissolves the cohesion between sister chro-
matids by cleaving one of the subunits of the cohesin ring for chromosome segre-
gation. The activity of separase is tightly controlled at many levels, through direct
binding of inhibitory proteins as well as posttranslational modification. Dysregula-
tion of separase activity is linked to cancer and genome instability, making it a target
for drug discovery. One of the best-known inhibitors of separase is securin, which
has been identified in yeast, plants, and animals. Securin forms a tight complex with
separase and potently inhibits its catalytic activity. Recent structures of the separase-
securin complex have revealed the molecular mechanism for the inhibitory activity
of securin. A segment of securin is bound in the active site of separase, thereby
blocking substrate binding. Securin itself is not cleaved by separase as its binding
mode is not compatible with catalysis. Securin also has extensive interactions with
separase outside the active site, consistent with its function as a chaperone to stabilize
this enzyme.
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Introduction

Precise segregation of chromosomes is a prerequisite of faithful cell division and
hence it is a tightly regulated process. During DNA synthesis in the interphase, sister
chromatids are paired to each other through cohesion by the ring-shaped cohesin
complex. Discovered in the late 1990s, the cohesin ring is primarily composed of
three subunits: Smc1, Smc3 and a bridging subunit Scc1 between them, and it is also
involved in DNA loop extrusion (Davidson et al. 2019; Kim et al. 2019). Two mech-
anisms are mainly responsible for removing cohesins from chromosomes during cell
division. The first is through the prophase pathway, bywhich themajority of cohesins
located on chromosome arms are removed during prophase, a process involving
the Wapl protein, polo-like kinase Plk1, and Aurora B kinase (Sumara et al. 2002;
Kueng et al. 2006; Gimenez-Abian et al. 2004; Hauf et al. 2005; Gandhi et al. 2006).
However, cohesins close to the centromere region are protected from the prophase
pathway and are removed instead during the transition from metaphase to anaphase
by the protease separase, thus this pathway is known as the separase pathway. Sepa-
rase cleaves the Scc1 subunit at two specific sites and opens the cohesin ring to
resolve chromosome cohesion in a spatial and timely manner.

Separase was first discovered by yeast genetics in the late 1980s and early 1990s,
and its loss of function was related to spindle pole body and polyploid nuclei abnor-
malities (Uzawa et al. 1990; Baum et al. 1988;May et al. 1992). Separase was further
revealed to be the protease that targets the cohesin subunit Scc1/Mcd1 for chromo-
some resolution (Buonomo et al. 2000; Uhlmann et al. 2000; Waizenegger et al.
2000). Multiple other functional roles have been discovered since then, including
apoptosis regulation (Hellmuth and Stemmann 2020), DNA damage repair (Nagao
et al. 2004; McAleenan et al. 2013; Hellmuth et al. 2018) and centrosome disengage-
ment and duplication (Tsou et al. 2009; Schockel et al. 2011; Lee and Rhee 2012;
Matsuo et al. 2012; Nakamura et al. 2009). Due to its crucial roles in important
cellular processes, separase is tightly regulated at many levels, including the inhibi-
tion by two well-known inhibitors securin and CDK1-cyclin B1 (Ciosk et al. 1998;
Zou et al. 1999; Stemmann et al. 2001; Gorr et al. 2005; Karasu et al. 2019; Li et al.
2019; Holland et al. 2007) and a recently discovered inhibitor shugoshin-MAD2
complex (Hellmuth et al. 2020). Dysregulation of separase leads to aneuploidy and
chromosome instability, which has been linked to diseases including cancers (Zhang
et al. 2008; Mukherjee et al. 2014a). The molecular mechanisms for the activity
and regulation of separase have been unraveled recently by several structural studies
(Viadiu et al. 2005; Luo and Tong 2017; Lin et al. 2016; Boland et al. 2017). In this
chapter, we discuss the molecular characterization, functional roles, regulation and
the structure of separase and its complex with securin.
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Domain Organization of the Cysteine Protease Separase

Separase is an endopeptidase that belongs to theCDclan of cysteine proteases, related
to the well-known caspases in the same clan. It’s substrate contains an arginine at the
P1 position before the scissile bond and several additional residues are conserved for
recognition (Lin et al. 2016). The size of separase varies substantially, ranging from
140 to 250 kD in eukaryotes. Sequence analysis shows that the C-terminal region
where the catalytic domain is located (Fig. 4.1) has the highest conservation across
species. Sequence diversity is observed in the N-terminal region and the unstructured
segment in the middle, which contributes to the size variations among separases.
Atypical separases have also been found in several species. For example,Drosophila
separase consists of two proteins, THR and SSE, which correspond to the N- and
C-terminal regions of single-chain separase (Jager et al. 2001).

The N-terminal region is mainly composed of helices and was predicted to be
ARM or HEAT repeats (Fig. 4.1) (Viadiu et al. 2005). For example, human separase
was reported to contain 26 ARM repeats and is responsible for securin binding. This
region was also predicted to have a super-helical structure like TPR repeats (Winter
et al. 2015). Structural studies of separase and its complex with securin from yeast
(S. cerevisiae) and C. elegans, however, show that it is a mixture of both (Luo and
Tong 2017; Boland et al. 2017).

The C-terminal region was originally predicted to have two consecutive caspase
domains. The structural studies reveal that this region is composed of two domains,
a substrate-binding domain (SD) or pseudo protease domain (PPD), followed by the
catalytic domain (CD) or the active protease domain (APD) (Luo and Tong 2017;
Lin et al. 2016). Only the CD/APD has activity and structural similarity to caspases.

Fig. 4.1 Domain organization of budding yeast and human separase and securin. Domains are
depicted as color-coded boxes and labeled. The regulatory segments are shown in dark gray. Modi-
fication sites, motifs, and interacting factors are also labeled. The N-terminal helical region of
human separase without high-resolution structural information is colored gray
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The CD contains a catalytic dyad of a histidine and a cysteine, and the substrate
recognition is ensured by a few conserved residues in this domain.

Between the N- and C-terminal regions of separase is a natively unstructured
segment with variable length, which contains motifs for binding other proteins and
modification (Fig. 4.1). In higher eukaryotes and yeast, this region contains residues
that are phosphorylated by Cdk1, the master regulatory kinase of mitosis (Stemmann
et al. 2001; Lianga et al. 2018). A Cdc6-like domain (CLD) in this segment is also
phosphorylated and crucial for mutual inhibition of the Cdk1-cyclin B1 complex
(Boos et al. 2008; Gorr et al. 2005). In addition, several auto-cleavage sites are
located in this segment (Fig. 4.1) (Waizenegger et al. 2002), and their cleavage is
important for mitosis progression (Papi et al. 2005) and the interaction with PP2A
(Holland et al. 2007). Phosphorylation-dependent isomerization mediated by the
peptidyl-prolyl isomerase Pin1 on the Ser-Pro motifs of this segment is crucial for
separase regulation (Hellmuth et al. 2015b). A nuclear export sequence (NES) resides
in this segment (Hellmuth et al. 2018; Sun et al. 2006), phosphorylation of which is
crucial for separase’s role in DNA damage repair (Hellmuth et al. 2018; Sun et al.
2006). Methylation of a RG-motif within the regulatory segment and sumoylation
of the Lys1034 residue is also important for its function in DNA damage response
(Hellmuth et al. 2018). A cysteine motif (CxCxxC) was recently identified in this
segment of metazoan separases (Melesse et al. 2018).

Diverse Functions of Separase

Although the substrates for separase identified so far are limited to only a fewproteins,
the functions of separase are very diverse. They can be roughly divided into two
categories, depending on whether the function requires its catalytic activity. The
cohesin subunits Scc1 and its meiosis-specific counterpart Rec8 are the well-known
substrates targeted by separase for spatial and temporal chromosome segregation
duringmitosis andmeiosis, respectively (Uhlmann et al. 1999; Buonomo et al. 2000).
Besides chromosome segregation, the catalytic activity is also required for DNA
damage repair at interphase in yeast (Nagao et al. 2004; McAleenan et al. 2013) and
separase is recruited to double-strand breaks (DSBs) to support homology-directed
repair (HDR) in mammals (Hellmuth et al. 2018).

The kinetochore and spindle-associated protein Slk19 is another substrate of sepa-
rase, discovered soon after Scc1. Unlike the Scc1 cohesin subunit, which is subjected
to destruction, the cleavage product of Slk19 stabilizes the anaphase spindle (Sullivan
et al. 2001) and regulate pericentric cohesion and anaphase onset together with PP2A
by counteracting phosphorylation by Cdk1 (Lianga et al. 2018). Separase is local-
ized to spindle pole bodies and spindle midzone via interactions with its inhibitor
securin and the protease activity is required for spindle elongation (Jensen et al. 2001;
Baskerville et al. 2008).

Kendrin or pericentric protein, a giant coiled-coil centrosome protein crucial
for centriole engagement, is specifically cleaved by separase during mitosis which
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ensures a timely centriole disengagement at late mitosis to license centriole duplica-
tion during S phase (Matsuo et al. 2012; Lee and Rhee 2012; Schockel et al. 2011;
Tsou et al. 2009; Nakamura et al. 2009). Separase is responsible for the cleavage of
the N-tail of the CENP-A related protein CPAR-1 at the meiosis I anaphase in C.
elegans and plays a role in the centromere activity (Monen et al. 2015).

Independent of its protease activity, separase takes part in other important cellular
events. Separase contributes to mitotic exit, which requires three pathways including
the Cdc14 early anaphase release (FEAR) pathway, Cdk inactivation and mitotic exit
network (MEN). Separase together with Slk19 play roles in the FEAR pathway to
promote the release of Cdc14, a critical Cdk counteracting phosphatase required for
mitotic exit, from the nucleolus to enable mitotic exit (Sullivan and Uhlmann 2003;
Stegmeier et al. 2002). Separase also directly binds to the Cdc55 subunit of PP2A
to suppress its phosphatase activity and facilitate Net1 phosphorylation in the FEAR
pathway to initiate mitotic exit (Queralt et al. 2006). On the other hand, separase is
phosphorylated by Cdk1 and its catalytic activity is further controlled by forming
a stable complex with Cdk1 via its regulatory subunit cyclin B1. Interestingly, this
interaction also enables separase as a Cdk1 inhibitor to block its kinase activity to
regulate mitotic exit (Gorr et al. 2005).

Through a genome-wide screen for protein interactions, separase was revealed
to be related to genes involved in different functions including transposition, DNA
repair, sister chromatid segregation and stress response regulation (Ho et al. 2015).
Among them, Ty1 integrase was identified as a separase binding partner in different
stages of the cell cycle (Ho et al. 2015). This Ty1 integrase-separase interac-
tion functions to remove cohesin and target Ty1 integrase into the genome for
retrotransposition.

The diverse functional roles of separase also include membrane trafficking,
distinct fromcell division, as separase is located on the vesiclemembranes ofmeiosis-
specialized cortical granules (CGs) in C. elegans (Bembenek et al. 2007; Bai and
Bembenek 2017). In other species including human andDrosophila, separase is asso-
ciated with membranes and plays roles in membrane traffic, protein secretion, and
Golgi organization (Bacac et al. 2011; Bard et al. 2006).

Regulation of Separase

Due to the irreversibility of cohesin resolution and other functions, multiple levels
of regulation exist to control separase activity tightly. The first and best-known regu-
lator is the inhibitory chaperone securin. To ensure timely activation of separase
for chromosome segregation, securin interacts with separase and potently inhibits
its proteolytic activity until the onset of anaphase when securin is targeted by the
APC/C complex via its N-terminal KEN/D-boxes (Fig. 4.1) and destroyed by the
proteasome pathway (Ciosk et al. 1998; Zou et al. 1999; Kumada et al. 1998). Studies
also revealed that securin inhibits separase by blocking the access of substrates into
the active site of separase (Waizenegger et al. 2002) and this was further supported
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by an amino acid substitution on securin that turned it into a substrate (Nagao and
Yanagida 2006). This association is conserved in eukaryotes including fungi, plants
and animals (Cromer et al. 2019). On the other hand, securin functions as a chaperone
in a positiveway to help solubilize and stabilize separase (Hornig et al. 2002). Securin
binds to nascent separase when it reaches a size of 627 amino acids to assist its proper
folding (Hellmuth et al. 2015a). Moreover, in yeast, securin guides the nuclear local-
ization of separase (Agarwal and Cohen-Fix 2002; Jensen et al. 2001) and mediates
the proper loading onto the spindle for accelerating spindle elongation (Jensen et al.
2001). This localization process depends on the phosphorylation of three residues of
securin (Ser277/Ser292/Thr304) byCdc28/Cdk1which also enhances the interaction
with separase (Agarwal and Cohen-Fix 2002). Under replication stress conditions,
this complex formation and spindle elongation can be repressed through dephos-
phorylation by PP2A-Cdc55, a key phosphatase of cell cycle progression (Khondker
et al. 2019).

Another widely recognized regulator in higher eukaryotes is the Cdk1-cyclin B1
complex, which controls separase activity in both a positive and negative manner
like securin. Phosphorylation of separase by Cdk1 was first observed in frog as an
additional way to curb its activity independent of securin (Stemmann et al. 2001).
Ser1126 of human separase is phosphorylated during metaphase and is dephospho-
rylated upon anaphase onset for activation. Further investigation showed that this
inhibition could sufficiently compensate the inhibition by securin, and it is achieved
by cyclin B1 binding to the CLD of separase after the Thr1346/Ser1399 residues in
this domain are phosphorylated (Gorr et al. 2005; Boos et al. 2008). This observation
is also confirmed by the fact that a normally executed mitosis was seen in securin
knock-out human cells (Pfleghaar et al. 2005). Similar to securin, cyclin B1 is also
a target of the APC/C machinery (King et al. 1995; Hagting et al. 2002) and its
destruction is critical for separase activation during the transition of metaphase to
anaphase.Moreover, securin andCdk1-cyclin B1 interact with separase in amutually
exclusive manner (Gorr et al. 2005). Intriguingly, Ser1126 phosphorylation causes
destabilization and aggregation of separase leading to an inactive state. Resembling
securin, the Cdk1-cyclin B1 complex associates with separase to stabilize but inhibit
the activity until the onset of anaphase (Hellmuth et al. 2015a). Recently, Cdk1-cyclin
B2 complex was reported to inhibit separase activity in meiosis I in mouse oocyte
(Li et al. 2019).

Another regulatory factor that has direct interactions with separase is the phos-
phatase PP2A, a central player of cell cycle progression. In mammals, a 55-amino
acid segment next to the auto-cleavage sites in the regulatory segment of separase
forms a complex with a specific subtype of heterotrimeric PP2A through its regu-
latory subunit B56 (Holland et al. 2007). Interestingly, distinct from the mutually
exclusive manner in the interaction of separase with securin and cyclin B1, PP2A can
form a heterotrimeric complex with separase and securin but not Cdk1-cyclin B1.
This interaction is abolished by the auto-cleavage in the regulatory segment of human
separase (Holland et al. 2007). The bound PP2A can dephosphorylate to stabilize
separase-associated securin, thus to delay the APC/C-mediated degradation to regu-
late separase activity for abrupt chromosome segregation (Hellmuth et al. 2014). In
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yeast, separase interacts with and inhibits PP2A containing Cdc55, a different type
of regulatory subunit, to allow Scc1 phosphorylation to initiate mitotic exit (Yaakov
et al. 2012; Queralt et al. 2006). On the other hand, the dephosphorylation activity of
PP2ACdc55 on securin disrupts the separase-securin complex, in which phosphoryla-
tion of three sites in securin enhances complex formation (Agarwal and Cohen-Fix
2002) to inhibit spindle elongation during replication stress (Khondker et al. 2019).

Post-translational modifications on separase also control the function of separase
at multiple levels. The auto-cleavage of separase is among the first to be elucidated
and thismodification only exists in vertebrates. Removal of securin allows separase to
undergo auto-cleavage at three sites (Arg1486/Arg1506/Arg1535) in the regulatory
segment, and the N- and C-terminal cleavage products remain associated with each
other (Waizenegger et al. 2002; Zou et al. 2002). Interestingly, the cleavage does not
affect its interactionwith securin, and the cleavage process is not required for separase
activation or the proteolytic activity (Waizenegger et al. 2002; Zou et al. 2002).
However, the cleavage was reported to coordinate mitosis entry and progression by
affecting the spindle assembly and metaphase chromosome alignment (Papi et al.
2005). Another study showed that the auto-cleavage influences the separase-PP2A
complex formation and centromeric cohesion in human cells (Holland et al. 2007).

Phosphorylation and dephosphorylation of separase and its inhibitors and
substrates are crucial for the regulation of its other physiological functions. As
mentioned above, phosphorylation by Cdk1 on Ser1126 as well as Ser1399 within
the CLD in mammals is important for the inhibition (Boos et al. 2008) and stabi-
lization (Hellmuth et al. 2015a) by the Cdk1-cyclin B1 complex. In mouse, this
phosphorylation is critical for germ cell development, early embryogenesis (Huang
et al. 2009) as well as oogenesis (Xu et al. 2011). Separase in budding yeast is phos-
phorylated by Cdk1 on the regulatory segment (Thr1014/Ser1027/Thr1034), and
this phosphorylation is necessary for separase activation and anaphase onset. PP2A-
Cdc55 and Slk19 proteins function along with Cdk1-mediated phosphorylation to
inhibit separase activity in addition to securin in yeast (Lianga et al. 2018).

A recent intriguing study revealed another level of regulation of human sepa-
rase. Phosphorylated human separase is a target of Pin1 which is a phosphorylation-
specific peptidyl-prolyl cis/trans isomerase and critical for mitosis regulation (Hell-
muth et al. 2015b). Pin1 mediated isomerization on the phosphorylated Ser1126-
P1127motif is required for the binding and inhibition of theCdk1-cyclinB1 complex.
This isomerization relies on Pin1′s docking onto the phosphorylated Ser1153-
Pro1154 site via itsWWdomain (Hellmuth et al. 2015b). This conformational change
of separase not only removes the possibility of rebinding by residual securin but also
shortens the half-life of separase to ensure a rapid termination of the proteolytic
activity for mitosis exit and cohesin reloading (Hellmuth et al. 2015b).

Genome-wide screenings for regulators of separase have also been carried out and
reported. InC. elegans, separase is crucial for cortical granule exocytosis and cytoki-
nesis. Genetic screening for factors related to this function identified the protein phos-
phatase 5 (PPH-5) as an extragenic suppressor of separase, which affects the local-
ization of separase on vesicles and suppresses exocytosis and cytokinesis, implying a
separase regulatory pathway involving phosphorylation (Richie et al. 2011). A yeast
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genetic screen identified new factors that interact with separase and discovered func-
tional relevance of separase in a few cellular processes including retrotransposition
and the involved factor Ty1 integrase (Ho et al. 2015).

In chronic myeloid leukemia (CML) patients treated with the TK inhibitor
drug Imatinib, the separase protein level is reduced while the proteolytic activity
increased in BCR-ABL-positive cells, suggesting a feedback regulation mechanism
in tumor cells (Haass et al. 2015b). Further studies showed that separase expression
is controlled by the transcription factor c-Myb in CML cell lines (Prinzhorn et al.
2016), indicating separase regulation at the transcriptional level.

Separase-Related Diseases and Drug Development

Given its essential roles in chromosome segregation and DNA damage repair, sepa-
rase is tightly regulated and itsmalfunction causes aneuploidy and genome instability
leading to severe consequences including cancers in higher vertebrates. Overexpres-
sion of separase induces aneuploidy and is often observed in a variety of human
cancers including breast, bone, brain, and prostate cancers, thus separase was defined
as an oncogene (Pati 2008). For example, separase was reported to be overexpressed
in more than 50% of human breast cancers (Mukherjee et al. 2014b; Zhang et al.
2008). The overexpression level of separase highly correlates with tumor progres-
sion and reduced survival (Meyer et al. 2009; Pati 2008). Thus, separase is an attrac-
tive cancer drug target. Substrate-mimic inhibitors have been reported (Waizenegger
et al. 2002). In order to find inhibitors of separase, in vitro (Pfleghaar et al. 2005;
Basu et al. 2009) and cell-based (Haass et al. 2015a; Henschke et al. 2019) separase
activity assays have been developed. Discovery of small-molecule inhibitors using
these assays has been reported (Zhang et al. 2014; Henschke et al. 2019).

Structures of the Separase-Securin Complex

In order to understand how separase functions and how it is regulated at the molec-
ular level, structural information on separase and its complex with securin has
been actively pursued since its discovery. Low-resolution negative-stain electron
microscopy studies of the human separase-securin complex provided the first glimpse
of its overall structure, which adopts an elongated whale-like shape and the blurred
tail density reflects its flexible nature (Viadiu et al. 2005). Detailed structural infor-
mation was not available until the publication of a high-resolution crystal structure of
theC-terminal catalytic region of separase in complexwith a substrate-mimic peptide
inhibitor (Lin et al. 2016), revealing details of the active site and how the substrate is
recognized. The structure also showed that, instead of two tandem caspase domains
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Fig. 4.2 Structures of separase-securin complexes. a Budding yeast separase-securin complex
structure is represented as a cylindrical cartoon and color-coded as in Fig. 4.1. The active site is
labeled with a red star. Modification sites on securin SIS are shown as sticks and are colored and
labeled differently. b Surface representation in a different view showing the long securin-binding
groove in different domains of separase. c Superimposition of the structures of yeast and C. elegans
separase-securin complexes showing that the C. elegans separase lacks domains I and II. Colors
of different chains are indicated. d Low-resolution EM density map of human separase-securin
complex (EMDB ID: EMD-3584)

predicted based on sequence analysis, the C-terminal region consists of two subdo-
mains with one resembling the caspase domain and the other sharing no similarity
to any known structures (Lin et al. 2016).

Soon after that report, the first high-resolution X-ray crystal structure was
published for the near full-length separase-securin complex from budding yeast (Luo
and Tong 2018, 2017) (Fig. 4.2a), revealing how the domains of separase are orga-
nized and how securin interacts with separase. Yeast separase adopts an elongated
conformation with the longest dimension of over 160 Å and it can be divided into six
domains. The C-terminal region contains a substrate-binding domain (SD, or PPD)
and a catalytic domain (CD, or APD). The structure of this region is similar to the
previous structure (Lin et al. 2016) except for the L4 loop in the CD, which forms a
two-stranded β-sheet. The N-terminal helical region consists of four domains, desig-
nated from I to IV (Figs. 4.1 and 4.2a). Domains I and II have HEAT repeat-like
structures and are arranged into a head-to-tail complex. Domain III is a TPR-like
super-solenoid structure, quite different from what was predicted as ARM/HEAT
repeats. Domain IV is composed of several helices and bridges the helical region and
the C-terminal region. The regulatory segment is likely not far from the active site,
and could affect the activity upon its modification.

TheC-terminal separase-interaction sequence (SIS) of securin (Fig. 4.1) assumes a
mostly extended conformation,with only a fewordered secondary structure elements,
and interacts with all domains of separase as a chaperone (Fig. 4.2b). The N-terminal
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part of SIS acts as a pseudo-substrate and inserts into the substrate-binding site and
catalytic site of separase. It is not cleaved by separase as its bindingmode in the active
site is not compatible with catalysis, with the scissile carbonyl group 6 Å away from
the catalytic Cys residue. The C-terminal part binds along separase with the very C-
terminus sitting in a cleft formed by domain I, and this observationmight explainwhy
securin binds nascent separase only after it reaches a certain length (Hellmuth et al.
2015a). A degron motif in securin (Phe125/Phe128 in humans) or cyclin B1 is only
accessible on free securin or cycline B1, to ensure the degradation of excess securin
or cyclin B1 proteins through the proteasome pathway in prometaphase to promote
timely onset of anaphase (Thomas et al. 2019; Levasseur et al. 2019; Hellmuth
et al. 2014). This securin degron motif is buried in the interface with separase in the
structure.

The structure of theC. elegans separase-securin complex was determined by cryo
electron microscopy (Boland et al. 2017). Compared with the complex from other
species, this atypical separase is smaller in size owing to a shorter helical region.
Superimposed with the yeast separase-securin structure, their C-terminal regions
align well and securin is located in the active site in a similar manner (Fig. 4.2c).
However, the helical domain lacks the counterparts of domains I and II in the yeast
structure, and thus the securin interaction is different in this region. In the same
work, a low-resolution cryo-EM map of the human separase-securin complex was
also reported. Its shape is reminiscent of the yeast complex, indicating the structural
conservation for this important protease through evolution (Fig. 4.2d).

Summary

Separase is a large cysteine protease, with an N-terminal helical region, a C-terminal
catalytic region, and an unstructured regulatory segment in between. Separase has
diverse functions including chromosome segregation, DNA damage repair, spindle
elongation, and centrosome replication. Its activity is tightly controlledwithmultiple-
layer regulation through inhibitors and modifications. Among them, the inhibitory
chaperone securin is the most important regulator and the most extensively studied.
Securin binds to separase cotranslationally and stabilizes separase until the anaphase
onset, when securin is destroyed by the proteasome and separase activity is released.
Dysregulation of separase causes genome instability leading to diseases including
cancers in humans, making separase a potential target for discovery of inhibitors for
cancer therapy. The structural information for the separase-securin complex from
several different organisms provides great insights into this enzyme and molecular
mechanisms for the inhibition by securin.

However, there are stillmanyunansweredquestions and further studies are needed.
In human separase, how auto-cleavage, phosphorylation, and isomeric conforma-
tional change regulate the activation is still elusive. Phosphorylation of yeast sepa-
rase is also reported to be critical for activation (Lianga et al. 2018), and how this
activation is different from human separase is also an interesting topic for more
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research. Protein factors such as PP2A, Cdk1-cyclin B1, Pin1, Slk19 associate with
separase mostly through the regulatory segment. Elucidating the molecular details
for these interactions and their roles is also critical for us to better understand separase
regulation.

The exact recognition mechanism for the C-terminal part of the cleavage site is
not known, although a recent study identified an extra binding motif LPE on Scc1
that is similar to a site on securin, which implies the substrate might bind along
the securin binding surface (Rosen et al. 2019). The L4 loop in the CD appears to
be flexible when alone but ordered in the complex with securin, and the functional
role (if any) of this loop needs to be elucidated as well. The additional structural
information could also help the discovery of small-molecule inhibitors of separase.
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Chapter 5
The DNA Replication Machine:
Structure and Dynamic Function

Nina Y. Yao and Michael E. O’Donnell

Abstract In all cell types, a multi-protein machinery is required to accurately dupli-
cate the large duplex DNA genome. This central life process requires five core repli-
some factors in all cellular life forms studied thus far. Unexpectedly, three of the
five core replisome factors have no common ancestor between bacteria and eukary-
otes. Accordingly, the replisomemachines of bacteria and eukaryotes have important
distinctions in the way that they are organized and function. This chapter outlines the
major replication proteins that perform DNA duplication at replication forks, with
particular attention to differences and similarities in the strategies used by eukaryotes
and bacteria.

Keywords Replisome · Helicase · DNA polymerase · Primase · Sliding clamp ·
Clamp loader

Introduction

Cellular DNA genomes are duplicated by a multiprotein machinery referred to as a
replisome (Kornberg and Baker 1992). Replisomes of bacteria, archaea and eukary-
otes utilize a core set of five distinctive activities that we refer to here as the “core”
replisome factors (Bell and Labib 2016; Yao and O’Donnell 2019). The core repli-
some factors of Escherichia coli and Saccharomyces cerevisiae, representative of
bacteria and eukaryotes respectively, are listed in Table 5.1. The core replisome
factors are: (1) a hexameric helicase, that encircles one strand of DNA and uses ATP
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Table 5.1 The five core replisome factors of bacteria and eukaryotes

Cell type Helicase Primase DNA
polymerase

Clamp Clamp
loader

Bacteria
(E. coli)

DnaB
(Homohexamer)

Primase
(Monomer)

Pol III
(α Pol; ε exo;
θ)

Beta
homodimer

Tau
complex
τ3δδ

′χψ

Eukaryote
(S. cerevisiae)

CMG: Cdc45,
Mcm 2, 3, 4, 5,
6, 7, and GINS
(Psf1, 2, 3, and
Sld5)

Pol
α-primase
(Pol 1, Pol
12, Pri 1, Pri
2)

Pol ε: Pol 2
(Pol 2, Dpb2,
Dpb3, Dpb4)
Pol δ: Pol 3,
Pol 31, Pol 32

PCNA
(homotrimer)

RFC
(RFC
1,2,3,4,5)

tomotor along the ssDNAand unwind the duplex, (2)DNApolymerases,which poly-
merizeDNAand contain a 3’–5’ proofreading exonuclease, (3) a primase that synthe-
sizes RNA (or RNA-DNA) primers to initiate elongation by DNA polymerases, (4) a
sliding clamp ring that encircles double-strand (ds) DNA (or RNA-DNA) and tethers
DNA polymerases to a primed DNA for highly processive synthesis, and (5) a clamp
loader complex that uses ATP to open and close the circular sliding clamp around
DNA. There are two other replication proteins that are important to genome duplica-
tion in all cell types but are not always considered part of the replisomemachine. One
of these replication proteins is the single-strand (ss) DNA binding protein (e.g. bacte-
rial SSB (Single-Strand Binding protein) and eukaryotic RPA (Replication Protein
A)) that coat ssDNA to melt hairpin blocks to polymerization and also to protect
ssDNA from nucleases. The other replication protein is a DNA topoisomerase(s)
that removes helical turns from dsDNA, needed for progression of the replisome.
DNA topoisomerases are thought to act separate (and ahead) of replication forks.
The archaeal replisome is quite similar to the eukaryotic replisome as the archaeal
replicationmachinery is evolutionarily related to the eukaryotic replisome, and inter-
ested readers are referred to reviews on archaeal replication (Makarova et al. 2012;
Makarova et al. 2014).

A comparison of the subunit composition of the core replisome factors of bacteria
(E. coli) and eukaryotes (S. cerevisiae) shows that the eukaryotic core factors are
multi-subunit complexes giving eukaryotic replisomes many more distinct polypep-
tides compared to bacterial replisomes (Table 5.1). For example, the eukaryotic
replicative helicase is composed of 11 subunits and is referred to as CMG for its
3 subcomponents, the Cdc45 (Cell Division Cycle 45) protein, the Mcm (Mini Chro-
mosome Maintenance) 2–7 heterohexamer motor, and the 4 subunit GINS complex
(Psf 1,2,3 and Sld 5) (Ilves et al. 2010; Moyer et al. 2006). In contrast, the DnaB
helicase of the E. coli replisome is a single polypeptide that forms a homohexamer
(Kornberg andBaker 1992; LeBowitz andMcMacken 1986). The eukaryotic primase
is the four-subunit DNA polymerase alpha-primase that contains a DNA polymerase
(Pol 1) and RNA primase (Pri 1/2) in addition to the Pol 12 subunit and gener-
ates a RNA-DNA primer of about 25 nucleotides (Conaway and Lehman 1982). In
contrast, the E. coli primase is only a single subunit that makes RNAprimers of 10-12
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nucleotides in length (Kornberg and Baker 1992). The eukaryotic replisome utilizes
two distinct DNA polymerases, epsilon and delta, for replication of the leading and
lagging strands, respectively; each are multisubunit complexes (Burgers and Kunkel
2017). The E. coli replisome utilizes identical DNA polymerase III enzymes for both
strands, and while the E. coli polymerase III is composed of separate DNA poly-
merase and 3’–5’ exonuclease subunits, the corresponding replicative DNA poly-
merase of most bacteria is a single subunit that contains both polymerase and exonu-
clease activities in the same polypeptide chain (Kornberg and Baker 1992; McHenry
2011). The sliding clamp of eukaryotes is the homotrimeric PCNA (Proliferating
Cell Nuclear Antigen), and in bacteria it is the dimeric beta, but each form rings with
similar dimensions and molecular weight (Itsathitphaisarn et al. 2012; Kong et al.
1992). The eukaryotic clamp loader, RFC (Replication Factor C), is a heteropentamer
of proteins that each share homology to AAA + proteins (ATPases Associated with
diverse Activities), and the E. coli clamp loader also contains five AAA + subunits
(Jeruzalmi et al. 2001; Kelch et al. 2012). The E. coli SSB is a homotetramer and
each subunit contains an OB (Oligosaccharide Binding) fold, while eukaryotic RPA
is a heterotrimer that also uses four OB folds to bind ssDNA (Antony and Lohman
2019; Chen andWold 2014). The eukaryotic replisome contains several “accessory”
factors that travel with the replisome and have no functional counterpart in bacteria
(Gambus et al. 2006; Gambus et al. 2009). Although we focus on the core replisome
factors is this review, we discuss a few of the eukaryotic replisome accessory factors
that have significant impact on undisturbed replisome action. The known eukaryotic
replisome accessory factors include: the Ctf4 (Chromosome Transmission Fidelity)
homotrimer (metazoan AND1), the Mcm10 (Mini Chromosome Maintenance) initi-
ation factor, the Mrc1 (Mediator of Replication Checkpoint) mediator of the S-phase
DNA checkpoint response (metazoan CLASPIN), the Tof1-Csm3 (Topoisomerase 1
interacting Factor and Chromosome Segregation in Meiosis) paused fork stabilizing
subunits (metazoan TIM-TIPPIN), and the FACT (FAcilitates Chromatin Transcrip-
tion) nucleosome mobility factor (Gambus et al. 2006; Gambus et al. 2009). Of these
replisome accessory factors, only Mcm10 is essential to S. cerevisiae cell viability.

Evolution and Structure of the Core Replisome Components

The advent of genomic sequencing revealed the surprising finding that major compo-
nents of bacterial and eukaryotic replisomes have non-homologous sequences and
thus are presumed to have evolved independently (Table 5.2) (Forterre et al. 2004;

Table 5.2 Structural folds in
the non-homologous core
replisome factors of bacteria
and eukaryotes

Component Bacteria Eukaryote

Helicase RecA fold AAA + fold

Primase Toprim fold Pol X fold

DNA Polymerase Polymerase III Polymerases ε and δ
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Koonin et al. 2015; Yao and O’Donnell 2016). This stands in contrast to other major
information pathways in which there exists homology between bacterial and eukary-
otic ribosomes and RNA polymerase subunits. The three core replisome factors that
lack homology are as follows. Bacterial helicase (e.g. E. coli DnaB) uses a RecA
fold for ATPase driven function, while the MCM motors of eukaryotic CMG utilize
a AAA+ fold for ATP binding and hydrolysis. DNA polymerases assort into distinct
non-homologous sequence families (Steitz 1999; Yang andWoodgate 2007), and the
eukaryotic leading and lagging strand DNA polymerases epsilon and delta are in the
B-family of polymerases, while the bacterial replicative polymerase (Pol III/PolC)
is in the C-family of polymerases. The bacterial primase is derived from a topoiso-
merase fold (Aravind et al. 1998; Podobnik et al. 2000), while the RNA primase in
the eukaryotic DNA polymerase alpha-primase has the folding pattern of the DNA
polymerase X family (Kilkenny et al. 2013; Kirk and Kuchta 1999).

Helicase

Replicative hexameric ring shaped helicases in both bacteria and eukaryotes are
composed of 6 motor subunits that each have a N-terminal and a C-terminal domain
(Fig. 5.1a), giving the hexameric ring an appearance of two stacked rings on side
view (Fig. 5.1a) (O’Donnell and Li 2018). Thus the hexamer consists of an N-tier
ring and a C-tier ring. The ATP binding sites are located in the C-terminal domain in

Fig. 5.1 Replicative helicases are hexameric rings with two tiers. a Top and side views of the
eukaryotic Mcm2-7 heterohexamer of the CMG helicase; the GINS and Cdc45 subunits are omitted
for clarity (PDB 3JC7). The side view shows that the two domains of each subunit give the helicase
the appearance of two stacked rings, forming a N-tier and a C-tier. b Top: Each subunit of replicative
hexameric helicases have an N-terminal and C-terminal domain. The ATP sites are located in the
C-terminal domain for both bacteria and eukaryotes. Bottom: Hexameric helicases of eukaryotes
and bacteria encircle opposite strands because they track in opposite directions on ssDNA. Note
also that the eukaryotic helicase tracks N-tier first while the bacterial helicase tracks C-tier first
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both E. coli DnaB and the eukaryotic Mcm2–7 motors of CMG, and the ATP sites
are positioned at subunit interfaces of the C-tier ring in which residues from both
neighboring subunits are required for ATP hydrolytic activity (Enemark and Joshua-
Tor 2008; Lyubimov et al. 2011; O’Donnell and Li 2018). The interfacial ATP sites
may enable intramolecular communication within the ring during unwinding action.
Both the bacterial DnaB and eukaryotic CMG function by steric exclusion, in which
they translocate along a ssDNA and act as a wedge at a forked junction to separate the
strands; one strand is excluded to the outside of the helicase ring and the other strand
is pulled through the central channel of the helicase ring by loopswithin themotors in
the C-terminal domains (Ahnert and Patel 1997; Fu et al. 2011; Hacker and Johnson
1997; Lee et al. 2014). Interestingly, the bacterial and eukaryotic replicative helicases
translocate on ssDNA in opposite directions. The RecA based bacterial helicase
travels 5’–3’, placing it on the lagging strand while AAA + based eukaryotic CMG
travels 3’–5’, placing it on the leading strand (Fig. 5.1b). Furthermore, the bacterial
helicase travels C-tier first (Itsathitphaisarn et al. 2012), while the eukaryotic CMG
travels N-tier first (Georgescu et al. 2017). For further information about the detailed
structure and mechanism of hexameric helicases the reader is referred to reviews
that focus on this subject (Enemark and Joshua-Tor 2008; Lyubimov et al. 2011;
O’Donnell and Li 2018).

DNA Polymerase

All known DNA polymerases are shaped as a right hand, having thumb, fingers and
palm sub-domains, even though DNA polymerases can be assorted into at least six
different families that do not share homology to one another (Steitz 1999; Yang
and Woodgate 2007). Many (but not all) DNA polymerases, such as the replica-
tive DNA polymerases, also contain a proofreading 3’–5’ exonuclease that removes
mismatched nucleotides inserted by mistake. The bacterial replicative polymerase is
the sole member of the C-family of DNA polymerases. The eukaryotic DNA poly-
merases delta and epsilon are in theB-family and thus share homology to one another.
The leading strand DNA polymerase epsilon is unique in that it contains two DNA
polymerases in its Pol 2 subunit (Tahirov et al. 2009). The N-terminal polymerase
domain in Pol 2 of DNA polymerase epsilon is the active DNA polymerase, while
the C-terminal polymerase is inactive (Tahirov et al. 2009). The active N-terminal
domain of Pol 2 in DNA polymerase epsilon is unique in having an extra sub-domain
(P-domain) that joinswith the thumb/finger/palm sub-domains to completely encircle
the primed template (Hogg et al. 2014). Interestingly, genetic studies reveal that the
inactive C-terminal polymerase of Pol 2 is essential, while the N-terminal active
polymerase of Pol 2 is not required for cell viability, although the mutant cells grow
very slow (Dua et al. 1999; Kesti et al. 1999). It is thought that the catalytic N-
terminal half of Pol 2, if deleted, can be substituted by DNA polymerase delta (Dua
et al. 1999; Kesti et al. 1999). The essential, but inactive C-terminal polymerase in
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Pol 2 is thought to serve an essential structural role, and recent studies indicate that
it is important for the assembly of CMG at an origin (Goswami et al. 2018).

Primase

Primases of bacteria and eukaryotes are highly diverged and bear little similarity
in sequence or structure. It is still unresolved why the eukaryotic DNA poly-
merase alpha-primase contains a DNA polymerase and functions with its priming
subunits to make a hybrid RNA-DNA primer. Interestingly, a recent study showed
that mutating the polymerase active site in Pol 1, the DNA polymerase of poly-
merase alpha-primase, still gave full replication activity in a single-molecule study,
implyingRNAprimers can be used instead ofRNA-DNAhybrid primers (Lewis et al.
2020). However, whether cells require DNA polymerase activity within polymerase
alpha-primase for cell viability is not yet known.

Clamps and Clamp Loaders

Unlike the other core factors, the clamp and clamp loaders of bacteria and eukaryotes
share the same common ancestor (Kelch et al. 2012; Yao and O’Donnell 2016). The
beta and PCNA clamps are essentially superimposable, having the same secondary
and tertiary 6 domain structure, with the exception that each monomer of dimeric
bacterial beta has three domains (Kong et al. 1992) and each monomer of trimeric
PCNA has two domains (Fig. 5.2a) (Gulbis et al. 1996). The clamp loader subunits
of bacteria and eukaryotes are heteropentamers that share sequence homology to one
another, and display homology from bacteria to eukaryotes (Cullmann et al. 1995;
O’Donnell et al. 1993). Clamp loader pentamers form a gapped ring that bind dsDNA
in the central chamber (Fig. 5.2b) (Kelch et al. 2011, 2012). Clamp loaders operate
by binding/opening their respective clamp and then bind primed DNA in the center
of the pentamer ring, thereby positioning the DNA through the clamp (Fig. 5.2b).
The DNA induces a conformation change in the clamp loader that activates the ATP
sites for hydrolysis, which ejects the clamp loader and enables the clamp to snap shut
around DNA. For a more in-depth discussion of the mechanism of clamp loaders,
the reader is referred to reviews on the subject (Kelch 2016; Kelch et al. 2012; Yao
and O’Donnell 2012).

One may ask why the clamp and clamp loader are conserved while the other
core replisome factors have distinct structures and evolutionary heritage? Clamps
and clamp loaders are well known to be involved in numerous processes, not just
replication (De Biasio and Blanco 2013; Georgescu et al. 2015a; Yao and O’Donnell
2016). Hence, while they were discovered in DNA replication systems, they may
have originally evolved for function in other DNA metabolic reactions, and then
were recruited later in evolution for DNA replication. For example, use of a clamp
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Fig. 5.2 Sliding clamps and clamp loaders. a Representative sliding clamps of bacteria (E. coli
beta, PDB 2POL) and eukaryotes (human PCNA, PDB 1AXE) are shown in ribbon representation.
b The clamp loader of T4 bacteriophage bound to its clamp and primed DNA. c Steps in the clamp
loading reaction. ATP binding to the clamp loader enables it to bind/open the clamp, which then
binds primed DNA in the central chamber of the clamp loader, positioning dsDNA through the
clamp. ATP hydrolysis ejects the clamp loader, enabling the clamp to close and bind to the DNA
polymerase. Panel c is reproduced with permission from Fig. 5.2 in (Jeruzalmi et al. 2001; Kelch
et al. 2012)

that binds a variety of different DNA metabolic proteins will enhance their effective
concentration on DNA, and thus the cell would not need to produce as much of the
protein for its activity on DNA. Specifically, the effective local concentration of a
clamp-interacting protein relative to DNA will be greatly enhanced by proximity to
DNA via interaction with a mobile sliding clamp that tethers it to DNA.

Considering that bacteria and eukaryotic replisomes evolved separately, why do
they have similar core replisome factors? One possible explanation is that genome
replication of the Last Universal CommonAncestor (LUCA) cell may have been very
different from modern day cells. The LUCA genome could possibly have even been
RNA. Viruses and bacteriophage have a plethora of different replication strategies,
providing precedent for unique DNA replication processes (Kornberg and Baker
1992). For example, LUCA may have replicated a duplex genome one strand at
a time (e.g. first duplicating one strand and then doubling back to replicate the
other). This “sequential strand replication” strategy is observed in some dsDNA
and RNA viruses today, and can circumvent the need for both primase and helicase.
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Primase is circumvented by sequential strand replication by protein priming by phi29
bacteriophage, priming by cleavage of a terminal hairpin by adeno-associated virus,
and tRNApriming in retroviruses (Kornberg andBaker 1992). The need for a helicase
can be circumvented using a strand displacing DNA polymerase. For example, phi29
bacteriophage replicates its dsDNA genome using a strand displacing polymerase
instead of a helicase.

Taking these speculations a step further, it is possible that cells eventually evolved
a large enough genome to require a mechanism to rapidly replicate both strands at
the same time to be more fit, or competitive with other cells. Rapid and simul-
taneous replication of both strands of the duplex requires an RNA primase for
semi-discontinuous replication, and an ATP driven DNA helicase dedicated to rapid
unwinding of the duplex genome. If these requirements for cellular fitness occurred
after the split of bacteria and eukaryotes from LUCA, it could possibly explain why
bacteria utilize a helicase and primase that share no homology to their eukaryotic
counterparts.

Organization of Replisomes

The apparent distinct evolutionary heritage of helicase, primase and DNA poly-
merases of eukaryotic and bacterial replisomes presents the possibility that these
components are organized differently in their respective replisome machines. Thus,
we summarize here the current state of knowledge about the organization of the core
replisome factors in bacterial and eukaryotic cell types, using E. coli to represent
bacteria and S. cerevisiae to represent eukaryotes.

Bacterial Replisome

The bacterial homohexameric replicative helicase (e.g. E. coli DnaB) unwinds DNA
5’–3’ and is thus located on the lagging strand (LeBowitz and McMacken 1986). A
direct connection of E. coli polymerase III to the replicative DnaB helicase has yet
to be observed, and if it exists it is sufficiently weak to avoid detection. However,
three of the clamp loading subunits (tau) contain C-terminal appendages that bind
both the DnaB helicase and DNA polymerase III (Dallmann et al. 2000; Gao and
McHenry 2001; O’Donnell et al. 2001). Thus, the clamp loader is the organizing
center of the E. coli replisome, connecting the helicase to the DNA polymerases
(Fig. 5.3) (O’Donnell et al. 2001). The primase transiently binds the DnaB helicase
for function, and extends primers in the opposite direction of helicase unwinding
(Kornberg and Baker 1992). The E. coli primase acts distributively in the replisome,
coming on and off the replisome to prime the lagging strand at intervals of 1-2 kb
(Tougu and Marians 1996). The lagging strand DNA polymerase III, held to DNA
by its beta clamp, is capable of processive synthesis of an Okazaki fragment but
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Fig. 5.3 Organization of the core replisome factors of the E. coli replisome. The leading strand
DNA polymerase III is held to DNA by the beta clamp. The τ-complex clamp loader contains 3 t
subunits, each of which contain extensions that bind a DNA polymerase III molecule and connect to
theDnaB helicase hexamer that encircles the lagging strand. Twomolecules ofDNApolymerase III-
beta on the lagging strand. Primase transiently binds the helicase to initiate synthesis of the lagging
strand RNA primers onto which the central clamp loader repeatedly loads beta clamps as RNA
primers are formed. Extension of a lagging strand primer results in formation of a 1-2 kb Okazaki
fragment DNA loop. The SSB tetramer binds the lagging strand ssDNA to protect it from nucleases
and to remove secondary structures that would normally impede DNA polymerase movement

has an intrinsic mechanism that ejects DNA polymerase III from the beta clamp and
DNA upon completing a segment of DNA, enabling it to recycle to a new RNA
primed site while remaining bound to the clamp loader/replisome (O’Donnell 1987;
Stukenberg et al. 1994). This polymerase recycling mechanism will be discussed
further in the next section. Structural studies of the bacterial cellular replisome have
yet to be reported. Hence, specific details about the organization of the replisome
factors relative to one another in 3D space is not yet known. However, the structure
of the T7 bacteriophage replisome has recently been determined (Gao et al. 2019),
and has similarity to the eukaryotic replisome structure, as will be described below.

Considering that leading and lagging strand DNA polymerases are structurally
connected, it was originally thought that the leading and lagging strand polymerases
would also be functionally coupled (Kornberg and Baker 1992). Specifically, if a
lagging strand polymerase were to stall, the leading strand polymerase would also
stop (and the converse). Indeed, early in vitro studies of the T4 phage and T7 phage
replisomes indicated functional coupling of the two DNA polymerases (Lee et al.
1998; Salinas and Benkovic 2000). But studies in E. coli using both ensemble and
single-molecule methods showed that the leading/lagging strand polymerases within
the replisome are not functionally coupled, even though they are structurally attached
(McInerney and O’Donnell 2004; Yao et al. 2009). A recent study has re-confirmed
these actions in the E. coli system (Graham et al. 2017).



242 N. Y. Yao and M. E. O’Donnell

Eukaryotic Replisome

The CMG helicase tracks 3’–5’ and thus encircles the leading strand, the opposite
strand that bacterial DnaB helicase encircles (Ilves et al. 2010; Moyer et al. 2006).
Furthermore, the leading strand polymerase epsilon directly binds to the replicative
CMG helicase (Fig. 5.4) (Langston et al. 2014). This stands in contrast to the E. coli
DNApolymerases which lack direct connection to the DnaB helicase, and require the
clamp loader to mediate their connection. Also, unlike E. coli, the eukaryotic DNA
polymerase alpha-primase forms an indirect contact to CMG mediated by the Ctf4
trimer replisome accessory factor (Simon et al. 2014; Sun et al. 2015). Furthermore,
recent single-molecule studies demonstrate that DNA polymerase delta travels with
the replisome for several kilobases (Lewis et al. 2020). These observations infer that
numerous lagging strand DNA loops occur during replication of multiple Okazaki
fragments in one DNA polymerase delta binding event, especially considering the
small 100–200 bp length of eukaryotic Okazaki fragments (Smith and Whitehouse
2012). A strong interaction between the lagging strand DNA polymerase delta and
individual replisome factors is not yet observed, and it seems possible that the connec-
tion of polymerase delta to the replisome may require multiple weak contacts that
sum to form a strong connection. A previously identified contact between the Pol 32
subunit of DNA polymerase delta and the Pol 1 subunit of DNA polymerase alpha-
primase (Huang et al. 1999; Johansson et al. 2004) has been shown to be functionally
relevant in the single-molecule studies (Lewis et al. 2020).

Decades of textbook illustrations of the replisome show the helicase at the prow
of the replication fork and the DNA polymerases trailing behind. However, structural

Fig. 5.4 Organization of the core replisome factors of the S. cerevisiae replisome. The leading
strand polymerase epsilon is held to DNA by the PCNA clamp and by interaction with the CMG
helicase that encircles the leading strand. The Ctf4 scaffolding trimer holds the lagging strand DNA
polymerase alpha-primase to CMG helicase. The lagging strand DNA polymerase delta-PCNA
complex travels with the replisome, resulting in 100-200 nucleotide Okazaki fragment DNA loops.
The RPA heterotrimer binds the lagging strand ssDNA, protecting it from nucleases and melting
secondary structures that impede polymerase progression
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studies of the eukaryotic replisome reveal the leading strandDNApolymerase epsilon
is on the opposite side of CMG from the lagging strand DNA polymerase alpha-
primase, revealing that one polymerase travels ahead of the helicase and one travels
behind the helicase (Fig. 5.4) (Sun et al. 2015). Further study revealed the orientation
of CMG on DNA, and that polymerase alpha primase travels ahead of CMG while
polymerase epsilon tracks in back ofCMG(Georgescu et al. 2017). This anti-intuitive
view of the lagging and leading strand DNA polymerases acting either in front or
behind the helicase generalizes to the structure of the T7 bacteriophage replisome
(Gao et al. 2019; Li and O’Donnell 2019).While the T7 bacteriophage does not use a
clamp/clamp loader, it utilizes a hexameric helicase, and the structural studies reveal
the identical leading and lagging strand polymerases are located on opposite faces
of the helicase.

Now that the eukaryotic replisome structure is coming into view, one can compare
and contrast several salient details of replisome architecture between E. coli and S.
cerevisiae (compare Figs. 5.3 and 5.4). The directionality of the helicases places them
on opposite strands, DnaB acts 5’–3’on the lagging strand and eukaryotic CMG acts
3’–5’ on the leading strand. The CMG helicase organizes the eukaryotic replisome,
binding the leading polymerase epsilon directly and the lagging DNA polymerase
alpha-primase through the Ctf4 scaffolding factor. In E. coli, the leading and lagging
strand DNA polymerases connect indirectly to the helicase through their mutual
binding to the clamp loader that organizes the replisome. Bacterial primase does not
form a stable attachment to the replisome, while eukaryotic DNA polymerase alpha-
primase is attached to the replisome through the Ctf4 scaffolding factor (Gambus
et al. 2009;Yuan et al. 2019).While eukaryotes utilize two distinct DNApolymerases
for the two daughter strands, E. coli uses identical DNA polymerases. The bacterial
primase synthesizes a RNA primer, while the eukaryotic DNA polymerase alpha-
primase synthesizes a hybrid RNA-DNA primer. The eukaryotic CMG helicase is
sandwiched, ahead and behind, by leading and lagging strand DNA polymerases,
and DNA polymerases sandwiching the helicase generalizes to T7 bacteriophage,
but whether this generalizes to bacterial cellular replisome is not yet certain.

Despite these differences, there are numerous similarities. The helicase motors
in bacteria and eukaryotes are circular hexamers. The DNA polymerases in both
cell types are tethered to DNA by circular clamps, loaded on DNA by a clamp
loader pentamer. Furthermore, numerous Okazaki fragments can be synthesized by
a single replisome in both bacteria and eukaryotes, indicating that the lagging strand
polymerase stays attached to the replisome during multiple cycles of the lagging
strand polymerase coming on/off DNA to extend Okazaki fragments in the opposite
direction of fork movement. This “recycling” of the lagging strand polymerase is a
fundamental problem for replisome action and is the subject of the next section.
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Clamps Mediate Polymerase Recycling During Okazaki
Fragment Synthesis

The antiparallel architecture of dsDNA, and unidirectional action of DNA poly-
merases require the lagging strand DNA polymerase to extend DNA in the oppo-
site direction of the leading strand DNA polymerase. This action requires repeated
priming and synthesis of the lagging strand in sections (Okazaki fragments) (Korn-
berg and Baker 1992). In vitro studies have elucidated an unanticipated mechanism
by which this process is performed, as illustrated in Fig. 5.5.

Bacteria

In E. coli the repeated extension of RNA primers is accomplished by a DNA poly-
merase recycling process inwhich the sameDNApolymerase is re-utilized numerous
times by hopping among beta clamps, illustrated in Fig. 5.5 (Johnson and O’Donnell
2005). Specifically, while DNA polymerase III-beta is extending an Okazaki frag-
ment, a new beta clamp is assembled on the next RNA primer by the clamp loader
within the replisome. DNA polymerase III contains an inherent mechanism whereby
it binds its beta clamp tightly during synthesis, but rapidly disengages from its beta

Fig. 5.5 Lagging strand polymerase recycling by hopping among sliding clamps. a The lagging
strand DNA polymerase is attached to the leading strand DNA polymerase by connections with
other replisome factors. The lagging strand is primed while the lagging strand polymerase extends
a previously formed primer. b and c When the Okazaki fragment is complete, the lagging strand
polymerase hops to a new clamp placed on the next primed site, leaving the old clamp behind on
DNA
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clamp upon finishing a section of DNA (O’Donnell 1987). Thus when polymerase
III releases its beta clamp upon completing extension of an Okazaki fragment, it
rapidly comes off DNA and binds a new beta clamp at the next primed site for rapid
and processive extension of the next Okazaki fragment (Stukenberg et al. 1994). This
rapid release and recycling process is referred to as “collision release”.

Further work in the T4 phage and E. coli systems revealed that not all lagging
strand DNA polymerase recycling events require the complete extension of an
Okazaki fragment, and that sometimes the DNA polymerase is “signaled” to recycle
from one clamp to a new clamp before an Okazaki fragment is extended to comple-
tion (Kurth et al. 2013; Li and Marians 2000; Yang et al. 2004). While the signal of
this “signal release” mechanism is not clear, the process of disengaging the strong
DNA polymerase-clamp connection while extending DNAwould require significant
energy. Torsional strain during replication contains more than sufficient energy to
disrupt the strong polymerase-clamp connection, and experimental evidence exists
that the extensive energy generated by supercoiling during fork advance can force the
dissociation of polymerase from its clamp before an Okazaki fragment is complete
(Kurth et al. 2013).

Single-molecule assays have shown that recycling to new clamps by a lagging
strand polymerase that remains attached to the replisome can operate for at least
86 kb of fork progression, during which multiple Okazaki fragments of 1 kb or
less are generated (Yao et al. 2009). Polymerase hopping among sliding clamps
(O’Donnell 1987; Stukenberg et al. 1994) is the accepted process by which E. coli
DNA polymerase III recycles from one Okazaki fragment to the next. This process
appears to be at work in eukaryotes as well, and is described in more detail in the
next section.

Eukaryotes

The lagging strand specific eukaryotic DNApolymerase delta-PCNA clamp is highly
processive during replication of a > 5 kb primed substrate, and despite the non-
homology in bacterial and eukaryotic DNA polymerases, DNA polymerase delta
demonstrates collision release from its PCNA clamp upon completing DNA much
as observed for E. coli DNA polymerase III and illustrated in Fig. 5.5 (Langston and
O’Donnell 2008). However, unlike the E. coli system a strong and direct connec-
tion of polymerase delta to other replisome components has not been detected, and
therefore it is generally thought that the eukaryotic lagging strand polymerase delta
is used stoichiometrically—one DNA polymerase delta molecule for each Okazaki
fragment. As described earlier in this review, a recent single-molecule study of the
eukaryotic replisome reveals that a singlemolecule ofDNApolymerase delta remains
with the replisome for numerousOkazaki fragments, and therefore is efficiently recy-
cled during replication (Lewis et al. 2020). Interestingly, when additional DNA poly-
merase delta is present in solution there occurs an exchange of polymerase delta from
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solutionwith polymerase delta in the replisome.DNApolymerases epsilon and alpha-
primase also undergo a similar exchange rate when either of these DNA polymerases
is present in excess (Lewis et al. 2020). This result is consistent with observations of
protein exchangewithin bacterial replisomes that depends on excess unbound protein
(Mueller et al. 2019). Regardless, the single molecule studies utilizing an 18 kb DNA
in the absence of excess solution phase proteins reveals that polymerase delta can be
held into the replisome for numerous Okazaki fragments that requires DNA looping
as illustrated in Fig. 5.5, especially considering that each eukaryotic Okazaki frag-
ment is only 100–200 bp in length (Lewis et al. 2020; Smith and Whitehouse 2012).
One connection point of DNA polymerase delta is through DNA polymerase alpha-
primase (Huang et al. 1999), consistent with polymerase delta function in extending
lagging strand primed sites into full length Okazaki fragments (Lewis et al. 2020).

It is unclear why DNA looping is utilized in DNA replication, either bacterial or
eukaryotic. Perhaps DNA looping on the lagging strand is simply a consequence of
a processive lagging strand polymerase that is held to the replication fork. Whether
there are other advantages to a DNA looping process for lagging strand synthesis
will remain for future studies.

Assembly and Escape of Replicative Helicases
from the Origin

The goal of an origin, in both bacteria and eukaryotes, is to load two helicases onto
the DNA to form bidirectional replication forks. In bacteria this is a comparatively
simple process because they often have one circular chromosome with only one
origin, and the firing of the origin is not strictly regulated. For example, in rich
growth media the single origin in the E. coli chromosome can fire more than one
time before cell division takes place (Kornberg and Baker 1992). Unlike E. coli,
eukaryotes contain numerous origins within each of several linear chromosomes,
and unregulated firing of these numerous origins could lead to genome instability. In
fact, eukaryotic origins are highly regulated, being “licensed” in the G1 phase of the
cell cycle, constraining them to fire once and only once during the ensuing S phase
of the cell cycle and preventing re-initiations that could result in a tangle of DNA
segments having different copy numbers (Blow and Laskey 1988). Many studies on
this subject have led to the finding of numerous proteins and two cell cycle kinases
that are required for initiation at eukaryotic origins (Bell and Labib 2016). Study of
the licensing step in G1 phase revealed that two Mcm2–7 hexamers are loaded onto
dsDNA at S. cerevisiae origins (Evrin et al. 2009; Remus et al. 2009). Upon entering
S-phase, origin initiation factors assemble GINS and Cdc45 onto each Mcm2–7 to
form two CMGhelicases. This two-step process, separated into two cell cycle stages,
ensures than an origin only fires once per cell cell cycle.
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Bacterial Helicase

The objective of the bacterial origin is to load two helicases onto DNA. However,
while eukaryotic CMG is assembled around dsDNA and must melt dsDNA to switch
onto ssDNA, the bacterial helicase is directly loaded onto a ssDNA bubble formed
by origin binding proteins (e.g. DnaA protein) (Bramhill and Kornberg 1988a, b).
Also, unlike eukaryotic CMG, the bacterial replicative hexameric helicase tracks
C-tier first (Itsathitphaisarn et al. 2012; Lyubimov et al. 2011). In many bacteria the
helicase, like E. coli DnaB helicase, exists as a hexameric ring that use a protein (e.g.
E. coli DnaC) that acts as a “ring breaker” to open and close the DnaB ring around the
ssDNA, but some bacteria have proteins that act as “ring makers” that assemble the
hexameric helicase around ssDNA frommonomeric subunits (Davey and O’Donnell
2003). In either case, once the helicase ring is assembled and encircles ssDNA it
can proceed to unwind dsDNA by the steric exclusion process. It is interesting to
note that the two E. coli DnaB helicases assembled at the open ssDNA bubble of an
origin face one another and must pass each another during initial origin unwinding
(Fang et al. 1999). As described below, this aspect mimics the two eukaryotic CMG
helicases that pass one another in the final stages of bidirectional origin unwinding.

Eukaryotic Helicase

Origins in eukaryotes require numerous proteins that act as chaperonin assembly
factors to assemble the 11 subunit CMG helicase at the G1/S phase boundary. At
this boundary, there exist numerous factors and kinases that modify and assemble
head-to-head CMGs to ensure that an origin fires once and only once per cell cycle.
Most of these factors are needed to assemble the 11-subunit CMG helicase, but do
not travel with the replication fork (Bell and Labib 2016). It has long been thought
that eukaryotic CMG tracks C-tier first like the bacterial hexameric helicase (Bell
and Labib 2016). This view is promoted by the fact that the two CMGs that are
formed at an origin are oriented N-tier to N-tier, suggesting they could simply move
apart in opposite directions to form bidirectional replication forks if they traveled
C-tier first.

Despite the attractive view of CMGs moving C-tier first from an origin, a C-
tier first orientation of CMG unwinding, when modeled into the cryo-EM replisome
structure, would require the leading strand polymerase epsilon to ride at the top of the
replisome during replication, and thus the unwound DNA would need to loop back
from the bottom of CMG to the top of the replisome to reach polymerase epsilon,
a distance of approximately 120 Angstroms and would leave the ssDNA vulnerable
to nuclease attack (Sun et al. 2015). Use of a strategy to determine a high resolution
cryo-EM 3D structure of CMG acting at a replication fork revealed that CMG tracks
N-tier first along ssDNA, which contradicted the long-held view that CMG travels C-
tier first (Georgescu et al. 2017). This new “N-tier first orientation of CMG” showed
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that the two CMGs at an origin are directed inward toward one another, not outward.
While inward directed CMGs would block one another, and may initially seem a
stand-off, this view of an inward direction of CMGs also offers a new way to look
at origin initiation (Georgescu et al. 2017). Specifically, if each CMG binds one
strand while surrounding dsDNA, the two opposite facing CMGs will block one
another from moving, but would pull on opposite strands. If they have sufficient
force, they could rip the DNA strands apart by pulling them through their respective
rings while the two CMG rings stand still. In fact, CMG has been demonstrated to
track on only one strandwhile encircling the duplex (Langston andO’Donnell 2019).
Interestingly, earlier studies of E. coli DnaB and eukaryotic Mcm4,6,7 showed that
they could rip DNA duplex structures apart, but the exact function of this observation
was not understood at the time (Kaplan et al. 2003; Kaplan and O’Donnell 2002).
Recent work using CMG and a 150 bp linear ARS1 origin DNA showed that two
head-on CMGs can in fact rip, or shear, the DNA strands apart provided that Mcm10
is also present (Langston and O’Donnell 2019). Mcm10 binds tightly to CMG and
enhances helicase activity over 10-fold (Langston et al. 2017). Furthermore, in vivo
studies document that Mcm10 is required for head-on CMGs to unwind the origin
(Kanke et al. 2012; van Deursen et al. 2012; Watase et al. 2012). Hence, two head-
on CMGs that track on opposite strands may explain how head-to-head CMGs +
Mcm10 unwind dsDNA at origins (Fig. 5.6).

Fig. 5.6 Head-to-head CMGs shear dsDNA to ssDNA. Two CMGs are oriented head-to-head (N-
tier to N-tier) on dsDNA at eukaryotic origins. The CMGs track N-first on DNA and thus the two
CMGs are directed inward toward one another. Furthermore, each CMG tracks on one one strand
of the duplex and therefore pull the two strands in opposite directions. Experiments show that the
pulling force is sufficient to shear apart the two strands of a 150 bp ARS1 origin of yeast (Langston
and O’Donnell 2019)
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OnceCMGs that encircle dsDNAunwind an origin, theymust transition to ssDNA
to become bone fide replicative helicases acting at replication forks (Fig. 5.7). The
mechanism of this piece of the initiation puzzle has been determined from a single-
molecule study (Wasserman et al. 2019). In the single-molecule study, CMG +
Mcm10 could load onto linear ssDNA that is blocked by optical traps on either
end. This indicates that CMG contains a ssDNA gate to enable it to get onto ssDNA,
because both ends of the DNA are blocked by beads in the optical trap. The inference
of a ssDNA gate in CMG is also consistent with earlier studies demonstrating that
CMG can melt a 5’ tailed oligonucleotide from circular M13 ssDNA (Ilves et al.
2010). Cryo-EM structures of CMG show no openings in the Mcm2-7 ring (Abid
Ali et al. 2016; Yuan et al. 2016) and therefore one may presume the ssDNA gate
is transient. The presence of a ssDNA gate in CMG also has implications to DNA
repair, to which the reader is referred to the original article (Wasserman et al. 2019).

Fig. 5.7 A ssDNA gate in CMG enables it to transition from dsDNA to ssDNA. CMG is assembled
onto dsDNA at origins, but must transition onto ssDNA for steric exclusion helicase action at
replication forks. CMG is demonstrated to have a ssDNA gate that allows it to exclude one strand
after initial unwinding of dsDNA. See text for details
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The CMG does not load onto dsDNA, consistent with the Mcm2–5 dsDNA entry
gate of Mcm2–7 being shut tight by the Cdc45/GINS accessory factors (Abid Ali
et al. 2016; Yuan et al. 2016). Hence, the ssDNA gate is presumed to be located
between Mcm subunits other than the Mcm2/5 interface, and identification of this
ssDNA gate awaits future studies.

Assembly of Bacterial and Eukaryotic Replisomes

Bacterial Replisome

Two DnaB helicases assemble onto the ssDNA bubble formed by origin binding
factors (E. coli DnaA/DnaC), and a further small amount of unwinding (< 100 bp)
by the DnaB helicases enables primase to form RNA primed sites (Bramhill and
Kornberg 1988b; Fang et al. 1999). The DnaB helicase also recruits the clamp loader
through direct interaction (Kim et al. 1996). These actions only require the two bidi-
rectional helicases to unwind less than 100 bp at an origin to enable priming of both
strands and to assemble two replisomes (Fang et al. 1999). Replisome assembly is
straightforward because the E. coli clamp loader tightly binds three DNApolymerase
III molecules to form a tightly associated assembly containing one clamp loader and
three DNA polymerase III’s (McInerney et al. 2007). Thus, once DnaB recruits a
primase to form a primed site, the clamp loader within the clamp loader-3 polymerase
III assembly only needs to place clamps onto the primed DNA and bind the helicase
and clamp for assembly of a leading/lagging strand replisome. After assembly of
the helicase onto ssDNA, the replisome assembly process occurs spontaneously and
without need of catalytic assembly factors (McInerney et al. 2007).

Eukaryotic Replisome

The fact that eukaryotes have different DNA polymerases for the leading and lagging
strands might suggest the need for certain chaperonin factors and/or kinases to
correctly assemble it, much like the assembly of CMG helicase at an origin. The
process of asymmetric assembly of the replicative polymerases has been recapitu-
lated in vitro (Georgescu et al. 2014; Georgescu et al. 2015b). The process involves
two suppression reactions that eliminate a DNA polymerase from the replication fork
if they load onto the wrong strand. The asymmetric polymerase assembly process
also involves two major recruitment interactions that are specific for each DNA
polymerase. The recruitment mechanism that locates DNA polymerase delta to the
lagging strand is due to its much stronger affinity to the PCNA clamp compared to the
affinity of DNA polymerase epsilon to PCNA (Schauer et al. 2017). The suppression
mechanism that prevents polymerase epsilon from function on the lagging strand is
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Fig. 5.8 Quality control processes that direct DNApolymerases epsilon and delta to their respective
strands. Panels a and bWhen a DNA polymerase loads onto the wrong strand, it is unstable. Thus
DNA polymerase delta undergoes collision release from PCNA-DNA upon colliding with CMG
on the leading strand. The RFC clamp loader out-competes polymerase epsilon on lagging strand
primed sites. c When a polymerase assembles on the correct strand, it is stabilized and retained.
Thus polymerase epsilon binds to CMG and is held to the leading strand, and CMG also prevents
RFC from displacing polymerase epsilon from a leading strand primed site. Polymerase delta binds
tightly to PCNA at a primed site on the lagging strand, preventing it from becoming displaced by
the RFC clamp loader. Reproduced with permission from Fig. 5.8 in (Schauer et al. 2017)

its sensitivity to inhibition by the RFC clamp loader, which competes DNA poly-
merase epsilon off a primer terminus (Schauer et al. 2017). This RFC suppression
does not occur on the leading strand because CMG binds DNA polymerase epsilon
andprotects it fromRFC inhibition, thus enablingPCNA tobe loaded onto the leading
strand for use by DNA polymerase epsilon (Schauer et al. 2017). The mechanism
that locates DNA polymerase epsilon to the leading strand is also two-fold. Firstly,
DNApolymerase epsilon is recruited to the leading strand by specific interactionwith
CMG that encircles leading strand ssDNA (Langston et al. 2014). Once polymerase
epsilon is complexed to CMG, polymerase delta cannot displace it from the leading
strand (Georgescu et al. 2014; Georgescu et al. 2015b). But if DNA polymerase
delta arrives at the leading strand before DNA polymerase epsilon, DNA polymerase
delta self-ejects from DNA and PCNA upon colliding with CMG (Georgescu et al.
2014; Schauer et al. 2017). Taken together the studies indicate that assembly of an
asymmetric eukaryotic replisome is inherent in the core factors and does not require
outside assembly factors as illustrated in Fig. 5.8. Suppression reactions for poly-
merase occupancy are unprecedented for bacterial systems, because the leading and
lagging strand DNA polymerases are identical.

Summary and Future Outlook

Reconstitution of the bacterial and eukaryotic replisomes reveal the main structural
and biochemical differences by which the replisome machine functions in these two
cell types. The non-homologous sequences and structures of the helicase, primase
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andDNApolymerase core replisome factors of bacteria and eukaryotes is compelling
evidence that they evolved separately. However, as explained here, there are uncanny
similarities between assembly and function of bacterial and eukaryotic replisomes
when viewed with a wide-angle lens. Specifically, the origins have the same goal
of loading two bidirectional helicases onto DNA. Both the bacterial and eukaryotic
helicases are hexamers with N- and C-tiers. But bacterial and eukaryotic hexameric
helicases act on opposite strands setting the groundwork for a distinct organization of
their respective replisomes. In bacteria, the clamp loader binds the helicase and joins
it to the leading and lagging strand DNA polymerases. In eukaryotes the helicase
directly binds the leading strandDNApolymerase, and binds the lagging strandDNA
polymerase indirectly throughother replisomeproteins. In both cases, two replisomes
spontaneously assemble once the helicases are loaded onto a bidirectional origin.
Another similarity is that in both cell types, the mechanism of polymerase recycling
by hopping among DNA sliding clamps for synthesis of lagging strand Okazaki
fragments appears to be conserved, although future studies are need to confirm if
this is true.

These generalities are comforting for the idea that an understanding of replisome
action is at hand, but there are stillmanymysteries that are yet to be solved. The reason
that the eukaryotic replisomeuses differentDNApolymerases for leading and lagging
strand DNA synthesis is unknown, while bacteria utilize identical enzymes for the
same purpose. Also, yet to be determined is the reason that eukaryotes use a RNA-
DNA primer to initiate DNA synthesis by the replicative DNA polymerases epsilon
and delta. Could it be that the RNA portion is all that is normally used, as in bacteria
and its phages? Perhaps the Pol 1 subunit activity of polymerase alpha-primase is only
required for certain regions of the genome. Another remaining mystery is why the
eukaryotic helicase has so many subunits. Presumably the extra subunits are needed
after the initial licensing step to close the gap between Mcm2 and Mcm5, needed for
assembly of the Mcm2–7 ring onto dsDNA in G1 phase. However, these accessory
subunits also bind DNA polymerase epsilon and the Ctf4 scaffolding factor, and thus
appear central to direct the leading and lagging strand DNA polymerases to their
respective strands. It also remains possible that the multisubunit structure of CMG is
used for regulation, such as in response to the S phase replication checkpoint which
involves modification of some of the CMG subunits (Ilves et al. 2012; Labib and De
Piccoli 2011).

Eukaryotic replisomes must also deal with nucleosomes, epigenetic marks, sister
chromosome cohesion, and DNA repair. These aspects have not been dealt with in
this review. While it is obvious that replication must interface with these important
processes, there is still very little known about the mechanistic details. For example,
it has been shown in budding yeast that mutations in histone binding sites in DNA
polymerase epsilon, Pol 1 of DNA polymerase alpha-primase, and an N-terminal
region of Mcm2 result in differential transfer of parental nucleosomes to either the
leading or lagging daughter strand, depending on the mutant protein (Gan et al.
2018; He et al. 2017; Petryk et al. 2018; Yu et al. 2018). These findings imply
there are different pathways for epigenetic marks to be transferred to one strand
or the other during genome replication. The mechanistic basis for these pathways
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are unknown, and remain important open questions for future studies with high
potential for an impact on disease and on developmental biology. While there is very
little is known about how replication interfaces with these important processes, a
mechanistic understanding of these aspects of chromatin structure and replication
are very important to our understanding of development, cancer, and ultimately a
cure for certain human health and diseases.
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Chapter 6
Recent Progress in Structural Studies
on the GT-C Superfamily of Protein
Glycosyltransferases

Heather Bohl , Lin Bai , and Huilin Li

Abstract Protein glycosylation is an essential covalent modification involved in
protein secretion, stability, binding, folding, and activity. One or more sugars may be
O-,N-, S-, orC-linked to specific amino acids byglycosyltransferases,which catalyze
the transfer of these sugars from a phosphate-containing carrier molecule. Most
glycosyltransferases are members of the GT-A, GT-B, or GT-C structural superfami-
lies. GT-C enzymes are integral membrane proteins that utilize a phospho-isoprenoid
carrier for sugar transfer. To-date, two families of GT-Cs involved in protein glyco-
sylation have been structurally characterized: the family represented by PglB, AglB,
and Stt3, which catalyzes oligosaccharide transfer to Asn, and the family repre-
sented by Pmt1 and Pmt2, which catalyzes mannose transfer to Thr or Ser. This
chapter reviews progress made over recent years on the structure and function of
these two GT-C families.

Keywords Protein N-glycosylation · Protein O-mannosylation ·
Glycosyltransferases · Glycosyltransferase C fold (GT-C fold) · Cryo-EM ·
Structural biology

Introduction

Protein glycosylation is a protein modification in which one or more sugar residues
are attached to amino acids, typically Asn, Thr, Ser, or Trp (Spiro 2002). Such
modifications are present in all domains of life. Protein glycosylation is important
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for protein folding, stability, activity, binding, and secretion, and the mutation of the
enzymes involved in the process may result in severely deleterious phenotypes or
diseases in humans (Helenius and Aebi 2004; Haeuptle and Hennet 2009).

Protein glycosylation is catalyzed by glycosyltransferases (GTs), which transfer
the sugar from a donor to an acceptor. In protein glycosylation, the acceptor is
either the protein or a sugar already attached to the protein. The sugar donors are
usually activated nucleotide sugars or lipid phosphate-linked sugars (Lairson et al.
2008). In forming the glycosidic bond between sugar and acceptor, there are two
types of glycosylation mechanisms, either inverting or retaining, which refer to the
inversion or retention of the stereochemistry of the anomeric carbon of the transferred
sugar (Lairson et al. 2008). Inverting glycosyltransferases perform a simple SN2
type reaction: the enzyme catalyzes the nucleophilic attack of oxygen, nitrogen,
carbon, or sulfur on the anomeric carbon with simultaneous cleavage of the bond
to the phosphate-containing leaving group (Lairson et al. 2008; Chang et al. 2011).
Retaining glycosyltransferases use an SNi-like reaction having an oxocarbenium-
phosphate ion pair intermediate and an interaction between the leaving group and the
nucleophile on the same face of the sugar (Hurtado-Guerrero andDavies 2012;Breton
et al. 2012; Lairson et al. 2008; Yu et al. 2015; Lee et al. 2011). This mechanism
is predicted for all retaining GTs (Hurtado-Guerrero and Davies 2012; Breton et al.
2012; Lairson et al. 2008).

Based on their structural fold, glycosyltransferases fall into one of three super-
families: GT-A, GT-B, or GT-C (Lairson et al. 2008). GT-A enzymes form a domain
composed of a seven-stranded β-sheet surrounded by α-helices and a small, two-
stranded β-sheet that is sometimes described as two “closely abutted” Rossmann-like
domains (Lairson et al. 2008;Chang et al. 2011).GT-B enzymes form twoRossmann-
like domains, each with a 6- or 7-stranded β-sheet surrounded by α-helices; these
domains are separated by a flexible linker with the active site at the cleft between
the domains (Chang et al. 2011; Lairson et al. 2008). GT-As are typically metal-
dependent, having a conserved DxDmotif involved in divalent cation binding, while
GT-Bs are typically metal-independent (Lairson et al. 2008; Chang et al. 2011). The
metal or a positively charged residue stabilizes the negatively charged leaving group,
which universally contains a phosphate (Lairson et al. 2008). The GT-C enzymes are
all membrane proteins predicted to containing from 8 to 13 transmembrane helices
(Lairson et al. 2008). The known GT-C enzymes all use lipid phosphate-linked sugar
donors, which make sense considering their hydrophobic properties. All known GT-
Cs use an inverting mechanism, while GT-As and GT-Bs can be either inverting
or retaining (Lairson et al. 2008; Chang et al. 2011). Because the structural study
of membrane proteins is difficult, GT-Cs have been less well characterized until
recently.

Relative to the other two families, GT-C has far fewer members. For example,
there are over 200 glycosyltransferases in humans, but GT-C accounts for only about
10%. GT-C enzymes are mainly involved in N-glycosylation, glypiation (addition of
glycosylphosphatidylinositol; GPI anchor), O-mannosylation, and C-mannosylation
of proteins. Some GT-C enzymes have been found to be involved in lipid modi-
fications. GT-C members mainly belong to 14 families within the Carbohydrate
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Active enZyme (CAZy) database. Until now, structural work has been reported for
only three CAZy families: GT39, GT66, and GT83, which catalyze the protein
O-mannosylation, protein N-glycosylaton, and lipid A glycosylation, respectively
(Table 6.1). Among them, the enzymes that catalyze the transfer of an oligosaccha-
ride to Asn in N-glycosylation are the most well studied. The structures of oligosac-
charyltransferase (OST) from several species (bacterial PglB, archaeal AglB, the
yeast OST complex, and human OST) have been determined (Lizak et al. 2011;
Matsumoto et al. 2013; Wild et al. 2018; Bai et al. 2018; Ramirez et al. 2019). The
structure of the yeast PMT complex that catalyzes the transfer of mannose to Ser/Thr
(Bai et al. 2019) and the structure of the bacterial ArnT that catalyzes the attach-
ment of the cationic sugar 4-amino-4-deoxy-L-arabinose to lipid A have also been
published (Petrou et al. 2016). Most recently, the structure of a mycobacterial lipid
glycosyltransferase, arabinofuranosyltransferase D (AftD), has been described (Tan
et al. 2019). Interestingly, although these enzymes have totally different functions,
their core structures share the same fold. This fact may indicate all GT-C enzymes
share a common fold, as GT-A and GT-B members do, although this still needs to
be confirmed.

This chapter focuses on advances in the structural understanding of the GT-Cs
superfamily catalyzing protein glycosylation, over the past two years. We will intro-
duce the structures of bacteria PglB, archaeal AglB, yeast andmammalian OSTs, and
yeast PMT, and discuss their contribution to our understanding of the mechanisms
and selectivity of protein glycosylation.

The Prokaryotic Protein N-glycosyltransferases: PglB
and AglB

PglB and AglB are homologs of the catalytic subunit of the eukaryotic oligosaccha-
ryltransferase Stt3. They are present in eubacteria and archaea, respectively, and they
glycosylate Asn (Matsumoto et al. 2013; Lizak et al. 2011). While eukaryotic OST
acts on the luminal face of the ER membrane, these prokaryotic homologs act on the
periplasmic face of the plasmamembrane (Helenius andAebi 2004;Matsumoto et al.
2013; Lizak et al. 2011). Most structural studies have focused on PglB from Campy-
lobacter lari (Lizak et al. 2011; Napiorkowska et al. 2018, 2017), so this protein
will be the focus of this section, unless otherwise noted. Like other members of the
GT-C superfamily, PglB is an integral membrane protein (Lizak et al. 2011; Liu and
Mushegian 2003). Crystal structures of this enzyme revealed that it has thirteen trans-
membrane helices (TMHs) with elongated periplasmic loops between TMH1 and 2
(EL1) and TMH9 and 10 (EL5) as well as a globular C-terminal periplasmic domain
(Fig. 6.1a) (Lizak et al. 2011). EL1 is primarily involved in binding the periplasmic
domain, while EL5 is flexible and contributes to binding to the periplasmic domain
and the donor and acceptor substrates. The flexibility of EL5 is likely important for
substrate binding and product release. Correspondingly, the formation of a disulfide
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Fig. 6.1 Structure of the prokaryotic protein N-glycosyltransferase PglB. a PglB bound to an
acceptor peptide and an inhibitory LLO (PDB ID 5OGL), colored by region: blue for the TM
region, yellow for EL1, orange for EL5, and green for the periplasmic domain. Substrate carbons
are gray and the Mn atom is pink. The areas in the dashed black and red rectangles are enlarged in
panel D and E, respectively. b, c Electrostatic surface of the substrate binding site of PglB in top
b and side c views. Binding of the acceptor Asn and the LLO on opposite sides of the, enzyme with
red representing negative charge, blue representing positive charge, and white representing neutral.
d Residues involved in recognition of the acceptor peptide NxT consensus site (PDB ID 5OGL).
e Residues involved in binding the LLO (PDB ID 5OGL)

bond between EL5 and the transmembrane domain decreases activity for the natural
lipid-linked oligosaccharide (LLO) substrate but not for a smaller synthetic LLO
having only a single sugar.

PglBandotherOSTs transfer anoligosaccharide froman isoprenoid lipid carrier to
the nitrogen of anAsn side chain (Helenius andAebi 2004). The acceptor peptide and
donor LLO substrates bind between the periplasmic and transmembrane domains,
and their binding pockets are connected by a small channel that the acceptor Asn
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side chain pokes through (Fig. 6.1b, c) (Lizak et al. 2011; Napiorkowska et al. 2018,
2017). The catalytic residues reside on the LLO side of the enzymewhile the residues
that recognize the S/T of the NxS/T glycosylation consensus site (and, in bacteria,
the D/E of the longer D/ExNxS/T consensus site) are located on the opposite side of
the channel.

Crystal structures of PglB have been determined in complex with peptide only,
peptide and inhibitory LLO, and LLO and inhibitory peptide substrates (Lizak et al.
2011; Napiorkowska et al. 2018, 2017). These structures revealed that the conserved
WWDmotif recognizes the hydroxyl of the acceptor S/T with three hydrogen bonds
and that the Thr methyl has a further van der Waals interaction with Ile (Fig. 6.1d).
In the active site, a divalent cation (here Mn2+) is coordinated by Asp and Glu
residues contributed by EL1, the short periplasmic loop EL2, and EL5 (Fig. 6.1a, d).
At least one of these residues also interacts with the acceptor Asn (Fig. 6.1d). The
LLO pyrophosphate is bound by the transmembrane domain with two contributions
from EL5, and the N-acetylglucosamine (GlcNAc) at the base of the transferred
oligosaccharide is bound by a conserved residue in the periplasmic domain and the
metal-coordinating Asp residue from EL1 (Fig. 6.1e). In the catalytically competent
binding conformation, the pyrophosphate may coordinate the divalent cation.

These structures provide clues about the catalytic mechanism. PglB and other
OST catalytic subunits transfer the oligosaccharide with an inversion of the stereo-
chemistry of the anomeric carbon bonded to the lipid carrier. Therefore, the Asn side
chain nitrogen likely attacks the anomeric carbon by an SN2-type mechanism (Lizak
et al. 2011). However, the amide nitrogen is typically a poor nucleophile, because the
nitrogen’s lone pair is conjugated with the carbonyl and thus has pi bond character.
One suggested mechanism involves twisting the amide to break this double-bond
character and free the lone pair (Lizak et al. 2011). Another proposed mechanism
focuses on the transformation of the anomeric carbon into a reactive electrophile
via the electron-withdrawing action of the divalent cation, which is near (4.1 Å)
the glycosidic oxygen in the structure of PglB bound to reactive LLO and inhibitory
peptide (Napiorkowska et al. 2018). So far, no experimental evidence strongly favors
either of these mechanisms.

Eukaryotic Protein N-glycosyltransferase: The OST
Complexes

Unlike the prokaryotic OST that has a single catalytic subunit, the yeast OST is
composed of eight integral membrane proteins (Wild et al. 2018; Bai et al. 2018).
The yeast OST has two isoforms, Ost3, which associates with the Sec61 translocon,
and Ost6, which associates with the Ssh1 translocon (Yan and Lennarz 2005). The
structures of the Saccharomyces cerevisiae OST complex containing Ost3 has been
determined by cryo-EM both solubilized in detergent (Bai et al. 2018) and reconsti-
tuted in nanodiscs (Wild et al. 2018) (Fig. 6.2a, b). The structures are quite similar,
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Fig. 6.2 Cryo-EMstructure of the S. cerevisiaeOSTcomplex. The eight-protein complex is colored
by subunit (PDB ID 6C26). Lipid and glycan carbons are gray and red, respectively. a, b Front and
back views, with the luminal domains at the top. c Overlay of Stt3 (blue) and PglB (colored as in
Fig. 6.1). d Residues involved in recognition of the acceptor peptide NxT and the donor DLO (PDB
ID 5OGL and 6C26). Residues in blue are from Stt3, and those in black from PglB

with a rootmean squared deviation (RMSD) of only 1.8Å (Bai andLi 2019). In agree-
ment with previous biochemical data, the structures showed that OST is divided into
three subcomplexes that pack loosely in their transmembrane regions, and several
ordered lipidswere observed that appear to hold theOST complex together (Fig. 6.2a,
b) (Bai et al. 2018; Wild et al. 2018; Mueller et al. 2015; Karaoglu et al. 1997). The
three subcomplexes comprise Ost1 and Ost5; the catalytic subunit Stt3, Ost3, and
Ost4; and Ost2, Wbp1, and Swp1 (Karaoglu et al. 1997; Mueller et al. 2015; Bai
et al. 2018; Wild et al. 2018).
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Although we know the atomic structures of the OST complex, the functions of
many of the proteins are notwell understood. The only proteinwith awell-established
function is Stt3, the catalytic subunit. A comparison between PglB and Stt3 shows
that the overall fold and catalytic residues arewell conserved (Fig. 6.2c, d) (Wild et al.
2018; Bai et al. 2018), so their catalytic mechanisms are most likely the same. The
luminal domains of Stt3, PglB, and AglB are more divergent than the transmembrane
domains, with different insertions into a conserved core fold (Matsumoto et al. 2013).

We have clues about the roles of the other subunits, however, based on the struc-
tures of the yeast OST and of the mammalian OST in complex with the translocon
and ribosome (Pfeffer et al. 2014; Braunger et al. 2018), as well as data from func-
tional studies. Docking of the yeast OST structures into the cryo-ET map of the
mammalian ribosome–translocon–OST supercomplex has indicated that Ost3 (or
Ost6 in the other yeast isoform) directly interacts with the translocon, which agrees
with previous data showing that Ost3 and Ost6 bind the Sec61 and Ssh1 translocons,
respectively (Wild et al. 2018; Bai et al. 2018; Yan and Lennarz 2005). In addition,
a phospholipid bound in a putative LLO-binding hydrophobic groove between Stt3
and Ost3 may indicate a role for Ost3 in LLO binding (Bai et al. 2018). The flexi-
bility of Stt3 TMH9 and Ost3 TMH1, which were the only transmembrane helices
not resolved in the complex, may also indicate a role in LLO binding (Bai et al. 2018;
Wild et al. 2018). Finally, the luminal domain of Ost3, which was also not resolved,
is known to be an oxidoreductase homologous to thioredoxin, and it is likely well
positioned to help feed the nascent peptide from the Sec61 channel to the Stt3 active
site (Bai et al. 2018; Schulz et al. 2009).

Other proteins in the complex appear to have primarily structural or scaffolding
roles. Ost2 attaches the rest of its subcomplex to the transmembrane domain of Stt3
(Bai et al. 2018;Wild et al. 2018). Ost4 binds and likely stabilizes the transmembrane
domain of Stt3, while Ost5 binds and likely stabilizes Ost1 (Wild et al. 2018; Bai
et al. 2018). Other important elements for maintaining the integrity of the complex
include the elongated C-terminal tail of Stt3 and the ordered glycan bonded to N539
of Stt3, both of which contact Wbp1 and Swp1 (Bai et al. 2018; Wild et al. 2018).

Finally, comparison to structures of known function allows speculation about the
functions of the luminal domains of Ost1,Wbp1, and Swp1. On the basis of structural
similarity to a noncatalytic domain of an aminopeptidase, the Ost1 luminal domains
were proposed to capture the glycosylated peptide product to prevent reentry into
the Stt3 active site (Bai et al. 2018). In addition, structural similarity suggested that
the luminal domains of Wbp1 and Swp1 have a role in binding the LLO glycan (Bai
et al. 2018). Further biochemical and structural studies are needed to determine the
functions of these subunits and to elucidate the mechanisms of glycan binding and
specificity.

Unlike yeast, mammals have two forms of the catalytic Stt3 subunit (STT3A and
STT3B), leading to two OST complexes, OST-A and OST-B (Ruiz-Canada et al.
2009). OST-A binds the translocon and glycosylates peptides as they pass into the
ER; OST-B acts as a proof-reader for NxS/T sites missed by OST-A (Ruiz-Canada
et al. 2009; Shrimal et al. 2017; Cherepanova et al. 2014). A near-atomic-resolution
structure of the mammalian OST-A bound to the Sec61 translocon and the ribosome
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showed that OST docks to the translocon 6.5 nm from the Sec61 lateral gate that
releases transmembrane helices into the ER membrane (Braunger et al. 2018). This
explained why NxS/T sites are often missed when they are near transmembrane
helices (Braunger et al. 2018; Nilsson and von Heijne 1993). In mammalian OST-A
and OST-B, Ost3/6 are replaced by DC2 and KCP2 or by TUSC3 and MAGT1,
respectively (Shrimal et al. 2017; Cherepanova et al. 2014). DC2 was found to
mediate the binding of STT3A to the translocon, and the helices of STT3A that inter-
facedwithDC2are different in STT3B (Braunger et al. 2018).Moreover, ribophorin-I
(homologous to yeast Ost1) binds the ribosome via a C-terminal cytosolic domain.
The most recent cryo-EM structures of human OST-A and OST-B reveal that they
are highly similar (RMSD of less than 1 Å). The ribosome-interacting C-terminal
domain of ribophorin-I is an ordered four-helix bundle in isoform A, but the corre-
sponding domain in isoform B is disordered, explaining why only OST-A binds to
the ribosome for co-translational protein N-glycosylation (Ramirez et al. 2019).

Eukaryotic Protein O-mannosyltransferases: Pmt1 and Pmt2

Pmt proteins are GT-C superfamily glycosyltransferases that attach mannose to Ser
or Thr (Loibl and Strahl 2013). Like OST, Pmt proteins act at the luminal face of
the ER membrane and transfer mannose from a lipid carrier (Loibl and Strahl 2013;
Helenius and Aebi 2004). Pmt proteins can be separated into three classes: PMT1,
PMT2, and PMT4 (Loibl and Strahl 2013; Neubert and Strahl 2016). Animals encode
only a single member each from the PMT2 and PMT4 classes and no PMT1 (Loibl
and Strahl 2013). In yeast, PMT1 enzymes form heterodimers with PMT2 enzymes,
and PMT4 enzymes homodimerize, but in animals PMT2 (POMT2) dimerizes with
PMT4 (POMT1) (Loibl and Strahl 2013; Neubert and Strahl 2016). Recently, the
atomic resolution structure of the heterodimer of Pmt1 andPmt2 fromSaccharomyces
was solved by cryo-EM (Fig. 6.3a) (Bai et al. 2019).

The structures of Pmt1 and Pmt2 are highly similar, with their transmembrane
domains overlaying with a RMSD of 1.8 Å and their lumenal MIR domains (domain
present in mannosyltransferase, inositol triphosphate and ryanodine receptor) over-
laying with a RMSD of 1.6 Å. The transmembrane domains each comprise 11 trans-
membrane helices with elongated luminal loops between TMH1 and 2 (LL1) and
between TMH7 and 8 (LL4) (Fig. 6.3a). LL4 contains the MIR domain in each
subunit, and these domains form a β-trefoil. The MIR domain of Pmt1 interacts with
LL4 of Pmt2, but the MIR domain of Pmt2 was detached and was disordered in the
cryo-EMmap. The structure of this domain was solved by X-ray crystallography and
docked into the cryo-EM map (Bai et al. 2019). Interactions between the subunits
occur primarily in the cytosolic and luminal regions, leaving a large gap between
Pmt1 and Pmt2 in the transmembrane region, which may allow facile diffusion of the
lipid-linked mannose into the active sites. The attachment of the Pmt1 MIR domain
to Pmt2 may block entry on this side. The functional importance of theMIR domains
remains to be established, but they may bind to chaperones (Loibl and Strahl 2013).
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a b

c d

Fig. 6.3 Cryo-EMstructure and the catalytic site of the S. cerevisiaePmt1–Pmt2 complex. Subunits
are colored by region. Pmt1 and Pmt2 are sky blue and forest green, respectively. Carbons of donor
DLO and acceptor peptide are orange and red, respectively. aModel of the Pmt1–Pmt2 heterodimer
(PDB ID 6P25). b Overlay of Pmt1 and Pmt2. The area in the dashed black rectangle are enlarged
in panel C. c Residues involved in binding acceptor peptide and dol-P product. d Overlay of the
Pmt1 and PglB TM regions

The structure of the heterodimer was solved with and without a tetrapeptide
acceptor substrate (PYTV, where T is the glycosylated Thr) bound to Pmt2 (Bai
et al. 2019). In both structures, an elongated electron density was associated with
Pmt1 and modeled as dolichol phosphate (dol-P), the lipid carrier. Overlaying the
structures of Pmt1 and Pmt2 allowed the ternary complex of either to bemodeled and
revealed the residues involved in binding the dol-P phosphate as well as the acceptor
Thr (Fig. 6.3b, c). Importantly, an invariant DE motif was observed to be involved
in acceptor binding, with the Asp positioned to activate the Thr nucleophile and Glu
stabilizing the position of the motif by formation of a salt bridge with a conserved
Arg.

The Pmt1 and Pmt2 structures also overlaid reasonably well with PglB and Stt3
(Fig. 6.3d), particularly in the transmembrane domains (RMSD of 3.2 Å between
Pmt1 and PglB), even though PglB and Stt3 have two more transmembrane helices
(Bai et al. 2019). In addition, the membrane proximal helices in EL1 of PglB are
similar to those in LL1 of Pmt1 and Pmt2, and the membrane proximal helix in LL4
of Pmt1 and Pmt2 is similar to the helix in EL5 of PglB when LLO was bound. The
MIR domains of Pmt1 and Pmt2 and the C-terminal periplasmic domain of PglB are
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not similar. Comparison to PglB showed that the metal-binding residues of PglB are
conserved in Pmt1/2, though no metal was observed bound to either subunit of the
heterodimer.Moreover, the substrates of Pmt1/2 are bound similarly to those of PglB.
Because Pmt1, Pmt2, and PglB are all inverting glycosyltransferases in the GT-C
superfamily, the structural andmechanistic similarities are not unexpected. However,
the nature of the Asn nucleophile of PglB may require specialized activation, as
mentioned above (Lizak et al. 2011).

Summary

While structural information about the GT-C superfamily has long been lacking in
comparison to the GT-A and GT-B superfamilies of glycosyltransferases, improve-
ments in the crystallography of membrane proteins and recent improvements in
the resolution routinely accessible by cryo-EM have begun to close that gap.
PglB/AglB/Stt3 and Pmt1/2 represent two GT-C families (https://www.cazy.org).
Determining the structures of GT-Cs from other families will allow us to identify
elements that are conserved across all GT-Cs and elements specific to certain fami-
lies. Understanding these similarities and differences may aid in the development
of drugs specific to particular GT-Cs present in human pathogens or implicated in
human diseases. The structures discussed here have greatly improved our under-
standing of the mechanism of protein glycosylation, though questions remain. In
particular, the functions of numerous noncatalytic subunits and domains present in
the OST complex have yet to be firmly established.
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Chapter 7
How Structures of Complement
Complexes Guide Therapeutic Design

Jasmine K. Bickel, Tomas B. Voisin, Edward W. Tate, and Doryen Bubeck

Abstract The complement system is essential for immune defence against infection
and modulation of proinflammatory responses. Activation of the terminal pathway
of complement triggers formation of the membrane attack complex (MAC), a multi-
protein pore that puncturesmembranes.Recent advances in structural biology, specif-
ically cryo-electron microscopy (cryoEM), have provided atomic resolution snap-
shots along the pore formation pathway. These structures have revealed dramatic
conformational rearrangements that enable assembly and membrane rupture. Here
we review the structural basis for MAC formation and show how soluble proteins
transition into a giant β-barrel pore. We also discuss regulatory complexes of the
terminal pathway and their impact on structure-guided drug discovery of complement
therapeutics.
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Complement

Complement is a protein-based network that is a fundamental component of immune
defence. This complex system involves over 30 plasma and membrane-associated
serum proteins. Complement proteins are involved in all stages of immune clearance
from initial pathogen detection to elimination of infection (Fig. 7.1) (Ricklin et al.
2010). A complement response can be initiated either by recognizing the surface-
bound sugars of pathogens, through the lectin pathway, or the antigens presented on
cell surfaces, triggering the classical pathway. By contrast, the alternative pathway of
complement is initiated by spontaneous hydrolysis of the serum protein C3 to form
C3b, a process referred to as tick-over (Pangburn et al. 1981; Bexborn et al. 2008).
Broadly, complement activation triggers proteolytic cleavage events that irreversibly
propagate a series of cascades. If left unchecked, these cascades cause proinflamma-
tory responses, phagocytosis of microbes, and lysis of targeted cells (Ricklin et al.
2016). Complement alsomodulates trafficking of foreign antigens for clearance by T-
and B-cell lymphocytes, providing a functional bridge between adaptive and innate
immune responses (Carroll 2004; Dunkelberger and Song 2010).

The terminal pathway is the direct killing arm of complement and can be activated
by any of the upstream cascades (Fig. 7.1). The lectin, classical, and alternative path-
ways generate a complex that cleaves complement protein C5, referred to as the C5

Fig. 7.1 Schematic outlining how the three upstream complement cascades (classical pathway,
lectin pathway, and alternative pathway) activate the terminal pathway to generate the MAC pore.
MAC is formed on target cell membranes by the sequential assembly of C5b, C6, C7, C8 and several
copies of C9. Intermediate subcomplexes (C5b6, C5b7, C5b8) and a cross-section through the final
pore are shown
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convertase. The proteolytic activity of the C5 convertase is responsible for the irre-
versible assembly of the membrane attack complex (MAC), a multi-protein immune
pore that ruptures membranes (Bubeck 2014; Bayly-Jones et al. 2017).MAC directly
lyses and kills a multitude of pathogens, including enveloped viruses, parasites, and
Gram-negative bacteria (Hoover et al. 1984; Tomlinson et al. 1989; Nakamura et al.
1996). Furthermore, the pore is essential for defence against Neisseria meningi-
tidis, with genetic deficiencies in terminal complement proteins leading to recurrent
meningococcal and gonococcal infections (Harriman et al. 1981; Schneider et al.
2007; Botto et al. 2009).

Beyond lysis, deposition ofMACpores on the surface of self-cells impacts diverse
cellular processes. These pores, referred to as sub-lytic, cause an influx of calcium
ions (Ca2+) into the cell and activate downstream effector functions ranging from
proliferation to apoptosis (Morgan 1989; Xie et al. 2020). Ion influx can also induce
proinflammatory responses (Morgan2016), resulting in secretionof cytokines such as
interleukin (IL)-6, -8, and the vascular endothelial growth factor (VEGF) (Lueck et al.
2011). The effects of sub-lyticMAC include further downstream inflammatory effec-
tors and initiate NLRP3 inflammasome assembly (Triantafilou et al. 2013). While
many of these interaction partners have yet to be identified, a signalling complex
within Rab5(+) endosomes has been shown to activate non-canonical NF-κB in
endothelial cells (Jane-wit et al. 2015; Fang et al. 2019).

The balance between activation and regulation of complement is essential for
tissue homeostasis during an immune response. Understanding the assembly and
regulation of MAC at a molecular level will likely underpin the development of
new therapeutics that tune complement activity. In this chapter we will review indi-
vidual terminal pathway proteins and how they assemble into a lytic pore on target
cells. We will also investigate the structural basis for how this process is controlled,
starting from initiation of the terminal pathway by the C5 convertase to catching
MAC pores on the membrane at the final step in the cascade. Finally, we will discuss
how structural studies of complement complexes can support drug discovery.

Understanding MAC at the Molecular Level

The “Resolution Revolution” of cryo-electron microscopy (cryoEM) has swept
across the complement field, providing scientists and clinicians an unprecedented
view into how these complex machines function. The first electron microscopy
images of the MAC were taken in the early 1980s and in agreement with electro-
physiology experiments, these images revealed the formation of a large ring-shaped
pore that punched holes in target membranes (Podack et al. 1980). However, crucial
details about how individual blood-based proteins convert to form a transmembrane
pore remained unanswered. In the last few years, cryoEMhas transformed the field of
structural biology, with the biggest step change coming from improvements in image
detection that allow direct recording of electrons (Faruqi and Henderson 2007; Li
et al. 2013; Wu et al. 2016). New computer algorithms have exploited the better
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signal-to-noise ratio of the collected images, dramatically improving the accuracy
of aligning individual single particles (Punjani et al. 2017; Zivanov et al. 2018).
As a result, multiple conformations of complexes can be disentangled to provide
not just one structure, but a portfolio of snapshots illustrating machines in action.
This type of in silico purification is essential when trying to visualise complexes
where further biochemical purification is simply not possible. Further adding to the
complexity of preparing homogeneous samples for structural studies, large macro-
molecular complexes are often extremely flexible. The inherent mobility of these
machines limits their ability to be captured within the restraints of a crystallographic
lattice, an obligate requirement for X-ray diffraction experiments. With its ability to
visualise large heterogeneous complexes at atomic resolution, cryoEM has revealed
key insights into both the assembly and regulation of the complement MAC pore
(Dudkina et al. 2016; Sharp et al. 2016; Serna et al. 2016; Menny et al. 2018; Spicer
et al. 2018).

Molecular Assembly of MAC

Activation of the terminal pathway initiates an irreversible signalling cascade that
ends in the formation of MAC (Fig. 7.1). The C5 convertase triggers MAC assembly
on target cells by proteolytically cleaving C5 into two fragments: C5a and C5b
(DiScipio et al. 1983). While C5a is a small anaphylatoxin that goes on to activate
inflammatory pathways through GPCR signalling (Gerard and Gerard 1991; Guo
and Ward 2005), C5b serves as a platform for assembly of complement proteins C6,
C7, C8 and C9 (Podack 1984). The proteolytic cleavage of C5 causes a dramatic
conformational re-arrangement of its domain architecture (Fig. 7.2a, b) (Hadders
et al. 2012). The thioester domain (TED) of C5 is released like a coiled spring
to extend half-way along a scaffold of macroglobulin (MG) domains. C6 captures
the newly cleaved C5b to form the C5b6 complex (Fig. 7.2c) (Cooper and Müller-
Eberhard 1970; Hadders et al. 2012). In the absence of C6, this intermediate C5b
conformation is highly labile and will decay to a state unable to continue the cascade
(Cooper andMüller-Eberhard 1970). In plasma,C6 is an elongatedmoleculewhereby
its core Membrane Attack Complex Perforin Fold (MACPF) domain is sandwiched
by a series of smaller auxiliary domains tethered by flexible linkers (Aleshin et al.
2012). The crystal structure of C5b6 revealed that the C-terminal domains of C6,
together with a flexible linker, trap the transient position of the C5 TED domain
and are essential for initiating MAC formation (Hadders et al. 2012). C7 is the next
protein to join the growing MAC precursor. Although there is currently no structural
information for solubleC7, the protein is thought to undergo dramatic conformational
rearrangements uponmembrane insertion. C7 displaces the assembly precursor from
the convertase and results in irreversible interactions with the membrane (Preissner
et al. 1985; DiScipio et al. 1988). The hetero-trimeric protein C8, comprised of
C8α C8β and C8γ, is subsequently recruited. Large-scale conformational changes in
C8 induced by binding the MAC precursor enable C8β to associate with the newly



7 How Structures of Complement Complexes Guide Therapeutic Design 277

a b c

Fig. 7.2 Conformational changes of C5 initiateMAC assembly. aRibbon diagram of the C5 crystal
structure (PDB 3CU7). C5a is shown in gold, the TED domain in dark blue and the remainder of
the structure in turquoise. b Ribbon diagram showing the conformation of C5b within the C5b6
complex (PDB 4A5W). Following cleavage of C5a, the C5b TED domain (dark blue) moves along
the MG scaffold. c Structure of the C5b6 complex. Binding of C6 (magenta) holds the C5b TED
domain (dark blue) in position. Remainder of C5b is in turquoise

exposed face of C7 (Stewart et al. 1987; Brannen and Sodetz 2007). In addition,
C8γ rotates from its position in the soluble complex to reveal the nascent C9 binding
site on C8α (Serna et al. 2016). C9 is the last component of the cascade and homo-
oligomerizes to complete the final pore (Podack et al. 1982; Tschopp et al. 1985;
Parsons et al. 2019).

Interactions with the Membrane

Complement proteins interact with the target membrane at each stage of MAC
assembly. The C5b6 complex, though soluble, can bind reversibly to lipid bilayers
(Silversmith and Nelsestuen 1986; Parsons et al. 2019). Biophysical experiments
have shown that C5b6 preferentially binds negatively charged lipids (Yorulmaz et al.
2015; Parsons et al. 2019). This interaction reduces the energy required to bend the
lipid bilayer and primes the membrane for rupture (Menny et al. 2018). Based on
current structural data, it remains unclear which residues of C5b6 are initially respon-
sible for membrane binding, however, an α-helix with amphipathic characteristics
in the C6 thrombospondin domain 1 (TS1) is a potential candidate (Aleshin et al.
2012; Hadders et al. 2012). Binding of C7 to membrane-bound C5b6 triggers the
irreversible association of the complex with lipids, while C8 is the first component
to pierce the bilayer (Podack et al. 1982; Steckel et al. 1983). Incorporation of C8
renders the membrane permeable to Ca2+ ions (Campbell et al. 1981; Morgan 1989),
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which in turn causes the membrane to stiffen (Menny et al. 2018). The addition of
C9 into the assemblingMAC results in further rigidification of the bilayer as the pore
widens (Menny et al. 2018).

MAC is comprised of an asymmetric and irregular β-barrel pore (Sharp et al.
2016; Serna et al. 2016; Menny et al. 2018). Unlike related homo-oligomeric pores,
MAC is a hetero-oligomeric complex whereby each complement protein contributes
two β-hairpins (Menny et al. 2018). The length and sequence of these contributing
β-hairpins differ across the complex. Hairpins of early assembly precursors skate
across the outer leaflet of the lipid bilayer and are anchored by aromatic residues
at the tips. A positively charged patch above the hairpin tips likely interacts with
lipid headgroups and distorts the planarity of the bilayer. By contrast, contributing
hairpins of C8 and C9 are longer and lack the nonplanar charged patch exhibited by
earlier components of the assembly (Menny et al. 2018). Residues of C8 and C9 that
face the lipidic edge form a hydrophobic band the width of a bilayer, consistent with
a transmembrane pore.

The principal pore-forming component of MAC lies within its MACPF domain.
With the exception of C5b and C8γ, all MAC proteins possess a MACPF domain
(Hadders et al. 2007; Lovelace et al. 2011;Aleshin et al. 2012; Spicer et al. 2018). The
fold is characterized by a central kinked β-sheet, sandwiched by two helical clusters
(Fig. 7.3) (Hadders et al. 2007; Rosado et al. 2007). Early crystallographic studies of
complement proteins and bacterial pore-forming toxins of the cholesterol-dependent
cytolysin (CDC) superfamily revealed that despite no obvious sequence similarity,
their structures were highly conserved (Fig. 7.3) (Rossjohn et al. 1997; Polekhina
et al. 2005; Hadders et al. 2007; Rosado et al. 2007; Law et al. 2010; Lovelace
et al. 2011; Aleshin et al. 2012). During pore formation, the MACPF domain of
complement proteins undergoes dramatic changes in secondary structure. Residues
comprising one of the helical clusters unfurl to form two transmembrane hairpins
(TMH) (Shepard et al. 1998; Shatursky et al. 1999; Rosado et al. 2007). Oligomer-
ization of complement proteins during MAC assembly results in the alignment of
these hairpins to form a large β-barrel pore (Fig. 7.4) (Hadders et al. 2012; Serna
et al. 2016; Menny et al. 2018).

Structure of MAC

MAC is a multiprotein hetero-oligomeric pore formed from the assembly ofMACPF
domains. Taking advantage of recent advances in cryoEM, the MAC structure
revealed the composition of the oligomer for the first time (Serna et al. 2016). The
structure showed that the assembly precursor is comprised of a single copy of C5b6,
C7 and C8, forming an integral component of the pore. The pore is completed by the
addition of 18 copies of C9, which homo-oligomerize in the membrane (Fig. 7.4).
Unlike other previously reported homo-oligomeric pores (Law et al. 2010; Dudkina
et al. 2016), theMAC β-barrel is not symmetric (Sharp et al. 2016; Serna et al. 2016).
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Fig. 7.3 Structural similarities betweenMACPF/CDC-containing proteins: C8α (PDB 3OJY), C8β
(PDB 3OJY), C9 (PDB 6CXO), C6 (PDB 3T5O), Perforin-1 (PDB 3NSJ), and Pneumolysin (PDB
5AOD). MACPF/CDC domain (coloured) contains a bent β-sheet (gold) surrounded by helical
clusters (red, purple). Residues that unfurl into transmembrane β-hairpins are purple. All other
domains are in grey. Complement control protein (CCP)1, CCP2, TS2, TS3, Factor I membrane
attack complex (FM)1 and FM2 domains of C6 are not shown for clarity

Instead, complement proteins are arranged in an asymmetric ‘split-washer’ config-
uration whereby the seam of the oligomer is not fully closed (Fig. 7.4b) (Serna et al.
2016). The unusual ‘split-washer’ architecture observed for detergent-solubilized
MAC pores was confirmed by cryo-electron tomography studies of MAC embedded
in a lipid model membrane (Sharp et al. 2016).

The interfaces betweenMACPFdomains allow for a flexible assembly of proteins.
This conformational variability of MAC accommodates variations in curvature and
limited the resolution of these early structures. Using computational approaches that
separated stoichiometrically equivalent states, the recent cryoEM MAC structure
identified two distinct conformations, ‘open’ and ‘closed’ (Fig. 7.4) (Menny et al.
2018). Both states exhibit the characteristic ‘split-washer’ configuration of MAC,
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a

b

c

Fig. 7.4 CryoEM structure ofMAC. a–bRibbon diagram representation (PDB 6H03) and cryoEM
reconstruction (EMD-0106) of the MAC ‘open’ conformation. Map and models in panels a and
b are related by a 180° rotation. c Ribbon diagram (PDB 6H04) and cryoEM density map (EMD-
0107) of the ‘closed’ conformation, orientation as in b. Dashed line in b and c indicate the position
of the cross-section shown in the far-right panels. Green arrows indicate density for a C9 glycan.
Maps and models are coloured according to protein composition, with the detergent belt indicated
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however the central β-barrel is sealed in only the closed form (Fig. 7.4b, c). Further
investigation is required to understand if these states are specific endpoints or exist in
a dynamic equilibrium. The inherent flexibility of the MACmay be important for its
ability to navigate complex target membrane environments. The surfaces of Gram-
negative bacteria are coated with lipopolysaccharides and their outer membranes are
densely packed with porins (Konovalova et al. 2017). An assembly that can adopt
flexible curvatures could increase its efficiency for making large lesions; the MAC
pore is over 100 Å in diameter (Serna et al. 2016; Menny et al. 2018). Furthermore,
interconversion between the open and closed forms may add additional mechanical
strain on the lipid bilayer, contributing to membrane destabilization.

Amidst this flexibility, MACmaintains its giant β-barrel through a number of core
structural features. The central MACPF domains of complement proteins provide a
major interaction interface for the complex and a sound foundation for the assembly
(Hadders et al. 2012). However, the most extensive interfaces are located nearly
100 Å above the lipid bilayer. Along the barrel there are three key elements that
prevent collapse of the β-barrel in the absence of large buried surface area (Menny
et al. 2018). Firstly, The C-terminus of C9 wraps across the newly extended hairpins
of an adjacent monomer. The collective C-termini then form a belt around the outer
surface of the barrel. Juxtaposing the belt on the lumen of the barrel are concentric
rings of glycans that provide shape and stability to an otherwise unsupported structure
(Fig. 7.4c). Finally, disulfide bonds within β-hairpins further ensure that elongated
strands maintain their secondary structure.

Converting Soluble Proteins into a Transmembrane Pore

MAC assembly requires large scale structural rearrangements of soluble proteins to
form a transmembrane pore. In addition to the core pore-forming MACPF domain,
complement proteins possess a number of auxiliary domains that ensure activa-
tion happens at the right place and time. Conserved across all MACPF-containing
MAC proteins (C6, C7, C8α, C8β and C9), are core regulatory modules that include
epidermal growth factor (EGF) and thrombospondin (TS) domains (Fig. 7.5) (Menny
et al. 2018). Upon incorporation into MAC, EGF domains of complement proteins
shift away from the helical bundles responsible for forming transmembrane hair-
pins (Menny et al. 2018). Conformational changes in both EGF and TS domains
expose interfaces primed for binding the next component of the assembly. Like-
wise, a helix-turn-helix (HTH) in the MACPF which does not have a direct role in
membrane insertion is displaced by adjacent monomers (Menny et al. 2018). C8γ
has a similar role in the heterotrimeric C8 complex. Compared to its soluble form,
C8γ rotates about an extended hairpin to expose the C9 binding site (Serna et al.
2016; Menny et al. 2018). While not essential for pore formation, C8γ enhances the
efficiency of MAC assembly (Parker and Sodetz 2002), consistent with its role in
regulating accessibility for C9. Conformational changes of auxiliary domains reveal
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Fig. 7.5 Conformational changes in C6 upon MAC formation. a Ribbon diagram of soluble C6
(PDB 3T5O). bRibbon diagram showing the conformation of C6within theMAC ‘open’ conforma-
tion (PDB 6H03). Conformational rearrangements of the thrombospondin (TS) 1; green, epidermal
growth factor (EFG; blue) and MACPF domains are highlighted. Within the MACPF: central β-
sheet is gold, helical cluster is red, helix-turn-helix motif (HTH) is dark green, residues that form
transmembrane hairpins (TMH) are purple. Low-density lipoprotein receptor class A, TS2 and TS3
are grey. All other domains have been removed for clarity
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specific and highly charged surfaces on the leading MACPF edge. Oligomeriza-
tion of MAC is driven largely by complementarity of electrostatic surface potentials
between the newly exposed leading edge and the already accessible face of the
next soluble complement protein (Menny et al. 2018). While there are currently no
structures available of complexes stalled during assembly, C9 mutants that prevent
the helix-to-hairpin transition of transmembrane residues also prevent further C9
oligomerization (Spicer et al. 2018).

Regulating MAC

During an immune response complement activation goes into overdrive. Unlike
related bacterial homologues (CDCs), there is no lipid specificity for MAC pore
formation. Once the terminal pathway is activated on a cell surface, any lipid bilayer
is susceptible to rupture. As such, there are twomain checkpoints for blockingMAC.
The first prevents initiation of the cascade by inhibiting C5 cleavage. The second
blocks membrane insertion at the final stages. Off-target assembly complexes are
also scavenged and cleared by blood-based chaperones. Dysfunction in either of
these control pathways can have devastating consequences for human health.

Overwhelming intrinsic control mechanisms for upstream complement pathways
has knock-on consequences for MAC-mediated cell damage. Atypical haemolytic
uremic syndrome (aHUS) is a disease characterized by acute renal failure and
haemolytic anaemia (Noris andRemuzzi 2009). The pathogenesis of aHUS is heavily
affected by uncontrolled amplification of the complement alternative pathway,
resulting in overproduction of the C5 convertase on cell membranes (Noris and
Remuzzi 2009; Roumenina et al. 2011). Consequently, MAC inserts into renal capil-
lary endothelial cells causing damage, while C5a triggers proinflammatory signals in
nearby immune cells. Similarly, age-relatedmacular degeneration (AMD) is a disease
associated with over-activation of complement and increased MAC deposition on
retinal pigmented epithelial cells in the macula (McHarg et al. 2015).

Dysregulation of the terminal pathway has been implicated in the pathogen-
esis of a variety of autoimmune disorders as well as cancer. Paroxysmal nocturnal
haemoglobinuria (PNH) is a rare and severe blood disease whereby patients critically
lackCD59, the onlymembrane-bound regulator ofMAC (Brodsky 2014). As a result,
the red blood cells of these patients are vulnerable to complement attack and MAC-
mediated haemolysis. Conversely, overexpression of CD59 has been implicated in
the immune evasion mechanism in a variety of cancers, including breast, prostate,
lung, ovarian, colorectal, and cervical carcinomas (Bjøge et al. 1994; Bjørge et al.
1997; Jarvis et al. 1997; Varsano et al. 1998; Jurianz et al. 1999; Gelderman et al.
2002; Fishelson et al. 2003; Donin et al. 2003). Overexpression of CD59 on cancer
cells contributes to resistance of several monoclonal antibody anti-cancer therapies,
including rituximab, a treatment for non-Hodgkin’s B-cell lymphoma and chronic
lymphocytic leukaemia (Treon et al. 2001; Smith 2003).
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Targeting C5 Activation

Complement inhibition is a major focus of pharmaceutical research (Morgan and
Harris 2015).Most therapeutic strategies focus on inhibiting the terminal pathway by
targeting C5. Specifically blocking C5 reduces potential side-effects by preserving
the immunoprotective and immunoregulatory functions of upstream complement
cascades. This strategy is also versatile in that MAC is inhibited regardless of the
upstream activating pathway. Furthermore, preventing C5 cleavage also suppresses
the release of C5a, a potent anaphylatoxin implicated in inflammatory diseases
including rheumatoid arthritis and sepsis (Woodruff et al. 2011).

Eculizumab is a potent anti-C5 monoclonal antibody therapeutic that prevents
cleavage of C5 by the C5 convertase (Rother et al. 2007). Approved by the Food
and Drug Association (FDA), eculizumab is used for the treatment of both PNH
and aHUS (Hillmen et al. 2006; Zuber et al. 2012). The structure of C5 in complex
with eculizumab revealed that the antibody specifically binds theMG7 domain of C5
and may act by sterically blocking the convertase binding-site (Fig. 7.6a) (Schatz-
Jakobsen et al. 2016). Though effective for some, patients with genetic polymor-
phisms in the MG7 domain of C5 are not responsive to treatment (Nishimura et al.
2014). Eculizumab is also one of the most expensive therapies world-wide, costing
nearly $500,000 per patient for one year of treatment (Jayasundara et al. 2019). With
the prohibitive cost of therapy and some not responsive to treatment, there is clear
need for alternative complement inhibitors that target the terminal pathway.

Structures of C5 in complex with virulence factors provide clues to designing
new therapeutic alternatives that target convertase activity. Cobra venom factor
(CVF) is a C3b homologue that binds Factor B in the presence of Mg2+ ions to
mimic convertase activity (Vogel and Fritzinger 2010). Though there are currently
no structures of the C5 convertase, the C5-CVF complex suggests that the MG4,
MG5, and MG7 domains of C5 likely play a role in binding the endogenous conver-
tase (Fig. 7.6b) (Laursen et al. 2011). While these data are in agreement with the
eculizumab binding site, it is important to note that the C5-CVF complex remains
only a proxy for investigating endogenous convertase interactions. TickC5 inhibitors,
such as OmCI from Ornithodoros moubata and the RaCI protein family from Rhipi-
cephalus appendiculatus, block endogenous convertase-derived C5 activation, yet
have no effect on CVF-based convertase activity (Fredslund et al. 2008; Jore et al.
2016). OmCI interacts with the C5 TED, CUB and C345C domains, far from both
the eculizumab binding and convertase cleavage sites (Fig. 7.6c) (Jore et al. 2016).
These structural data combined with competition assays suggest that C5 activation
by endogenous convertasesmay involve an initial priming step that is not required for
CVF-derived cleavage. Furthermore, high-resolution cryoEM studies of a novel class
of tick inhibitors from the CirpT family reveal another way to block C5 activation by
targeting C5MG4 that could be exploited for drug discovery (Fig. 7.6d) (Reichhardt
et al. 2020).
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a b c

d e f

Fig. 7.6 Structural basis of blockingC5activation. Surface representation of theC5 crystal structure
(PDB 3CU7) coloured according to domains is shown above in a dotted box for reference. a Crystal
structure of C5 (surface representation) in complex with eculizumab (dark teal ribbons) (PDB
5I5K). b Crystal structure of C5 (surface representation) in complex with cobra venom factor
(CVF; orange ribbons) (PDB 3PVM). c Crystal structure of C5 (surface representation) in complex
with tick inhibitors OmCI (dark blue ribbons) and RaCI1 (cyan ribbons) (PDB 5HCE). d Atomic
model derived from the cryoEM structure of C5 (surface representation) in complex with tick
inhibitors Cirp T1 (red ribbons), OmCI (dark blue ribbons), and RaCI1 (cyan ribbons) (PDB 6RQJ;
EMD-4983). e Crystal structure of C5 (surface representation) in complex with Staphylococcal
Superantigen-Like protein 7 (SSL7; magenta ribbons) (PDB 3KLS). f Atomic model derived from
the cryoEM structure of C5 (surface representation) in complex with CVF (orange ribbons) and a
small molecule that blocks cleavage of C5 (green sticks) (PDB 6I2X; EMD-4401). Circular inset
shows a zoomed in view of the small molecule binding-site. For all panels C5a is in black, domains
of C5 that form interaction interfaces are highlighted, and all other C5 domains are grey
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Bacterial pathogens have also developed several strategies for regulating MAC
to evade complement immune clearance. Staphylococcus aureus secretes Staphylo-
coccal Superantigen-Like protein 7 (SSL7), which binds to C5 to block bactericidal
activity from the MAC (Langley et al. 2005). A crystal structure of the C5-SSL7
complex revealed that SSL7 binds to C5more than 70 Å away from the C5a cleavage
site (Fig. 7.6e) (Laursen et al. 2010). Proteolytic cleavage of C5 into C5a and C5b
may still occur in the presence of SSL7, however, subsequent binding of C6 to C5b
to initiate MAC pore formation is inhibited.

Blocking Pore Formation

Once the terminal pathway is activated, there remains only one membrane-bound
regulator of MAC: CD59. CD59 is present on all circulating cells and most human
tissues, providing protection from autologous MAC attack (Meri et al. 1990, 1991).
Comprised of three β-sheets and two α-helices, CD59 is a small 18–20 kDa extracel-
lular glycoprotein (Fletcher et al. 1994; Leath et al. 2007). A complex network of five
disulfide bridges maintains the protein’s rigid, compact, and discoid structure (Sugita
et al. 1993). Extending from the CD59 C-terminus, a glycosylphosphatidylinositol
(GPI) lipid anchor tethers themolecule to the outer leaflet of the cellmembrane.CD59
binds to the MACPF domains of either C9 or C8α to block subsequent incorpora-
tion of C9 molecules and to prevent membrane rupture (Meri et al. 1990; Ninomiya
and Sims 1992; Farkas et al. 2002). Plasma-circulating forms of C8 and C9 do not
bind CD59, suggesting that the binding sites are only exposed upon MAC formation
(Huang et al. 2006). Although there are no structural data for CD59 inhibited MAC
complexes, mutational studies have mapped the binding site to a hydrophobic cavity
of CD59 (Bodian et al. 1997).

Similar to understanding C5 activation, the interaction of bacterial virulence
factors with CD59 can inform new strategies for controlling complement activity.
Secreted by over five genera of Gram-positive bacteria, cholesterol dependent
cytolysins (CDCs) are pore-forming proteins that are structurally homologous to
the MACPF domain of complement proteins (Fig. 7.3) (Tweten 2005; Hadders
et al. 2007; Rosado et al. 2007). Streptococcus intermedius intermedilysin (ILY),
Gardenerella vaginalis vaginolysin (VLY), and Streptococcus mitis lectinolysin
(LLY) comprise a subset of these toxins that hijack CD59 to specifically target human
cells (Lawrence et al. 2016). The interaction interface for ILY partially overlaps with
the complement binding site on CD59 (Giddings et al. 2004). However, the primary
interface lies within a β-hairpin of ILY that extends from domain 4 (D4), a domain
that is absent in MAC proteins (Figs. 7.4 and 7.7) (Johnson et al. 2013). While the
molecular basis for how CD59 binds C8α and C9 remains to be determined, CD59
may bind the newly extended β-hairpins of these MACPF-containing proteins to
block membrane insertion.
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Fig. 7.7 Crystal structure of the ILY-CD59 complex (PDB 4BIK). CD59 is in green; ILY is in blue
with domain 4 (D4) highlighted in dark blue

Scavenging By-Products

In the absence of membranes, activated complement components can assemble off-
target MAC precursor complexes. This ‘soluble MAC’ is referred to as sC5b9 and
is used as a biomarker for systemic infections and acute meningococcal disease
(Mook-Kanamori et al. 2014). Overactivation of complement overwhelms the C5
convertase and may impair its ability to orient MAC efficiently in target membranes
(Heesterbeek et al. 2019). Consequently, MAC precursors are released into solution
at different stages of assembly, which are then scavenged by blood-based chaperones
clusterin and vitronectin to form stable complexes referred to as sC5b7, sC5b8 and
sC5b9 (Preissner et al. 1989). Although primarily considered a soluble complex, it
is possible that sC5b9 detected in vivo may also be attributed in part to membrane-
boundmaterial shed fromdamagedcells.A low resolution cryoEMstructure of sC5b9
suggests that chaperones may act by shielding hydrophobic interactions of otherwise
membrane-binding residues (Hadders et al. 2012). Atomic resolution details would
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provide new insight into how regulators prevent the helix-to-hairpin transition of
pore forming amino acids.

Future of Structure-Based Complement Therapeutics

High-resolution complexes of MAC and upstream regulators set the scene for future
development of enhanced therapeutics. The potential for such therapies is high-
lighted by over a dozen anti-complement drugs currently in hundreds of active clin-
ical trials across a range of drug types including recombinant proteins, peptides, small
molecules, antibodies/biologics, and DNA (Morgan and Harris 2015;Mastellos et al.
2019). The potential applications are similarly diverse, ranging from overcoming the
treatment failure with eculizumab in PNH and related diseases (Zipfel et al. 2019),
to limiting damage from activated complement in bacterial infections (Mastellos
et al. 2019; Koelman et al. 2019). Collectively the structures of apo and inhibited C5
provide a platform for development of highly specific complement inhibitors, which
may either (i) selectively inhibit MAC pore formation without perturbing the C5a
inflammatory signalling network, (ii) selectively impede an inflammation response
from C5a, or (iii) halt the entire terminal complement system beyond C5 proteol-
ysis. CryoEM has already started to play an important role in the development of
C5 inhibitors, and the enhanced resolution achievable with modern techniques has
enabled progress in small molecule drug discovery as well as in biologics (e.g. tick
protein inhibitor) development. While the use of biologics suffers from substan-
tial challenges of delivery, immunogenicity and pharmacokinetics, which are largely
resolved by the use of small molecule drugs, it can be challenging to identify binding
modes in large protein complexes by which small molecules could be effective.

A standout example of the small molecule approach is the recent identification
of the first small molecule inhibitors of C5 complement protein by researchers at
Novartis (Jendza et al. 2019). In this case, the binding site was initially identi-
fied by a careful analysis of structures and activities on a range of natural primate
polymorphisms and engineered complement mutants. After failure to crystallise the
complex for X-ray analysis, the remarkable binding mode of this compound series
was only realised by the solution of a 3.35 Å complex with C5 and CVF by cryoEM
(Fig. 7.6f). Designing compounds de novo that induce the highly buried conformation
that this structure reveals remains challenging from a chemical biology perspective.
This structure provides an important starting point for further in silico molecular
modelling that may lead to the development of new and improved compounds. This
study also highlights the value of cryoEM to understand the impact of polymorphisms
by mapping disease-inducing or drug resistant mutations to key interfaces.

Given the complementary limitations of small molecule and protein drugs,
constrained peptides provide an interesting middle ground. Peptide-derivative ther-
apeutics limit immunogenicity while maintaining capacity to target large interac-
tion sites including those with drug-resisting polymorphisms. Zilucoplan is a cyclic
peptide discovered through mRNA display that allosterically and potently inhibits
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C5 cleavage at a site orthogonal to that occupied by eculizumab (Ricardo et al. 2014).
This therapeutic peptide has shown marked success in late stage clinical trials for
myasthenia gravis in Asian populations, a key demographic of patients with genetic
polymorphisms that cause eculizumab treatment failure (Howard et al. 2020). It is
likely that cryoEM will play a key role in future structure-guided development of
constrained peptide modulators of complement.

While most current therapeutic approaches target upstream regulators, targeting
MAC formation itself has the potential to offer a more selective therapy that may
be less susceptible to resistance from polymorphisms. With its ability to disen-
tangle heterogeneous and flexible assemblies, cryoEM provides a powerful tool for
resolving how CD59 blocks MAC. This information could prove transformational
in designing small molecules or peptides which can enhance native CD59 activity,
or discovery of agents which mimic CD59 MAC inhibition. A deeper understanding
of the role of CD59 may also lead to drugs which can prevent the formation of
bacterial lytic pores that hijack CD59 on human cells. Finally, selective activation
of MAC on specific cell types is a plausible approach to enhance the efficacy of
complement-mediated immunotherapies. Inhibitors of the CD59-MAC interaction
may release the brake on complement-mediated lysis imposed by CD59 upregula-
tion in treatment of cancers with antibody drugs such as rituximab. In particular, a
more targeted therapy could restrict complement killing to relevant tissue types by
conjugation to cell surface targeting motifs (Weiner 2010). To date these approaches
have relied on biologics such as siRNAor immunogenic bacterial pore-forming toxin
fragments (Geis et al. 2010; You et al. 2011). A cryoEM-enhanced understanding of
howMAC is inhibited is likely to lead to knowledge-based design of novel advanced
therapeutics that better tune complement activity.
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Chapter 8
Architecture and Assembly
of the Bacterial Flagellar Motor Complex

Yusuke V. Morimoto and Tohru Minamino

Abstract One of the central systems responsible for bacterial motility is the flag-
ellum. The bacterial flagellum is a macromolecular protein complex that is more than
five times the cell length. Flagella-driven motility is coordinated via a chemosensory
signal transduction pathway, and so bacterial cells sense changes in the environment
and migrate towards more desirable locations. The flagellum of Salmonella enterica
serovar Typhimurium is composed of a bi-directional rotary motor, a universal joint
and a helical propeller. The flagellar motor, which structurally resembles an artificial
motor, is embedded within the cell envelop and spins at several hundred revolu-
tions per second. In contrast to an artificial motor, the energy utilized for high-speed
flagellar motor rotation is the inward-directed proton flow through a transmembrane
proton channel of the stator unit of the flagellar motor. The flagellar motor real-
izes efficient chemotaxis while performing high-speed movement by an ingenious
directional switching mechanism of the motor rotation. To build the universal joint
and helical propeller structures outside the cell body, the flagellar motor contains its
own protein transporter called a type III protein export apparatus. In this chapter we
summarize the structure and assembly of the Salmonella flagellar motor complex.
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Introduction

Thebacterial flagellum,which is a largefilamentous assembly, is one of the organelles
involved in motility in various environments such as liquids and solid surfaces.
Salmonella enterica serovar Typhimurium (Salmonella) has several flagella on the
cell body. Each flagellum is a supramolecular protein complex made of about 30
different proteins, and the copy number of each component protein varies from a few
to tens of thousands. More than 60 proteins are involved in flagellar construction,
force generation and chemotactic behavior in Salmonella (Table 8.1). The Salmonella
flagellum is made of five distinct structural and functional parts: a base body, a hook,
a junction, a filament and a filament cap (Fig. 8.1). The base body is embedded in the
cellular membranes and works as a bi-directional rotary motor energized by the elec-
trochemical potential difference of protons (H+) across the cytoplasmic membrane
(proton motive force, PMF). The hook, junction, filament and filament cap structures
are located outside the bacterial cell body. The filament acts as a helical propeller to
generate propulsion. The hook functions as a universal joint that smoothly transmits
rotational force produced by the bi-directional rotary motor to the helical propeller.
The junction connects the hook and filament. The filament cap supports the self-
assembly of the filament protein, flagellin, into the long helical filament structure
(Minamino and Imada 2015; Nakamura and Minamino 2019).

The Salmonella flagellar motor rotates in both counterclockwise (CCW) and
clockwise (CW) directions. When all the flagellar motors rotate in CCW direc-
tion, long helical flagellar filaments form a bundle structure behind a cell body,
due to bending flexibility of each hook structure. As a result, the flagellar bundle
produces thrust enough to allow Salmonella cells to go straight. When one or more
motors switch the rotational direction from CCW to CW, the bundle structure is
partially disrupted, and so the cells stop swimming and change the swimming direc-
tion (Fig. 8.2a) (Morimoto andMinamino 2014). Each flagellarmotor is placed under
a control of the sensory signaling network, which modulates the switching frequency
of flagellar motor rotation, and hence bacterial cells carry out chemotaxis by a biased
random walk toward various chemicals, pH and temperature to move toward more
suitable stimuli (Fig. 8.2b, c) (Berg 2003).

Methyl-accepting chemotaxis protein (MCP) is a transmembrane protein with a
large cytoplasmic domain and senses temporal changes in environmental stimuli.
The adapter protein CheW binds to the cytoplasmic domain of the MCP, allowing
the CheA kinase to efficiently associate with the MCP. The cytoplasmic domain of
MCP controls the autophosphorylation activity of the CheA kinase to generate the
chemotaxis signal. A phosphorylated form of the CheA kinase transfers its phosphate
group toCheY,which acts as the chemotaxis signaling protein. PhosphorylatedCheY
(CheY-P) binds to two cytoplasmic rotor component proteins, FliM and FliN, in
the flagellar motor. As a result, the motor switches the direction of rotation from
CCW to CW. The CheZ phosphatase accelerates the dephosphorylation of CheY-P
to induce the dissociation of CheY from the motor to allow the motor to rotate CCW
again. This chemotaxis signaling network adapts to changes in the concentration of
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Table 8.1 Bacterial flagellar proteins in Salmonella

Protein Function Size (kD)

FliF MS ring 61

FliG C ring, torque generation, directional switch 37

FliM C ring, directional switch 38

FliN C ring, directional switch 15

FlhA Type III export gate protein, energy transducer, protein export switch 75

FlhB Type III export gate protein, protein export switch 42

FliH Type III export apparatus, peripheral stalk 26

FliI Type III export apparatus, ATPase 49

FliJ Type III export apparatus, central stalk 17

FliO Scaffolding protein for the assembly of the FliP5FliR1 complex 13

FliP Type III export gate protein 27

FliQ Type III export gate protein 10

FliR Type III export gate protein 29

FlhE Plug for a proton channel in a type III export apparatus 14

FlgN Export chaperone specific for FlgK and FlgL 16

FliS Export chaperone specific for FliC 15

FliT Export chaperone specific for FliD 14

FliE Basal body protein connecting the MS ring and the proximal rod 11

FlgB Proximal rod 15

FlgC Proximal rod 14

FlgF Proximal rod 26

FlgG Distal rod 28

FlgJ Rod cap, Muramidase 34

FlgI P ring 38

FlgA Periplasmic chaperone for P ring assembly 24

FlgH L ring 25

FlgD Hook cap 24

FlgE Hook 42

FliK Hook-length control 42

FlgK Hook-filament junction 59

FlgL Hook-filament junction 34

FliD Filament cap 50

FliC Filament (H1 flagellin) 52

FljB Filament (H2 flagellin) 53

FljA Negative regulator of FliC expression 20

MotA Stator, transmembrane proton channel 32

(continued)
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Table 8.1 (continued)

Protein Function Size (kD)

MotB Stator, transmembrane proton channel 34

FliL Stator associated protein 17

FlhC Master regulator for flagellar genes 22

FlhD Master regulator for flagellar genes 13

FliA Sigma factor/Chaperone specific for FlgM 27

FliZ Positive regulator for flagellar gene expression 22

FlgM Anti-sigma factor 11

CheZ Chemotaxis protein 24

CheY Chemotaxis protein 14

CheB Chemotaxis protein 38

CheR Chemotaxis protein 33

CheW Chemotaxis protein 18

CheA Chemotaxis protein 73

Tsr Methyl-accepting chemotaxis protein 60

Tar Methyl-accepting chemotaxis protein 60

Aer Methyl-accepting chemotaxis protein 55

Fig. 8.1 Schematic diagram of the bacterial flagellar motor complex structure. The flagellum is
composed of a filament, a hook and a basal body. Each building block synthesized in the cytoplasm
is translocated via a type III protein export apparatus into the central channel of the growing axial
structure. OM—outer membrane, PG—peptidoglycan layer, CM—cytoplasmic membrane
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Fig. 8.2 a Swimming pattern of Salmonella cells. Salmonella cells undergoes continuous run-
and-stop pattern, thereby showing random walk motions in liquids. When the flagellar motor
rotates in counterclockwise (CCW) direction, Salmonella cells can go straight. In contrast, when
the motor switches its rotational direction from CCW to counterclockwise (CW), the cells stop
and change the swimming direction. b Biased random walk motion to attractants. Salmonella cells
sense gradients of chemical attractants in the environments to move towards more favorable stimuli.
c Schematic diagram of a sensory signaling transduction pathway responsible for chemotaxis. The
Salmonella phosphorelay signal transduction network is formed by methyl-accepting chemotaxis
protein (MCP), the CheWadopter protein, the CheA kinase, the CheY chemotaxis signaling protein,
the CheZ phosphatase, the CheB methylesterase and the CheR methyltransferase. CheY-P binds to
the switch complex of the flagellar motor to chnage the direction of flagellar motor rotation from
CCW to CW

chemical stimuli over a wide dynamic range. CheB and CheR are involved in the
adaption mechanism. CheR is the methyltransferase to induce the methylation of
the cytoplasmic domain of the MCP to modulate the autophosphorylation activity of
the CheA kinase. The CheA kinase also transfers the phosphate group to the CheB
methylesterase to promote the demethylation of the MCP to reduce the probability
of autophosphorylation of the CheA kinase (Fig. 8.2c) (Bi and Sourjik 2018).

The Salmonella flagellar motor consists of a rotor and about ten stator units
placed around the rotor. The rotor is a macromolecular ring complex made of four
flagellar proteins, FliF, FliG, FliM and FliN. The transmembrane MS ring is formed
by FliF. FliG, FliM and FliN assemble into the C ring on the cytoplasmic surface of
the MS ring in this order. The C ring also works as a directional switching device
to switch between CCW and CW states of the flagellar motor. Each stator unit is
composed of two integral membrane proteins, MotA andMotB, which form a proton
channel complex to convert the energy of the proton flow through the channel into
the rotational force (Minamino et al. 2018; Nakamura and Minamino 2019).
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To construct the axial structure of the flagellum such as the hook and filament
outside the cell body, the basal body has a type III protein export apparatus at its prox-
imal end (Macnab 2003). The type III protein export apparatus is also a macromolec-
ular protein complex consisting of a transmembrane export gate complex powered
by PMF across the cytoplasmic membrane and an associated cytoplasmic ATPase
ring complex and transports building blocks of the axial structure from the cytoplasm
to the distal end of the nascent structure where each building block self-assembles
into the axial structure. The export gate complex is located inside the central pore
of the MS ring whereas the cytoplasmic ATPase ring complex associates with the C
ring (Minamino 2014, 2018). In this chapter, we describe the structure and function
of the bacterial flagellar motor complex in Salmonella.

Axial Structure

The Salmonella flagellum is composed of several basal body rings and an axial
structure (Fig. 8.1). The axial structure is a helical, tubular structure consisting of six
distinct structural parts: the proximal rod (FlgB, FlgC, FlgF), the distal rod (FlgG),
the hook (FlgE), the junction (FlgK, FlgL), the filament (FliC, FljB), and the filament
cap (FliD). The N- and C-terminal regions of each building block are disordered in
solution but adopt a coiled coil in the inner core domain (D0) of the building block
when they assemble into the axial structure (Fig. 8.3a) (Furukawa et al. 2002; Saijo-
Hamano et al. 2004; Samatey et al. 2001). Hydrophobic interactions between the D0
domains of the building blocks are essential not only for the self-assembly of the
axial structure but also for structural and mechanical stability of the entire tubular
structure (Yonekura et al. 2003; Fujii et al. 2009; Maki-Yonekura et al. 2010; Saijo-
Hamano et al. 2019). Except for the cap structure, which has five-fold rotational
symmetry (Yonekura et al. 2000), the axial structure is a helical assembly composed
of 11 protofilaments (Fig. 8.3b) (Yonekura et al. 2003; Fujii et al. 2009, 2017; Maki-
Yonekura et al. 2010; Kato et al. 2019). The basic helical line that passes through
all the subunits is called a 1-start helix, and there are approximately 11 subunits per
two turns of the 1-start helix (Fig. 8.3b).

The rod is straight and rigid and acts as a drive shaft of the flagellar motor (Fujii
et al. 2017). The hook is supercoiled and highly flexible in bending and functions
as a universal joint (Samatey et al. 2004; Fujii et al. 2009; Kato et al. 2019). The
filament is also supercoiled but rigid against bending and so functions as a helical
propeller (Yonekura et al. 2003;Maki-Yonekura et al. 2010). TheSalmonellafilament
normally adopts a left-handed supercoil to form a flagellar bundle structure behind a
cell body for straight swimming and switches from the left-handed to right-handed
supercoils when the flagellar motor switches the direction of rotation from CCW
to CW (Calladine 1975, 1976; Maki-Yonekura et al. 2010). Since the rod and hook
structurally look similar to each other, the hook is directly connected with the rod
(Chevance et al. 2007; Fujii et al. 2017). In contrast, because there are structural and
mechanical differences between the hook and filament, the junction is a cushioning
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Fig. 8.3 Axial structure in the bacterial flagellar motor complex. a Schematic diagram of cross
section of the flagellar filament. Flagellar filament protein is composed of domains D0, D1, D2 and
D3. bArrangement of building blocks in the flagellar axial structure composed of 11 protofilaments.
Arrows show the helical lines. The 11-start helical line constitutes each protofilament. The numbers
of the subunit starting from the subunit 0 along the 1-start helical line are shown. c Representative
atomic structures of flagellar axial component proteins, FlgG (PDB ID, 6JZR), FlgE (PDB ID,
6KFK), FlgK (PDB ID, 2D4Y), FlgL (PDB ID, 2D4X), FliC (PDB ID, 1UCU) and FliD (PDB ID,
5H5T) derived from Salmonella. CM—cytoplasmic membrane, PG—peptidoglycan layer, OM—
outer membrane

structure to connect them (Homma and Iino 1985). The filament cap promotes the
self-assembly of flagellin subunits into the filament at the distal end (Ikeda et al.
1985, 1996; Yonekura et al. 2000).

Electron cryo-microscopy (cryo-EM) image analyses of the unusually elongated
rod structure, namely polyrod, which is caused by the G65V substitution in the distal
rod protein FlgG, have revealed that FlgG is composed of three domains, D0, Dc,
and D1 from the inside to outside of the polyrod structure (Fig. 8.3c) (Fujii et al.
2017; Saijo-Hamano et al. 2019). Intermolecular interactions between FlgG subunits
in the polyrod structure are very tight, and hence the rod is straight and rigid against
bending to act as a drive shaft. Because FliE is an axial component protein of the
basal body and interacts with the proximal rod protein FlgB, it is thought to form
the most proximal part of the rod structure that is directly connected with the MS
ring and/or the transmembrane export gate complex of the type III protein export
apparatus (Minamino and Macnab 2000b; Minamino et al. 2000).

The hook is a short, curved structure composed of about 120 copies of the hook
protein FlgE. FlgE consist of four domains, D0, Dc, D1 and D2, arranged from the
inside to the outside of the hook structure (Fig. 8.3c) (Samatey et al. 2004; Fujii
et al. 2009). Although the D0, Dc and D1 domains of FlgE are highly homologous
to those of FlgG, there are structural and functional differences in the Dc domain
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between FlgE and FlgG (Chevance et al. 2007; Fujii et al. 2017; Saijo-Hamano et al.
2019). TheDc domain of FlgG contains a FlgG-specific YQTIRQPGAQSSEQTTLP
sequence (GSS), whereas FlgE does not. Insertion of the GSS into a corresponding
region of the Dc domain of FlgEmakes the hook straight and rigid in a way similar to
the FlgG rod structure, suggesting that the GSS is important for the rigidity of the rod
structure (Hiraoka et al. 2017). Axial packing interactions between a triangular loop
of the D1 domain and the D2 domain in each protofilament of the hook structure are
responsible for hook supercoiling (Samatey et al. 2004; Kato et al. 2019). However,
a deletion of either a triangular loop of the D1 domain or domain D2 makes the hook
straight but retains its bending flexibility, allowing the filaments to form a flagellar
bundle behind a cell body (Sakai et al. 2018). Because there are gaps between FlgE
subunits in the entire hook structure, these gaps are likely to contribute to bending
flexibility of the hook (Fujii et al. 2009; Horvath et al. 2019; Kato et al. 2019; Shibata
et al. 2019).

The filament is composed of more than 30,000 flagellin subunits and is a major
target for antigens. Salmonella contains two flagellin genes fliC and fljB on the chro-
mosomal DNA and expresses either FliC or FljB to form the filament on the cell
surface. The alternate expression frequency of these two flagellin genes is about
10–3–10–5 per cell per generation (Stocker 1949; Gillen and Hughes 1991), and such
an autonomous switching changes themotility function aswell as antigen response of
Salmonella cells (Yamaguchi et al. 2020). The flagellin subunit is composed of four
domains D0, D1, D2, and D3, arranged from the inner core to the outer surface of the
filament (Fig. 8.3a, c) (Namba and Vonderviszt 1997). The D0 and D1 domains are
responsible for the formationof the supercoiled formof thefilament structure, and aβ-
hairpin in the D1 domain is thought to act as a structural switch that changes between
left-handed and right-handed helical forms of the filament structure (Samatey et al.
2001). Because the D3 domain, which occupies the outermost part of the filament, is
recognized as H antigens by host immune systems, the primary sequence of the D3
domain differs significantly between FliC and FljB. Interestingly, there are structural
differences in the D3 domain between the FliC and FljB filaments, and such differ-
ences cause a significant difference in the helical propeller function of the filament
under viscous conditions (Yamaguchi et al. 2020). The D3 domain of the flagellin
molecule is dispensable for filament formation but contributes to thermal stability of
the entire filament structure (Muskotal et al. 2010; Furukawa et al. 2016).

The filament growth occurs at the distal end of the growing filament structure
(Minamino 2014). Purified flagellin subunits can self-assemble into a long helical
filament in vitro (Asakura 1970). However, flagellin subunits require a filament cap
formed by FliD to polymerize into the filament structure in vivo (Homma et al. 1984).
If the FliD cap is missing, flagellin monomers cannot assemble into the filament and
hence are secreted into the culture media. This suggests that the FliD cap prevents
newly exported flagellin molecules from leaking into the culture media to ensure that
each flagellin molecule has sufficient time to be incorporated into the filament. Inter-
estingly, the stoichiometry of the filament cap structure is different among bacteria
species. The Salmonella FliD cap has five-fold rotational symmetry (Fig. 8.3c), the
Escherichia coli and Pseudomonas aeruginosa FliD caps have six-fold rotational
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symmetry, and the Serratia marcescens and Bdellovibrio bacteriovorus FliD caps
form a four-fold rotational symmetry structure (Yonekura et al. 2000;Maki-Yonekura
et al. 2003; Postel et al. 2016; Ko et al. 2017; Song et al. 2017; Cho et al. 2019). These
differences might be related to the structural diversity of the flagellin molecule.

Rotor

The Salmonella basal body has the C ring (FliG, FlM, FliN), the MS ring (FliF), the
P ring (FlgI) and the L ring (FlgH), which are located in the cytoplasm, the cyto-
plasmic membrane, the peptidoglycan (PG) layer and the outer membrane, respec-
tively (Fig. 8.4a). The MS ring and the C ring together form a rotor ring complex
of the flagellar motor. The most proximal part of the rod is thought to be directly
connected with the MS ring. The L and P rings together function as a bushing for the

Fig. 8.4 Flagellar motor complex structure. a Cartoon of basal body rings. The basal body contains
four ring structures named the C ring (FliG, FliM, FliN), the MS ring (FliF), the P ring (FlgI)
and the L ring (FlgH). The MS ring and the C ring form the rotor ring complex of the flagellar
motor. Crystal structures of Aquifex aeolicus FliG (PDB ID, 3HJL), Thermotoga maritima FliM
middle domain (FliMM) (PDB ID, 2HP7) and the Salmonella FliMC-FliN fusion protein (PDB ID,
4YXB). FliG consists of three compactly folded domains, FliGN, FliGM and FliGC that is able to be
divided into two FliGCN and FliGCC subdomains and two linker helices, HelixNM connecting FliGN
and FliGM and HelixMC connecting FliGM and FliGCN. Two highly conserved charged residues,
Arg284 (R) and Asp292 (D) in the torque helix of FliGCC are responsible for the interaction with
the stator protein MotA. b Structure of the stator unit of the flagellar motor. The stator unit consists
of four MotA and two MotB proteins and acts as a transmembrane proton channel to couple the
proton flow to torque generation. Highly conserved Pro173 of MotA (P173) and Asp33 of MotB
(D33) are directly involved in the proton translocation. The periplasmic domain of MotB (MotBC)
forms a homodimer and binds to the PG layer, allowing the MotA/MotB complex to act as a
stator unit in the motor. A crystal structure of the MotBC dimer (PDB ID, 2ZVY) is shown. A
linker region connecting MotB-TM and MotBC is dispensable for flagellar motor rotation but
coordinates the proton channel activity of the MotA/MotB complex to stator assembly into the
motor. The plug segment suppresses premature proton flow through the proton channel until the
MotA/MotB complex become an active stator unit in the motor. CM—cytoplasmic membrane,
PG—peptidoglycan layer, OM—outer membrane
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distal rod structure, and the inner surface of the LP ring complex is likely to be very
smooth for high-speed rotation of the rod as a drive shaft (Minamino et al. 2008).

FliFmoleculeswith two transmembrane (TM)helices assemble into theMS ring in
the cytoplasmicmembrane. Over-expression of FliF alone from a pET-based plasmid
vector results in the self-assembly of FliF subunits into theMS ring (Ueno et al. 1992).
However, when FliF is expressed from the chromosomal DNA, FliF requires FliG
for efficient formation of the MS ring in the cytoplasmic membrane (Morimoto et al.
2014). The N-terminal domain of FliG (FliGN) binds to the C-terminal cytoplasmic
domain of FliF (Kihara et al. 2000; Levenson et al. 2012). Intermolecular interactions
between FliGN domains and between the middle (FliGM) and C-terminal (FliGC)
domains of FliG are responsible for FliG ring formation on the cytoplasmic surface
of the MS ring (Baker et al. 2016; Kim et al. 2017). The FliM/FliN complexes with
a 1 FliM: 3 FliN stoichiometry bind to the FliG ring through an interaction between
FliGM and FliM to form the C ring wall with 34-fold rotational symmetry (Paul
et al. 2011; Vartanian et al. 2012; Lam et al. 2013). Because the torque helix in
the C-terminal portion of FliGC (FliGCC) is directly involved in the interaction with
the stator protein MotA to generate the rotational force, FliGCC is believed to be
located at the top of the C ring wall (Fig. 8.4a) (Zhou et al. 1998a). It has been
reported that there is a symmetry mismatch between the MS and C rings (Suzuki
et al. 2004), but recent high-resolution cryo-EM image analysis of the Salmonella
MS ring have shown that the MS ring also has about 34-fold rotational symmetry
(Johnson et al. 2020).

Many Salmonella mutants with altered motility have been isolated. Among
motility mutants, mutations in FliG, FliM, and FliN confer a CCW switch bias
phenotype or a CW switch bias phenotype even in the presence of the chemosen-
sory signal transduction pathway. This suggests that these three C ring proteins
are involved in directional switching of the flagellar motor (Yamaguchi et al. 1986).
Genetic and biochemical analyses have revealed that the chemotaxis signaling protein
CheY-P directly binds to the intrinsically disordered N-terminal region of FliM and
the C-terminal domain of FliN in the C ring and promotes a highly cooperative
conformational change in the FliG ring structure, allowing the motor to rotate in CW
direction (Dyer et al. 2009; Sarkar et al. 2010). A conservedMFXFmotif in a flexible
hinge connecting the N-terminal portion of FliGC (FliGCN) and FliGCC is thought to
induce a 180º rotation of the torque helix of FliGCC relative to FliGCN when themotor
switches the direction of rotation fromCCW to CW (Lam et al. 2012;Miyanoiri et al.
2017). An in-frame deletion of three residues (Pro169–Ala170–Ala171) near the N-
terminal portion of the linker helix connecting FliGM and FliGCN (HelixMC) causes
an extremely strong CW switch bias phenotype. The PAA deletion induces not only
a distinct orientation of HelixMC relative to FliGM but also the rotation of FliGCC

relative to FliGCN, suggesting that HelixMC is postulated to act as a gear to coordi-
nately switch the FliG ring structure between CCW and CW states (Minamino et al.
2011a; Kinoshita et al. 2018a, b). In addition to CheY-P, cyclic di-GMP (c-di-GMP),
which is a second messenger molecule to induce biofilm formation, binds to YcgR
to regulate chemotaxis through interactions of the c-di-GMP bound form of YcgR
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with FliG and FliM in the C ring as well as MotA (Boehm et al. 2010; Fang and
Gomelsky 2010; Paul et al. 2010).

The FliM1/FliN3 complex labeled with a fluorescent protein is visualized to
exchange rapidly between the basal body and its cytoplasmic pool by high-resolution
single molecule imaging techniques whereas neither FliF nor FliG does not, indi-
cating that the C ring wall has a highly dynamic nature whereas both MS and
FliG rings do not (Delalez et al. 2010; Fukuoka et al. 2010). The copy number
of FliM1/FliN3 complex is estimated to be about 1.3 times higher in the CCWmotor
than in the CW motor (Delalez et al. 2014). Because the rapid turnover of the C
ring wall depends on CheY-P, the directional switching of the flagellar motor seems
to induce the dissociation of weakly bound FliM1/FliN3 complexes from the C ring
wall (Lele et al. 2012; Branch et al. 2014; Delalez et al. 2014). The number of the
FliM1/FliN3 complexes in the C ring increases with a decrease in the cytoplasmic
concentration of CheY-P, suggesting that the motor adapts to changes in the steady-
state level of CheY-P by tuning the copy number of the FliM1/FliN3 complex asso-
ciated with the C ring wall (Lele et al. 2012; Branch et al. 2014; Delalez et al. 2014).
However, because both purified CCW and CW motors have the C ring with 34-fold
rotational symmetry (Sakai et al. 2019), it remains unknown how the FliG ring can
accommodate additional FliM1/FliN3 complexes to the C ring.

Stator

MotA and MotB form a transmembrane proton channel that acts as a stator unit of
the flagellar motor to couple the proton flow through the proton channel to torque
generation (Fig. 8.4a) (Larsen et al. 1974; Manson et al. 1977; Ravid and Eisenbach
1984). MotA andMotB form a heterohexamer with a 4MotA: 2MotB stoichiometry
and has two distinct proton channels (Fig. 8.4b) (Braun et al. 2004; Kojima and Blair
2004). MotA assembles into a homo-tetramer (Braun et al. 2004; Kim et al. 2008;
Takekawa et al. 2016), and the MotB homo-dimer binds to the central pore of the
MotA tetramer (Braun and Blair 2001). MotA has four TM helices (TM1–TM4),
two short periplasmic loops between TM1 and TM2 and between TM3 and TM4,
a relatively large cytoplasmic loop between TM2 and TM3 and a C-terminal cyto-
plasmic tail (Zhou et al. 1995). MotB has an N-terminal cytoplasmic tail, followed
by a single TM helix and finally a large C-terminal periplasmic domain containing
a peptidoglycan-binding (PGB) motif (MotBC) (Kojima et al. 2009). The MotB-
TM helix forms a proton channel with the TM3 and TM4 helices of MotA (Braun
and Blair 2001; Braun et al. 2004). Highly conserved Asp33 of MotB and Pro173
of MotA, which are located in the proton channel, are involved in the proton flow
through the channel (Zhou et al. 1998b; Braun et al. 1999; Kojima and Blair 2001;
Che et al. 2008). The cytoplasmic loop of MotA contains highly conserved Arg90
and Glu98 residues that are responsible for the interaction with the torque helix of
FliGCC (Zhou et al. 1998a). MotBC forms a dimer, and its dimerization is critical
for efficient targeting and stable anchoring of the stator units to the PG layer. As a
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result, the MotA4/MotB2 complex can become an active stator unit around a rotor
(Kojima et al. 2009, 2018). Interestingly, site-specific disulfide bridge experiments
have shown that MotBC is in relatively close proximity to the P ring of the basal
body (Fig. 8.4a) (Hizukuri et al. 2010).

A flexible linker region of MotB (residues 51–100) connecting MotB-TM and the
MotBC domain are dispensable for flagellarmotor rotation (Fig. 8.4b) (Muramoto and
Macnab 1998). Because an in-framedeletion of residues 53–66 ofMotB considerably
reduces cytoplasmic pH due to undesirable proton leakage through unassembled
MotA4/MotB2 proton channel complex, residues 53–66 of MotB are postulated to
form a plug segment to suppress the proton leakage through the proton channel
until the MotA4/MotB2 complex is incorporated into a motor (Hosking et al. 2006;
Morimoto et al. 2010a). Although the MotA4/MotB2 complex with a deletion of
residues 51–100 of MotB is still functional, such a large deletion does not induce
a considerable proton leakage through unassembled MotA4/MotB2 proton channel
complexes (Muramoto and Macnab 1998). The MotB (L119P) substitution in the
PGB domain of MotBC not only causes massive proton leakage though unassembled
MotA4/MotB (�51–100)2 complexes (Kojima et al. 2009; Morimoto et al. 2010a)
but also increase the binding affinity of the PGB domain for the PG layer (Kojima
et al. 2018). The MotB (L119P) substitution induces an order-to-disorder transition
of the N-terminal portion of the PGB domain (Kojima et al. 2018). Since a 5 nm
extension of the PGB domain of MotB from the MotB-TM helix is required for the
binding of the PGB domain to the PG layer (Kojima et al. 2008), such an order-to-
disordered transition of theN-terminal portion of the PGBdomain should occurwhen
the MotA4/MotB2 complex encounters a rotor to become an active stator unit in the
motor (Kojima et al. 2018). In agreement with this, the 5 nm extension process of the
PGB domain of MotS derived from Bacillus subtilis, which is a MotB homologue,
has been directly visualized using high-speed atomic force microscopy (Terahara
et al. 2017a). Therefore, these observations suggest that the flexible linker region of
MotB coordinates not only proper proton channel formation of the MotA4/MotB2

complex but also efficient and proper anchoring of the PGB domain to the PG layer.
Each stator complex binds to and dissociates from a rotor ring complex during

torque generation by the flagellar motor, suggesting that the stator complex has a
highly dynamic nature (Leake et al. 2006). The number of functionally active stators
in the motor varies in response to changes in the environment, such as external load
and external proton concentration (Fukuoka et al. 2009; Lele et al. 2013; Tipping
et al. 2013; Che et al. 2014; Terahara et al. 2017b; Suzuki et al. 2019). For example,
the maximum number of active stator units incorporated into the flagellar motor is
about ten when the motor operates at high loads (Reid et al. 2006; Pourjaberi et al.
2017). In contrast, the stator number decreases from ten to a few with a decrease
in external load (Yuan and Berg 2008; Nakamura et al. 2020). Thus, the flagellar
motor autonomously controls the number of active stator units around the rotor in
response to changes in external loads. It has been shown that an in-frame deletion of
residues 72–100 of MotB results in much steeper decrease in the stator number with
a decrease in the external load as compared to the wild-type motor (Castillo et al.
2013). This suggests that the linker region of MotB modulates the binding affinity of
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the PGB domain for the PG layer in a load-dependent manner. Interestingly, certain
point mutations in the cytoplasmic loop of MotA also change the load-sensitivity of
the MotA4/MotB2 complex (Pourjaberi et al. 2017). Because the cytoplasmic loop
ofMotA directly binds to FliG to generate torque (Zhou et al. 1998a; Morimoto et al.
2010b; Morimoto et al. 2013), this cytoplasmic loop seems to act as a load sensor
to coordinate the number of active stators incorporated into the motor in response to
changes in external load. Recently, it has been shown that the localization efficiency
of the MotA4/MotB2 complex is also increased by lowering extracellular pH, that is,
increasing proton concentration, and that such an external pH-dependent localization
pattern of the MotA4/MotB2 complex is not affected by the motB(D33N) mutation,
which inhibits the proton flow through the MotA4/MotB2 proton channel complex
(Suzuki et al. 2019). Since it has been reported that the PGB domain ofMotS induces
a disordered-to-order transition of the PGB domain in a Na+-dependent manner to
allow the MotP4/MotS2 complex to become an active stator unit in the B. subtilis
flagellar motor (Terahara et al. 2017a), it is possible that the folding efficiency of the
PGB domain of MotB depends on external pH values.

Type III Protein Export Apparatus

The assembly of the axial structure begins with the rod, followed by the hook, the
junction, the filament cap in this order and finally the filament (Macnab 2003). For the
self-assembly of each building block at the distal end of the growing structure, a type
III protein export apparatus unfolds the building blocks synthesized in the cytoplasm
and then transports them into the central channel of the growing structure (Minamino
2014; Minamino et al. 2020a). PMF across the cytoplasmic membrane and ATP are
utilized as the energy sources to drive flagellar protein export by the type III protein
export apparatus (Minamino and Namba 2008; Paul et al. 2008). The type III protein
export apparatus is composed of a PMF-driven export gate complex consisting of five
membrane proteins FlhA, FlhB, FliP, FliQ and FliR, and a cytoplasmic ATPase ring
complexmade of three cytoplasmic proteins, FliH, FliI and FliJ (Fig. 8.5) (Minamino
2014). These component proteins show sequence and functional similarities to those
of the injectisome of pathogenic bacteria such as Salmonella spp, Shigella spp and
Yersinia spp, which is involved in direct injection of effector proteins into eukaryotic
host cells for bacterial infection (Galán et al. 2014). Furthermore, the overall structure
of the cytoplasmicATPase ring complex is similar to F-type andV-type rotaryATPase
families, suggesting that the type III protein export apparatus of the flagellum and the
injectisome share a common evolutionary origin with these rotary ATPase families
(Imada et al. 2007, 2016; Ibuki et al. 2011). In addition, four cytoplasmic proteins,
FlgN, FliA, FliS and FliT, function as flagellum-specific export chaperones to support
the export of their cognate building blocks by the type III protein export apparatus
(Table 8.1).

FliP, FliQ, FliR form a helical assembly with a 5 FliP: 4 FliQ: 1 FliR stoichiom-
etry inside the central pore of the MS ring (Fig. 8.5) (Fabiani et al. 2017; Fukumura
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Fig. 8.5 Structures of the flagellar type III export apparatus component proteins. The type III
protein export apparatus is composed of five transmembrane proteins, FlhA, FlhB, FliP, FliQ and
FliR and three cytoplasmic protein FliH, FliI and FliJ. In addition, flagellar export chaperones
such as FlgN and FliT interact with the type III protein export apparatus proteins to promote the
export of their cognate building blocks. Crystal structures of the C-terminal cytoplasmic domain of
Salmonella FlhA (FlhAC) (PDB ID, 3A5I), the C-terminal cytoplasmic domain of Salmonella FlhB
(FlhBC) (PDB ID, 3B0Z), the Salmonella FliP/FliQ/FliR complex with a 5 FliP (green): 4 FliQ
(blue): 1 FliR (red) stoichiometry (PDB ID, 6R69), Salmonella FlhE (PDB ID, 4QXL), Salmonella
FliH2FliI complex with a 2 FliH: 1 FliI stoichiometry (PDB ID, 5B0O), Salmonella FliJ (PDB ID,
3AJW) and the Salmonella FlgN (PDB ID, 5B3D) and FliT (PDB ID, 3A7M) export chaperones
are shown. FlhAC consists of four compactly folded domains, D1, D2, D3 and D4 and a flexible
linker connecting FlhAC and the N-terminal transmembrane region of FlhA. Hinge loops of the
FlgN and FliT chaperones are responsible for helical rearrangements of these chaperone structure
to modulate the binding affinity for their binding partners. CM—cytoplasmic membrane

et al. 2017; Kuhlen et al. 2018; Butan et al. 2019). The FliP5/FliQ4/FliR1 complex
is thought to be connected with the most proximal part of the rod to form a contin-
uous protein channel inside the growing axial structure (Kuhlen et al. 2018). FlhA
forms a homo-nonamer through intermolecular interactions between its C-terminal
cytoplasmic domains (FlhAC) (Abrusci et al. 2013; Kawamoto et al. 2013;Morimoto
et al. 2014; Terahara et al. 2018) and acts as an energy transducer along with the cyto-
plasmic ATPase complex (Minamino et al. 2011b, 2016b; Erhardt et al. 2017). FlhA
associates not only with the FliP5/FliQ4/FliR1 helical structure but also with the MS
ring (Kihara et al. 2001; Fukumura et al. 2017). A single copy of FlhB associates with
FliP and FliR (Kuhlen et al. 2019). The assembly of the export gate complex begins
with the formation of the FliP5/FliR1 complex with the help of the transmembrane
protein FliO, followed by the assembly of FliQ and FlhB presumably in this order
and finally the assembly of FlhA (Morimoto et al. 2014; Fabiani et al. 2017; Fuku-
mura et al. 2017; Kuhlen et al. 2018). FlhAC and the C-terminal cytoplasmic domain
of FlhB (FlhBC) project into the central cavity of the C ring (Fig. 8.5) and form a
docking platform for the cytoplasmic ATPase complex, flagellar export chaperones
and building blocks (Bange et al. 2010; Minamino et al. 2010, 2012). These two
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FlhAC and FlhBC domains mediate well-organized protein targeting and transport
for efficient assembly of the axial structure with the help of the cytoplasmic ATPase
complex and the molecular ruler protein FliK (Table 8.1) (Minamino and Macnab
2000a; Fraser et al. 2003; Hirano et al. 2009; Kinoshita et al. 2013; Minamino et al.
2016a, 2020b; Inoue et al. 2018, 2019).

FliI is a member of the Walker-type ATPase family (Fan and Macnab 1996) and
forms a homo-hexamer to hydrolyze ATP at an interface between FliI subunits in a
way similar to the α3β3 hetero-hexameric ring complex of F1-ATPase (Claret et al.
2003; Imada et al. 2007; Minamino et al. 2006). FliJ binds to the center of the FliI
hexamer in a way similar to the γ subunit of the F1-ATPase (Ibuki et al. 2011). The
FliH dimer, which structurally looks similar to the peripheral stalk of the F1-ATPase
(Imada et al. 2016), binds to the N-terminal domain of each FliI subunit (Okabe
et al. 2009) and anchors the FliI6FliJ ring complex to the flagellar base through
interactions of the extreme N-terminal region of FliH with FliN and FlhA (Bai et al.
2014; Gonzalez-Pedrajo et al. 2006; Minamino et al. 2009; Hara et al. 2012). ATP
hydrolysis by the FliI ATPase activates the PFM-driven export gate complex through
an interaction between the FliJ stalk and FlhA, allowing the export gate complex to
transport building blocks from the cytoplasm to the distal end of the growing structure
in a PMF-dependent manner (Minamino et al. 2011b; Ibuki et al. 2013). The FliI
ATPase shows rapid exchanges between the basal body and the cytoplasmic pool,
suggesting that the cytoplasmic ATPase complex seems to be a dynamic structure
(Bai et al. 2014).

When the cytoplasmic ATPase complex is missing, the transmembrane export
gate complex utilizes sodium motive force across the cell membrane in addition to
PFM (Minamino et al. 2016b). FlhA acts as the transmembrane ion channel of the
export gate complex to conduct not only protons but also sodium ions (Minamino
et al. 2016b). The transmembrane export gate complex functions as a protein/cation
antiporter that couples the inward-directed cation flow through the FlhA channel to
the outward-directed protein transport (Minamino et al. 2011b). The flhE gene forms
an operon together with the flhB and flhA genes, and its gene product is secreted via
the Sec translocon into the periplasm (Minamino et al. 1994). FlhE is postulated
to act as a plug to prevent the FlhA ion channel from translocating large numbers
of protons along an electrochemical difference of protons across the cytoplasmic
membrane (Lee et al. 2015), but it remains unknown how it works. High-resolution
local pH measurements around the type III protein export apparatus have shown that
a loss of the ATPase ring complex increases the local pH inside the C ring, indicating
ATP hydrolysis by the ATPase ring complex facilitates the proton channel activity
of the FlhA channel coupled with flagellar protein export (Morimoto et al. 2016).

The FlgN, FliS and FliT chaperones not only suppresses premature aggregation
and/or proteolysis of their cognate building blocks in the cytoplasm (Auvray et al.
2001; Bennett et al. 2001; Aldridge et al. 2003) but also facilitate their docking to the
type III protein export apparatus (Thomas et al. 2004; Evans et al. 2006; Kinoshita
et al. 2013). TheFlgN, FliS andFliT chaperones adopt anα-helical structure (Fig. 8.5)
(Evdokimov et al. 2003; Imada et al. 2010; Kinoshita et al. 2016), and the binding
of their cognate building block to these chaperones induces helical rearrangements
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of the chaperones through flexible hinge loops, allowing the building blocks to be
efficiently transferred to the type III protein export apparatus, followed by efficient
unfolding and the subsequent translocation of the building blocks by the PMF-driven
export gate complex (Imada et al. 2010; Kinoshita et al. 2013, 2016; Furukawa et al.
2016).

Conclusions

Detailed domain structures of bacterial flagellar component proteins have been
revealed at an atomic resolution by X-ray crystallography. In addition, cryo-EM
image analyses of the bacterial flagellum have provided deep insights into the
mechanical functions of the rod, the hook and the filament. Cryo-electron tomo-
graphic techniques have revealed the in situ structures of the transmembrane part of
the basal body structure. However, while static structural knowledge is increasing,
there are still manymysterious points that do not connect to dynamic functions of the
bacterial flagellum. Biophysical and molecular genetic approaches combined with
structural studies are required tomore accurately investigate the dynamicmechanism
of the flagellar motor complex.
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Chapter 9
Cellulosomes: Highly Efficient
Cellulolytic Complexes

Victor D. Alves, Carlos M. G. A. Fontes, and Pedro Bule

Abstract Cellulosomes are elaborate multienzyme complexes capable of effi-
ciently deconstructing lignocellulosic substrates, produced by cellulolytic anaerobic
microorganisms, colonizing a large variety of ecological niches. These macromolec-
ular structures have a modular architecture and are composed of two main elements:
the cohesin-bearing scaffoldins, which are non-catalytic structural proteins, and the
various dockerin-bearing enzymes that tenaciously bind to the scaffoldins. Cellulo-
some assembly is mediated by strong and highly specific interactions between the
cohesin modules, present in the scaffoldins, and the dockerin modules, present in the
catalytic units. Cellulosomal architecture and composition varies between species
and can even change within the same organism. These differences seem to be largely
influenced by external factors, including the nature of the available carbon-source.
Even though cellulosome producing organisms are relatively few, the development
of new genomic and proteomic technologies has allowed the identification of cellu-
losomal components in many archea, bacteria and even some primitive eukaryotes.
This reflects the importance of this cellulolytic strategy and suggests that cohesin-
dockerin interactions could be involved in other non-cellulolytic processes. Due to
their building-block nature and highly cellulolytic capabilities, cellulosomes hold
many potential biotechnological applications, such as the conversion of lignocel-
lulosic biomass in the production of biofuels or the development of affinity based
technologies.
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The Cellulosome—Introduction

Plant cell wall polysaccharides are one of the most abundant sources of carbon and
energy on Earth. They mainly consist of cellulose fibers, which are usually asso-
ciated with hemicellulose, lignin (a non-saccharide polymer), pectins and proteins.
The interactions between the various plant cell wall components form an intricate
structure that is highly resistant to degradation, making all the stored energy largely
inaccessible (Albersheim et al. 2011; Carpita et al. 2015). Because of this complexity,
plant cell wall polysaccharides require a large number of highly specialized enzymes
to catalyse their degradation. These enzymes are included in a group of biocatalysts
capable of degrading, modifying or creating glycosidic bonds, termed Carbohy-
drate Active Enzymes or CAZymes (Henrissat and Davies 2000; Lombard et al.
2010). In light of its potential as a clean alternative source of renewable energy, the
conversion of lignocellulosic biomass into fermentable sugars has fuelled a signifi-
cant amount of dedicated research, leading to the identification and characterization
of an ever expanding number of CAZymes (Jørgensen et al. 2007; Cantarel et al.
2009; Lombard et al. 2014). Most of these enzymes are produced by cellulolytic
microorganisms, including bacteria, fungi and protozoa, which are able to hydrolyse
the lignocellulose in plant cell walls, recycling the photosynthetically fixed carbon
and therefore playing a crucial role in the carbon cycle (Himmel and Bayer 2009;
Himmel et al. 2010). In general, aerobic cellulolytic species secret copious amounts
of enzymes which act individually during structural polysaccharide hydrolysis. The
released products are then captured by the cellulolytic cell and used as an energy
source. However, the energetic constraints posed by anaerobic ecosystems limit the
enzyme producing capabilities of microorganisms. This has imposed an evolutionary
pressure on anaerobic bacteria and fungi leading to the development of an alternative
and more efficient cellulolytic system, termed the cellulosome (Bayer et al. 1994;
Fontes and Gilbert 2010).

The cellulosome was first described in the early 1980’s, in the gram-positive ther-
mophilic bacteria Hungateiclostridium thermocellum (Clostridium thermocellum)
(Bayer et al. 1983; Lamed et al. 1983). This macromolecular structure consists of
a remarkably efficient and well-organized cell surface multi-enzyme complex that
allows enzyme recycling and direct assimilation of polysaccharide hydrolysis prod-
ucts. Cellulosomes have several different components, but are essentially made of
two types of building blocks: dockerin (Doc) bearing enzymes and cohesin (Coh)
bearing structural proteins, named scaffoldins (Bayer et al. 2004; Fontes and Gilbert
2010; Artzi et al. 2017). The high affinity and high specificity protein-protein inter-
actions established between cohesin and dockerin modules define the molecular
platform for cellulosome assembly. These two components bind tightly with each
other according to a specificity pattern, dictating final cellulosomal architecture and
composition (Fig. 9.1) (Carvalho et al. 2003; Doi and Kosugi 2004; Hamberg et al.
2014).
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Fig. 9.1 Acetivibrio cellulolyticum cellulosome. A structure-based concept art illustration. The
cellulosome architecture is organized around the non-catalytic primary scaffoldin (ScaA), a unique
adaptor scaffoldin (ScaB) and several anchoring scaffoldins (ScaC, ScaD and ScaF). ScaA bears
9 cohesin (Coh) modules that congregate the catalytic enzymes via their appended dockerin (Doc)
modules, it also can bind the carbohydrate substrate through a carbohydrate binding module (CBM)
and it is crowned by a N-terminal glycoside hydrolase (GH) and by a C-terminal X-Doc that enables
the anchoring of the cellulosome to the bacterial cell-wall. The schematic cellulosome in the small
image insert is color-coded according to themain 3D image representation. The quaternary structure
as well as the unstructured linkers between modules, are an “artistic” rendering speculation of a
cellulosome. The structure artwork was generated in UCSF Chimera v 1.15 Adapted from (Bule
et al. 2018b)

In this chapter, we dissect the cellulosome in order to explore the functional
and structural properties of each of its key components. We also focus on cellulo-
somal diversity by discussing some of the known cellulosome-producing organisms,
including the architecture and composition of their complexes. Finally, we look at
the regulation of cellulosomal gene transcription and discuss some of the potential
biotechnological applications for these macromolecular structures.

Cellulosomal Components

Cellulosomes result from the assembly of several distinct proteins, usually displaying
a modular organization, with each module having a specific function within
the macromolecular cellulolytic complex. Those functions include cellulosome
assembly, structural support, catalytic activity, substrate binding and cellular teth-
ering. The assembly elements are what distinguish the cellulosomal system from the
free enzyme systems. They include the cohesin modules, present in purely struc-
tural non-catalytic proteins, termed scaffoldins, and the dockerin modules, present
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in the enzymes and some scaffoldins. The strong and specific protein-protein inter-
actions occurring between cohesin and dockerin modules allow the several cellu-
losomal components to congregate in a highly-efficient cellulolytic nanomachine.
Nonetheless, several other elements are also present in the cellulosome, contributing
to its catalytic efficiency, flexibility and ability to recognize its substrates. Here, we
break down the cellulosome into its fundamental pieces in order to provide a better
understanding of their importance within the macromolecular complex.

The Scaffoldin

Thebackbone that creates the cellulosome is built around scaffoldins,which are struc-
tural proteins mainly composed of linker spacedmultiple cohesin modules (Fig. 9.2).
According to their function, scaffoldins are classified into four major types: primary,
anchoring, adaptor and cell-free scaffoldins. It is around primary scaffoldins that
cellulosomes are assembled, by simultaneously incorporating up to hundreds of
CAZymes through high affinity Coh-Doc interactions (Artzi et al. 2017; Smith et al.
2017). Cohesins and dockerins are classified into types (I, II, III, R) based on primary
structure homology (Bayer et al. 2004). Apart from a few exceptions, type I inter-
actions are usually committed to cellulosome assembly, while type II interactions
are associated with cell wall tethering. Therefore, most known primary scaffoldins
possess a C-terminal type II dockerin, which interacts with the complementary type
II cohesin modules in cell-bound anchoring scaffoldins. Many scaffoldins have an
Ig-like stabilizing module, termed the X-module, adjacent to the N-terminal end of
the type II dockerin (Adams et al. 2006). Another common feature in primary scaf-
foldins is the presence of a non-catalytic domain with carbohydrate-binding activity.
These modules, named Carbohydrate-Binding Modules (CBMs), target the cellulo-
some to the crystalline regions of the plant cell wall. Interestingly, scaffoldin CBMs
are almost exclusively family 3 CBMs, as it will be further discussed below (Tormo
et al. 1996; Shimon et al. 2000; Hong et al. 2014).

Complex cellulosomes have dedicated scaffoldins responsible for mediating the
attachment of the cellulosome to the bacterial cell surface, called anchoring scaf-
foldins (Fig. 9.2). The importance of this cell-bound arrangement vis-a-vis the alter-
native cell-free cellulosome is reflected by the clustering of cellulosomal genes, with
primary and anchoring scaffoldin genes usually clustered together (Zhivin et al.
2017). Anchoring scaffoldins are non-covalently bound to the organism surface
through an SLH domain, or covalently bound through a sortase recognition motif
(Lemaire et al. 1995; Rincon et al. 2005). Another type of scaffoldin, the adaptor
scaffoldin, has also been described on more elaborate and highly structured cellulo-
somes (Fig. 9.2). Polyvalent adaptor scaffoldins that have multiple cohesin modules,
can serve as an amplifier for the number of CAZymes integrated into the cellulosome
(Xu et al. 2003; Dassa et al. 2012). Alternatively, monovalent adaptor scaffoldins use
a single cohesin module to intermediate binding between enzymes bearing divergent
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Fig. 9.2 Architecture of cellulosome systems. Schematic representation of four distinct cellulo-
somal systems belonging to the bacteria H. thermocellum, A. cellulolyticus, R. flavefaciens and C.
cellulolyticus. Within each system, the same color is used for dockerins sharing similar specificity
and for the cohesins recognized by those dockerins. X-modules are represented by gray circles
marked with an X. Polyssacharides are represented as green hexagons
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dockerins and the primary scaffoldin (Fig. 9.2). They can also function as a reper-
toire change inducer, by switching the specificity of the CAZymes that populate the
primary scaffoldin in response to substrate availability (Rincon et al. 2004; Moraïs
et al. 2016a). Cell-free scaffoldins are exclusively composed of cohesin modules,
separated by linker sections (Fig. 9.2). They originate untethered cellulosomes that
are released to the extracellular space, like the ones secreted by Clostridium clar-
ifavum or Hungateiclostridium thermocellum, which can coexist with cell-bound
cellulosomes (Artzi et al. 2015; Xu et al. 2016).

Somenoteworthy exceptions from this general scaffoldin blueprint are the absence
of a C-terminal dockerin in the primary scaffoldins of simple cellulosomes (Dassa
et al. 2017) and the reversed cohesin-dockerin arrangement of Bacteroides (Pseu-
dobacteroides) cellulosolvens cellulosome system. In this species, the assembly of
enzymes onto the primary scaffoldin relies on type II cohesins, while the terminal
type I dockerin mediates cellulosome attachment to an anchoring scaffoldin (Zhivin
et al. 2017).

Cohesins and Dockerins

Cohesin and dockerin modules are undoubtedly the most important components of
the cellulosome, such that the basis for the identification of cellulosomal proteins
is dependent upon the presence of one or both of these modular elements. These
complementary modules are generally classified based on sequence similarity. In the
archetypal cellulosome ofHungateiclostridium thermocellum, type I interactions are
reserved for CAZYme recruitment onto the primary scaffoldin, while type II inter-
actions allow tethering the cellulosome to the bacterial cell surface. Although other
species present similar arragements, this dichotomy was broken upon the characteri-
zation of the highly complex cellulosome ofRuminococcus flavefaciens (BergMiller
et al. 2009), which possesses divergent cohesins and dockerins, subsequently clas-
sified as type III modules. More recently, a comprehensive bioinformatics analysis
of Bacteroides (Pseudobacteroides) cellulosolvens’s genome, led to the discovery of
yet another type of interaction, named type R, in what is currently the most complex
cellulosome system known to date (Zhivin et al. 2017). As more data are generated
from genomic and metagenomics studies, it seems that the type classification for
cohesins and dockerins might be more diverse than initially suspected. Metagenomic
data mining offers new opportunities when dealing with uncultured bacteria and such
analysis have already uncovered some divergent unclassified cohesins that do not fall
in any of the known types (Bensoussan et al. 2017). Structural homology type clas-
sification versus a functional classification, although convenient, can be misleading,
and a number of noteworthy discrepancies imply a cautious approach, namely the
alreadymentioned type I and II function reversal ofBacteroides (Pseudobacteroides)
cellulosolvens (Xu et al. 2004a; Bule et al. 2018b).

Cohesin-dockerin interactions are one of the strongest non-covalent protein-
protein interactions known (Stahl et al. 2012) and the basis for cellulosomal assembly.
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They tend to be species-specific, although cross-specificity (predominantly for type II
interactions) has been previously described (Pagès et al. 1997; Haimovitz et al. 2008;
Fontes and Gilbert 2010; Bule et al. 2018b). Both cohesins and dockerins display
a striking overall conservation of structural topology. Cohesins are approximately
150 amino acids long, arranged in a flattened and elongated β-sandwich, composed
of nine β-strands divided between two β-sheets (A and B), arranged in a jellyroll
topology, and bearing a hydrophobic core. β-sheet A is composed of β-strands 4,
7, 2, 1 and 9, while β-sheet B is composed of β-strands 5, 6, 3 and 8 (Fig. 9.3a,
b). A distinctive and noticeable planar plateau is formed by β-sheet B which estab-
lishes the dockerin binding interface of cohesins (Carvalho et al. 2003; Adams et al.
2006). Structurally, dockerins are short protein modules (~ 70 residues long) with
an α-helix dominated configuration, arranged around two highly conserved dupli-
cate sequences (N-terminal or helix-1 and C-terminal or helix-3) presenting nearly
perfect 2-fold symmetry, each composed of about 22 amino acid that, alternatively,
comprise the cohesin binding sites of the dockerin. These two tandem repeats are
connected by a smaller third α-helix (helix-2), and hold a stable tertiary configu-
ration based upon two conserved F-hand Ca2+-binding loop-helix structural motifs
(Fig. 9.3). An almost fully conserved Gly residue on the N-term helix-1 constitutes
a null reference (#0) for a convenient relative dockerin residue position numbering.
As a consequence, residues at positions #1, 3, 5, 9, and 12 (and the equivalent posi-
tions on the C-term helix-2) are typically aspartate or asparagine residues and are
involved in calcium-coordination, whereas positions #10 and 11 are recognized as
main residues involved in cohesin recognition, alongwith positions #17, 18 and 22. A
prevailing residue conservation on both helix-1 and -3 cohesin recognition sites and
the discovery that some dockerin can bind to their cohesin partners by either an N-
or C-terminal helix dominated interaction, disclosed the existence of a dual-binding
mode for type-I interactions (Fig. 9.3) (Carvalho et al. 2003). This means that some
dockerins can bind to the same partner in two distinct orientations, which are related
by a 180º rotation relatively to the cohesin. On the other hand, the first structurally
characterized type II cohesin-dockerin complex revealed a single-binding mode of
interaction. In this complex, the lack of residue conservation between the two dock-
erin repeats only allows binding in a single orientation, with no dominating helix,
since residues on both helices are significantly involved in the interaction. Inter-
estingly, in type II complexes, the adjacent X-module also participates in cohesin
recognition (Adams et al. 2006; Brás et al. 2012; Salama-Alber et al. 2013).

Initially, it was believed that the dual-binding mode would be ubiquitous for
cellulosome CAZyme recruitment, contributing to avert steric clashes among cellu-
losome components while facilitating substrate access, by providing two alternative
binding conformations. In contrast, the single-binding mode would be the norm for
cellulosome cell-anchoring. However, it is now clear that in some organisms, like
Acetivibrio cellulolyticus, there is a widespread dual-binding mode interaction in
both cellulosome assembly and anchoring, even when it involves adaptor scaffoldins
(Cameron et al. 2015; Brás et al. 2016; Bule et al. 2018a). Furthermore, ruminococal
cellulosomes, like that ofRuminococcus flavefaciens, can be assembled and anchored
exclusively through single binding mode cohesin-dockerin interactions (Bule et al.
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Fig. 9.3 The dual binding mode. a. Ribbon representation of a type I cohesin-dockerin complex
from Hungateiclostridium thermocellum (PDB accession code 1OHZ), containing the dockerin
from a xylanase (in rainbow coloring: N-terminus is blue, C-terminus is red) and the second cohesin
from primary scaffoldin ScaA (in yellow). In this panel it is possible to observe that the dockerin is
interacting with the cohesin mainly through its C-terminal helix. b. Overlay of 1OHZwith the same
Coh-Doc complex (PDB accession code 2CCL) in which the dockerin (in grey) has been mutated
to force interaction with the cohesin through its N-terminal helix. The overlay was obtained by
matching the cohesins of both complexes. It is possible to observe that the dockerin of 2CCL is
rotated 180° relative to the dockerin in 1OHZ. c. Cohesin binding interface of the type I dockerin
present in the 1OHZ Coh-Doc complex (N-terminus in blue, C-terminus in red). d. Comparison
of the two cohesin binding helices of the type I Doc, by overlaying the dockerin with a version of
itself rotated by 180° (in grey). This comparison shows that there is conservation of the two key
cohesin recognition residues (Serine/Threonine pair) at the same relative positions (#10, #11) in
both helices. Van der Waals’ surfaces are represented in translucent colors and calcium ions are
shown in green. The structures in this figure were generated using UCSF Chimera v 1.13.1
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2016, 2017). Interestingly, the lack of conservation between the two symmetric dock-
erin halves has, in some cases, resulted in a dual-specificity-binding strategy, inwhich
each of the helices at the binding interface recognizes a different cohesin. This means
that the dockerin can bind distinct partners by using opposite orientations, revealing
the enormous versatility of such interactions (Voronov-Goldman et al. 2015; Brás
et al. 2016). Ultimately, such diversity, although based on a very conserved main
chain Cα trace, relies on the particular composition of key interface recognition
amino acid residues, defining its conserved or divergent character, and subtly modi-
fying inter- and intra-species barriers, binding specificity and binding mode for the
cohesin-dockerin interaction (Slutzki et al. 2015; Bule et al. 2016, 2017; Brás et al.
2016).

Enzymes

Cellulosomal enzymes are, by definition, enzymes containing a dockerin domain.
These enzymes are typically modular and, in addition to the dockerin that mediates
protein-protein interactions, possess one or more catalytic modules and sometimes
one ormoreCBMs, involved in protein-carbohydrate interactions (Fontes andGilbert
2010). As a plant cell wall degrading macromolecular complex, the cellulosome
can integrate numerous different carbohydrate active enzymes. The first identified
cellulosomal enzymes were cellulases, which is not surprising considering that the
first cellulosome was discovered due to its highly efficient cellulolytic properties
(Lamed et al. 1983). In addition to cellulases, other cellulosomal enzymes were
subsequently identified, most notably xylanases, pectinases, carbohydrate esterases,
mannanases and xyloglucanases.

Much like their substrates, complex polysaccharide degrading enzymes are
extremely diverse and tend to be highly specific. They include glycoside hydrolases,
carbohydrate esterases andpolysaccharide lyases andhavebeengrouped into families
according to primary sequence homology, kept in an ever-growing online database
called CAZy.org (Henrissat and Davies 1997, 2000; Cantarel et al. 2009; Lombard
et al. 2010, 2014). The degradation of complex polysaccharides often requires the
synergistic action of several different CAZymes. Synergy may be due to different
modes of action towards the same substrate, like when an endoglucanase hydrol-
yses the substrate, thereby producing additional chain ends that can be cleaved by
an exoglucanase. It can also result from the hydrolysis of two tightly associated
substrates, in which the action of one enzyme could make the concealed substrate
accessible for the action of the second enzyme (e.g. cellulases and xylanases). It can
also work by limiting product inhibition effects, when a second enzyme acts on the
product of a primary enzyme, thus restoring the activity of the first enzyme (e.g.
β-glucosidases and cellulases) (Morag et al. 1991). Even the hydrolysis of a rela-
tively simple polysaccharide such as cellulose involves the cooperative efforts of at
least three groups of enzymes: endo-(1,4)-β-D-glucanases, exo-(1,4)-β-D-glucanases
and β-glucosidases. The endoglucanase randomly attacks the internal O-glycosidic
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bonds, resulting in glucan chains of different lengths; the exoglucanase acts on the
ends of the cellulose chains and releases β-cellobiose as the major end product and
finally, the β-glucosidases act specifically on the β-cellobiose disaccharides releasing
glucose (Kuhad et al. 2011).

The genome sequencing of several cellulosome producing bacteria has identi-
fied a large variety of dockerin bearing enzymes, which include not only cellulases
but also other CAZymes such as hemicellulases, ligninases (Fan and Yuan 2010;
Cragg et al. 2015), pectinases (Tamaru and Doi 2001; Chakraborty et al. 2015),
mannanases (Kurokawa et al. 2001; Sabathé et al. 2002; Perret et al. 2004) and chiti-
nases, suggesting a complex mechanism of enzymatic synergy. Nonetheless, almost
all known cellulosome-producing bacteria characteristically express large amounts
of a single family 48 glycoside hydrolase (GH48) exoglucanase, which is a key
component for the highly efficient cellulolytic activity displayed by these structures
(Morag et al. 1991; Ravachol et al. 2015). Contrastingly, an extensive repertoire of
family 9 glycoside hydrolases is generally secreted by these bacteria, which work
in close synergy with GH48 since, on its own, GH48 displays very little activity
on cellulose. Many GH9 enzymes from different cellulosomic systems have been
characterized, displaying different activities, distinct abilities to bind to cellulosic
substrates and diverse synergies with the major GH48 exoglucanase (Ravachol et al.
2014;Moraïs et al. 2016b). This eventually suggests that enzyme diversity, especially
of GH9 enzymes, reflects the structural diversity of the substrates. In fact, the nature
of the available substrate seems to be an important factor in cellulosome composition
and efficiency, as revealed by some proteomic studies (Gold and Martin 2007; Cho
et al. 2010; Tsai et al. 2010; Wang et al. 2019). The expression levels of enzymatic
components can change depending on the carbon source, which means that cellu-
losomes with different compositions can be assembled by the same microorganism
when grown in the presence of different substrates. Other glycoside hydrolase fami-
lies, such as GH5, GH10, GH11 and GH43, are also commonly found in cellulosome
systems, meaning that these complexes are able to utilize a large variety of plant cell
wall polysaccharides (Artzi et al. 2017).

Interestingly, dockerin bearing proteins are not restricted to CAZymes. Many
other activities have been reported for potential cellulosomic proteins, which are
not directly linked to polyssacharide degradation. These include serpins (Kang et al.
2006), proteases (Levy-Assaraf et al. 2013) and expansins (Chen et al. 2016; Artzi
et al. 2017). The role of these biocatalysts in cellulosome function is still unclear
although it has been suggested that theymay have protective and regulatory functions
or even act in synergy with CAZymes to degrade highly complex substrates (Chen
et al. 2016; Moraïs et al. 2016b; Bensoussan et al. 2017).

Carbohydrate Binding Modules

In general, multi-modular CAZymes are appended to non-catalytic Carbohydrate
Binding Modules (CBMs) that bind carbohydrates, thus playing a critical role in
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targeting their associated enzymes towards the substrate, resulting in improved
catalytic activity (Boraston et al. 2004; Gilbert et al. 2013). Since the first described
CBMs had crystalline cellulose as their primary ligand, these non-catalytic polysac-
charide recognizing modules were initially defined as Cellulose-Binding Domains,
CBDs (Gilkes et al. 1988). After these initial studies, it has been shown that many
carbohydrates can be targeted by different ‘CBDs’, including crystalline cellulose,
non-crystalline cellulose, chitin, β-1,3-glucans, β-1,3-1,4-mixed linkage glucans,
xylan, mannan, galactan and starch (Boraston et al. 2004). Some can even display
‘lectin-like’ specificity and bind to a variety of cell-surface glycans (Fujimoto et al.
2013). In order to reflect their diverse ligand specificity, these modules were renamed
Carbohydrate Binding Modules, or CBMs (Boraston et al. 1999).

Much like the catalyticmodules of CAZymes, CBMs are classified into families in
the CAZy database, according to primary structure homology. Currently there are 86
different CBM families registered on cazy.org, a number that has been consistently
growing (Boraston et al. 2004; Lombard et al. 2014). According to their function,
CBMs have also been classified into one of three types: type A CBMs which interact
with crystalline polysaccharides (primarily cellulose); type B modules which bind
to internal regions of single glycan chains, and type C CBMs that recognize small
saccharides in the context of a complex carbohydrate (Boraston et al. 2004; Fontes
and Gilbert 2010; Armenta et al. 2017).

It is now clearly recognized that CBMs potentiate CAZyme function (Bolam et al.
1998). However, the mechanism by which they do so is still not fully understood.
It was suggested that CBMs may function through a proximity effect or have a
more active role leading to a disruptive effect on the polysaccharides (Boraston et al.
2004; Guillén et al. 2009). Many studies have shown that maintaining enzymes in
the proximity of the insoluble substrate leads to a more efficient degradation, as
the removal of CBMs from enzymes results in a dramatic reduction in enzymatic
activity (Bolam et al. 1998; Boraston et al. 2003). Curiously, enzyme activity on
soluble substrates is not frequently affected when CBMs are removed (Kleine and
Liebl 2006), meaning that CBM function is highly dependent on the nature of the
substrate.

CBMs can also be found in many cellulosomal systems, usually occupying a
central position within the primary scaffoldin (Boraston et al. 2004; Fontes and
Gilbert 2010). Generally, primary scaffoldins contain a family 3 CBM, such as the
one present in ScaA of H. thermocellum (Poole 1992; Morag et al. 1995). This is a
type A CBM that binds strongly to the crystalline surface of cellulose, accounting
for the primary targeting of the cellulosome onto its substrate (Bayer et al. 2004;
Artzi et al. 2017). In contrast to what has been described for many species such as
H. thermocellum, A. cellulolyticus or P. cellulosolvens, the scaffoldins produced by
ruminal bacterium R. flavefaciens do not possess a CBMmodule targeting cellulosic
substrates. Rather, this bacterium expresses an independent ‘CttA’ scaffoldin with
two putative CBMs and a dockerin that specifically recognizes an anchoring scaf-
foldin, which may serve to attach the bacterial cell directly to the substrate (Fig. 9.2)
(Rincon et al. 2010; Salama-Alber et al. 2013). Interestingly, a cell-free scaffoldin
produced by A. cellulolyticus, was found to contain two family 2 CBMs as opposed
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to a family 3 CBM (Dassa et al. 2012). Comparable CBM2-containing cell-free scaf-
foldins were also observed in the genome of Clostridium clariflavum (Artzi et al.
2014)(Artzi et al. 2014). These are the only known examples of scaffoldins containing
CBMs from a family other than CBM3. Family 2 CBMs are more commonly found
associated with free, non-cellulosomal enzymes and the fact that they have only
been found in cell-free scaffoldins suggests that they could have a distinct function
in cellulosomes to that of family 3 CBMs (Simpson et al. 2000; Artzi et al. 2017).

CBMs seem to play a vital role in cellulosome function and not only as a part
of the scaffoldin proteins. Although only two CBM families have been reported
in scaffoldins, many cellulosomal enzymes have CBMs from various families,
exhibiting different carbohydrate specificities. Presently, the study of cellulosomes
has been an important source of novel carbohydrate bindingmolecules and has signif-
icantly helped our understanding of the mechanisms behind carbohydrate recog-
nition (Venditto et al. 2016; Ribeiro et al. 2019). Much like free CAZymes, the
enzyme-borne cellulosomal CBMs likely work to position the catalytic modules in
the proximity of the substrate, resulting in optimal hydrolysis (Hammel et al. 2005).

Anchoring Modules

As mentioned above, most cellulosome producing species assemble different cellu-
losomes presenting distinct conformations and, depending on the nature of their
main scaffoldin, cellulosomes can either be found in a cell-bound or cell-free form
(Fig. 9.2). Nonetheless, in most species there appears to be a preference for the
former. From an energy-efficiency point of view, one could infer the obvious advan-
tages that a tethered complex presents to the anaerobic microorganism since (1)
there is close proximity between the products of hydrolysis and the cell, resulting in
optimal product uptake and (2) the ability to retain the complex at the cell surface
allows the microorganism to benefit from its activity for long periods of time, as
opposed to having to express multiple copies as they diffuse away. Furthermore,
using ex vivo assembled mini-cellulosomes with identical catalytic components,
it has been observed that the cell-bound versions display up to 4.5 times higher
hydrolytic activity than the cell-free versions. This suggests that tethering the cellu-
losome could also be important for its potential biotechnological applications, as it
optimizes function (You et al. 2012).

The surface layer, or S-layer, is a common feature of many gram-positive bacteria.
They are monomolecular crystalline arrays of proteinaceous subunits that surround
the exterior cell wall, providing various functions, including protection and cellular
interaction (Sleytr et al. 1993; Doi and Kosugi 2004). Since the S-layer was first
described, much attention was given to finding how its proteins target and bind
the cell wall. Curiously, the first clue came from the sequence of a gene cluster
encoding some of H. thermocellum scaffoldins, including ScaA (then called CipA).
The cluster sequence revealed an ORF encoding a cohesin module and a C-terminal
domain displaying significant similarity to the N-terminal region of S-layer proteins
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from various species. The authors suggested that this protein could be somehow
involved in the cell-anchoring ofH. thermocellum’s cellulosome (Fujino et al. 1993)
and later confirmed its ability to bind the cell envelope (Lemaire et al. 1995). Since
then, the now called SLH (S-layer homology) domain has been identified in many
bacterial surface proteins. It is composed of either one or three repeated GPTS
(glycine, proline, threonine, serine)-rich segments that bind peptidoglycan associated
polysaccharides in a non-covalent interaction (Mesnage 2000), tethering extracellular
proteins to the bacterial wall, including many cellulosome anchoring scaffoldins (Xu
et al. 2004b; Zhivin et al. 2017). On the other hand, most mesophilic cellulosomes,
such as the ones produced by R. flavefaciens and Ruminococcus champanelensis, do
not possess SLH domains in their anchoring scaffoldins. Instead, they are covalently
bound to the cell wall via a sortase-mediated attachment mechanism (Rincon et al.
2005; Salama-Alber et al. 2013). This mechanism involves three crucial features,
present at the C-terminus of the protein, and collectively called the cell wall sorting
signal: an LPXTG (leucine, proline, X, threonine and glycine, where X is any amino
acid) motif, a hydrophobic domain which interacts with the cytoplasmic membrane
and a tail of charged residues (Schneewind et al. 1992; Mazmanian 1999). During
secretion, the hydrophobic domain and charged tail prevents protein secretion by
stopping membrane translocation, allowing recognition of the LPXTG motif by the
sortase enzyme. The sortase then cleaves the LPXTG motif between the threonine
and glycine residues and covalently attaches the threonine to the amino group of the
pentaglycine cell wall cross-bridge resulting in a cell wall attached protein (Paterson
and Mitchell 2004).

The X-Module

A common feature of primary scaffoldins is the presence of an enigmatic module at
the N-terminus of their dockerins, which has been termed the X module (Fig. 9.2).
This X module-dockerin pairing (XDoc) has been described in many cellulosomes,
such as the ones assembled by H. thermocellum, A. cellulolyticus, P. cellulosolvens
and R. flavefaciens. The exact function of this domain is still relatively unknown,
although it has been repeatedly suggested that its presence could provide struc-
tural stability and enhanced solubility to the adjacent cellulosomal components
(Mosbah et al. 2000; Schubot et al. 2004; Xu et al. 2004a; Kataeva et al. 2004;
Adams et al. 2005). The crystal structure of a H. thermocellum type II cohesin-
dockerin complex together with its neighbouring X-module shows direct hydrogen-
bond contacts between the Ig-like X module and the cohesin. Together with the fact
that the X module stabilizes the type II dockerin in solution, this suggests that there
is a functional enhancement of adjacent components in the presence of the Xmodule
(Adams et al. 2006). The authors also report an increased affinity of the type II Coh
for the XDoc modular pair versus that for the isolated type II Doc, supporting this
assumption.
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Unlike the X-module in the type II Coh-XDoc interaction of H. thermocellum,
the X-module in the type III Coh-XDoc complex of R. flavefaciens does not appear
to contribute directly to the CohE-Doc binding surface (Fig. 9.2). Rather, its elon-
gated stalk-like conformation, supported by 3 dockerin inserts that act as structural
buttresses, appears to serve as an extended spacer, projecting the cellulosome away
from the bacterial cell wall (Salama-Alber et al. 2013). This would position the
catalytic domains away from the cell surface facilitating the action of the cellulo-
somal enzymes on the plant cell polysaccharides. In fact, theR. flavefaciensXmodule
does not bear homologywith any other Xmodules from cellulolytic bacteria. Instead,
it shares significant similarity with the G5 module of Streptococcus pneumoniae’s
StrH protein, whose function is to position the catalytic modules away from the cell,
allowing optimal processing of host cell surface-presented glycoconjugates.

Cellulosome Diversity

Since the cellulosome was first described, it has become increasingly apparent that
its prevalence in nature is not as pronounced as initially predicted. As far as our
knowledge extends, this system is rather restricted to a few specialized microor-
ganisms inhabiting specific ecological niches such as the soil, sewage sludge and
some mammalian gastrointestinal compartments. Nonetheless, there is no denying
that cellulosomes play an essential role in the conversion of recalcitrant lignocellu-
losic substrates in anaerobic environments, and with the expanding availability of
genomic, metagenomic and proteomic tools, it is very likely that new cellulosome
producing species will continue to emerge.

Depending on whether cellulosomes possess a single scaffoldin or multiple types
of interacting scaffoldins, cellulosome systems are divided into two major types:
the simple and the complex. As mentioned, scaffoldins are the molecular platforms
that organize cellulosomes and have the potential to be exceptionally varied in size
and constitution, leading to cellulosome systems that are structurally diverse. Cellu-
losomes can be rather simple and small, like those of Clostridium acetobutylicum,
which can only assemble 5 enzymes in its single scaffoldin (Sabathé et al. 2002). They
can also be large and complex such as those of the P. cellulosolvens system, with its
31 different scaffoldins and a theoretical assembly that can hold up to 110 enzymes
in one single cellulosome unit (Zhivin et al. 2017). As opposed to complex cellulo-
somes, which are found in species living in a wide range of environmental condi-
tions, simple cellulosomes have only been identified in mesophilic organisms. These
bacteria produce cellulosomes with a single scaffoldin backbone that can attach up to
9 cohesins, depending on the species, and are usually not tethered to the bacterialwall.
These include Clostridium josui (Ichikawa et al. 2014), Clostridium cellulovorans
(Cho et al. 2010),Clostridium papyrosolvens (Pohlschröder et al. 1994),Clostridium
cellulolyticum (Fig. 9.2) (Xu et al. 2015) and Ruminococcus bromii (Ze et al. 2015).
This last species is a key resistant-starch degrader found in the human gut (Ze et al.
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2012) and, as such, its dockerin-bearing enzymes were found to hydrolyze starch,
rather than cellulose. Hence, R. bromii complexes were referred to as amylosomes.

The first described cellulosome and currently best-characterized system, is that
of the thermophilic bacterium H. thermocellum (Lamed et al. 1983). Interestingly,
H. thermocellum’s highly efficient cellulolytic performance is supported by three
systems: a free enzyme system; a cell-free cellulosome systemand a cell-bound cellu-
losome system (Xu et al. 2016), which has been extensively studied and still serves
as the archetypal model to this day (Fig. 9.2).H. thermocellum’s genome encodes 72
dockerin-containing proteins, suggesting an elaborate cellulosome system (Pinheiro
et al. 2009). This bacterium can produce eight different scaffoldins including primary
scaffoldin ScaA, the five cell-anchoring scaffoldins ScaB, C, D, F and G, the two
cell-free scaffoldins ScaE and H and the elusive CipB. Primary scaffoldin ScaA has
eight type I cohesins, separated by linkers of various lengths, which can bind to the
dockerins present on cellulosomal enzymes (Gerwig et al. 1993; Kruus et al. 1995).
It also possesses an internal family 3 CBM and a C-terminal type II X-dockerin
that can bind to the cohesins on anchoring scaffoldins ScaB, C or F, tethering the
cellulosome to the bacterial surface, or to the cohesins on ScaE, originating cell-free
cellulosomes (Xu et al. 2016). Considering that ScaB and ScaE have seven type
II cohesins each, it is possible for H. thermocellum to assemble both cell-free and
cell-bound cellulosomes with up to 63 enzymes on a single unit. Enzymes can also
be directly attached to the bacterial surface by interacting with the cohesins on ScaG
and ScaD which, like the other anchoring scaffoldins on this bacterium, are bound
to the cell wall by their C-terminal SLH domains (Leibovitz and Béguin 1996. The
roles of CipB and ScaH are still not fully understood.

The concept of adaptor scaffoldin was first introduced by the cellulosome of
Acetivibrio cellulolyticus (Fig. 9.2) which, with 16 different scaffoldins and over 140
dockerin-bearing proteins encoded in its genome, has a considerably more intricate
system than that ofH. thermocellum (Xu et al. 2003;Dassa et al. 2012). These adaptor
scaffoldins promote the incorporation of more enzymes into one single complex
allowing A. cellulolyticus to integrate up to 84 enzymes in its cellulosome, which,
including ScaA’s own catalytic module, totalizes 96 catalytic components. The ther-
mophilic Clostridium clariflavum has a similar system to that of A. cellulolyticus in
the sense that it also relies on adaptor scaffoldins to create larger assemblies, like its
theoretical, record breaking, 160-enzyme cellulosome (Artzi et al. 2014). Interest-
ingly, in the cellulosomal system of the ruminal bacterium R. flavefaciens (Fig. 9.2),
monovalent adaptor scaffoldins possessing a single cohesin have also been identi-
fied. These adaptors, rather than increasing the number of enzymes, increase the
repertoire of different catalytic units that can integrate the complex (Rincón et al.
2004; Bule et al. 2016). The genome of R. flavefaciens encodes an enormous number
of cellulosomal components, including 222 dockerin-containing proteins, the largest
number described so far (Rincon et al. 2010). These dockerins have been classified
into six different families according to their primary structure homology, a clas-
sification that translates into function, as members of the same family recognize
similar cohesin partners (Israeli-Ruimy et al. 2017; Bule et al. 2017, 2018c). The
monovalent adaptor scaffoldins are capable of recruiting specific families into the
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cellulosome, integrating different catalytic activities in the complex’s profile (Bule
et al. 2016). Intriguingly, numerous dockerin bearing proteins were also identified in
the Ruminococcus albus genome, another cellulolytic ruminal bacterium, but only a
single cohesin was found (Dassa et al. 2014). Given that R. albus shares the same
ecological niche as R. flavefaciens, it has been proposed that these bacteria have a
symbiotic relationship, in which the enzymes produced by R. albus can be integrated
into R. flavefaciens cellulosome, with both benefiting from its catalytic action. This
hypothesis is supported by the fact that the dockerins from the two species share a
high degree of homology, which in some cases can be as high as 60% identity. The
recently described cellulosome system of Ruminococcus champanelensis, a cellu-
lolytic bacteria found in the human gut, was also found to possess a very elaborate
architecture, similar to that of R. flavefaciens (Cann et al. 2016; Moraïs et al. 2016a).

The existence of fungal multi-enzyme complexes has also been proposed from as
early as 1992 (Wilson and Wood 1992). Although it has been suggested that these
complexes are assembled through cohesin-dockerin interactions (Fanutti et al. 1995),
there is still very little information regarding fungal cellulosomes when compared
to their bacterial counterparts. Fungal dockerins have been identified in numerous
cellulolytic enzymes but differ significantly from bacterial dockerins (Haitjema et al.
2017). They can be found either at the N or C-terminus of enzymes and exist in
tandem repeats rather than single copies at the C-terminal region (Steenbakkers et al.
2001). This tandem repetition seems to have a functional significance as it has been
observed that a double-dockerin can bind more tightly to the cellulosome than a
single domain one (Nagy et al. 2007). The only reported 3-dimensional structures of
a fungal dockerin were obtained by NMR and do not display the typical double F-
hand calcium binding fold seen in all bacterial dockerins, but rather a single β-sheet
composed of three or four small antiparallel strands and a short α-helix (Raghothama
et al. 2001; Nagy et al. 2007). Furthermore, there seems to exist pronounced inter-
species recognition, with dockerins from one fungal organism binding the cellulo-
some of others (Nagy et al. 2007). Until recently, there was no convincing evidence
supporting the existence of fungal cohesin domains, but a comparative genomics
study allowed the definitive identification of scaffoldin proteins in the anaerobic fungi
Anaeromyces robustus, Neocallimastix californiae and Piromyces finnis (Haitjema
et al. 2017). These scaffoldin proteins were shown to bind non-catalytic dockerin
domains present in enzymes and contained multiple repeating motifs, which were
suggested to be the cohesin domains. The minimum sequence that defines a single
fungal cohesin remains to be determined but scaffoldin fragments with only four of
these repeats were capable of dockerin recognition. Clearly, there is still much left to
know about fungal cellulosomes but they could potentially have distinct advantages
over the bacterial ones such as a larger variety of catalytic activities and the fact that
they produce glucose and not cellobiose as final product (Gilmore et al. 2015). It is
becoming increasingly evident that fungi have a key role in the conversion of recal-
citrant biomass, much due to their cellulosomal enzymes (Hagen et al. 2020). This
makes fungal cellulosomes attractive blueprints for the engineering of complexes
with multiple biotechnological applications (Gilmore et al. 2020).
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Recent advances in genome-sequencing methods and new metagenomic
approaches are promoting the rapid discovery of new cellulosome systems and
expanding our understanding of well-known cellulosomal species (Dassa et al. 2012,
2014; Artzi et al. 2014; Zhivin et al. 2017). Cohesins and dockerins are being
described in the genome of uncultured bacteria within species not previously docu-
mented (Bensoussan et al. 2017). New types of cohesins that do not fit within the
previously described three types were also found, suggesting that these modules are
more diverse than originally predicted. In addition, cohesins and dockerins have been
identified in the genomes of non-cellulolytic species such asClostridium perfringens,
an opportunistic pathogen that inhabits the gastrointestinal tract (Bayer et al. 1999;
Adams et al. 2008; Peer et al. 2009). Some of these dockerin-bearing proteins were
found to be toxins or to form multi-protein complexes that promote virulence. This
could mean that the cohesin-dockerin interaction can be present in other systems
besides the cellulosome, possibly serving other purposes other than polysaccharide
degradation.

Quaternary Structure

Even though there is now abundant information regarding the 3-dimensional struc-
tures of each of the several cellulosomal components, very little is known about
the conformation of an entire complex. After the first successful attempt at deter-
mining the structure of a cohesin-dockerin complex (Carvalho et al. 2003), some
were inspired to crystallize larger portions of cellulosomes, albeit with relatively little
success (Currie et al. 2012). The intrinsic plasticity of linker segments connecting the
various cohesinmodules, allow scaffoldins to adopt a variety of dramatically different
conformations, making cellulosome quaternary architecture extremely hard to deci-
pher. This conformational flexibility between cohesin modules allow for the optimal
positioning of the enzymatic subunits onto the substrate (Hammel et al. 2005). In
fact, data comparing the activity of designer cellulosomes containing different linker
lengths between cohesins suggest that longer linkers improve hydrolytic efficiency
(Vazana et al. 2013). Interestingly, the linker section connecting the catalytic cores of
cellulosomal enzymes with their dockerins seem to be predominantly rigid (Hammel
et al. 2004, 2005).

The largest crystal structure of a cellulosome ever to be determined by X-ray crys-
tallography belongs to the canonical cellulosome of H. thermocellum and includes
five modules from three different proteins (Currie et al. 2012). It contains the type
I Doc of Cel9D bound to a C-terminal trimodular fragment of ScaA scaffoldin,
which includes a type I cohesin connected by a linker to the X module-type II dock-
erin dyad, which in turn is interacting with ScaF’s type II cohesin (Fig. 9.4). The
structure reveals an elongated topology with a flexible 13-residue linker connecting
the ninth type I cohesin (CohI9) module and the X module. Elevated temperature
factors suggest that the linker is highly dynamic. In addition, the four copies of the
penta-modular complex found in the asymmetric unit of the crystal structure had
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Fig. 9.4 Tridimensional structure of the largest crystallized cellulosome fragment. a. Cellulosome
of Hungateiclostridium thermocellum resulting from the interaction of anchoring scaffoldin ScaF
and primary scaffoldin ScaA. The modules within the dashed box correspond to the modules seen
in the structure below. b. Ribbon representation of a ternary cellulosome complex structure from
Hungateiclostridium thermocellum, containing a total of five modules (PDB accession code 4FL4).
The type II cohesin from anchoring scaffoldin ScaF is represented in red and is interacting with
the type II dockerin from primary scaffoldin ScaA, represented in yellow. The ScaA fragment
also shows the dockerin adjacent X-module (in grey) separated from the 9th type II cohesin (in
green) by a linker region. Lastly, a type I dockerin from the enzyme Cel9D can be seen in light
blue interacting with ScaA’s 9th cohesin. The van der Waals’ surface of the complex is shown in
translucent blue. Calcium ions are represented in green. The structure in this figure was generated
using UCSF Chimera v 1.13.1

slightly different orientations in the DocI-CohI9 region. This suggests the existence
of several possible conformations of the linker sequences that contribute to modulate
the overall conformation of the cellulosome.

Regulation of Cellulosomal Components

The genes encoding most cellulosomal subunits are organized in clusters on the
bacterial chromosome. On simpler systems, the scaffoldin gene is followed down-
streamby the dockerin-bearing enzyme encoding genes, while complex systems have
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Fig. 9.5 Transcription regulation of cellulosomal genes. a. Examples of gene clusters present in
the genome of two simple cellulosome producing bacteria and two complex cellulosome producing
bacteria. b. Transcription regulation via a substrate sensitive anti sigma factor and alternative sigma
factor mechanism. The CBM-like extracellular domain of the anti-sigma factor (in purple) recog-
nizes the appropriate polyssacharide (green hexagons) and changes conformation releasing the
alternative sigma factor (σ) inside the bacterial cell. The alternative sigma factor binds to the RNA
polymerase (RNAP) which will then be able to recognize the appropriate promoter and initiate
transcription of the cellulosomal gene. This figure was made using Servier Medical ART (SMART)

multiple scaffoldin clusters (Fig. 9.5a). As seen in the supra mentioned examples,
the repertoire of dockerin bearing enzymes encoded by each cellulosome producing
system far exceeds the number of cohesins available, even on some of the largest
assemblies. For example, R. flavefaciens FD-1 can gather up to 14 enzymes on a
single cellulosome while its genome encodes over 220 dockerin containing proteins
(Rincon et al. 2010). Even B. cellulosolvens, whose largest assembly can theoret-
ically hold up to 110 enzymes, possesses over 200 dockerin-bearing ORFs in its
genome (Zhivin et al. 2017). One of the few species whose cellulosome could even-
tually attach its full repertoire of dockerin-bearing proteins (78 in total) simulta-
neously on a single unit is C. clariflavum, with its theoretical 160 cohesin-bearing
assembly (Artzi et al. 2014). This suggests that cellulosome composition is not pre-
established and is probably influenced by external factors. Growth rate seems to
influence the expression of cellulosomal genes, with high growth rates resulting in
down-regulation of the components (Dror et al. 2003a). More importantly though, is
that the expression of these genes can change according to the nature of the available
carbon source, resulting in a diversity of possible cellulosomal configurations within
the same system (Dror et al. 2003b; Han et al. 2003; Raman et al. 2009; Artzi et al.
2015). It was previously observed that the expression levels of cellulases, such as
the highly prevalent GH48 exoglucanase, are increased when the bacteria are grown
on cellulose compared to when cultivated on cellobiose, while the opposite is true
for other glycoside hydrolases. Enzymatic profiles also seem to differ in the pres-
ence of hemicellulosic polysaccharides when compared to those of cultures grown
on crystalline cellulose (Dykstra et al. 2014; Artzi et al. 2015).

It is evident that a substrate sensing mechanism is operating within cellulosome
producing organisms, in order to adjust the expression of cellulosomal components to
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the available carbon sources. Some of the bacteria producing complex cellulosomes,
such asH. thermocellum,C. clariflavum,A. cellulolyticus andB. cellulosolvens, seem
to regulate their cluster genes by a pathway involving a set of transmembrane and
RNA polymerase interacting proteins called anti-sigma factors and alternative sigma
factors, respectively (Kahel-Raifer et al. 2010; Nataf et al. 2010; Muñoz-Gutiérrez
et al. 2016). This is a commonmechanism found in bacteria, inwhich the sigma factor
(or alternative sigma factor) interacts with an RNApolymerase, promoting gene tran-
scription, while the anti-sigma factor suppresses transcription by sequestering the
sigma factor (Paget 2015). The ingenuity of the cellulosome regulating mechanism
is in the extracellular portion of the anti-sigma factor involved, which has CBM-
like domains capable of recognizing specific polysaccharides in the surrounding
medium. When a transmembrane anti-sigma factor binds to its cognate substrate
it changes conformation, releasing the alternative sigma factor in the intracellular
space, which will in turn interact with the RNA polymerase, allowing promoter
recognition and initiating transcription (Fig. 9.5b). This allows the bacteria to opti-
mize its resources, by recognizing the polysaccharides in the extracellular medium
and reacting accordingly, changing cellulosome composition and architecture as new
substrates are exposed during the degradation process. A substrate independent tran-
scriptional regulation mechanism has also been reported in C. cellulolyticum, which
regulates cellulosomal stoichiometry by selective RNA processing and stabilization
(Xu et al. 2015). This would allow the production of pre-optimized cellulosomes
which could be crucial for correct cellulolytic function.

Applications for Cellulosomes

Due to its building-block nature, it is no surprise that the cellulosome has inspired
numerous ingenious biotechnological solutions. These mainly explore the highly
specific cohesin-dockerin interaction to promote reactionmechanismswhose compo-
nents function in close proximity. The development of mini-cellulosomes and
designer cellulosomes represent one of the most popular and successful studies in
the field of cellulosomics (Bayer et al. 1994). The in vitro and in vivo construc-
tion of these cellulosome derivatives have been used both in the study of cellulo-
somal function and in trying to improve the efficiency of native cellulosomes, for
various biotechnological purposes. The main difference between mini-cellulosomes
and designer cellulosomes lies in the nature of their cohesins. The first are built
on truncated versions of the native scaffoldins, containing cohesins similar to those
found in the original complexes. Designer cellulosomes, on the other hand, have a
chimeric scaffoldin composed of cohesins with distinct specificities that can orig-
inate from multiple species, allowing the incorporation of specific enzymes with
control over position and number of copies (Fierobe et al. 2002, 2005; Moraïs et al.
2012). By designing tailor-made scaffoldins, several authors have been able to answer
numerous questions regarding cellulosome assembly and function. These include the
dynamics of enzyme incorporation into scaffoldins (Borne et al. 2013), the effects
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of enzyme relative position (Stern et al. 2015), the importance of scaffoldin-borne
CBMs for catalytic efficiency (Mingardon et al. 2007) and the importance of inter-
modular linkers for flexibility and steric accommodation (Caspi et al. 2009; Molinier
et al. 2011; Vazana et al. 2013), among other findings.

One of the most extensively explored applications of designer cellulosomes has
been its use in the conversion of lignocellulosic biomass into fermentable sugar,
which is still a major bottleneck in biofuel production (Hasunuma et al. 2013).
For this purpose, cellulosomes are used as a blueprint for the design, construction
and exploitation of tailor-made catalytic multi-protein complexes integrating fungal
and bacterial enzymes from non-aggregating systems, displaying particular promise
in biomass saccharification. These enzymes include some not commonly found in
cellulosomes, such as lytic polysaccharide monooxygenases (LPMOs), expansins
and laccases, which have successfully helped to improve cellulosome efficiency
with the introduction of novel complementary enzymatic activities (Gefen et al.
2012; Arfi et al. 2014; Chen et al. 2016; Davidi et al. 2016). Notably, there have been
some efforts to obtain genetically engineered microorganisms, capable of producing
and displaying mini-cellulosomes or designer cellulosomes on their cell surface.
The objective is to create bacteria suitable for consolidated bioprocessing (CBP),
meaning that they can be used to ferment plant cell walls into fuels in a one step
process, using a single bioreactor, without the addition of enzymes (Hyeon et al.
2011; Moraïs et al. 2014; Ou and Cao 2014; Liang et al. 2014; Willson et al. 2016).

Other innovative applications have been exploring the properties of cellulosomal
components, mainly taking advantage of the ability for CBMs to recognize polysac-
charides and the high-affinity and specificity of cohesin-dockerin interactions. These
include microarray technologies (Haimovitz et al. 2008; Israeli-Ruimy et al. 2017),
affinity protein-purification systems (Demishtein et al. 2010) and molecular biosen-
sors (Hyeon et al. 2014). To surpass the limitation posed by the near irreversible
cohesin-dockerin interaction, a H. thermocellum dockerin with a lower affinity for
its cohesin partner was successfully engineered, which enabled its use as an affinity
tag for protein purification (Demishtein et al. 2010). The protein purification system
consists of a H. thermocellum CBM fused to a cohesin that can be immobilized in
a cellulose column and is capable of recognizing the dockerin tag in a recombinant
protein. The protein is then eluted with EDTA, which disrupts the cohesin-dockerin
interaction. Besides proving a very efficient and robust alternative system for affinity
chromatography, the affinity tag was also shown to have little effect on the proper-
ties of the proteins tested, including enzymes. Furthermore, the relatively inexpensive
costs of cellulose-based affinity columns together with their reusable nature and high
capacitymake this systemvery attractive for affinity protein purification (Karpol et al.
2009; Demishtein et al. 2010). Another curious cohesin-dockerin based technology
consists of a high sensitivity and selectivity self-assembling biosensor that could
potentially be used to detect multiple specific molecules in a complex mixture, such
as blood serum (Hyeon et al. 2014).

It has been shown that the proximity effect promoted by cellulosomes can also be
transferred to other platforms. By drawing inspiration from cellulosomal assembly,
other cellulolytic macromolecular structures have been designed. These include
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self-assembling circular multi-enzyme complexes (Mitsuzawa et al. 2009), cellu-
lase coated nanospheres (Blanchette et al. 2012), streptavidin clustered cellulases
(Kim et al. 2012) and cellulases that are bound to DNA scaffolds (Mori et al. 2013).
Nevertheless, none of these platforms seem to possess the same degree of struc-
tural flexibility or substrate targeting capabilities which accounts for much of the
cellulosome’s efficiency.

The utilisation of enzymes and cellulosomes are also being considered as valu-
able alternatives for the usage of agro-wastes and organic pollutants as a renew-
able resource, reducing the consequent environmental pollution (Bayer et al. 2007;
Karmakar and Ray 2011) and as feed additives to improve digestibility of animal
diets (Costa et al. 2014). Even so, only a few of the many possible research applica-
tions have been explored and, as our knowledge about thesemulti-enzyme complexes
increases, so does the potential for future innovation.

Concluding Remarks

There is no doubt that the study of cellulosomes has provided considerable insights
on how recalcitrant polysaccharides are processed in nature, highlighting the pivotal
role that anaerobic microorganisms colonizing lignocellulosic environments have in
the carbon cycle. In addition, deciphering cellulosome function led to the discovery
of many new biocatalysts and carbohydrate interacting molecules (Venditto et al.
2016) with many potential biotechnological applications, with the conversion of
cellulosic biomass into biofuels being the most explored (Bayer et al. 2010; Arora
et al. 2015; Kahn et al. 2019). The strong and highly-specific interaction between
cohesin and dockerin modules has also broaden our knowledge about protein-protein
interactions and provided innovative tools for the development of new affinity based
technologies, with applications in research and healthcare (Haimovitz et al. 2008;
Demishtein et al. 2010; Hyeon et al. 2014).

There is still much to be explored in the field of cellulosomics. Although cellu-
losome producing microorganisms are relatively rare, new systems will no doubt
continue to emerge at increasingly faster rates. The massification of next generation
sequencing technologies, metagenomic approaches, high-throughput methodologies
and automation have streamlined otherwise very time-consuming protocols and are
allowing the identification of cellulosomal components in a large variety of organ-
isms, including some non-cellulolytic species (Adams et al. 2008; Peer et al. 2009;
Dassa et al. 2014; Ben David et al. 2015; Haitjema et al. 2017). It would be extremely
interesting to understand how wide cellulosome diversity can extend and what other
functions could the cohesin-dockerin interaction potentially have in nature, beyond
cellulosomal assembly.Regulation of cellulosomal component expression and partic-
ularly its dependence on substrate availability has been somewhat elucidated through
transcriptomic and proteomic studies, but there is still a lack of information regarding
their secretion and the assembly processes (Blouzard et al. 2010; Kahel-Raifer et al.
2010). Fungal cellulosomes are also still very poorly understood, especially regarding
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the nature of the cohesin-dockerin interactions supporting their assembly. Clearly
defined cohesin modules are yet to be described and whether glycosylation is impor-
tant for dockerin binding remains to be established (Nagy et al. 2007). Given the
extensive repertoire of dockerin-bearing fungal enzymes, understanding the fungal
cellulosome system is an objective worth pursuing, as it could provide answers to
many of the challenges found in biomass conversion (Haitjema et al. 2017).

One particularly challenging task that has been eluding researchers for many
years is the determination of a high-resolution structure of a complete cellulosome.
Such structure could shed light into the interactions between the several cellulosomal
components and between the cellulosome and the substrate. It could also provide the
answer to whether the dual-binding mode actually serves to better accommodate
the enzymes in the complex, avoiding steric hindrance. Unfortunately, the highly
flexible nature of cellulosomes and the heterogeneity in enzyme content make them
impractical crystallization subjects. Cryo-electron microscopy could prove useful to
that end, but for now only low-resolution small-angle X-ray scattering structures are
available (Hammel et al. 2005; Currie et al. 2013).

The development of novel designer cellulosomes is one of the most prolific strate-
gies in the field of cellulosomics. Besides providing several tools for the study of
cellulosomes, many studies have been developing new complexes with improved
biochemical properties destined for biotechnological purposes (Arora et al. 2015;
Kahn et al. 2019; Gilmore et al. 2020), including the production of biofuels by CBP.
It is to be expected that new cellulosome based technology will continue to emerge,
in not only the field of biofuel production, but also in those where affinity-based
approaches should prove useful. To that end, it is essential to further our knowledge
about the mechanics behind these intricate systems.
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Chapter 10
Leucine Dehydrogenase: Structure
and Thermostability

Hiroki Yamaguchi, Akiko Kamegawa, Kunio Nakata, Tatsuki Kashiwagi,
Yoshinori Fujiyoshi, Kazutoshi Tani, and Toshimi Mizukoshi

Abstract Thermostability is a key factor in the industrial and clinical application of
enzymes, and understanding mechanisms of thermostability is valuable for molec-
ular biology and enzyme engineering. In this chapter, we focus on the thermostability
of leucine dehydrogenase (LDH, EC 1.4.1.9), an amino acid-metabolizing enzyme
that is an NAD+-dependent oxidoreductase which catalyzes the deamination of
branched-chain l-amino acids (BCAAs). LDH fromGeobacillus stearothermophilus
(GstLDH) is a highly thermostable enzyme that has already been applied to quantify
the concentration of BCAAs in biological specimens. However, the molecular mech-
anism of its thermostability had been unknown because no high-resolution structure
was available. Here, we discuss the thermostability of GstLDH on the basis of its
structure determined by cryo-electron microscopy. Sequence comparison with other
structurally characterized LDHs (from Lysinibacillus sphaericus and Sporosarcina
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psychrophila) indicated that non-conserved residues in GstLDH, including Ala94,
Tyr127, and the C-terminal region, are crucial for oligomeric stability through inter-
molecular interactions between protomers. Furthermore, NAD+ binding to GstLDH
increased the thermostability of the enzyme as additional intermolecular interactions
formed on cofactor binding. This knowledge is important for further applications and
development of amino acid metabolizing enzymes in industrial and clinical fields.

Keywords Leucine dehydrogenase · Cryo-electron microscopy · NAD+-dependent
oxidoreductase · Thermostability · Amino acid metabolizing enzyme

Abbreviations

Cryo-EM Cryo-electron microscopy
GstLDH LDH from Geobacillus stearothermophilus
FSC Fourier shell correlation
LDH Leucine dehydrogenase
LspLDH LDH from Lysinibacillus sphaericus
NAD Nicotinamide adenine dinucleotide
SpsLDH LDH from Sporosarcina psychrophila
PDB Protein Data Bank
PKU Phenylketonuria
RMSD Root-mean-square deviation

Introduction

Amino Acid Metabolizing Enzymes

Amino acids are vital compounds for living organisms and play a central role in
metabolism (Wagner and Fell 2001). Most amino acids and related compounds are
metabolized by a series of enzymes generally termed “amino acid metabolizing
enzymes”. The products are converted into various biomolecules in important path-
ways such as the tricarboxylic acid cycle, glutaminolysis, and the urea cycle. Thus,
amino acid metabolizing enzymes play a crucial role in living systems. Dysfunction
of amino acid metabolizing enzymes causes disorders such as hyperphosphatemia,
hyperammonemia (MacMullen et al. 2001; Stanley et al. 2000, 1998), and phenylke-
tonuria (PKU) (Huang et al. 1998; Nakamura et al. 1996; Rivero et al. 2000). There-
fore, it is important to deepen our understanding of these amino acid metabolizing
enzymes.

Furthermore, many amino acidmetabolizing enzymes have been applied in indus-
trial and clinical fields. In industrial applications, these enzymes make it possible
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to manufacture various compounds with low stress on the environment because
enzymes decrease the energy required for chemical reactions and catalyze them
with high selectivity under mild conditions of temperature, pH, and pressure. Amino
acid metabolizing enzymes have been used industrially in the manufacture of amino
acids such as l-aspartic acid, l-cysteine and l-3,4-dihydroxyphenylalanine (l-DOPA)
(Yokozeki 1988). In the clinical field, phenylalanine dehydrogenase can be used in
colorimetric and electrochemical methods to quantify the concentration of pheny-
lalanine (Huang et al. 1998; Nakamura et al. 1996), and this enzyme has been applied
inmass screening of newborns for PKU (Nakamura et al. 1996; Tachibana et al. 2006;
Naruse et al. 1992). The storage stability of enzymes is a key factor for their commer-
cial and clinical development (Gibson 1999), and previous studies have reported that
storage stability is correlated with enzyme thermostability (Cao et al. 2015). There-
fore, it is meaningful to investigate the thermostability for further applications of
amino acid metabolizing enzymes. In this chapter, we discuss the thermostability of
leucine dehydrogenase (LDH; EC 1.4.1.9) on the basis of structural information, as
an example of thermostabilization of an amino acid metabolizing enzyme.

Leucine Dehydrogenase

LDH belongs to the Glu/Leu/Phe/Val dehydrogenase family and reversibly catalyzes
the oxidative deamination of l-leucine, l-isoleucine, and l-valine to their corre-
sponding oxo-compounds using NAD+ as a cofactor. Many studies have been
conducted on LDH of Bacillus species. It plays a critical role in the metabolism
of branched-chain l-amino acids (BCAAs) (Ohshima et al. 1978). This enzyme is
applied in the quantification of BCAAs in a clinical context (Suzuki et al. 2008;
Beckett et al. 1996). Patients with hepatic cirrhosis often exhibit a low concentra-
tion of BCAAs in the blood (Tajiri and Shimizu 2013). This induces a reduction
of the molar ratio of BCAAs to tyrosine, and the Fisher ratio (the molar ratio of
BCAAs to aromatic amino acids); therefore, BCAAs are widely used as an indicator
of this disease (Campollo et al. 1992; Suzuki et al. 2008). In addition, LDH has also
been used in stereoselective production of BCAAs in a bioreactor (Gu and Chang
1990a,1990b). The substrate specificity of LDHwas changed by protein engineering
for amine synthesis (Abrahamson et al. 2012). Thus, it is expected that LDH can be
applied in a wide range of fields. For the sake of these applications, it is important
to understand the structure–function relationships of LDH.

A number of studies have reported characterization of LDHs, particularly the
highly thermostable type fromGeobacillus stearothermophilus (GstLDH) (Kataoka
and Tanizawa 2003; Nagata et al. 1988; Matsuyama et al. 1992; Ohshima et al. 1985;
Sekimoto et al. 1994), which is an essential enzyme for applications in clinical and
industrial contexts. The LDHs from Lysinibacillus sphaericus (LspLDH; Protein
Data Bank [PDB] ID: 1LEH) (Baker et al. 1995) and Sporosarcina psychrophila
(SpsLDH; PDB ID: 3VPX) (Zhao et al. 2012) have been structurally character-
ized. Interestingly, the sequence similarity of GstLDH is 96% with LspLDH and
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94% with SpsLDH (Fig. 10.1), but the thermostability of GstLDH, LspLDH, and
SpsLDH are 70, 55, and 45 °C, respectively (Ohshima et al. 1978, 1985; Zhao et al.
2012). However, the mechanism of their thermostability was unknown until recently,
because the structure of GstLDH had not been elucidated. We have now struc-
turally characterized GstLDH by cryo-electron microscopy (cryo-EM), and in this
chapter, we discuss the enhanced thermostability based on the structure of GstLDH
in comparison with those of the other LDHs.

Furthermore, there has been little research on the NAD+-bound structure(s) of
LDHs (i.e., the holo form of the enzyme). The structures of LspLDH and SpsLDH
were determined without cofactor NAD+ (i.e. in the apo form). A previous study
partially reported the NAD+-bound LspLDH structure, but coordinates were not

Fig. 10.1 Multiple sequence alignment of three leucine dehydrogenases. Amino acid sequence
alignment of three structurally characterized leucine dehydrogenases (LDHs). The sequence of
Geobacillus stearothermophilus LDH (GstLDH) was used as the query and compared with the
LDHs from Lysinibacillus sphaericus (LspLDH) and Sporosarcina psychrophila (SpsLDH). Dots
indicate conserved residues and are boxed
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deposited in the PDB (Baker et al. 1995). Here, we assess the NAD+-bound structure
of GstLDH using cryo-EM data and computational analysis.

Structure of LDH from G. Stearothermophilus

We purified both apo and NAD+-bound forms of recombinantGstLDH based on our
method (Yamaguchi et al. 2019). Cryo-EM data were collected using a 300-kV elec-
tronmicroscope, JEM-3000SFFwith a helium stage (Fujiyoshi et al. 1991; Fujiyoshi
1998). Each image had an appropriate contrast, and the Thon rings were visible at
~3 Å resolution. Ring-shaped features were clearly observed in two-dimensional
class averages. Three-dimensional maps of both apo (PDB ID: 6ACF and EMData-
Bank ID: EMD-9590) and NAD+-bound forms (PDB ID: 6ACH and EMDataBank
ID: EMD-9592) of GstLDH were reconstructed from 132,800 and 92,034 particles,
respectively, with D4 symmetry (Fig. 10.2 and Table 10.1). The final resolutions after
refinementwere 3.0 and 3.2Å using the Fourier shell correlation (FSC)= 0.143 crite-
rion (Rosenthal and Henderson 2003) (Fig. 10.2c). Previous studies have reported
that GstLDH was a hexamer, but our structure of GstLDH was an octamer, which
is consistent with other LDH structures (i.e., those of LspLDH and SpsLDH) (Zhao
et al. 2012; Ohshima et al. 1985; Baker et al. 1995). Size exclusion chromatography
analysis also supported an octameric form (Yamaguchi et al. 2019).

To clarify any structural differences among protomers ofGstLDH, focused classi-
fication using mask (Bai et al. 2015) and localized reconstruction with C1 symmetry
were applied to the analyses of both the apo and NAD+-bound forms using RELION
(Scheres 2012; Bai et al. 2015; Roh et al. 2017). The atomic structures of both the
apo and NAD+-bound forms were also determined. The resolution of these maps was
estimated to be 3.2 Å and 3.3 Å based on FSC = 0.143 (Rosenthal and Henderson
2003), respectively. The root-mean-square deviations (RMSD) of Cα atoms in the
main chain between the structures from localized (C1 symmetry) and global (D4

Fig. 10.2 Overall structure of G. stearothermophilus LDH based on cryo-electron microscopic
analysis. a Two-dimensional class average. b Three-dimensional density map. Each protomer in
the octamer of the apo form is shown in a different color. c Fourier shell correlation curve of apo
and NAD+-bound forms. The final resolutions were 3.0 Å for the apo (blue) and 3.2 Å for the
NAD+-complexed (red) forms
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Table 10.1 Cryo-EM data
collection, refinement, and
validation statistics

LDH (apo) LDH (NAD+)

Data collection

Magnification 40,600 40,600

Voltage (kV) 300 300

Electron exposure (e-/Å2) 42.6 42.6

Defocus range (μm) −1.3 ~ −2.7 −1.2 ~ −2.8

Pixel size (Å) * 0.616 0.616

Symmetry imposed D4 D4

Initial particle images (no.) 225,690 315,024

Final particle images (no.) 132,800 92,034

Map resolution (Å) 3.03 3.20

FSC threshold 0.143 0.143

Refinement and validation

Model resolution (Å) 3.03 3.20

FSC threshold 0.143 0.143

Model resolution range (Å) 236.54–3.0 236.54–3.2

Map sharping B-factor (Å2) −122.8 −124.8

No. of atoms

Protein 23,144 22,888

Ligand 0 352

B-factors (Å2)

Protein 44.0 49.1

Ligand N/A 7.9

R.m.s deviations

Bond lengths (Å) 0.008 0.013

Bond angles (°) 0.935 1.148

Ramachandran plot

Favored (%) 95.08 92.78

Allowed (%) 4.93 7.22

Disallowed (%) 0.0 0.0

*Pixel size for the super-resolution mode

symmetry) reconstructions were 0.160 Å and 0.171 Å for the apo and holo forms,
respectively. Thus, in the following text, our discussion is based on the structures
with D4 symmetry.

In the structural comparison, extensive conformational change was not observed
between the apo and NAD+-bound forms. The RMSD of Cα atoms in the main chain
was 0.182Å and 0.157Å for the octamer and protomer, respectively.GstLDH had no
allosteric regulation on NAD+ binding; the Hill coefficient (Hill 1910) for NAD+ was
0.95. Domain I (residues 1–136 and 332–367) is involved in the octamer formation
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Fig. 10.3 Protomer of G. stearothermophilus LDH. a Schematic representation of the domains
of LDH from G. stearothermophilus. b Domain I (orange) and domain II (green) in the protomer
structure of the apo form of GstLDH are shown in a cartoon model

of GstLDH (Fig. 10.3). NAD+ bound to domain II (residues 137–331), which is
the nucleotide binding domain with a six stranded parallel β-sheet surrounded by
four α-helices, including a dinucleotide-binding motif. On comparison between each
domain in the apo and NAD+-bound forms, the B-factors of the nucleotide binding
domain (domain II) were higher than those of domain I (Fig. 10.4a). NAD+ binding
increased the B-factors of domain II without large conformational change (Fig. 10.4).
However, the B-factors of domain I in the NAD+-bound form were slightly lower
than those in the apo form. The NAD+-bound form had a disordered region (residues
142–144) in the loop between domains I and II (Fig. 10.4a). The resolution of the
NAD+ bound form might be decreased (Fig. 10.2c) by the structural changes that
occur on NAD+ binding. NAD+ binding makes domain I more rigid but domain II
more flexible.

Thermostability of GstLDH

GstLDH has the highest thermostability among the structurally characterized LDHs
(Zhao et al. 2012; Baker et al. 1995). As mentioned above, the thermostability of
GstLDH, LspLDH, and SpsLDHwere 70, 55, and 45 °C, respectively (Ohshima et al.
1978, 1985; Zhao et al. 2012). Interestingly, the sequence similarity of GstLDH was
96% with LspLDH and 94% with SpsLDH (Fig. 10.1). This indicated that minor
differences in amino acid sequence contribute to quite different thermostabilities.We
evaluated 20 residues that are different among the three LDHs (Fig. 10.1). Residues
of GstLDH were mutated to the corresponding residues in SpsLDH and the effect
on thermostability was determined. Notably, mutations Ala94Glu and Tyr127Asn
decreased the thermostability of GstLDH. The residual activity after treatment at
70 °C for 10 min was 19 and 29% for the Ala94Glu and Tyr127Asn variants,
respectively (Yamaguchi et al. 2019). Thus, we assessed stabilization mechanisms
of residues Ala94 and Tyr127 of GstLDH from a structural point of view.

First, we analyzed the interactions made by Ala94 in GstLDH. Ala94 under-
goes a hydrophobic interaction with Ala349 in a neighboring protomer (Fig. 10.5a).
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Fig. 10.4 B-factors in LDH of G. stearothermophilus. B-factors in the structural model of the apo
(left) andNAD+-bound (right) forms. The cartoonmodels are colored from blue to orange according
to the B-factor values. a The protomer and b the overall structures

Ala94 and Ala349 are buried by surrounding residues, which form a hydrophobic
patch (Fig. 10.5c). It is well-known that various proteins from thermophiles use
hydrophobic interactions at their interfaces between oligomers to acquire thermosta-
bility (Vieille and Zeikus 2001). Furthermore, a number of studies have shown that
thermostability was improved by exchanging hydrophilic residues for hydrophobic
residues in the interface or inner regions (Haney et al. 1999; Kirino et al. 1994).
Ala94 and Ala349 are located in the hydrophobic patch of the oligomer interface
of GstLDH and may have an important role in oligomerization. Our findings indi-
cate that hydrophobic packing between protomers via domain I contributes to the
high thermostability ofGstLDH. However, in SpsLDH, Glu94 forms an electrostatic
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Fig. 10.5 Interactions between adjacent chains of LDHs of G. stearothermophilus (GstLDH) and
S. psychrophila (SpsLDH). Chains A (white) andG (green) in the apo form ofGstLDH and chains A
(purple) andG (pink) in SpsLDH are shown as ribbonmodels. Interactions are shown by dotted lines
(pink, hydrophobic interactions; orange, electrostatic interactions). Each interaction was detected
usingDiscovery Studio 2017R2 (BIOVIA) software. a The side chain of Ala94 inGstLDH interacts
withAla349 in a neighboring protomer. bThe side chain ofAla94 in SpsLDH interacts withArg345.
c Hydrophobicity of the residues around Ala94 (GstLDH, left) and Glu94 (SpsLDH, right). The
cartoon models are colored from white to red according to the hydrophobicity. d The side chain
of Tyr127 in GstLDH interacts with Ile136 in the same protomer, and Arg364 in a neighboring
protomer. e The side chain of Asn127 in SpsLDH makes no interactions
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interaction with Arg345, and these residues disrupt the hydrophobic patch
(Fig. 10.5b, c).

In GstLDH, the side chain of Tyr127 undergoes hydrophobic interaction with
Ile136 in the same subunit, and an electrostatic interaction with Arg364 in a
neighboring protomer (Fig. 10.5d), while Asn127 in SpsLDH makes no interac-
tion with other residues (Fig. 10.5e). GstLDH thus has additional interactions
between protomers comparedwith SpsLDH.Our data therefore indicate that residues
Ala94 and Tyr127 contribute to the thermostability of GstLDH by improving the
hydrophobicity and intermolecular interactions at the oligomeric interface.

A notable difference among the primary structures of the three LDHs was found
in the C-terminal region;GstLDH has a three amino acid (Arg365–Ala366–Arg367)
longer tail thanLspLDHand SpsLDH (Fig. 10.1 and Fig. 10.6a). In addition, the posi-
tion of Arg364 was quite different among the three LDHs (Fig. 10.6a). Interestingly,
Arg364 of SpsLDH was disordered in the structure (Zhao et al. 2012). To investi-
gate the role ofArg364 and theC-terminus, alaninemutants (Arg364Ala,Arg365Ala,
andArg367Ala) ofGstLDHwere characterized using the samemethod asmentioned
above. The three alanine mutants showed lower residual activity than the wild-type
(Fig. 10.6b). Interestingly, Arg364Ala had only 5% residual activity, lower than that
of Arg365Ala and Arg367Ala (Fig. 10.6b). The side chain of Arg364 interacts with
that of Tyr127, which is a key residue for the thermostability of GstLDH though its
intermolecular interaction with Ile136 (see above) (Fig. 10.5c). Therefore, these data
indicated that the interactions among three residues (Tyr127, Ile136, and Arg364)
are essential for the thermostability of GstLDH. The fact that the residual activity of
an Ile136Ala mutant also decreased (Fig. 10.6b) supported this speculation. Arg365
and Arg367 interact with each other without disordering the terminus structure, and
then contribute to fixing the position of Arg364 to interact with Tyr127.

NAD+ Recognition by Gst LDH

Structural Comparisons with Other LDHs

The structures of GstLDH were determined by cryo-EM of apo and NAD+-bound
forms. However, the available structures of LspLDH and SpsLDH are only in the
apo form, determined by X-ray crystallography (Zhao et al. 2012; Baker et al. 1995).
A previous report discussed the NAD+-bound structure of LspLDH (Baker et al.
1995), but the structure was not registered in the PDB. Here, the difference between
GstLDH and LspLDH is examined.

First, the apo forms ofGstLDH and LspLDHwere compared. Two subunits (chain
A: open form, and B: closed form) in the asymmetric unit of LspLDH had slightly
different conformations; the RMSDof Cα atoms between chains A and B of LspLDH
was 0.700 Å. However, each protomer of GstLDH had the same conformation.
To clarify the conformational differences, the movement of domains I and II was
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Fig. 10.6 The C-terminal region of three LDHs. a The C-terminal region ofG. stearothermophilus
LDH (GstLDH) is shown in white as a ribbon model, including residues Arg364, Arg365, Ala366
and Arg367. The structures of L. sphaericus LDH (green), and Sporosarcina psychrophila (orange)
containArg364, but lack the other residues.Arg364ofSpsLDHdisappears due to disorder.bRelative
activities of wild-type and site-directed mutants of GstLDH after incubation at 70 °C for 10 min.
The residual activities were calculated with each activity before incubation defined as 100% (N =
3, mean ± S.D.). c Density map of Tyr127 and the C-terminus of GstLDH. Chain A (white) and a
neighboring chain (C, in gray) inGstLDH are shown as a cartoon model. The side chains of Tyr127,
Arg364, Arg365, Ala366, and Arg367 are shown as stick models

analyzed along the hinge axis defined by the Cα atoms of residues 68, 72, 134,
297, 329, and 335 mentioned in a previous study of LspLDH after each domain II
was superimposed (Baker et al. 1995). The conformation of GstLDH determined by
cryo-EM was close to that of chain A in LspLDH determined by X-ray crystallog-
raphy (Fig. 10.7); the differences in domain hinge angle were <1.3°. However, the
difference of the hinge angle between GstLDH and chain B of LspLDH was 3.2°,
with domain II bending toward domain I to form a smaller cleft for the catalytic site.

Next, on comparison of the apo and NAD+-bound forms of GstLDH, the RMSD
was 0.157 Å, less than the RMSD for the comparison between GstLDH and the
chain A (0.614 Å) and chain B (0.636 Å) of LspLDH. The NAD+-bound form of
GstLDH showed that one molecule of NAD+ is bound to each protomer and the
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a

c

b

Fig. 10.7 Structural comparison between the LDHs from G. stearothermophilus (GstLDH) and L.
sphaericus (LspLDH). (a, b) The structures of apo GstLDH (white) and apo LspLDH (chain A in
green, chain B in cyan) superimposed based on Cα atoms in the main chain. The movement can
be analyzed relative to the hinge axis defined by the Cα atoms of residues 68, 72, 134, 297, 329,
and 335 of LspLDH (shown in a previous study(Baker et al. 1995)). The difference in the domain
angle betweenGstLDH and chain A (a) and chain B (b) of LspLDHwas 1.3° and 3.2°, respectively.
The dotted circle is the NAD+ binding site. (c) The NAD+-bound form of GstLDH (yellow) and
apo form of LspLDH (chain A in green, chain B in cyan) superimposed based on Cα atoms in the
main chain. The NAD+ binding region is shown. NAD+ is shown as a stick model. The region of
structural difference is shown as red triangles

density of NAD+ was clearly observed in the active site of domain II (Fig. 10.8).
There was no difference between the eight protomers. Thus, the conformation of
NAD+-bound GstLDH was similar to both the apo form of GstLDH and of chain A
in LspLDH. This fact corresponded well with the previous report that NAD+ density
was observed only in chain A (the “open” form) of LspLDH, but no cofactor was
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Fig. 10.8 Density map of NAD+ in the NAD+-bound form of G. stearothermophilus LDH. The
density shown as mesh (gray) corresponds to one NAD+ molecule. Protein and NAD+ are drawn as
a cartoon (pink) and a stick model (white), respectively. The density map within 1.96 Å is shown
at level 0.04 using UCSF Chimera

observed in chain B (the “closed” form) (Baker et al. 1995). It was also reported that
soaking of LspLDH crystals in NAD+ affected the crystalline structure, and that a
high concentration of NAD+ reduced the quality of the diffraction data. A movement
of domain II of chain B of LspLDH in the crystal structure was probably caused
by crystal packing, and is likely to interfere with NAD+ binding (Fig. 10.7c) during
soaking of NAD+ into crystals.

NAD+ Interaction with GstLDH

Interactions between NAD+ and the protomer of GstLDH were analyzed computa-
tionally, usingDiscovery Studio 2017R2 (BIOVIA) software (Fig. 10.9). Themethyl
groups of Ile204 and Ala238 recognized the adenine ring of NAD+ by pi–alkyl inter-
action. The main chain of Gly180 and the side chain of Asp203 form carbonyl
hydrogen bonds to the ribose moiety. In addition, the ribose forms hydrogen bonds
with the side chain of Ser259 and the main chains of both Cys237 and Ala238. The
amino group of Asn261 is located near the 2′-hydroxyl group of ribose and forms a
Van der Waals interaction. The main chain of Ser259 interacts with the nicotinamide
ring via a hydrogen bond. The carboxamide group forms a hydrogen bond with the
hydroxyl groups of Ser147 and Thr150. An oxygen atom in the phosphate moiety
forms a hydrogen bond to the main chain of Gly182.

By single particle analysis, NAD+ bound all GstLDH protomers in the same
manner. However, a previous report showed that only one or two molecules in the
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Fig. 10.9 Interaction between NAD+ and G. stearothermophilus LDH (GstLDH). Two-
dimensional diagram of the interactions between NAD+ and GstLDH, analyzed using Discovery
Studio 2017 R2 (BIOVIA). Each interaction is shown as a dotted line (orange, hydrogen bond;
green, conventional hydrogen bond; blue, Van der Waals interaction; pink, pi–alkyl interaction)

asymmetric unit of LspLDH interacted with NAD+ (Baker et al. 1995). The residues
close to the NAD+ binding site were conserved in both structures. Eight residues
(Ser147, Thr150, Gly180, Ile204, Ala238, Leu239, Ser259, and Asn261) also inter-
acted with NAD+ in LspLDH. The interactions of Gly182 and Cys237 were only
observed in cofactor binding by GstLDH. Gln179, Asn183, and Pro223 interact
with NAD+ in the NAD+-bound structure of LspLDH only. The differences in NAD+

recognition between GstLDH and LspLDH might be attributed to the analyzing
methods used, i.e. X-ray crystallography or cryo-EM.

Thermostabilization by NAD+ Binding

Based on the comparison of B-factors between the apo and NAD+-bound forms of
GstLDH (Fig. 10.4), it was concluded that NAD+ binding stabilizes the structure of
domain I, which is related to octamer formation. In fact, the residual activity of the
NAD+-bound form after incubation at 80 °C was three times that of the apo form
(Yamaguchi et al. 2019). We considered the relationship between thermostabiliza-
tion and octamer formation by comparison of the apo and NAD+-bound structures.
The nicotinamide moiety of NAD+ interacted with Ser147 through a hydrogen bond
(Fig. 10.9). Ser147 approached NAD+ by 0.5 Å and Pro146 also moved 1.0 Å toward
the cofactor (Fig. 10.10a) relative to their positions in the apo structure. These changes
pull Asn145 in the same direction, and induce a 1.9 Å movement of its Cα atom.
On NAD+ binding, conformational change of residues 145–147 triggers disorder of
the neighboring residues 142–144 (Fig. 10.10a). The disorder of residues 142–144
perturbed the Cα of residues 136–141. As a result, Ile136 moved toward NAD+ by
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Fig. 10.10 Conformational change occurring in G. stearothermophilus LDH on NAD+ binding.
a Superimposed structures of the apo and NAD+-bound forms: chain A (white and light green,
respectively), and neighboring chain G (gray and blue, respectively). The dotted circle shows the
disordered residues (142–144) in the NAD+-bound form. (b, c) The interactions between chain A
and Arg367 of chain G were analyzed using Discovery Studio 2017 R2 (BIOVIA) software. The
interactions are shown as dotted lines (green, hydrogen bond; orange, electrostatic interactions).
Each interacting residue is drawn as a stick model. b In the NAD+-bound form, the side chain of
Arg367 interacts with Asp131, Val133, and Glu297; c in the apo form, the side chain of Arg367
interacts with Asp131

1.1 Å and this motion extended the space between Ile136 of chain A and Arg367 of
the neighboring protomer, chain G. The side chain of Arg367 changed conformation
and shifted in the same direction (i.e. toward the new position of Ile136). Conse-
quently, Arg367 acquired an electrostatic interaction with the side chain of Glu297
andhydrogenbonds to the carbonyl oxygenofVal133 in domain I (Fig. 10.10b),while
in the apo form, Arg367 had no interactions with Glu297 or Val133 (Fig. 10.10c).
Therefore, the interaction between NAD+ and Ser147 transduced a series of confor-
mational changes that increased intermolecular interactions in the oligomer interface.
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This mechanism may explain the increase in thermostability of GstLDH on NAD+

binding.

Conclusions

In this chapter, we have discussed the thermostability of LDH on the basis of struc-
tural data for GstLDH determined by cryo-EM. The results of comparison with
other LDHs show that residues Ala94, Tyr127 and the C-terminal region (Arg364 to
Arg367) play an important role in determining the high thermostability of GstLDH
through intermolecular interactions between protomers. In addition, it was found that
NAD+ binding to domain II of GstLDH increased the thermostability of the enzyme
by creating extra intermolecular interactions in domain I. GstLDH has high ther-
mostability because of stabilization of the oligomer via interactions at the oligomer
interface. This knowledge is valuable for further applications of the enzyme, and
others in the Glu/Leu/Phe/Val dehydrogenase family, in industrial and clinical fields,
andwill help in improvement of thermostability by enzyme engineering in the future.
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Chapter 11
Structure, Function and Physiology
of 5-Hydroxytryptamine Receptors
Subtype 3

Eric Gibbs and Sudha Chakrapani

Abstract 5-hydroxytryptamine receptor subtype 3 (5-HT3R) is a pentameric ligand-
gated ion channel (pLGIC) involved in neuronal signaling. It is best known for its
prominent role in gut-CNS signaling though there is growing interest in its other func-
tions, particularly in modulating non-serotonergic synaptic activity. Recent advances
in structural biology have provided mechanistic understanding of 5-HT3R function
and present new opportunities for the field. This chapter gives a broad overview
of 5-HT3R from a physiological and structural perspective and then discusses the
specific details of ion permeation, ligand binding and allosteric coupling between
these two events. Biochemical evidence is summarized and placed within a physi-
ological context. This perspective underscores the progress that has been made as
well as outstanding challenges and opportunities for future 5-HT3R research.

Keywords 5-HT · Serotonin · 5-HT3R · Pentameric ligand-gated ion channel ·
Neurotransmission · Membrane biophysics

Introduction

5-hydroxytryptamine (5-HT) or serotonin is a versatile neurotransmitter whose func-
tions range from visceral reactions to higher-order neuronal processes. 5-HT affects
cellular processes by binding to a large family of membrane-bound 5-HT receptors
(5-HTR). 5-HTRs are mostly G-protein coupled receptors (GPCR), and act through

E. Gibbs (B) · S. Chakrapani (B)
Department of Physiology and Biophysics, Case Western Reserve University, Cleveland, OH
44106-4970, USA
e-mail: edg42@case.edu

S. Chakrapani
e-mail: sxc584@case.edu

S. Chakrapani
Department of Neuroscience, School of Medicine, Case Western Reserve University, Cleveland,
OH 44106-4970, USA

© Springer Nature Switzerland AG 2021
J. R. Harris and J. Marles-Wright (eds.), Macromolecular Protein
Complexes III: Structure and Function, Subcellular Biochemistry 96,
https://doi.org/10.1007/978-3-030-58971-4_11

373

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-58971-4_11&domain=pdf
mailto:edg42@case.edu
mailto:sxc584@case.edu
https://doi.org/10.1007/978-3-030-58971-4_11


374 E. Gibbs and S. Chakrapani

relatively slow metabotropic processes. The sole exception is 5-HT3R, which is a
pLGIC that participates in fast neurotransmission (Lummis 2012).

5-HT3Rs are expressed throughout the body and are especially known for their
specialized roles in brain-gut circuitry. In this context, the receptors regulate gut
motility, secretion, emetic reflux and visceral perception and are important ther-
apeutic targets for chemotherapy-induced vomiting and irritable bowel syndrome
(IBS). Elsewhere in the brain, 5-HT3Rs play a mostly modulatory role in synaptic
signaling and are potential targets of several psychiatric disorders (Rojas and
Slusher 2012). 5-HT3Rs share a quaternary structure with three other vertebrate
pLGICs, nicotinic acetylcholine receptors (nAChR), γ-amino butyric acid A recep-
tors (GABAAR) and glycine receptors (GlyR). Together, these ion channels are
integral components of neurotransmission with significant interplay. Therefore, the
underlying mechanisms of 5-HT3R function and modulation are not only relevant to
5-HT signaling but general neuronal communication.

5-HT3Rs were first recognized as ion channels in 1989 (Derkach et al. 1989). In
1991, the first of five 5-HT3R genes, 5-HT3A, was discovered and the amino acid
sequence revealed that 5-HT3Rs are members of the pLGIC family (Maricq et al.
1991). pLGICs assemble as a complex of five homologous subunits that are often
heterogeneous. To date, there are five 5-HT3R genes termed A-E (Niesler et al. 2003;
Davies et al. 1999). Only 5-HT3A can assemble as a functional homopentamer, 5-
HT3AR. (5-HT3A refers to a single subunit and 5-HT3AR refers to an assembled
pentamer). 5-HT3A is an obligate participant in all other 5-HT3R complexes and the
most well-studied complexes are 5-HT3AR and heteromeric 5-HT3A/BR.

The first section of this chapter is a general overview of the physiological role
of 5-HT3R and its general structure. The physiological role of 5-HT3R requires
three fundamental properties. (1) 5-HT3R selectively conducts and gates ionic flux
across the membrane, (2) 5-HT3R strongly and specifically binds 5-HT and (3)
5-HT3R allosterically connects channel activity to ligand binding. Each of these
properties is presented in its own section that discusses its physiological implications,
underlying mechanisms and regulation by endogenous and exogenous ligands. The
chapter concludes with a perspective on outstanding questions and future directions
of 5-HT3R research.

General Overview

Expression and Physiological Role

5-HT3Rs in the PNS

5-HT3Rs participate most prominently in CNS-GI signaling, consistent with the fact
that more than 90% of 5-HT is found in the gut. Specifically, 5-HT3Rs are found
on nodose ganglion afferent neurons that innervate the GI tract (Leal-Cardoso et al.
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1993). The receptors are found at multiple locations on nodal afferents including,
dendrites in the gut, cell bodies at the ganglion (located at the base of the skull)
and presynaptic terminals in the brain stem (Powley et al. 2011). Dendritic 5-HT3Rs
directly respond to 5-HT released by enterochromaffin cells during digestion. (Hill-
sley et al. 1998; Hillsley and Grundy 1998). Receptors at the ganglion and brain-
stem can be activated by 5-HT circulating in the bloodstream because the barrier
between them and the bloodstream is leaky (Lacolley et al. 2006a,2006b; Baptista
et al. 2007). Once activated, 5-HT signals are transmitted to the brainstem via gluta-
matergic synapses in the nucleus tractus solitarius (NTS). There, 5-HT3Rs are found
presynaptically where they modulate glutamate release, and there is at least one
report of postsynapatic 5-HT3Rs that shape the NTS response (Glaum et al. 1992;
Jeggo et al. 2005). Nodal afferent stimulation is summarized in Fig. 11.1.

Fig. 11.1 Localization and physiological signaling of 5-HT3R. 5-HT released from enterochro-
maffin cells in the intestine stimulates 5-HT3Rs on the nerve terminals of vagal afferents. In addition,
circulating 5-HT can stimulate 5-HT3Rs in the nodose ganglion or within the brain stem. These
initiate signals within the brain that contribute to the listed physiological responses. 5-HT3Rs are
also present in other CNS regions where they play a mostly modulatory role at glutamatergic,
GABAergic and dopaminergic synapses
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5-HT3Rs on vagal nerves are not required for enteric motility but are important
in modulating motility according to environmental factors (Keating and Spencer
2010; Blackshaw and Grundy 1993). For example, in the gut, glucose stimulates
enterochromaffin cells which in turn release 5-HT. 5-HT then activates 5-HT3Rs
that inhibit gastric motility, allowing time for digestion (Raybould et al. 2003).
Glucose in the bloodstream can further impact nodal afferents by directly increasing
excitability and by increasing surface expression of 5-HT3Rs throughout the cell
membrane and presynaptic terminals (Grabauskas et al. 2010; Babic et al. 2012;
Wan and Browning 2008). The influence of glucose on 5-HT3R signaling under both
normal and pathophysiological conditions requires further investigation. In addition
to nutrient modulation, antigens also indirectly activate 5-HT3Rs via enterochro-
maffin cells. Antigen-induced 5-HT3R stimulation leads to surface expression of
immunogenicNK1 receptors on afferent vagal neurons, implicating 5-HT3Rs in long-
term nausea, antigen-induced pain and inflammation (Moore et al. 2002). 5-HT3R
antagonists have been used effectively as anti-emetics during cancer treatment and
more recently for treatment of IBS (Zheng et al. 2017; Rojas and Slusher 2012). This
is discussed further in the section on ligand binding.

Though peripheral 5-HT3R input is generally associated with vagal afferents, 5-
HT3Rs are also found in other neurons though there are significant variations between
species. In some species, 5-HT3Rs have been found in the enteric nervous system,
spinal nociceptive neurons and in the trigeminal nucleus, which innervates the jaw
and face (Parker et al. 1996; Bertrand et al. 2000; Glaum et al. 1990). 5-HT3Rs are
also found in non-excitable cells within the GI tract including interstitial cells of
Cajal, which act as pacemaker cells for smooth muscle, and enteroendocrine cells,
though not enterochromaffin cells (Glatzle et al. 2002).

5-HT3Rs in the CNS

Radioligand binding and mRNA expression show that 5-HT3Rs are found in several
brain structures. In the brainstem, 5-HT3Rs are found on structures that integrate
inputs from other sensory neuronal circuits (Parker et al. 1996; Miyake et al. 1995).
5-HT3R expression is particularly high in the NTS and area postrema. The receptor
is also present in the adjacent dorsal motor nucleus of the vagus (DMV), implicating
5-HT3R activity in physiological responses such as vomiting and blood pressure
regulation (Babic and Browning 2014; Sevoz et al. 1997; Mussa et al. 2008).

In humans, 5-HT3Rs are also detected at relatively high levels in the hippocampus
and basal ganglia and at lesser levels in the cortex (Bufton et al. 1993; Parker et al.
1996). In these regions, there are some serotonergic synapses with postsynaptic
5-HT3Rs, but 5-HT3Rs are especially found presynaptically where they modulate
GABAergic and dopaminergic synapses (Sugita et al. 1992;Mylecharane 1995; Puig
et al. 2004). In particular, 5-HT3AR homomers have conductance, ligand binding and
kinetic properties tailored to this role, as will be discussed throughout the chapter.
Understanding the effects of this modulation is difficult as there are significant vari-
ations in 5-HT3R expression and function between species (Miyake et al. 1995).
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5-HT3R modulation is implicated in complicated neurobehaviors such as depres-
sion, anxiety, bipolar disorder, pain perception and appetite regulation (Fakhfouri
et al. 2019; Rajkumar and Mahesh 2010; Wu et al. 2012; Jones et al. 1988; Liang
et al. 2011; Thompson et al. 2006b). 5-HT3Rs are attractive drug targets as they
exhibit less adverse side effects and use dependence than traditional drugs that
directly target synaptic activity. 5-HT3R antagonists have been used successfully
to treat schizophrenia and alcohol abuse and several studies suggest potential in
other psychiatric disorders (Dorostkar and Boehm 2007).

Differential Expression of 5-HT3 Subunits and Isoforms

Expression patterns of 5-HT3R are further complicated when considering different
isoforms and subunit types. As will be discussed through the chapter, the properties
of 5-HT3ARs are different to 5-HT3A/BRs and expression of one over the other has
physiological implications. In humans, 5-HT3A and 5-HT3B are expressed in near
equal ratios in the small intestine but 5-HT3B is expressed at much higher levels in
the brain (Tzvetkov et al. 2007). Relative expression also varies between different
brain structures. For example, 5-HT3B transcription is six times higher than 5-HT3A in
the amygdala while the ratio is roughly equal in the hippocampus (Brady et al. 2007;
Tzvetkov et al. 2007). Surface expression of 5-HT3AR homomers and 5-HT3A/BR
heteromers is also dependent on chaperone proteins and glycosylation (Boyd et al.
2002). In particular, RIC-3 specifically promotes 5-HT3AR surface expression over
5-HT3A/BR (Cheng et al. 2007).

Similarly, the 5-HT3C, 5-HT3D and 5-HT3E subunits all form functional chan-
nels with the 5-HT3A subunit (Niesler et al. 2003). These subunits are expressed in
peripheral tissues, particularly in the colon, and may be expressed in the brain as
well (Niesler et al. 2007; Kapeller et al. 2011). The study of these subunits is limited
by the lack of subunit-specific antibodies and their physiological function is largely
unknown. For simplicity subunits C-E will not be discussed in further detail.

5-HT3 subunit isoforms also display tissue-specific expression. In humans, 5-
HT3A isoforms have different localization patterns and functional properties (Brüss
et al. 2000). 5-HT3A isoform expression also shifts during development in mouse cell
lines (Emerit et al. 1995). 5-HT3B isoforms transcribed in the brain are not found in
peripheral tissue, and visa-versa (Tzvetkov et al. 2007; Jensen et al. 2008). Themajor
5-HT3B isoform in either tissue encodes the same protein but the isoforms differ in
peptide signaling sequences. A minor yet significant portion of brain isoforms are
truncated up to and including the β1-β2 loop. Overall, isoform expression appears
tissue and development specific and thus physiologically important.
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Basic Structural Topology

Early pLGIC studies identified amino acids important for specific functions and clues
about the underlying structure. However, until recently, direct structural information
had been elusive as eukaryotic pLGICs are not easily crystalized. Prior to the last
five years, pLGIC structural studies were mostly limited to bacterial homologues,
the naturally enriched torpedo nAChR or acetylcholine binding protein (AChBP)
(Unwin 2005; Brejc et al. 2002; Kesters et al. 2013; Hilf and Dutzler 2008). In 2014,
mouse 5-HT3AR was finally able to be crystallized in the presence of stabilizing
nanobodies (Hassaine et al. 2014). There has been a recent explosion of pLGIC
structural data with major technological advancements in cryo-electron microscopy
(cryo-EM). These include several 5-HT3AR structures bound to different ligands
and in multiple conformational states (Basak et al. 2018a, b; 2019; Polovinkin et al.
2018; Basak et al. 2020; Zarkadas et al. 2020). Figure 11.2 shows the fully-assembled
structure of 5-HT3AR and Fig. 11.3 highlights the historical nomenclature of different
regions. Throughout the chapter, residue numbering is consistent with that of the apo
mouse 5-HT3AR structure published by Basak and colleagues (PDB 6BE1).

pLGICs assemble as five homologous subunits about a pseudo-symmetric five-
fold axis as shown in Fig. 11.2. The subunit matching is not fully understood,
but important factors include complementary shape and charge at subunit inter-
faces, subunit-specific glycosylation patterns, specific chaperone proteins and spatial
constraints in closing the five-fold ring structure (Walsh et al. 2018; Boyd et al. 2002;
Phulera et al. 2018). It is generally believed that unmatched subunits are retained in
the ER and eventually degraded (Davies et al. 1999). Specific to 5-HT3R, functional
expression requires at least one 5-HT3A subunit, but the stoichiometry of heteromeric
receptors is unknown. The stoichiometry has implications for ligand binding and is
discussed further in that section.

Individual subunits of pLGICs can be divided into three domains, the extracellular
domain (ECD), transmembrane domain (TMD) and intracellular domain (ICD). The
structure of the ECD is remarkablywell-conserved across pLGICs (Brejc et al. 2002).
It consists of an N-terminal alpha helix followed by ten beta strands forming a beta-
barrel structure. Clusters of residues important for ligand binding are named loops
‘A-F’ though it was later determined that not all of these clusters are technically loops
(Brejc et al. 2002). Another set of loops at the ECD-TMD interface are important for
coupling ligand binding to channel gating. These include the β1-β2 loop, the β6-β7
loop (also known as the cys-loop), the β8-β9 loop and the covalent link between β10
and the TMD.

TheTMDhas consists of 4 bundledmembrane-spanning alpha helices namedM1-
M4. The M2 helix forms the channel pore and is flanked by M3 counterclockwise
andM1 clockwise when viewed from the ECD.M4 is most exposed to themembrane
environment and acts as a lipid sensor (Hénault et al. 2015). The loops between the
TM helices are also important for channel function. The extracellular M2-M3 linker
transduces movements at the ECD-TMD interface to the channel pore. The ICD is
comprised of the intracellular loops between the M1 and M2 helices and between
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Fig. 11.2 Full pentameric
structure of mouse 5-HT3AR
(PDB 6NP0) (Basak et al.
2019)

the M3 and M4 helices. The M1-M2 linker is relatively short but plays a role in
ionic charge selectivity and desensitization. The M3-M4 linker is 70–120 amino
acids long, has the most heterogeneity among pLGICs and includes a large stretch
of structurally disordered residues (Basak et al. 2018b). It has an important role in
membrane trafficking, regulating channel conductance and interactions with other
signaling proteins. The two structured elements of the ICD are the MX helix, which
lies parallel to the membrane shortly following the M3 helix, and the MA helix,
which directly precedes the M4 helix.
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Fig. 11.3 Labeled sequence and 3D-structure of 5-HT3A subunit components (PDB 6NP0) (Basak
et al. 2019). Top left, two neighboring subunit ECDs are shown. Binding site Loops A-F and ECD-
TMD interface regions are color-coded by historical nomenclature. Top right, the TMD and ICD of
a single subunit are similarly colored. Note that the colors are repeated from the ECD image. Below,
the amino-acid sequence of 5-HT3A color coded to match the above images. The break between the
ECD and TMD-ICD image is between β10 and M1. Glycosylated asparagines are outlined
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Ion Permeation and Channel Gating

5-HT3R was first recognized as an ion channel from electrophysiology studies and
characterized as a pLGIC from its amino acid sequence (Maricq et al. 1991; Derkach
et al. 1989). As with all pLGICs, the M2 helix forms the channel pore, but elements
of the ECD and ICD also affect ion permeation (Schofield et al. 1987). This section
describes observations of 5-HT3R ion permeation and their physiological implica-
tions. It then addresses the underlying physical mechanisms of these observations.
The section closes with a brief summary of antagonists that act at the channel pore.

Observed Properties of 5-HT3R Ion Conductance

Early electrophysiology studies agreed that 5-HT3Rs are cationic with a similar rela-
tive conductance for Na+/K+ with a reversal potential near 0 mV, but other properties
diverged significantly (Gill et al. 1995; Derkach et al. 1989; Yang 1990). Some
studies reported 5-HT3Rs had sub-picosiemen single channel conductance, were
calcium permeable and displayed strong voltage rectification (Gill et al. 1995; Yang
et al. 1992; Brown et al. 1998). Other studies reported a channel with much a higher
single channel conductance (9–15 pS), reduced divalent cation permeability and no
intrinsic rectification (Hussy et al. 1994; Derkach et al. 1989; Jones and Surprenant
1994). Discovery of the 5-HT3B subunit confirmed that most of these differences
could be attributed to channel subunit composition (Davies et al. 1999; Dubin et al.
1999; Hapfelmeier et al. 2003). Specifically, 5-HT3AR homomers fit the first descrip-
tion and 5-HT3A/BR heteromers fit the latter. Interestingly, the M2 portions of these
channels are quite similar suggesting that elements outside the pore helix regulate
conductance properties.

Differences in channel conductance and permeability have important implications
in neuronal communication. For example, presynaptic 5-HT3Rs modulate inhibitory
GABA release in a calcium-dependent manner (Koyama et al. 2000; Rondé and
Nichols 1998; Choi et al. 2007). This suggests that these presynaptic receptors are
5-HT3AR homomers as only 5-HT3ARs are calcium permeable. Another example,
the high conductance of 5-HT3A/BRwill lead to larger changes inmembrane potential
upon activation. A common theme of 5-HT3R is that 5-HT3ARs seem better suited for
presynaptic modulation and 5-HT3A/BRs seem better for postsynaptic transmission.
However, mRNA expression and western analysis suggest that the roles of 5-HT3AR
and 5-HT3A/BR in vivo aremore subtle and vary across neuronal populations (Férézou
et al. 2002; Brady et al. 2007).

In addition to fast synaptic signaling, 5-HT3AR calcium activity has long-term
effects. 5-HT3AR calcium flux is prolonged by 5-HT open-pore block at higher 5-
HT concentrations, which does not occur in 5-HT3A/BRs (Hapfelmeier et al. 2003;
Corradi et al. 2009). Prolonged calcium signaling is associated with synaptic plas-
ticity, suggesting 5-HT3AR may be important in memory and development. Indeed,
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5-HT3A expression is relatively high in the hippocampus compared to other regions
of the brain and 5-HT3R expression is important in the development and pathology of
rat pyramidal and Purkinje cells (Brady et al. 2007; Oostland et al. 2013; Rosenberg
et al. 1997; Roerig et al. 1997; Zhang et al. 2011; Choi et al. 2007). Both 5-HT3AR
and 5-HT3A/BR are blocked by elevated extracellular calcium. Elevated extracellular
calcium occurs near dying cells and calcium block can protect further damage by
overstimulation following injury.

The distinct properties of 5-HT3AR and 5-HT3A/BR are relatively well known, but
their physiological roles are not yet understood. This is partially due to the complex
interplay between channel subtypes and other neurotransmitter signaling, but also
due to the lack of quality antibodies to distinguish between the two populations. This
technical challenge is further exasperated in the C, D and E 5-HT3 subunits. Future
research will hopefully reveal how subunit-specific channel properties influence the
diverse physiological roles of 5-HT3R.

Mechanisms Underlying Ion Permeation

Physical Description of the Permeation Pathway

Unlike many selective ion channels, pLGICs do not have a unique well-defined
ion selectivity filter. Rather, channel properties are influenced by spatially dispersed
elements in the ECD, TMD and ICD as shown in Fig. 11.4. The extracellular conduc-
tance pathway consists of a bowl-shaped vestibule with an approximate average
inner-diameter of 20 Ångstroms. It has been proposed that ions can enter this
vestibule either through the top and/or from gaps between the subunits and that
glycosylation sites help define the conduction pathway for some pLGICs (Miller
and Aricescu 2014; Phulera et al. 2018; Zhu et al. 2018). 5-HT3AR structures show
several charges along the inner vestibule wall, including D91 and D105 (Basak et al.
2018b; Hassaine et al. 2014). On the background of a high conductance 5-HT3AR
mutant (with mutated intracellular arginines as discussed below), further mutation
of D91 or especially D105 reduced channel conductance, calcium permeability and
inhibition by elevated extracellular calcium (Livesey et al. 2011).Molecular dynamic
simulations of nAChR show that these residues coordinate positively charged cations
and there is an elevated cation concentration throughout the extracellular vestibule
(Wang et al. 2008). Residues corresponding to D105 are conserved in other cationic
pLGICs while anionic pLGICs have positively charged residues at this position,
suggesting extracellular charge selection is a conservedmechanism across the family
(Hansen et al. 2008).

D271 or D20′ (The prime notation is the position relative to the cytoplasmic
end of M2), is a pore facing negatively charged residue at the ECD-TMD interface.
This is the most extracellular of three ‘rings of charge’ that were identified as early
determinants of cation conductance and selectivity in nAChRs (Miyake et al. 1995;
Imoto et al. 1988). D20′ in 5-HT3A is conserved across species and in some 5-HT3B
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Fig. 11.4 Channel permeation pathway in different conformations (PDBs 6BE1, 6DG7 and 6DG8)
(Basak et al. 2018a; Basak et al. 2018b). The L9′ and E-1′ gates are shown most clearly in the apo
structure near the constriction points shown in green. The residues above L9′ form a hydrophobic
barrier that requires ion solvation for passage. The M2 helices splay outwards and rotate in the
5-HT-bound (open) state compared to the apo (closed) state, widening the channel pore. The 5-HT-
bound (pre-open or desensitized) state show an intermediate M2 helix position where the E-1′ gate
is the most constricted point. MD simulations suggest that this state is mostly impermeable

subunits as well, though in human 5-HT3B it is an asparagine. Homomeric receptors
with a 5-HT3A mutant D20′A do not differ in monovalent cation selectivity but
have a lower channel conductance and altered kinetics (Livesey et al. 2008; Hu and
Lovinger 2005). This could occur because anions are already disfavored within the
extracellular vestibule but mutations to D20′ disrupt cation flow. The D20′A mutant
also shows reduced calcium permeability, possibly due to weakened electrostatic
interactions at the pore entry. N20′ in the 5-HT3B subunit may contribute to the
calcium impermeability of 5-HT3A/BRs.

E250 or E-1′ forms the second ring of negative charge in 5-HT3AR at the cytosolic
end of the M2 helix. This glutamate is conserved across several nAChR subunits. A
non-polar mutation of E-1′A results in a channel that shows no monovalent charge
selectivity and charge selection can be reversed when combined with other mutations
(Thompson and Lummis 2003; Gunthorpe and Lummis 2001). Recent structures
depicting 5-HT3AR in an open conformation show that the channel pore is wider at
the extracellular end than at the cytoplasmic end as seen in Fig. 11.4. This supports
evidence that E-1′ is a stronger determinant of charge and size selectivity than D20′
(Basak et al. 2018a;McKinnon et al. 2011; Polovinkin et al. 2018). However, 5-HT3B

subunits and some nAChR subunits do not contain a negatively charged residue in
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the E-1′ position andmonovalent cation selectivity is not dramatically altered (Peters
et al. 2005). Thus negative charge is not required in every subunit within the pentamer
for cation selection. The overall charge reduction may however contribute to calcium
impermeability or lack of voltage rectification in 5-HT3A/BR (Gunthorpe andLummis
2001).

The pore lining residues of M2 lie between E-1′ and D20′. L260 or L9′ is at the
center of the pore and the narrowest part of the pore in 5-HT3AR apo and antagonist-
bound structures. The position of L9′ can be seen in the Apo (Closed) pore profile
in Fig. 11.4. L9′, V13′ and I17′ form a hydrophobic barrier within the channel pore
that is generally conserved across pLGICs (Corry 2006; Revah et al. 1991; Filatov
and White 1995). Mutations to L9′ and V13′ affect open channel stability (Dang
et al. 2000). Cysteine labelling studies suggest that these residues form a vestibule
large enough to accommodate solvated ions and MD simulations show ions must
be solvated to cross this barrier (Reeves et al. 2001). In 5-HT3ARs, a pair of polar
residues, S2′ and T6′ are intracellular to the hydrophobic barrier. However, polar
residues in these positions are not conserved across pLGICs, including the 5-HT3B

subunit, which has an alanine at the 2′ position (Davies et al. 1999). The uncharged
alanine may however, once again, contribute to specific properties of 5-HT3A/BRs
(Das and Dillon 2003).

The 5-HT3 structure shows that the 5 MA helices coil and form an inverted
pyramid that occludes intracellular ion permeation along the pore axis but ions can
pass through the pore through intracellular portals that line the MA helix (Kelley
et al. 2003; Basak et al. 2018a; Deeb et al. 2007). Structural and mutational studies
show this is a common feature of pLGICs, though the MA helix is unstructured
in anionic pLGIC structures (Carland et al. 2009; Zhu et al. 2018; Phulera et al.
2018; Du et al. 2015; Everitt et al. 2009). One key piece of evidence for ion perme-
ation via intracellular portals is the remarkably low single channel conductance of
5-HT3AR relative to 5-HT3A/BR and other pLGICs. This is particularly surprising as
5-HT3A/BR contains hydrophobic residues within the channel pore. It was found that
three arginines within the MA helix, R416, R420 and R424, were responsible for
the low conductance of 5-HT3AR. Mutation of these residues to their 5-HT3B coun-
terparts, R416Q, R420D and R424A gave 5-HT3AR a single channel conductance
comparable to 5-HT3A/BR (Kelley et al. 2003; Hales et al. 2006). Cysteine mutant
labelling, MD simulations and 5-HT3AR structures show that these arginines line
the intracellular portals (Basak et al. 2018a; Deeb et al. 2007). These structures also
suggest that the MX helix may be positioned to act as another conformational gate
in different functional states. Mutation of these arginines also eliminates phosphate-
dependent inhibition at hyperpolarized membrane potentials and it is likely that
negatively charged phosphates that block the channel are coordinated by arginine
residues (Noam et al. 2008).
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Conformational Changes to the Channel Pore with Different Functional
States

In the extracellular permeation pathway, ligand binding leads to a counter-clockwise
rotation of individual 5-HT3 subunits and loop rearrangement (Basak et al. 2018a).
This rotation exposes more negative charges to the vestibule particularly near the
entrance to the TMD pore. There, the mobile β1-β2 loop, β6-β7 loop and M2-
M3 linker form a strong electronegative pocket. The mobile loops are important
for allosteric coupling, making it difficult to clearly define their effects on channel
conductance, though the anionic glycine receptor hasmore neutrally charged residues
at this interface (Du et al. 2015).

Within the membrane pore, the M2 helix undergoes significant changes between
different functional states, which can be visualized in Fig. 11.4. Cysteine labelling
and,more recently, ligand-bound structures of 5-HT3ARhave captured these different
states (Reeves et al. 2001; Basak et al. 2018a; 2019; Panicker et al. 2002; Polovinkin
et al. 2018). Assigning structures to specific functional states is challenging, but in
general, the positioning of the M2 helix in apo and ligand-bound pLGIC structures
is consistent with the expected functional state (Corrie and Baenziger 2013).

Apo5-HT3AR structures show theM2helixmostly perpendicular to themembrane
with two constriction points, the narrowest being L9′. MD simulations show that the
L9′/V13′ hydrophobic barrier is impermeable to ions and water in this state. Apo
5-HT3AR is also constricted at E-1′. Unlike the hydrophobic gate, this constriction
remains closed in the desensitized state and E-1′ is referred to as the desensitization
gate. Antagonist-bound structures show the M2 helices in a similar conformation to
the apo state and it is reasonable to assign these structures to a closed channel state
(Basak et al. 2019; Polovinkin et al. 2018).

Different M2 arrangements have been observed in serotonin-bound 5-HT3AR
structures (Basak et al. 2018a; Polovinkin et al. 2018). In one observed serotonin-
bound state, the M2 helix is slightly kinked at the L9′ position and rotated clockwise
relative to the apo state. Both extracellular and intracellular entrances to the TMD
pore are splayed radially outward (Basak et al. 2018a). L9′ is also shifted away
from the pore and slightly rotated. This tilt and rotation widen the pore, similar to a
camera iris. Due to the kink, the desensitization gate is also slightly wider and the net
effect is a pore wide enough to allow permeation of solvated ions. These structural
observations are supported by open-state dependent labeling of mutated cysteines
near the L9′ position and MD simulations. Thus one can assign these structures to
open states (Panicker et al. 2002).

In another serotonin-bound state, theM2 helix is no longer kinked but is still tilted
relative to the closed position (Basak et al. 2018a). The extracellular end of M2 is
splayed outward, though not as much as the open state structure, and the intracellular
end is now positioned radially inward. The L9′ barrier is still wide enough to allow
ion passage like the open state, but the desensitization gate at E-1′ is even further
constricted than the closed state. MD simulations show that permeation events are
much rarer and the simulations do not include residues from theM3-M4 linker, which
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may form an additional barrier to ion permeation in this state. It is unclear however
whether this state is a pre-open or desensitized state (Corradi et al. 2009; Solt et al.
2007).

Pore Blocking Antagonists

Several 5-HT3R antagonists bind within the pore region and block ion conduction
including picrotoxin, bilobalide and ginkgolide B. In human 5-HT3Rs, pore block by
these compounds is eliminated by T6′S or S12′Amutations suggesting these residues
may hydrogen bond with the antagonist (Thompson et al. 2011b). Interestingly, S2′A
mutations enhance channel block and even cause ginkogolide B to become trapped in
the pore upon channel closure, likely by hydrophobic contacts that further stabilize
the blocker deeper in the pore. 5-HT3A/BR and mouse 5-HT3AR are 4–6 times less
sensitive than human 5-HT3AR to these antagonists, consistent with differences in
pore lining residues (Das andDillon 2005, 2003; Thompson et al. 2011b). In addition
to natural compounds, tricyclic antidepressants such as fluoxetine and antipsychotic
medications can act as pore blockers and this may contribute to their therapeutic
effects (Gumilar and Bouzat 2008; Rammes et al. 2004).

Other compounds bind at both the orthosteric binding site as well as the channel
pore, including the primary agonist 5-HT, the blood pressure medication diltiazem
and morphine (Hapfelmeier et al. 2003; Thompson et al. 2011b; Baptista-Hon
et al. 2012). The anti-malarial compound mefloquine also acts as a channel blocker
while structurally similar anti-malarial compounds act at the orthosteric binding site
(Thompson and Lummis 2008). The binding site for these compounds overlaps with
that of picrotoxin but is slightly higher as diltiazem binding is affected by 7′ and 12′
but not 2′ or 6′ mutations. 5-HT3R pore block may contribute to the side-effects of
certain drugs and as previously mentioned prolongs 5-HT3AR signaling. Improved
understanding of pore block mechanisms could improve drugs by increasing the
efficacy of anti-depressants or limiting off-target effects of other drugs.

Ligand Binding

Ligand binding is the initial signal that governs channel activity. This section first
presents common 5-HT3R agonists, antagonists and partial agonists that bind at
the orthosteric binding site and their role in physiology or medicine. Then we look
at specific interactions that mediate ligand binding and subsequent rearrangements
within the binding pocket.
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Description of the Ligand Binding Site and Orthosteric
Ligands

The neurotransmitter binding site is located at subunit interfaces as shown in
Fig. 11.5. 5-HT3AR presents five identical binding sites, but not all of the subunit
interfaces are equivalent in heteromeric channels. Considering only the 5-HT3A

and 5-HT3B subunits, there are four possible interfaces, A(+)/A(−), A(+)/B(−),
B(+)/A(−) and B(+)/B(−), where + and − refer to the principal and complemen-
tary subunits. There is strong pharmacological evidence that only the A(+)/A(−)

Fig. 11.5 Interactions within the binding pocket for both 5-HT and the competitive antagonist
granisetron (PDBs 6DG7, 6NP0) (Basak et al. 2018a; Basak et al. 2019). Residues discussed within
the text are shown and labelled. Top panels show a selection of residues involved in entropic interac-
tions, shown in orange, and bottom panels show enthalpic interactions, colored by heteroatom. Note
the tropane moiety of granisetron more completely fills the binding pocket, and how the elongated
structure widens the gap between subunit interfaces
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interface binds both agonists and competitive antagonists. Mutations at the binding
interface that swap 5-HT3A residues for those found in 5-HT3B dramatically reduce
the receptor’s EC50 while 5-HT3B to 5-HT3A swaps have little effect (Lochner and
Lummis 2010). Additionally, cysteine mutant labels and double cysteine mutations
across the A(+)/A(−) interface ablate agonist activity but can be rescued with DTT,
while this treatment at other possible binding interfaces has no effect (Thompson et al.
2011a). Similar results show granisetron, a competitive antagonist, only binds to the
A(+)/A (−) interface, though other antagonists may bind multiple interfaces. This
suggests 5-HT3A/BRs have at least one A(+)/A(−) interface. However, atomic force
microscopy experiments showed exogenously expressed receptors do not contain an
A(+)/A(−) interface, but these experiments may not be physiologically representa-
tive (Barrera et al. 2005). 5-HT3A/BRs have a Hill coefficient close to one, which
may suggest there is only one A(+)/A(−) interface. It is also possible that multiple
stoichiometries are expressed similar to nAChR α2β4 receptors.

5-HT3Rs are less sensitive to 5-HT than 5-HTRs in the GPCR subfamily. This
allows for a differential physiological response where short-term spikes in 5-HT
produce rapid transient signaling by 5-HT3Randbaseline 5-HT levels regulate slower
metabotropic processes via other 5-HTRs. 5-HT3Rs do have a lower threshold for
5-HT than other pLGICs have for their primary agonist. This is consistent with a
modulatory role of 5-HT3R as activation can occur at concentrations lower than
those encountered during synaptic events. 5-HT3AR also have a lower 5-HT activa-
tion threshold than 5-HT3A/BR, consistent with 5-HT3AR beingmore suited for presy-
naptic modulation than 5-HT3A/BR (Dubin et al. 1999). 5-HT is the only endogenous
full agonist of 5-HT3R but there are other natural and synthetic ligands that act as
agonists or partial agonists.

5-HT3R antagonists generally bind with higher affinity than 5-HT. Setrons are an
important class of 5-HT3Rantagonists. They are used clinically to treat chemotherapy
or post-operative induced nausea and vomiting. This nausea and vomiting occurs
in an acute and delayed phase. First generation setrons only treat acute nausea.
These include alosetron, granisetron, ondansetron and tropisetron. The only second
generation setron, palonosetron, treats both acute and delayed nausea (Rojas and
Slusher 2012). Palonosetron is a competitive inhibitor like other setrons but is more
effective because it remains bound to 5-HT3R for up to several days, which has
lasting effects on NK1 signaling, not entirely understood (Hothersall et al. 2013;
Lummis and Thompson 2013; Wong et al. 1995; Hesketh et al. 2003). Setrons have
also been investigated for the treatment of IBS though side-effects include severe
constipation (Zheng et al. 2017). Alosetron is the only FDA-approved setron for
IBS treatment. Other orthosteric antagonists act non-specifically on 5-HT3R in addi-
tion to their primary targets. For example, the constipating effects of drugs such
as morphine, methadone and anti-malarial drugs are at least partially mediated by
5-HT3R (Baptista-Hon et al. 2012; Deeb et al. 2009; Thompson and Lummis 2008).

There are also several 5-HT3Rpartial agonists that competewith 5-HT for binding,
but elicit smaller maximal currents than 5-HT. Dopamine is an endogenous partial
agonist of 5-HT3AR that produces substantially less current than serotonin and favors
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receptor deactivation to desensitization (Solt et al. 2007). This could lead to damp-
ened but prolonged 5-HT3R signaling at dopaminergic synapses. Several therapeutics
also act as partial agonists. The smoking cessation agentVarenicline is a strong partial
agonist of 5-HT3R, which is thought to cause nausea (Lummis et al. 2011). While
this is undesirable, weaker partial agonists are being investigated as useful thera-
peutics because they can reduce 5-HT3R signaling without completely eliminating
it (Roberts et al. 2020). This may prevent side effects sometimes caused by 5-HT3R
antagonists, such as severe constipation and ischemic colitis.

Mechanisms Underlying Ligand Binding

The key functional properties of 5-HT that allow it bind 5-HT3R are the basic
ethylamine group and the aromatic indole group. 5-HT3R orthosteric antagonists
have a similar structure to 5-HT, but generally have a bulkier ring-embedded basic
nitrogen, sometimes a larger hydrophobic moiety, and extended linker between the
two containing a hydrogen bond acceptor (Thompson 2013). The increased size and
bonding partners give 5-HT3R antagonists low nanomolar affinities compared to the
micromolar affinity of 5-HT.

The free energy associated with ligand binding arises from both entropic and
enthalpic contributions. Enthalpic contributions come from local interactions, such
as hydrogen bonding, charge delocalization like pi-pi or pi-cation interactions, or
electrostatic interactions. Entropic contributions come from increasing the confor-
mational variability of the protein and surroundings. Though it is easy to under-
stand how ligand binding decreases enthalpy, it may seem that ligand binding would
also decrease entropy by restricting spatial flexibility and conformational variability.
However, these entropy losses can be more than offset by solvent entropy, an essen-
tial consideration inmany protein–ligand interactions. Changes in solvent-accessible
surface area are a useful surrogate for changes in solvent entropy (Hilser et al. 2006).
In particular, burying hydrophobic residues increases solvent entropy. Though empir-
ical analysis of thermodynamic properties is beyond the scope of this chapter, it is
useful to consider these principles in analyzing 5-HT3R binding interactions. Note
that all structures to date are from mouse 5-HT3AR, though many of the interactions
discussed are conserved in human 5-HT3AR.

Entropic Contributions to Ligand Binding

The 5-HT3R binding pocket is formed by the solvent-accessible gap between the
protruding Loop C, Loop B and the (−) interface as shown in Fig. 11.5 (Basak et al.
2018b). This gap is lined with hydrophobic residues that give an entropic penalty
to the apo conformation. Several of these residues are bulky aromatics that form
the so-called aromatic box common to all pLGICs. These include F199 and Y207
from Loop C, W156 from Loop B, W63 from Loop D and Y126 from Loop E. The
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shape of the aromatic box plays a role in neurotransmitter selectivity. For example,
in GlyR and GABAAR, the residues corresponding to W63 and W156 are either
phenylalanine or tyrosine. This results in a smaller binding pocket more adapt to
binding glycine or GABA (Du et al. 2015; Miller and Aricescu 2014). However,
tryptophans are conserved in nAChR, consistent with acetylcholine’s larger size
(Morales-Perez et al. 2016).

In addition to the aromatic box, other hydrophobic residues also make entropic
contributions to binding. They do not directly contact the ligand but their solvent-
accessible area does change upon ligand binding. For example, conformational
changes in Loop F and Loop C bury I180 against I201. Though neither residue
directly contacts the ligand, their effect on binding is apparent in mutational studies
(Zhang et al. 2007).

Comparing5-HT-bound5-HT3ARstructureswith the granisetron-bound5-HT3AR
structure further demonstrates the importance of solvent-accessible surface area
(Basak et al. 2019). The 5-HT-bound structure only partially fills the binding pocket,
allowing for conformational flexibility as shown inFig. 11.5. Thenitrogen-containing
tropane moiety of granisetron more fully occupies this space. Additionally, the
aromatic indazole group, similar in shape to serotonin, makes more contacts with
the (−) interface due to the linker between the tropane and aromatic moieties. The
large surface area of 5-HT3R antagonists bury large portions of otherwise solvent-
accessible surface area, which largely accounts for increased affinity of granisetron
compared to 5-HT.

Enthalpic Contributions to Ligand Binding

5-HT3R mutagenesis studies have produced a long list of charged or hydrogen-
bonding residues implicated in ligand binding. However, many of these residues
are too spatially dispersed to simultaneously interact with the ligand. One possible
explanation is that these spatially dispersed residues directly interact with bound
ligand at different times in different conformations (Corrie and Baenziger 2013;
Solt et al. 2007; Corradi et al. 2009). Another non-exclusive possibility is that
water molecules coordinate indirect ligand–protein interactions within the binding
pocket.Herewe describe residues that structural ormutagenesis studies suggestmake
enthalpic contributions to the 5-HT3R ligand binding, though the exact nature of these
interactions is as yet undetermined. The position of these residues in 5-HT-bound or
granisetron-bound structures are shown in Fig. 11.5.

Most enthalpic 5-HT interactions occur near the negatively charged pocket
between Loop B and Loop C, which is conserved across pLGICs (Du et al. 2015;
Laverty et al. 2019; Morales-Perez et al. 2016). In mouse 5-HT3AR, this pocket is
formed by side chain oxygen atoms from N101, T154, Y207 and E209 and the main
chain carbonyl oxygen from S155. Multiple 5-HT-bound structures show the ethy-
lamine of 5-HT in a position near the side chain of T154 and the carbonyl oxygen of
S155 (Basak et al. 2018a; Polovinkin et al. 2018).
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Directly below this pocket are three LoopA residues, N101, E102 and F103 (Price
et al. 2008; Sullivan et al. 2006; Boess et al. 1997; Steward et al. 2000; Nyce et al.
2010). In published structures, N101 faces towards the 5-HT ethylamine, but is too far
away to directly interact. However, mutations to N101 significantly affect the EC50

of 5-HT (Nyce et al. 2010; Sullivan et al. 2006). It is possible that N101 interacts with
5-HT’s ethylamine in a different conformation than that observed in present 5-HT-
bound 5-HT3R structures. This is observed in the 5-HT-bound structure of the soluble
ECD surrogate of 5-HT3R, 5-HTBP (Kesters et al. 2013). 5-HTBP is AChBP with
an engineered agonist-binding pocket to mimic 5-HT3AR. 5-HTBP has a tyrosine in
the position of N101, but the tyrosine hydroxyl is positioned near the ethylamine of
bound 5-HT. However, a 5-HT3A N101V mutation improves the EC50 of 5-HT3AR,
inconsistent with possible hydrogen bonding (Price et al. 2008). E102 and F103 are
positioned further away from the binding pocket than N101, but also have significant
effects on 5-HT3R binding (Sullivan et al. 2006; Boess et al. 1997). One intriguing
possibility is that these form a less stable but more accessible 5-HT binding site that
precedes a more stable binding conformation (Solt et al. 2007; Corradi et al. 2009). It
is also possible that these residues play a role in coupling binding to channel gating.

LoopB lies above LoopA and forms part of the interior wall of the binding pocket.
5-HT induced currents are extremely sensitive tomutations fromS150 throughN164,
but 5-HT3R structures suggest only T154, S155 and W156 are exposed near the
binding pocket (Basak et al. 2018a; Polovinkin et al. 2018). The other residues are
likely involved with allosteric coupling or shaping the binding pocket. As previously
mentioned, the side chain of T154 and carbonyl oxygen of S155 are positioned
to form hydrogen bonds with the ethylamine of 5-HT in published 5-HT-bound 5-
HT3AR structures.Mutagenesis has also shown thatW156 is critical for 5-HTbinding
(Spier and Lummis 2000; Beene et al. 2002; Thompson et al. 2008). This aromatic
residue helps form the binding pocket as part of the aromatic box, but unnatural
amino-acid mutagenesis shows that W156 also participates in pi-cation interactions
with the 5-HT ethylamine. This suggests that the ethylamine can be in yet another
conformation different from the 5-HT-bound 5-HT3R structures, this one placing the
ethylamine further out of the binding pocket from T154 and S155 towards the (−)
interface.

The indole group of 5-HT is mostly involved in hydrophobic interactions in the
aromatic box as previously discussed. However, the aromatic residues may also form
pi-pi interactions with the indole rings. Additionally, the 5′ hydroxyl is positioned
near the carbonyl oxygen of K127 and computational docking studies suggest several
other 5′ hydroxyl positions that could contribute to ligand binding (Reeves et al.
2003).

Similar to entropic contributions, changes in protein conformation upon ligand
binding also introduce enthalpic protein–protein interactions that make bindingmore
favorable. Many of these interactions occur in residues across the binding interface.
Y114 on Loop E is positioned to interact with H158 on Loop B upon ligand binding.
Similarly, Y116 and Y126 on Loop E are positioned to hydrogen bond with Y207
on loop C in 5-HT-bound structures but not in apo or granisetron-bound structures.
Unnatural mutagenesis shows that hydrogen bonding from both Y116 and Y126 is
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important for channel function. It is likely that Loop C movements are coupled to
Loop E via these hydrogen bonds (Beene et al. 2004; Venkataraman et al. 2002;
Price and Lummis 2004). 5-HT3AR structures show another possible cross-interface
interaction between R65 on Loop D and D202 on Loop C. R65 is also positioned to
bond with D42 on the β1 strand and R169 on Loop F. These residues are generally
conserved across pLGICs and their mutation affects ligand binding (Yan et al. 1999;
Thompson et al. 2006a).

The structurally observed enthalpic interactions between granisetron and 5-HT3R
are similar (Basak et al. 2019). The tropane nitrogen is in the ethylamine pocket. The
carbonyl oxygen on the linker between tropane and the indazole moieties occupies
almost the exact same position as the 5′ hydroxyl in the 5-HT-bound structure. This
reinforces the indazole protruding towards the (−) interface more than the indole
group of 5-HT as previously discussed. The protrusion changes interactions across
the subunit interface compared to 5-HT binding and this may account for different
effects on channel gating.

Conformational Changes Due to Ligand Binding

The binding of 5-HT or other ligands induces changes important for allosteric
coupling, which is discussed in the next section. Here we address changes in the
immediate vicinity of the binding pocket. The most obvious changes in protein
structure come from Loop C movements. It has been shown that agonist binding
in pLGICs induces an inward motion of Loop C relative to the apo state and most
antagonists induce outward motion. However, it is unclear if these movements are
necessary for channel gating, as discussed further in the section on allosteric coupling.
The inward motion closes the gap between the two subunits and results in a smaller
pocket accommodating the hydrophobic and hydrogen bond interactions previously
discussed. Dissimilar to most pLGIC antagonists, the granisetron structure shows
Loop C in-between the 5-HT-bound and apo positions (Basak et al. 2019). Perhaps
setron inhibition of 5-HT3Roccurs via amechanismdistinct from that of other pLGIC
antagonists.

Rearrangements in loop B are more subtle, but channel activity is very sensitive
to mutations in this region. One source of protein rearrangements is the rotameric
flexibility of W156. Both the 5-HT-bound 5-HTBP structure and the nanobody-
stabilized 5-HT3R crystal structure show W156 in a different conformation than
later cryo-EM 5-HT3R structures (Hassaine et al. 2014; Kesters et al. 2013). This
may be an experimental artifact, but molecular dynamic simulations have been used
to propose that this rotameric flexibility is important for coupling ligand binding and
channel opening (Yuan et al. 2016).

Ligand binding also results in rearrangements in the relative position of neigh-
boring subunits. When TMD helices are aligned, beta sheets 1, 2 (Loop D) and 6
(Loop E) are twisted counter-clockwise in granisetron-bound structures and more so
in 5-HT-bound structures relative to the apo structure. This closes the gap between the
interfaces around the bound ligand. The previously discussed interactions between
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Loops B and C on the (+) interface and D, E and F on the (−) interface likely help
mediate this beta-sheet twist.

There have been significant efforts to understand how changes in the ligand
binding pocket are connected to channel activity. This is addressed more fully in
the next section but here we note that each loop is covalently linked to loops in the
ECD-TMD interface known to affect allosteric coupling. It seems likely there is not a
single or even dominant conformational wave that connects ligand binding to channel
activity, but rather there are rather multiple conformational pathways whose combi-
natorial effects determine the downstream effects of a specific ligand on channel
activity.

Allosteric Coupling of Ligand Binding and Channel Gating

pLGICs are able to function as signal transducers because ligand binding is alloster-
ically coupled to channel activity. The simple framework of pLGIC coupling is
that channels go from an apo (resting) state, to a 5-HT-bound (open) state to a 5-
HT-bound (desensitized) state before returning to the apo (closed) state. However,
single-channel kinetic studies of open and closed dwell times reveal that this is an
oversimplification and there are different lifetimes within each of these conforma-
tions. The lifetimes of these conformations determine the channel’s overall kinetic
properties. Generally, state lifetimes are measured by single-channel recordings, but
WT 5-HT3AR currents are too weak for these recordings. As an alternative, 5-HT3R
kinetic properties have been determined from macroscopic currents, albeit with less
detail than single-channel recordings (Mott et al. 2001; Solt et al. 2007). Single-
channel recordings have also been done with chimeric channels containing portions
of 5-HT3A or a high-conductance mutant of 5-HT3AR that replaces the conductance-
limiting intracellular arginines with their 5-HT3B counterparts (Corradi et al. 2009;
Bouzat et al. 2008). Both macroscopic current measurements and mutant recordings
have limitations, but these studies provide valuable insight to 5-HT3R kinetics and
their physiological implications.

Themechanisms underlying coupling between ligand binding and channel activity
are also not fully understood, but there are residues and protein structures known to be
key contributors. These processes can be significantly altered by allosteric modula-
tors. These modulators can enhance or inhibit channel function by stabilizing partic-
ular kinetic states. Allosteric modulators of 5-HT3R have significant physiological
consequences and include endogenous molecules, recreational drugs and potential
therapeutics.
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Observed Properties of Allosteric Coupling

5-HT3AR has five identical binding sites and most evidence suggests that channel
activation requires binding of at least two but more likely three molecules (Rayes
et al. 2009; Mott et al. 2001; Corradi et al. 2009; Solt et al. 2007). Upon binding, the
channel passes through a concentration-independent pre-open state. This occurs in
multiple pLGICs, but transitions from the pre-open state to an open state are longer
with 5-HT3Rs than other channels. This accounts for their unusually long activation
times, about 3 ms (Solt et al. 2007).

Electrophysiology recordings showed there are multiple open-state lifetimes and
it was originally proposed that different lifetimes corresponded to different binding
occupancies (Mott et al. 2001). Three open-state lifetimes were observed in the
high-conductance 5-HT3AR mutant but their relative ratios did not change with 5-
HT concentration, suggesting all three states are accessible regardless of occupancy
(Corradi et al. 2009). As an exception, the duration of the longest open-state lifetime
is shortened at higher 5-HT concentrations (>5 μM), which is consistent with 5-HT
pore-block.

Single channel recordings of chimeric or mutant 5-HT3R receptors show bursts of
openings separated by short channel closures, typical of most ion channels (Sakmann
et al. 1980). A less common feature of 5-HT3AR is that multiple bursts are separated
by intermediate closures that are known as clusters. The cluster terminates with a
long closure before activity resumes (Bouzat et al. 2008; Corradi et al. 2009). The
intermediate closures are thought to be transitions back to the pre-open state and the
long closure is a desensitized state. The effect of clustering prolongs channel activity.
Indeed, macroscopic-current studies of WT 5-HT3R show that the channel desen-
sitizes with a time constant of 1 s, which is slower than most pLGICs. Complete
desensitization recovery occurs in sigmoidal fashion over about 20 s with a Hill
coefficient of about 3. This is consistent with the 5-HT3AR sequentially unbinding 3
5-HT molecules before returning to a closed state that can be reactivated. The rate
of desensitization also increases as a function of 5-HT and extracellular calcium,
perhaps through mechanisms similar to 5-HT pore block and inhibition by extra-
cellular calcium (Yakel et al. 1993; Solt et al. 2007). The kinetics of 5-HT3AR are
too slow for postsynaptic transmission, but are consistent with a mostly presynaptic
modulatory role of 5-HT3ARs that persists through several synaptic events.

5-HT3A/BRs have not been examined to the same degree as 5-HT3AR, but they have
roughly a three times lower Hill coefficient for 5-HT activation, suggesting activation
requires fewer bound 5-HT molecules. Heteromeric receptors also desensitize and
recover more quickly than 5-HT3ARs, consistent with 5-HT3A/BR being better suited
for postsynaptic transmission (Hapfelmeier et al. 2003; Dubin et al. 1999).
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Mechanisms Underlying Coupling Between Ligand Binding
and Ion Permeation

For all pLGICs, loop regions in the ligand-binding domain are covalently connected
to fourECDregions at theECD-TMDinterface that are critical for allosteric coupling,
the β1-β2 loop, the β6-β7 (cys) loop, β6-β7 loop and the pre-M1 helix. Movements
in these regions are communicated to the TMD via covalent M1 linkage and inter-
actions with the M2-M3 linker (Bouzat et al. 2004). Thermodynamic analysis of
mutant perturbations shows that a ‘conformational wave’ proceeds from the ligand
binding pocket, to ECD portions of the ECD-TMD regions, to the M2-M3 linker and
eventually the pore (Chakrapani et al. 2004). Beyond this crude outline, the events
communicating ligand binding to the pore domain remain unclear.

It was originally proposed that movements in the mobile Loop C displaced the
pre-M1 helix which in turnmoved the β1-β2 and β6-β7 loops that finally repositioned
theM2-M3 linker (Bouzat et al. 2004; Lee et al. 2009). However, there is uncertainty
over the role of Loop C in channel opening with reports differing among pLGICs
(Terejko et al. 2020; Purohit andAuerbach 2013; Pless andLynch 2009). It is possible
that conformational changes in the ligand binding pocket act on multiple kinetic
pathways whose combinatorial effects determine the channel state, like the strings of
a puppet. To support this idea, 5-HT3R antagonist-bound structures resemble open
state structures in the peripheral beta sheets, including Loop C and the pre-M1 helix,
and resemble closed state structures in the inner beta sheets, including the β1-β2 loop
as seen in Fig. 11.6.

Exact residues at the ECD-TMD interface are poorly conserved across pLGICs,
but general principles are observed (Mukhtasimova and Sine 2013; Xiu et al. 2005).
The charged residues at the ECD-TMD interface form a network of interactions
with net charge varying between structures. The spatial layout of 5-HT3R structures
suggest that the pre-M1helix contacts theβ1-β2,β6-β7 andβ8-β9 loops, and that each
of these loops contacts the M2-M3 linker, where movements are directly coupled to
the channel pore. The pre-M1 and M1 helices are also positioned to directly interact
with the M2-M3 linker.

The pre-M1helix carries a net positive charge including three consecutive arginine
residues R217-219, of which R218 is conserved across pLGICs. Structural evidence
places these residues at a hub between E53 on the β1-β2 loop, D145 on the β6-β7 loop
and E186 and W187 on the β8-β9 loop (Hassaine et al. 2014; Basak et al. 2018b).
Mutation of these residues affects channel gating or formation. For mutations that
disrupt channel formation, similar mutations in other pLGICs affect gating, though
the effects vary from one member to the next (Price et al. 2007; Bouzat et al. 2004;
Hu et al. 2003).

The E53 connection between the pre-M1 helix and β1-β2 loop creates a possible
conformational pathway along the inner vestibule. Mutational experiments provide
evidence that this pathway continues to the M2-M3 linker via K54. K54A mutants
bind ligand but do not gate while K54R or K54Q mutations retain gating (Mosesso



396 E. Gibbs and S. Chakrapani

Fig. 11.6 Allosterically coupled motions of the ECD domain upon ligand binding. The ECD of
each labeled structure was aligned to the ECD of apo 5-HT3AR (PDBs 6BE1, 6DG7, 6DG8, 6NP0
and 6W1J) (Basak et al. 2018a, b, 2019, 2020). The rendered images show the Cα chain with a
thickness and color that correspond to the relative displacements from the apo structure. Note that
some regions show similar displacements in 5-HT and antagonist bound structures, such as Loop
C, while other motions are unique to 5-HT bound structures, such as the β1-β2 loop.
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et al. 2019). K54Cmutations have disrupted gating that can be rescued by sulfhydryl-
labelling agents, regardless of charge (Reeves et al. 2005). Additionally, double
mutants with A277C or I278C, near M2 on the M2-M3 linker, are completely
inhibited, but currents are rescued in the presence of reducing agents. Together this
suggests that K54 sterically interacts with residues near the top of the M2 helix.

The β6-β7 loop provides a connection to the M2-M3 linker along the outer
vestibule. This loop consists of several hydrophobic residues including the highly
conserved F142, P143 and F144, or FPF motif. Structural and mutagenesis exper-
iments suggest that these residues penetrate into the membrane interface and push
L282 and I283 upon channel activation (Hassaine et al. 2014; Limapichat et al. 2010;
Lee et al. 2009). These residues are located at the M3 end of the M2-M3 linker next
to P281. P281 is conserved across cationic pLGICs and plays a key role in gating.
Specifically, natural and unnatural mutagenesis show that propensity of the residue
to be in the cis conformation correlates with gating efficiency, though isomeriza-
tion is not required for channel opening (Paulsen et al. 2009; Lummis et al. 2005;
Mosesso et al. 2019). The mobility of the β1-β2 and β6-β7 loops in 5-HT-bound
states compared to antagonist-bound states can be observed in Fig. 11.6.

The M2-M3 linker is displaced radially outwards and towards the membrane in
the in open 5-HT3 structures. This is accompanied by a rotation and tilting of the
M2 helix that widens the pore at the hydrophobic gate. In addition to the effects of
the M2-M3 linker, there are several mutations throughout the TMD helices and ICD
that affect channel gating, especially desensitization (Gunthorpe et al. 2000; Yakel
et al. 1993). It has been proposed that movements in the M1 or M3 helix are commu-
nicated to M2 residues via charged residue pairs within the helix bundle. The length
and composition of the M3-M4 linker also affect desensitization, perhaps through
mechanisms that alter conduction through the intracellular portals (McKinnon et al.
2012; Hu et al. 2006).

Allosteric Modulators

Allosteric modulators bind to 5-HT3Rs non-competitively and stabilize kinetic states
that can either enhance or reduce channel properties. Positive allosteric modula-
tors (PAMs) will not directly activate the channel but will potentiate the receptor
so it activates at lower agonist concentrations. This has significant physiological
consequences. For example, small alcohols and halogenated anesthetics are PAMs
of several pLGICs includingGABAARs and 5-HT3ARs (Jenkins et al. 1996; Lovinger
1991). At GABAergic synapses in inhibitory neurons, presynaptic activation of
potentiated 5-HT3ARs results in increased GABA release, which activates poten-
tiated postsynaptic GABAARs. Similarly, 5-HT3AR potentiation increases dopamine
release at dopaminergic synapses (Wozniak et al. 1990). These neuronal events
underlie the sensations caused by these compounds. Defects in 5-HT3R signaling
are connected to various psychiatric disorders and substance abuse and 5-HT3R
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PAMs are attractive drug candidates to address these conditions (Thompson et al.
2006b; Hagan et al. 1993).

The binding cavity for alcohols and volatile anesthetics is located between M3
and M1 helices in neighboring subunits at the ECD-TMD interface. Binding at this
site stabilizes the channel open state (Feinberg-Zadek and Davies 2010; Li et al.
2006). At higher concentrations, these compounds bind a distinct low-affinity site
and act as negative allosteric modulators (NAMs) (Rüsch et al. 2007). This second
site may act as a physiological override to excessive drug concentrations. 5-HT3A/BR
is also potentiated by alcohol and anesthetics but to a lesser degree, consistent with
presynaptic 5-HT3Rs being 5-HT3ARs (Solt et al. 2005).

There are many other natural 5-HT3R NAMs. These include cannabinoids,
menthol and other terpenes, ginger extracts and capsaicin. Both endogenous
cannabinoids such as arachidonoyl glycerol and arachidonoyl ethanolamine (anan-
damide) and exogenous cannabinoids such as cannabidiol (CBD) and �9-
tetrahydrocannabinol (THC) inhibit 5-HT3R currents (Yang et al. 2010; Barann
et al. 2002; Xiong et al. 2008). Notably, CBD effectively inhibits 5-HT3R but has no
psychoactive effects. Cannabinoids interact directlywith 5-HT3R and inhibit channel
function by enhanced desensitization. Themechanismof inhibition is not fully under-
stood but in GlyR, cannabinoids bind S296 within the M3 helix (Xiong et al. 2011).
5-HT3R activity mediates analgesic and anti-emetic effects of cannabinoids in CB1

and CB2 KO mice (Rácz et al. 2008). This suggests that further developed 5-HT3R
modulators may offer the therapeutic benefits of cannabinoids without psychoactive
effects.

The effects of alcohols and cannabinoids are applicable to many natural
compounds found in traditional treatments for nausea and pain. Small terpenes
and terpenoids have chemical structures similar to larger alcohols or anesthetics.
Consistent with their size, molecules like menthol, boldine, citronellol and geraniol
are NAMs with a range of potencies (Walstab et al. 2014; Ziemba et al. 2015).
However, other similarly size molecules such as thymol and carvacrol are PAMs.
Other natural NAMs include ginger and capsaicin. These lipid-embedded molecules
may act through similar mechanisms as cannabinoids. These natural compounds act
on many molecular targets, but 5-HT3R modulation may contribute to their physi-
ological effects. The range of potency and directional effects suggests that further
study of these compoundswill lead to a better understanding of allostericmechanisms
and perhaps useful pharmacological tools.

Conclusions

It has been about thirty years since the discovery 5-HT3AR as an ion channel (Derkach
et al. 1989; Maricq et al. 1991). At that time, questions were focused on the nature
of 5-HT3Rs. Where are they located? What do they look like? What are they basic
properties? As covered in this chapter, substantial progress has been made on many
of these questions. Still, several fundamental properties of 5-HT3R remain unknown.
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For example, most the ICD remains a black box even in recent cryo-EM structures.
This domain is the most divergent region between pLGICs and is the site of many
protein–protein interactions that regulate channel function, expression and localiza-
tion. Future research is required to better understand this and other fundamental parts
of 5-HT3R.

Our increased understanding of what the 5-HT3R is and does has led to further
questions of how the channel operates. For example: Why is calcium permeable in
5-HT3AR but not 5-HT3A/BR? Why do some ligands induce channel opening while
others antagonize it? What are the events that lead from ligand binding to channel
opening? Answers to these questions are more than just intellectual curiosities, they
help us understand channel function or dysfunction in certain conditions and provide
a template for pharmacological intervention.

Ion channels seldom operate alone. The function of homomeric or heteromeric
channel assembly is largely influenced by local environments that include membrane
lipids, interacting protein partners related to the extracellular matrix, cytoskeletal
proteins and cellular signaling molecules. While ion channels are now studied at the
structural single-molecule level, future directions will increasingly be focused on
the structure and function of interactome assemblies, and ultimately proteins in their
native cellular environments.

A better understanding of how the channel operates will hopefully lead to an
increased ability to pharmacologically manipulate its function. There is a growing
list of natural and synthesized compounds that affect 5-HT3R. In particular, there is
promise in the use of weak partial agonists and NAMs as anti-nausea medications.
An increased library of specific PAMs would be useful for understanding the role
5-HT3R in synaptic signaling as present PAMs are non-specific.

Even an exact understanding of 5-HT3R itself would be of limited practical use,
since the channel is clearly tailored to produce specific events during signaling,
but the downstream effects are at best crudely understood. Future research on the
implications of 5-HT3R expression and activity throughout the body can open the
door to understanding complex neurobehaviors and addressing devastating mental
disease. This is an immense challenge but the potential benefits touch on the ultimate
aim of biomedical research.
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Chapter 12
The SF3b Complex is an Integral
Component of the Spliceosome
and Targeted by Natural Product-Based
Inhibitors

Nicholas A. Larsen

Abstract In this chapter, the essential role of the SF3b multi-protein complex will
be discussed in the context of the overall spliceosome. SF3b is critical during spliceo-
some assembly for recognition of the branch point (BP) adenosine and, by de facto,
selection of the 3′ splice site. This complex is highly dynamic, undergoing signif-
icant conformational changes upon loading of the branch duplex RNA and in its
relative positioning during spliceosomal remodeling from the A, pre-B, B, Bact and
B* complexes. Ultimately, during the spliceosome activation phase, SF3b must be
displaced to unmask the branch point adenosine for the first splicing reaction to
occur. In certain cancers, such as the hematological malignancies CML, CLL and
MDS, the SF3b subunit SF3B1 is frequently mutated. Recent studies suggest these
mutations lead to inappropriate branch point selection and mis-splicing events that
appear to be drivers of disease. Finally, the SF3b complex is the target for at least
three different classes of natural product-based inhibitors. These inhibitors bind in
the BP adenosine-binding pocket and demonstrate a pre-mRNA competitive mecha-
nism of action resulting in either intron retention or exon skipping. These compounds
are extremely useful as chemical probes to isolate and characterize early stages of
spliceosome assembly. They are also being explored preclinically and clinically as
possible agents for hematological cancers.
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CMML Chronic myelomonocytic leukemia
CLL Chronic lymphocytic leukemia
EM Electron microscopy
ILS Intron lariat spliceosome
ISL Internal stem loop
MDS Myelodysplastic syndromes
mRNA Messenger RNA
NMD Nonsense-mediated decay
NMR Nuclear magnetic resonance
NTC Nineteen complex
NTR Nineteen related
Plad Pladienolide
PY Polypyrimidine
RNA Ribonucleic acid
RRM RNA recognition motif
SF Splicing factor
snRNP Small nuclear ribonucleoproteins
snRNA Small nuclear RNAs
SS Splice site
ULM U2AF ligand motifs
UHM U2AF homology motif
U2AF U2 auxiliary factor
WT Wild type

Introduction

The spliceosome is responsible for the removal of introns and ligation of exons to
form mature mRNA. Introns vary dramatically in both sequence and length, which
poses a fascinatingmolecular recognition problem.Namely, howcan the spliceosome
catalyze a reaction involving a vast diversity of pre-mRNAsubstrates?To answer this,
over the past 20+ years, X-ray crystallography and NMR techniques have provided
atomic-resolution snapshots for many of the individual components. At the same
time, myriads of elegant biochemical and yeast genetic studies have provided incred-
ible insight into their function. Now, thanks to the resolution revolution in cryo-EM,
the global context has been elucidated for these previous discoveries, enabling a truly
integrated understanding of spliceosome structure and function. Still, there is much
more to learn. The cryo-EM structures have revealed numerous protein–protein and
protein-RNA interactions previously unknown or unappreciated. Functional relation-
ships can be deduced, but additional biochemistry, in the years to come, is necessary
to further understand this trove of structural data.

At a high level, we have learned that the spliceosome, like the ribosome, is a
complex ribozyme. Numerous small nuclear ribonucleoproteins (snRNPs) assemble
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in an external framework around the catalytic small nuclear RNAs (snRNAs) to
choreograph splicing. Several excellent overviews have been written on this topic
(Kastner et al. 2019; Wan et al. 2019b; Wilkinson et al. 2019). Here, we provide a
brief synopsis, which will serve as a framework for better understanding the role of
the SF3b subcomplex. Then, we will review the role of the SF3b complex in terms of
its structure and function, its role in disease, and finally as a target for drug discovery.

Splicing Overview

The spliceosome catalyzes two transesterification reactions, the branching reaction
and the exon-ligation reaction (Fig. 12.1a). In the course of these two reactions,
the spliceosome undergoes four broadly defined stages including (1) assembly, (2)
activation, (3) catalysis, and (4) disassembly (Fig. 12.1b). In the first assembly stage,
the spliceosome must recognize elements within the intron. Each intron is flanked
by the 5′ and 3′ splice sites (5′ SS and 3′ SS). The 5′ SS contains the conserved
GU sequence, and the 3′ SS contains a conserved AG. Upstream of the 3′ SS may
be found a tract of 10–15 polypyrimidines (PYs) followed by the branch sequence
(BS), which surrounds the branch point adenosine (Fig. 12.1a). The branch point
adenosine initiates nucleophilic attack at the 5′ SS during the first branching reaction
and therefore is a central player in splicing catalysis (Fig. 12.1a).

During the initial assembly phase of the spliceosome, these conserved sequences
in the intron are marked by different proteins (Fig. 12.1b). The 5′ SS is marked by
the U1 snRNP via base pairing from the 5′ end of the U1 snRNA (Pomeranz et al.
2009; Kondo et al. 2015; Li et al. 2019). The U1 snRNP is composed of the seven
Sm proteins that form a ring. The 3′ end of the U1 snRNA threads through this ring
and then forms a terminal stem loop, seemingly holding the protein complex in place
like a washer on a bolt. (The Sm proteins serve a similar structural role on the other
snRNA’s U2, U4, and U5 with a related LSm complex encircling the 3′ end of U6.)
The U1 snRNP also contains three additional proteins (U1-70, U1A, and U1C). U1-
70 and U1A contain RRM domains that bind to stem loops in the U1 snRNA and
help strengthen interactions with the 5′ SS, while U1C contains a zinc finger motif
that stabilizes the duplex between the 5′ SS and U1 snRNA (Kondo et al. 2015; Li
et al. 2019).

Meanwhile, on the 3′ side of the intron, the branch point adenosine and polypyrim-
idine (PY) tract are first recognized by splicing factor 1 (SF1) andU2 auxiliary factors
U2AF2/1, respectively (Fig. 12.1b). The NMR structure of SF1 bound to the branch
point sequence beautifully illustrates how it selectively binds adenosine through
pseudo base-pairing interactions to the protein backbone, which precludes binding
of other nucleotides (Liu et al. 2001). Additional cooperative interactions between
SF1 and conserved bases in the BS further define selectivity for the BP adenosine. At
the same time, the neighboring polypyrimidine (PY) tract and 3′ SS are recognized
by U2AF2 and U2AF1, respectively (Wang et al. 2013; Agrawal et al. 2016). This
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Fig. 12.1 Overview of splicing. a Schematic showing the basic layout of the pre-mRNA with the
5′ and 3′ splice sites (SS) and the branch point adenosine (BP). In the branching reaction, the BP
attacks the 5′ SS liberating exon 1. In the ligation reaction, the 5′ SS attacks the 3′ SS to form the
final mRNA and liberate the intron lariat sequence (ILS). b Overview of all the components and
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intron has been rendered in magenta color scheme, which will be followed in subsequent figures.
Adapted with kind permission from M.E. Wilkinson

first stage of spliceosome assembly of the U1snRNP at the 5′ SS and SF1 and U2AFs
at the 3′ SS is referred to as the “E complex” (Fig. 12.1b).

In the next step of assembly, the first ATP-dependent step occurs in which the U2
snRNP replaces SF1 and U2AF2/1 at the 3′ SS. Incorporation of the U2 snRNP and
departure of SF1 and U2AF is triggered by the DEAD-box helicase Prp5 (Xu et al.
2004). Prp5 facilitates formation of the branch point RNA duplex between the U2
snRNAand the pre-mRNAbranch point sequence and loading of theU2 snRNP at the
3′ SS. This stage, with theU1 andU2 snRNPs bound at the 5′ and 3′ sites respectively,
is called the “A complex” (Fig. 12.1b), and a cryo-EM structure from Saccharomyces
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cerevisiae has been determined at 4.0 Å (Plaschka et al. 2018). Compositionally, as
previously mentioned, the U2 snRNP also contains a SM ring complex near the
3′ end of the U2 snRNA (Fig. 12.2a, b). In addition, it has two bridging proteins,
U2A′ and U2B′′, and the SF3a and SF3b subcomplexes, each consisting of three
and seven additional proteins respectively (Fig. 12.2a, b). The SF3b complex binds
to the branch point duplex (also known as branch helix) with the unpaired branch
point adenosine bulged out and nestled in a pocket formed between SF3b proteins
SF3B1 and PHF5a (Fig. 12.2c). Unlike the structure of SF1, which shows specific
interactions to the base that are critical for branchpoint selectivity, theSF3B1-PHF5A
binding pocket does not form any H-bond interactions with the base (Fig. 12.2c).
Instead, selectivity is defined by base-pairing interactions in the branch helix, while
the SF3ba/b subcomplexes form a protein shell or chaperone-like structure around
the branch helix and BP adenosine, forming electrostatic interactions primarily with
the phosphate backbone (Fig. 12.2c). The SF3b subcomplex will be discussed in
further detail in subsequent sections.

Once the “A complex” has formed, the next phase of spliceosomal assembly
can occur. At this point, the preassembled tri-snRNP, consisting of U4, U5, and
U6, is recruited to form the “pre-B complex” (Figs. 12.1b and 12.3a) (Bai et al.
2018; Charenton et al. 2019). Here, we see the first base pairing interactions formed
between the 5′ end of the U2 and 3′ end of the U6 snRNAs. In this pre-B complex,
the U1 snRNP retains the 5′ SS, and the U6 snRNA is masked by the U4 snRNA to
maintain this pre-catalytic assembly state. Eventually, U6 will become the catalytic
core of the spliceosome, interacting with two metal ions that catalyze the branching
and exon-ligation reactions. In addition to the snRNA’s, several key proteins are
associatedwith the tri-snRNPand incorporated into the pre-Bcomplex.These include
helicases Prp28, Brr2, Prp8, and the GTPase Snu114. At this stage, Brr2 forms loose
interactions with one of the seven proteins in the SF3b complex, SF3B3.

The transition from thepre-B toBcomplex requires two important transformations
(Fig. 12.1b) (Bertram et al. 2017a; Plaschka et al. 2017). Firstly, the helicase Prp28
dislodges the U1 snRNP so that the 5′ exon base pairs with the first stem loop of
U5 snRNA and the 5′ SS base pairs with the U6 ACAGAGA box loop. These are
key transformational steps in transferring the 5′ SS to what will become the catalytic
center (Newman and Norman 1992; Sontheimer and Steitz 1993). Subsequently,
additional remodeling occurs in which the helicase Prp8 RNaseH domain pivots and
Brr2 loads onto the U4 snRNA. This loading step poises Brr2 to unwind U4 from
U6, which is critical for activation.

The first step in activation occurs in the formation of the Bact complex (Fig. 12.1b)
(Rauhut et al. 2016; Yan et al. 2016; Haselbach et al. 2018; Zhang et al. 2018). Here,
Brr2 unwinds the U4/U6 snRNA helix, facilitating the formation of more extensive
pairing between U2 and U6 as well as the formation of the U6 internal stem loop
(ISL) in the catalytic core of the spliceosome. The ISL now binds the two Mg ions
that are important for stabilizing the leaving groups during the branching and exon-
ligation reactions. In this dramatic rearrangement, the U4 snRNA departs from the
spliceosome and two new complexes are recruited, the so-called nineteen complex
(NTC) and nineteen related (NTR) complexes (Plaschka et al. 2017) (Fig. 12.1b).



414 N. A. Larsen

(a)

(b) 

SF3b

SF3a

SM

U2A’/B” 

pre-mRNA

5’

3’

U2 snRNA

5’

3’
Stem Loop IIa/b

Stem Loop 
III & IV

Branch Helix

SF3b SF3a
U2A’
U2B”

SM 5’ 3’
U2 snRNA

(c)
Y36

R1075

R1074

K1071

K3
H5 Y36

R1075

K1071

K29

V1114
C1111

F1153

F1153

Fig. 12.2 Overview of the U2 snRNP bound to pre-mRNA. a Two dimensional schematic of the
17S U2 snRNP and b cryo-EM structure showing the location of SF3b, SF3a, U2A′ & U2B′′, and
the SM ring relative to each other and the pre-mRNA and U2 snRNA. The branch helix is indicated
by the red dashed ellipse. The coloring scheme is the same for (a) and (b). c Top and side views of
the branch point adenosine sandwiched in the interface between SF3B1 (gray) and PHF5a (blue).
Interactions with adenine are hydrophobic while numerous electrostatic and H-bond interactions
are formed with the RNA phosphate backbone



12 The SF3b Complex is an Integral Component of the Spliceosome … 415

(a) (b) 

(c) (d) 

pre-B complex B complex

Bact complex B* complex

BPA

Fig. 12.3 Relative position of SF3B1 and PHF5a (both shown in orange) in the spliceosome. Each
image is generated from the available cryo-EM structure from yeast. All views are from the same
orientation using the reverse transcriptase homology domain of PRP8 (green) as a reference frame.
The most dramatic remodeling occurs from B to Bact. Subsequently, the entire SF3b complex is
removed from the spliceosome in the remodeling step from Bact to B*. Removal of SF3b exposes
the branch point adenosine (BPA) for the first branching reaction

The removal of U4 also allows the entire U2 snRNP to swing down, bringing the
branch point adenosine into closer proximity to the catalytic center (Fig. 12.3a–c).
Throughout these first few steps, however, the branch point adenosine is sequestered
away from the active site by the SF3b sub-complex (Fig. 12.1a) (Yan et al. 2016).

Up to this point, the branch point adenosine has been selectively stabilized by the
branch duplex, which, in turn, is sequestered by the SF3b complex. Specifically, the
branch point adenosine is held between SF3B1 and PHF5a and therefore is sterically
occluded some 50 Å removed from the 5′ SS and the catalytic center (Fig. 12.3c, d).
In order for the branching reaction to occur, the SF3a/b subcomplexes must depart,
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which is facilitated by the helicase Prp2 (Lardelli et al. 2010) (Fig. 12.1b). Prp2 binds
downstream of the branch point and disrupts the interactions between SF3a/b and the
branch helix. This activation stage, defined by the departure of SF3b sub-complex
and translocation of the branch point into proximity of the catalytic center, is referred
to as the B* complex (Fig. 12.1b) (Wan et al. 2019a).

In the B* complex, the branch point adenosine is still some 4 Å away from
the reactive center. In the first stage of catalysis, additional splicing factor proteins
Yju2 and Cwc25 help stabilize the branch point for the first nucleophilic attack of
the branching reaction resulting in the intron lariat (Fig. 12.1a, b). This structure
is referred to as the “C complex” (Galej et al. 2016; Wan et al. 2016; Zhan et al.
2018) (Fig. 12.1b). At this point, the branch helix and branching factors Yju2 and
Cwc25 sterically occlude the active site and must be moved aside to make room
for the 3′ SS. This remodeling is accomplished by the helicase Prp16 (Tseng et al.
2011). Prp16 displaces the branching factors Yju2 and Cwc25 and pivots the branch
helix to make room for the 3′ SS. Now, with the assistance of exon-ligation factors
Prp18 and Slu7 (Ohrt et al. 2013), the 3′ SS can stack on the 5′ SS-U6 snRNA
ACAGAGA box loop pair and be poised for the final exon-ligation reaction (Shi
2017). Nearly all 3′ SS’s contain the sequence YAG where Y is a pyrimidine base.
Since this motif is commonly found, the 3′ SS is generally, by default, the first such
YAG motif occurring within 10 nucleotides of the BP adenosine (Horowitz 2012).
This means that the fidelity of exon ligation depends largely on selection of the BP
adenosine, which becomes the de facto determinant for the 3′ SS. This spliceosome
conformation with the 3′ SS poised in the catalytic center prior to ligation is referred
to as the “C* complex” (Bertram et al. 2017b; Fica et al. 2017; Yan et al. 2017; Zhang
et al. 2017) and after exon ligation as the post-catalytic “P complex” (Bai et al. 2017;
Liu et al. 2017; Wilkinson et al. 2017; Fica et al. 2019) (Fig. 12.1b).

During the last disassembly phase of splicing, additional transformations occur
(Fig. 12.1b). In the first stage of disassembly, the mRNA product is released via
the action of Prp22, resulting in the intron lariat spliceosome or “ILS complex”
(Hang et al. 2015; Yan et al. 2015; Wan et al. 2017). Prp22 interacts with RNA
upstream of the 3′ SS prior to ligation and downstream of the 3′ SS after ligation. It is
thought that translocation of Prp22 along the RNA leads to release ofmRNAproduct.
Prp22 also facilitates departure of exon-ligation factors Prp18 and Slu7 (Chen et al.
2013). Because the intron lariat is still buried in the heart of the spliceosome, sand-
wiched between the NTR and NTC complexes, additional disassembly must occur
to allow for recycling of the splicing factors and eventual nonsense-mediated decay
of the intron lariat. Therefore, the splicing factor Prp43 is recruited, and this helicase
completes the disassembly through release of the intron lariat, U2 snRNP core, U5
snRNP, U6 snRNA, and NTC/R proteins (Toroney et al. 2019) (Fig. 12.1b).
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U2 snRNP and the SF3b Subcomplex

The U2 snRNP consists of several protein sub-complexes that surround and chap-
erone the U2 snRNA. In humans, this snRNA contains four stem loops (Fig. 12.4a)
(van der Feltz and Hoskins 2019). As previously discussed, the first proximal 5′
stem loop will eventually unwind during the transition from the B to Bact complexes
and pair with U6 snRNA in the catalytic center of the spliceosome. The SM ring
and the U2A′ and U2B′′ proteins are located towards the more distal 3′ periphery
between stem loops II and III (Fig. 12.2a). This minimal U2 complex with the U2
snRNA, U2A′, U2B′′, and the SM ring is referred to as the 12S core particle and
remains together throughout splicing. Between stem loop I and II is the critical
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Given that the corresponding human sequence in this region is identical, the BSL likely occurs in
humans as well. Prp5 is believed to unwind the BSL to reveal the BPRS. c Typical interactions
drawn between the BPRS (now drawn 3′–5′) and a prototypic pre-mRNA substrate (drawn 5′–3′)
that make up the branch helix. The unpaired branch point adenosine is highlighted in red font. Prp5
facilitates the unwinding of the BSL and formation of the branch helix
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branch point recognition sequence (BPRS) that is critical for pairing with the intron
branch sequence (BS), forming the branch helix, and in this process, singling out the
branch point adenosine nucleophile (Fig. 12.4a–c). Prior to branch helix formation, it
has been shown, in yeast, that the U2 snRNA BPRS region forms an internal branch
stem loop (BSL) that masks this region prior to association with the pre-mRNA
(Fig. 12.4b) (Perriman and Ares 2010). The helicase Prp5 is necessary to unwind
this branch stem loop to facilitate pairing with the intron branch site and formation
of the branch helix (Perriman and Ares 2010).

In addition to the stable core subunits, the U2 snRNP contains the dynamically
associated sub-complexes SF3a and SF3b (Fig. 12.2a–b) (Brosi et al. 1993). SF3a
consists of 3 proteins (SF3a60, SF3a66, and SF3a120, also known as Prp9, Prp11
and Prp21, respectively, in yeast) (Brosi et al. 1993), and the SF3b complex contains
7 proteins (SF3B1, SF3B2, SF3B3, SF3B4, SF3B5, P14, and PHF5a) (Golas et al.
2003). SF3b associates with the 12S core particle to form the 15S particle, followed
by incorporation of SF3a to form themature 17S particle (Fig. 12.2a–b) (Kramer et al.
1999). Although a standalone high resolution structure of the full 17S U2 snRNP
has not yet been reported, there is considerable structural data when docked to the
U2-snRNA/intron branch helix in the context of the A, pre-B, B, and Bact structures.
Indeed, as will be discussed shortly, the interactions between the branch helix and
SF3b are well resolved in several cryo-EM structures. Nevertheless, determining the
standalone U2 snRNP structure will be very important for better understanding the
conformational changes required for unwinding the BSL and loading the BPRS onto
the pre-mRNA for BS selection. Structural elucidation of this loading process will be
a critical aspect for mechanistically understanding certain disease relevant mutations
that will be discussed later.

Of the seven SF3b components, perhaps the two most interesting are SF3B1 and
PHF5a (Fig. 12.5a, b). SF3B1 is a ~145 kD protein divided between an unstructured
N-terminal region followed by 20HEAT repeats (Fig. 12.5a). TheN-terminal domain
contains 5 U2AF ligand motifs (ULMs) and a P14 binding sequence, both of which
will be discussed in later sections (Fig. 12.5a). More important are the HEAT repeats,
each consisting of a pair of alpha helices (about 40 amino acids total) that fold
back on themselves to form a zig-zag pattern (Fig. 12.5a). Twenty such repeats can
form long extended structures with higher order topologies. Such zig-zagging HEAT
repeats, and variations thereof, are fairly typical for scaffolding proteins involved in
protein–protein or protein-RNA interactions (Allan and Ratajczak 2011; Yoshimura
and Hirano 2016). The first clue about SF3B1 function came from crosslinking
studies that suggested it binds to the BP sequence and interacts with U2AF2 (Gozani
et al. 1998).

Cryo-EM and crystal structures show that the 20 HEAT repeats pack to form
approximately one full turn of a superhelical coil resembling a split lock washer
(Fig. 12.5c). Nestled against the inner side where the two ends of the washer come
together is the remarkable protein PHF5a (Fig. 12.5b, c). PHF5a is a small globular
protein of only ~12 kD. Topologically, it forms an unusual trefoil knot (Fig. 12.5b),
which is stabilized by 3 zinc finger motifs (Teng et al. 2017). Knotted folds of any
topology are uncommon in the Protein Data Bank, occurring less than 1% of the
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Fig. 12.5 a Schematic of SF3B1 protein. HEAT repeats in red correspond to locations of disease
mutations. bCartoon rendering of PHF5a to illustrate the unusual knotted topology. Protein colored
in rainbow fromblue atN terminus to red atC terminus. cSF3B1undergoes dramatic conformational
change upon RNA binding. The apo crystal structure and RNA-bound cryo-EM structures are
aligned using PHF5a as reference frame. The red arrow indicates how the N-terminal HEAT repeats
swing down relative to PHF5a and clamps onto the branch helix like a molecular pincer. The hinge
region for this movement occurs in HEAT repeats 15–17. The branch point adenosine is buried in
the interface between SF3B1 and PHF5a and rendered in spheres. dModel illustrating the position
of the most frequently occurring SF3B1 disease mutations K666 and K700E (highlighted in red) in
relation to the branch point adenosine and pre-mRNA. This figure was generated from the human
Bact cryo-EM structure and modeling in the corresponding pre-mRNA (PY tract) from the yeast
Bact structure where not resolved in the human. These mutations lead to incorrect branch point
selection and mis-splicing for certain substrates
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time. Primary sequence and 3-D tertiary fold analysis shows that PHF5a has no
close homologs in the genome, suggesting a unique biological role for this protein.
Indeed, the interface between SF3B1 and PHF5a forms a small tunnel, and the
cryo-EM structures of the A, pre-B, B, and Bact complexes shows this is where the
BP adenosine binds (Fig. 12.2c), validating the aforementioned crosslinking studies
(Gozani et al. 1998).As previously discussed, theBP adenosine is singled out through
base pairing of neighboring branch site bases with the U2 snRNA (Fig. 12.4c). The
BP adenosine is unpaired in this branch helix and in a flipped-out conformation that is
held in place by the SF3B1-PHF5a binding pocket through hydrophobic interactions
(Fig. 12.3c). Importantly, there are no observed H-bond interactions formed with
the base, so that the branch point adenosine selectivity is strictly defined by the
pairing interactions with the U2 snRNA (Fig. 12.4c). In the cryo-EM structures of
the human spliceosome, the pre-mRNA is not resolved more than ~5 bases after the
branch point because the complexwas purified using a truncated pre-mRNAsubstrate
that lacked the 3′ SS. In the yeast structures, however, the pre-mRNA is visible as
it threads its way (5′–3′) along the bottom face SF3B1. Alignment of the yeast and
human structures shows the pre-mRNA would exit SF3B1 over the bottom of HEAT
repeats 5–6 in the human structurewhere the diseasemutationsmost frequently occur
(Fig. 12.5c). Just beyond these repeats is approximately where the 3′ SS would be
located, although it is not resolved in any of the SF3b containing cryo-EM structures.

Sitting on the top face of SF3B1 and PHF5a is SF3B3 (Fig. 12.6a). SF3B3
consists of three beta-propellers, which are also very typical scaffolding motifs
known to mediate protein–protein interactions. The small 10 kD extended helical
protein SF3B5 bridges SF3B3, SF3B1, and PHF5a, acting like a staple to hold all
four proteins together (Fig. 12.6a). This stand-alone four-protein complex (SF3B1
HEAT domain, PHF5A, SF3B3, and SF3B5) can be recombinantly co-expressed and
purified (Teng et al. 2017). The crystal structure shows SF3B1 adopts a relatively
extended or open conformation differing substantially from its closed conformation
when bound to the RNA-branch helix (Fig. 12.5c) (Cretu et al. 2016). Comparison of
the open and closed conformation shows an apparent hinge between HEAT repeats
15–17, which causes the later repeats to swing down and clamp onto the branch helix
like a molecular pincer (Fig. 12.5a, c) (Cretu et al. 2018; Finci et al. 2018). The open
conformation of the four-protein subcomplex binds the three known classes of natural
product inhibitors (Cretu et al. 2018) and will be discussed further in a subsequent
section. Interestingly, while the four-protein complex binds inhibitors, we have been
unable to demonstrate clear evidence of binding to ~50 to 100-mer synthetic oligos
of single stranded or double stranded duplex RNA, which suggests other compo-
nents are necessary for loading and/or cooperatively stabilizing SF3b onto RNA.
Interestingly, SF3b can be immunodepleted from nuclear extracts, and recombinant
seven-protein SF3b complex can be added back in to reconstitute splicing activity,
implicating other members of the SF3b complex as important accessory factors for
cooperative integration with the U2 snRNA and the branch helix (Cretu et al. 2016).

In addition to the 4 proteins discussed above (SF3B1, PHF5a, SF3B3, andSF3B5),
theSF3b complex also containsSF3B2, SF3B4, andP14 (Fig. 12.6a–c). The cryo-EM
structures show that the partially resolved SF3B2 forms extensive interactions with
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Fig. 12.6 Overview of the full SF3b structure. a Figure generated from the yeast B complex. SF3B3
sits on the top face of SF3B1 and PHF5a. SF3B5 forms an extended helical structure that stiches
the four proteins together. SF3B2 forms contacts on the outer face of SF3B1, SF3B4 and both
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not exist in yeast. In humans, it has been resolved in the human Bact cryo-EM structure and on the
outer face of SF3B1 near HEAT repeat 1–2 and about 50 Å from the branch point adenosine (BPA)
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SF3B4, the outer face of the SF3B1HEAT repeats, the RNA branch duplex, and Prp9
from the SF3a complex. SF3B2 (CUS1 in yeast) was first characterized functionally
in yeast as one of two proteins that were suppressors of cold sensitive U2 snRNA
(Cus1 and Cus2) mutant growth phenotype (Wells et al. 1996; Pauling et al. 2000).
These U2 snRNA mutant strains have a weakened base pair interaction in stem loop
IIa that inhibits growth at low temperatures. Gratifyingly, the cryo-EM structure (Yan
et al. 2016) illustrates how the suppressor mutation CUS1-E181K would enhance
favorable electrostatic interactions with the U2 snRNA phosphate backbone in the
branch helix and therefore have a stabilizing effect that would compensate for folding
defects in the adjacent stem loop IIa and therefore rescue growth (Fig. 12.6b).

The interactions between SF3B2 and SF3B4 have been resolved at higher reso-
lution by X-ray crystallography (van Roon et al. 2017), and these interactions are
mirrored in the cryo-EM structure. The full length SF3B4 is not fully resolved by
cryo-EM,but itsRRMdomains are visible,with thefirstRRMinteractingwithSF3B2
and the pre-mRNAupstreamof the branch sequence, and the secondRRMinteracting
with PRP9 and the U2snRNA stem loop II (Fig. 12.6a). The last protein of the SF3b
complex to be discussed is the small and globular 14 kD protein P14 (Fig. 12.6c).
Its precise role in splicing is less clear. To date, P14 has only been resolved in the
humanBact cryo-EMstructure and is locatedon the external side ofSF3B1nearHEAT
repeats 1–2 (Haselbach et al. 2018). Early cross-linking and co-IP studies implicated
P14 in BP adenosine recognition (Query et al. 1996; Will et al. 2001), but the cryo-
EM structures contradict those data with PHF5a forming the main interactions with
the BP adenosine as early as the “A complex” (Plaschka et al. 2018) and P14 being
well-removed from the BP adenosine (Haselbach et al. 2018). While still possible
that P14 could contact the BP adenosine very early during spliceosome assembly, it
is also possible that early biochemical studies faced certain technical challenges that
may have confounded P14 with PHF5a. Indeed, both proteins have nearly identical
molecular weights and, being part of the same complex, co-IP together. Additionally,
perhaps because of the knotted topology of PHF5a, the coverage of PHF5a peptides in
proteomic mass spectrometry experiments (in our hands) is much lower than for P14.
The similarity in molecular weight, the co-association, and the apparent technical
challenges of the mass spec could all potentially explain how P14 was singled out.
Regardless, it is clear that PHF5a and SF3B1 together form the true BP adenosine-
binding pocket, and further studies are warranted to better define the role of P14 in
splicing. Interestingly, Saccharomyces cerevisiae lacks a P14 homolog, suggesting
an important role as a splicing factor for higher organisms that is dispensable for
lower.

Finally, the three protein SF3a complex forms a bridge between the SF3b complex
and the core U2 snRNP proteins U2A′, U2B′′, and the SM ring (Fig. 12.2a). The
SF3a60 (PRP9) protein binds to theSMcore proteins andU2 snRNAstem loop II (Lin
and Xu 2012). SF3a66 (PRP11) interacts with SF3B1, SF3B2, and the branch helix
RNA. SF3a120 (Prp21) is mostly unresolved in the available cryo-EM structures,
but a portion of it is visible linking SF3a60 to SF3a66. The SF3a-mediated bridging
interactions between the core (SM and U2A′/B′′) and SF3b suggest a key role for
stabilizing the mature 17 S U2 snRNP.
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These SF3a and SF3b sub-complexes, therefore, constitute the dynamic core
subunits of the U2 snRNP. However, there are some additional proteins that interact
transiently as well and potentially play important roles in the early recruitment of
the U2 snRNP to the 3′ SS and in alternative splicing. SF3B1 is again the key
player in mediating these protein–protein interactions. As previously mentioned, the
N-terminal domain of SF3B1 is unstructured but contains 5 U2AF ligand motifs
(ULMs) that are known to bind with U2AF homology motif (UHM) containing
proteins (Fig. 12.5a). Unfortunately, these ULMmotifs have not yet been resolved in
the cryo-EM structures. Nevertheless, several of these partners have been character-
ized to date, including U2AF2 (Thickman et al. 2006), which may be important for
recruitment to the 3′ SS, SPF45 (Corsini et al. 2007), RBM39 (Loerch et al. 2014)
and TAT-SF1 (Loerch et al. 2019). Indeed, there are crystal structures of the ULM5
motif of SF3B1 bound to three of these splicing factors including SPF45, RBM39,
and TAT-SF1 (Corsini et al. 2007; Stepanyuk et al. 2016; Loerch et al. 2019). Of
these, TAT-SF1 is noteworthy because the corresponding protein homolog in yeast
(Cus2) was also identified as a suppressor of the cold sensitive U2 snRNA mutant
growth phenotype and is thought to help in the folding of U2 snRNA to facilitate
recruitment and binding of SF3b and SF3a (Wells et al. 1996; Yan et al. 1998). TAT-
SF1 co-immunoprecipitates with the U2 snRNP (Agafonov et al. 2011) but has not
yet been visualized by cryo-EM in the available later stage spliceosome structures
(consistent with an earlier role in U2 snRNP assembly). It will be extremely inter-
esting to see how these splicing factors interact with RNA and other protein subunits
of the U2 snRNP and may provide additional insights into the structural basis for
alternative splicing.

SF3B1 Disease Mutations

SF3B1 is one of several splicing proteins that is frequently mutated in both
hematologic cancers and solid tumors (Yoshida and Ogawa 2014; Agrawal et al.
2018). Recurring hotspot mutations are found in myelodysplastic syndromes (MDS)
(Yoshida et al. 2011), chronic lymphocytic leukemia (CLL) (Landau et al. 2013), and
chronic myelomonocytic leukemia (CMML) (Patnaik et al. 2013), among others.
These mutations are mutually exclusive, heterozygous, and lead to mis-splicing
to form aberrant transcripts. Many of these transcripts are targeted for nonsense-
mediated decay (NMD), leading to their downregulation (Darman et al. 2015), but a
subset could also be translated with potentially neomorphic activities that contribute
to disease. For example, in uveal melanoma, SF3B1 mutation leads to mis-splicing
of BRD9, which compromises its normal function as a tumor suppressor. Correcting
this mis-splicing event using CRISPR technology suppresses tumor growth, singling
out this neomorphic activity as a possible oncogenic driver event (Inoue et al. 2019).
Thus, mutations in SF3B1 and other splicing factors have been shown to lead to
mis-splicing and a “spliceosome sickness” phenotype where cells are dependent on
their remaining wild type copy for survival (Darman et al. 2015).
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The most frequent mutations in SF3B1 include the K666N and the K700E muta-
tions (Fig. 12.5c). Extensive biochemical characterization of these mutants using
in vitro splicing assays has demonstrated that these mutants can select, depending
on the pre-mRNA substrate, alternative branch point sequences (Darman et al. 2015;
Alsafadi et al. 2016). Selection of the wrong BP adenosine can then lead to incorrect
exon ligation if there also happens to be a coincident YAG sequence nearby (within
10–15 bases immediately downstream) (Horowitz 2012). This noncanonical YAG
has been termed the cryptic AG or cryptic 3′ SS since it may appear upstream of the
PY tract. The result of this mis-splicing is the incorporation of non-coding sequence
into the transcript and potentially premature termination.

Interestingly, these SF3B1 mutations are located on the bottom face of HEAT
repeats 5–6, precisely where the 3′ end of the pre-mRNA is expected to be located
(Fig. 12.5a, c). This has led to speculation that the change from basic to neutral or
acidic residue could adversely affect electrostatic interactions between SF3B1 and
the phosphate backbone of the mRNA, which, consequently, could result in loss of
fidelity for selection of the BP adenosine. However, there are obvious limitations to
this model. Recent work has examined this mechanistic question more closely using
yeast as a model system. Here, the corresponding disease mutations were engineered
into the yeast sequence and were shown to phenocopy mis-splicing observed in the
human system. Moreover, it was shown that interactions between SF3B1 and the
helicase Prp5 were compromised (Tang et al. 2016). As previously discussed, the
helicase Prp5 is necessary for unwinding the branch stem loop (BSL), and pairing
the branch point recognition sequence (BPRS) of the U2 snRNAwith the branch site
sequence in the pre-mRNA, and loading the resulting branch helix onto the SF3b
complex. This ATP-dependent step is required for recruiting the U2 snRNP to the
3′ SS. Therefore, the mutations in SF3B1 likely weaken the interaction with the
helicase Prp5, leading to loss in fidelity for U2 snRNA pairing and selection of the
incorrect branch point adenosine (Tang et al. 2016). Future structural studies with
WT and mutant SF3B1 with Prp5 will be required to visualize and understand this
process for selection of the branch sequence and loading of the branch helix onto
SF3b.

Finding SF3B1 mutant selective small molecules could be an attractive and
useful therapeutic strategy for cancers harboring these mutations. At least two
possible approaches could be considered. One approach would be identifying a
selective compound that would inhibit mutant SF3b activity but spare WT. A second
possibility could be identifying a compound that rescues the compromised mutant
activity. Either way, both strategies face daunting challenges. The SF3B1 muta-
tions are located at the bottom of the HEAT repeats on a flat interface with no
obvious binding pocket, and difficulties in reconstituting biochemical activity from
minimal complexes in vitro limit compound library screening opportunities. More-
over, mutant phenotypic screens have not yielded satisfactory hits. Therefore, finding
mutant selective compounds to either inhibit or rescuemutant activity is an extremely
challenging area for future drug discovery.
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Splicing Modulators

While the prospect of finding SF3B1 mutant selective inhibitors remains a challenge
for drug discovery, progress has been made in the discovery of non-selective modu-
lators. These could have utility in a clinical setting. Cells harboring mutations in
splicing components are heterozygous and dependent on their remaining WT copy
for viability (Zhou et al. 2015). This haploinsufficiency might give a therapeutic
window that can be exploited (Obeng et al. 2016; Paolella et al. 2017; Seiler et al.
2018). Their utility is also being explored pre-clinically in the context of cytotoxic
agents specifically targeted using antibody drug conjugates (ADCs) (Puthenveetil
et al. 2016). This is a significant area for research because alternative ADC modal-
ities will be needed in the clinic to help overcome emerging resistance to existing
treatment options (Garcia-Alonso et al. 2020).

The first reported splicing inhibitors were discovered serendipitously from pheno-
typic screens (Miller-Wideman et al. 1992; Nakajima et al. 1996; Mizui et al. 2004).
The best characterized of these are natural products derived from three different
classes: herboxidiene, spliceostatin, and pladienolides (Fig. 12.7). Extensive chem-
ical biology and target identification efforts determined that all three classes of

Diene tail Macrocycle 
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Fig. 12.7 Natural product and natural product based inhibitors described in the text. The diene
tail is aligned for Plad B and herboxidiene and these two compounds likely will share similar
binding modes. The natural product spliceostatin has a distinct structure and will likely have a
different binding mode. H3B-8800 has a shorter diene tail which likely explains its weaker activity
in viability and in vitro splicing assays compared to E7107
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compound interactwith SF3B1 (Kaida et al. 2007;Kotake et al. 2007;Hasegawa et al.
2011). Further chemogenomic work identified drug resistance mutations in SF3B1
(Yokoi et al. 2011) and PHF5a (Teng et al. 2017). Analysis of the Bact cryo-EM struc-
ture showed that these resistance mutations cluster within the BP adenosine-binding
pocket (Teng et al. 2017). The two mutations that impart the greatest resistance are
SF3B1 R1074H and PHF5a Y36C mutation. Incredibly, while these two residues
form contacts with the branch point adenosine, overexpression of these mutants has
no effect on viability and shows strong resistance to compound (Teng et al. 2017).
Crystal structures and cryo-EM structures now confirm that these compounds occupy
the BP adenosine pocket interacting with both SF3B1 and PHF5a and form direct
contacts with SF3B1 R1074 and PHF5a Y36 (Cretu et al. 2018; Finci et al. 2018). Of
these three classes of natural product inhibitors, the furthest to advance into the clinic
are E7107 (Hong et al. 2014) and H3B-8800 (Buonamici et al. 2016) (Fig. 12.7),
both of which derive from the pladienolide scaffold and were separately optimized
extensively for potency and favorable PK, respectively. The highest resolution struc-
ture available is with the related compound pladienolide B (Plad B) bound to the
4-protein complex SF3B1-PHF5a-SF3B3-SF3B5 (Cretu et al. 2018).

The structure with Plad B shows how the diene tail projects into the pocket where
the branch point adenosine would otherwise bind and packs against Y36 of PHF5a,
whichwas one of the identified resistancemutations (Fig. 12.8a, b). Compounds with
truncated diene tails do not reach far enough into the pocket and therefore have no
appreciable inhibitory activity (Finci et al. 2018). Herboxidiene, which contains an
almost identical diene tail to Plad B (Fig. 12.7), is expected to have a similar binding
mode. Additionally, both the available crystal structure with Plad B and the lower
resolution cryo-EM structure with E7107 show that SF3B1 is in the same confor-
mation as the RNA-unbound state. This revelation immediately suggests that these
inhibitors, in addition to interfering directly with branch point adenosine binding,
may also act as wedges that hold SF3B1 in an open conformation incompatible
with RNA branch helix binding (Fig. 12.8b) (Cretu et al. 2018; Finci et al. 2018).
The third class of compounds, spliceostatin and its derivatives, has a very different
chemical structure from herboxidiene or pladienolide. It is anticipated that this class
of compounds will bind in the same pocket since they, too, are susceptible to the
same resistance mutations, but their binding mode is expected to be quite different.
Therefore, how this distinct scaffold binds remains an open question.

Previousworkhas shown that for certain pre-mRNAsubstrates,modulators appear
to stall the spliceosome in the “A-complex” (Roybal and Jurica 2010) and may
weaken the interaction between the U2 snRNP and the pre-mRNA (Roybal and
Jurica 2010; Folco et al. 2011). Consistent with this observation, for inhibition to
occur, compounds must be added to nuclear lysates before initiating in vitro splicing
reactions with pre-mRNA substrate and ATP. Splicing modulation does not occur if
compounds are added after the pre-mRNA substrate and ATP (Folco et al. 2011).
Together, these observations suggest that the modulators impinge on the splicing
reaction early, probably affecting the formation of the “A-complex”. These data are
consistent with the structures, which show that SF3B1 is in the closed conformation
when bound to the branch helix as early as the “A complex”. In other words, these
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Fig. 12.8 Binding pose for Pladienolide B. a Crystal structure showing the binding pose of
Pladienolide B in the branch point adenosine binding pocket. SF3B1 is rendered in gray and PHF5a
in blue. The key resistance mutations Y36 and R1074 form key interactions with the ligand. The
acetyl group at C7 forms an H-bond interaction with the backbone amide of R38. b A zoomed out
view showing the overlay of the Plad B bound structure (SF3B1 in gray) with the corresponding
RNA bound structure from the human Bact complex (SF3B1 in pink and pre-mRNA in magenta).
The overlay is generated using PHF5a as the reference frame. The overlay illustrates the steric clash
that would occur between the diene tail and the adenosine and the substantial movement in the
R1074 containing helix, indicated by the red arrow. Inhibitors wedge SF3B1 in this open conforma-
tion. In the RNA bound structure, Y36 packs against the adenine ring and R1074 provides charge
complementarity for the pre-mRNA phosphate backbone

compounds would be less likely to be effective inhibitors once the “A complex”
has assembled. Therefore, as a corollary, these compounds could serve as excellent
chemical probes to isolate WT and mutant SF3b containing U2 snRNP complexes
for future structural analysis.

Global RNAseq analysis shows that none of these compounds is a universal
inhibitor across all pre-mRNA substrates. Even at doses tenfold greater than their
GI50 for a particular cell line, these compounds impact at most 10% of all possible
splicing junctions. These inhibited junctions usually manifest as intron-inclusion
events as well as some exon-skipping events (Corrionero et al. 2011; Buonamici
et al. 2016). Indeed, H3B-8800, which is less potent in viability assays and in vitro
splicing assays, affects far fewer splicing junctions than a more potent compound
like E7107 (Seiler et al. 2018). Given the shorter diene tail of H3B-8800, it is not
expected to project as far into the branch point adenosine pocket, and that would
explain its weaker activity. RNAseq data shows that pre-mRNA substrates more
likely to be inhibited by these modulators are shorter in length and higher in rela-
tive GC content (Buonamici et al. 2016; Teng et al. 2017). The degree to which
this interaction with the branch point is inhibited depends, obviously, on the dose of
compound but also on the relative strength of the pre-mRNA substrate (Finci et al.
2018), which explains why not all pre-mRNA introns are universally inhibited when
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analyzed in global RNAseq (Buonamici et al. 2016). While these rules for inhibition
have not been fully defined, contributing factors may include the degree of comple-
mentarity between the pre-mRNA andU2 snRNA, relative GC content, intron length,
and likely a host of other cooperative interactions with additional splicing factors
(Vigevani et al. 2017). Regardless, these data are all consistent with a pre-mRNA
substrate competitive mechanism of action for these compounds, where weaker pre-
mRNA substrates are unable to effectively compete with the inhibitor, which leads
to intron retention or exon skipping. In contrast, stronger pre-mRNA substrates are
able to effectively compete with the inhibitor and, therefore, splicing can proceed
normally.

Summary

In this chapter, we have provided a broad overview of splicing and the new struc-
tural insights gleaned from cryo-EM structures determined over the past few years.
The rich information content of these data has provided an overarching context for
interpreting and, in some cases, reinterpreting three decades’ worth of extraordinary
yeast genetics and spliceosome biochemistry. New binding partners are now revealed
and appreciated, which will help inform more focused analysis to better understand
the mechanistic relationships between different proteins. We have also reviewed the
composition and various structural features of the U2 snRNP and how it fits into the
broader context of the spliceosome. The SF3b complex plays a pivotal role in splicing
for sequestering the branch point adenosine during the early assembly phase of the
spliceosome. SF3B1 and PHF5a are the two key proteins that wrap around the branch
point adenosine. Frequently occurring disease mutations are located in SF3B1 and
are known to compromise the fidelity of branch point selection. Recent functional
characterization of these mutations in yeast points to compromised interactions with
Prp5 as the possible explanation. A better understanding of branch helix loading
and the ability to reconstitute this in vitro using recombinant and purified compo-
nents will open new doors and new screening opportunities for the ambitious drug
discovery goal of finding mutant selective compounds that either inhibit or rescue
mutant activity. Finally, we reviewed the functions of SF3B1 and PHF5A in seques-
tering the branch point adenosine. Remarkably, three completely different classes
of natural product-based inhibitors mechanistically converge to impinge this single
pocket in the spliceosome. Incredible progress has been made in our understanding
of these compounds as pre-mRNA substrate competitive inhibitors. Future efforts
and investment will be needed to bring spliceosome-based therapies and treatment
options to patients.
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Chapter 13
Interaction Networks of Ribosomal
Expansion Segments in Kinetoplastids

Quentin Vicens, Anthony Bochler, Amy Jobe, Joachim Frank,
and Yaser Hashem

Abstract Expansion segments (ES) are insertions of a few to hundreds of
nucleotides at discrete locations on eukaryotic ribosomal RNA (rRNA) chains. Some
cluster around ‘hot spots’ involved in translation regulation and somemay participate
in biogenesis. Whether ES play the same roles in different organisms is currently
unclear, especially since their size may vary dramatically from one species to another
and very little is known about their functions. Most likely, ES variation is linked to
adaptation to a particular environment. In this chapter, we compare the interaction
networks ofES from four kinetoplastid parasites,which have evolved in diverse insect
vectors andmammalian hosts:Trypanosoma cruzi, Trypanosoma brucei,Leishmania
donovani and Leishmania major. Here, we comparatively analyze ribosome struc-
tures from these representative kinetoplastids and ascertain meaningful structural
differences from mammalian ribosomes. We base our analysis on sequence align-
ments and three-dimensional structures of 80S ribosomes solved by cryo-electron
microscopy (cryo-EM). Striking differences in size are observed between ribosomes
of different parasites, indicating that not all ES are expanded equally. Larger ES are
not always matched by large surrounding ES or proteins extensions in their vicinity,
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a particularity that may lead to clues about their biological function. ES display
different species-specific patterns of conservation, which underscore the density of
their interaction network at the surface of the ribosome.Making sense of the conserva-
tion patterns of ES is part of a global effort to lay the basis for functional studies aimed
at discovering unique kinetoplastid-specific sites suitable for therapeutic applications
against these human and often animal pathogens.

Keywords Expansion segment · Kinetoplastid parasite · Ribosome structure ·
Ribosomal RNA · Eukaryotic translation

Why Expansion Segments?

Because protein synthesis is a universal necessity for all organisms, ribosome func-
tion, overall shape and core architecture are conserved across species. Yet, ribosome
composition varies considerably among different domains of life. For example, ribo-
somes fromyeast andhumanare respectively~40and~85%larger thanbacterial ribo-
somes (Melnikov et al. 2012). In addition to comprising more proteins than bacterial
ribosomes, eukaryotic ribosomes also contain elongated ribosomal RNAs (rRNA).
This ‘extra RNA’ forms expansion segments (ES) (Clark et al. 1984; Hassouna et al.
1984; Ware et al. 1983).

Whether ES are all mere additions that are tolerated by the translation machinery,
or whether they have important regulatory roles remains for the most part an open
question. Most ES protrude outside of the highly conserved ribosomal core (Bernier
et al. 2018; Melnikov et al. 2012). Their size varies across species, although their
patterns of insertion are conserved (Gerbi 1996). We know from early structural
studies thatESand associated proteins portions comprise somewhat flexible substruc-
tures on the solvent-facing side, where they may interact with one another and with
proteins to form an outer layer (Anger et al. 2013; Armache et al. 2010; Gao et al.
2005). This web-like organization is more rigid where contacts with the ribosome
core are tighter, which argues against a superfluous nature. ES are generally best
perceived as peripheral elements that facilitate folding, assembly, or activity. In this
view they are to some extent similar to often observed insertions of >200 nt reported
in other ribozymes (e.g., group I introns, RNase P, and hammerhead) (Kachouri et al.
2005; Lehnert et al. 1996; Michel and Westhof 1990; Westhof and Massire 2004;
Przybilski et al. 2005).

What do we currently know about the function of ES? On the small ribosomal
subunit (SSU) of protozoan ribosomes, for instance, a network of three ES (ES3S,
ES6S, ES7S) span >150 Å in the vicinity of the mRNA exit channel (Gao et al.
2005; Hashem et al. 2013b). This cluster of ES could to be involved in translation
initiation through the regulation of recruitment of initiation factors such as eIF3
(Hashem et al. 2013a, b). We currently hypothesize that this platform is required for
translation of protozoan mRNAs, which have particular features compared to most
know eukaryotic mRNAs (a hypermodified cap, presence of a 39-nt leader sequence



13 Interaction Networks of Ribosomal Expansion … 435

that is trans-spliced to the 5′ UTR of all kinetoplastid mature mRNAs) (Gao et al.
2005; Hashem et al. 2013b). ES may also participate in ribosome biogenesis, as
illustrated by the finding that 12 out of the 16 ESs on the large subunit (LSU) of the
yeast ribosome are required for optimal growth and correct 25S rRNA processing
(Ramesh and Woolford 2016). The roles associated with certain ES in a particular
organism may be conserved across various species. For instance, ES27L on the LSU
was shown to be consistently alternating between two positions (near L1 and the
peptide tunnel exit) from the structures of the human, wheat, fly and yeast ribosomes
(Anger et al. 2013; Armache et al. 2010; Beckmann et al. 2001). This observation
suggests a similar role, especially since replacing ES27L with that of another species
restores function (Sweeney et al. 1994).

In this chapter, we focus on ribosomal ES from the Trypanosoma genus (ES in
other eukaryotes have been discussed elsewhere Anger et al. 2013; Li et al. 2017).
Tritryps kinetoplastid parasites, i.e. Trypanosoma cruzi, Trypanosoma brucei spp.
and Leishmania spp. are human pathogens causing the Chagas disease, African
trypanosomiasis and leishmaniasis, respectively. Chagas disease alone affects eight
million people in the Americas (PAHO 2017), and due to migration flows it has now
emerged in non-endemic countries such as Spain and the United States [>300,000
infected individuals in the US (Bern and Montgomery 2009)] (Gascon et al. 2010).
Current treatments rely on toxic drugs that are often effective only during specific
stages of the disease, further highlighting the urge to develop new strategies for
targeting these parasites (Field et al. 2017). Being highly distinctive from those
of mammalian ribosomes (Gao et al. 2005; Hashem et al. 2013b), theses ES in
kinetoplastids could potentially be promising targets for therapeutic applications.
However, efficiently targeting kinetoplastid-specific ES requires a deep structural
understanding of their organization and their function, which is themotivation behind
the comparative analysis we present here.

Expansion Segments in Kinetoplastid Ribosomes Are Large
but Structurally Organized

Biochemical and structural studies on ribosomes from kinetoplastids pinpointed
unique features for two Trypanosoma species. The first structure of the ribosome
from T. cruzi was solved at 12 Å resolution (Gao et al. 2005) and that of T. brucei
brucei (referred to as T. brucei in the following) at 5.6 Å resolution (Hashem et al.
2013b). We can now compare these structures to higher-resolution structures of the
80S ribosome from L. donovani (Zhang et al. 2016; Shalev-Benami et al. 2016,
2017) and T. cruzi (Liu et al. 2016; Querido et al. 2017), which we revised and/or
expanded from the published models (Fig. 13.1a, b). We also include in this anal-
ysis a previously unpublished structure of the L. major 80S ribosome (Fig. 13.1c)
at ~5 Å resolution (the structure can be shared upon simple request. Images were
collected on an FEI Polara electron microscope equipped with a Gatan Summit
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Fig. 13.1 Strategy for
modeling flexible expansion
segments in ribosomes.
a Modeling the complete T.
cruzi 80S at 4 Å resolution.
We modeled expansion
segments in the SSU of our
previously published model
[PDB ID: 5OPT Brito
Querido et al. 2017; Pitula
et al. 2002; Ayub et al.
2012)]. We also included
coordinates from a
2.5 Å-structure of the 60S
particle from T. cruzi [PDB
ID: 5T5H (Liu et al. 2016)].
RNA and protein elements
were added (a total of 1816
nucleotides and 810
aminoacids) are shown in
red. Residues built within
density limits (~8 to 15 Å)
are shown in ribbon mode,
while residues beyond are
shown as surfaces. Insets
illustrate representative
regions of the original
unfiltered maps. Dashed
boxes point to regions
located on the side of the
ribosome hidden from view.
b The quality of the L.
donovani electron density
map at 2.9 Å resolution
[PDB ID: 5T2A (Zhang et al.
2016)] enabled us to add 873
nucleotides and 802
aminoacids to the original
model (in red). c The revised
model of the L. donovani
ribosome was used as the
basis for building the
structure of the ribosome
from L. major at 5 Å
resolution. The L. major map
and coordinates will be
deposited in the PDB
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K2 Camera. After image processing, nearly 150,000 particle images were used in
the final reconstruction). Sequence conservation between the L. donovani and L.
major ribosomes is >98% (rRNA) and >97% (r-protein; except for eS24 ~ 93%).
Our strategy was to model the ES for these four species of kinetoplastids according
to rRNA structural alignments that we generated using non-redundant sequences in
SSU-Align (Nawrocki 2009), which we manually adjusted in Ugene (Okonechnikov
et al. 2012) and validated using R-scape (Rivas et al. 2017). Because of their high
level of flexibility, in many cases it was not possible to directly model some ES in
their cryo-EM map densities (Fig. 13.1a, b), as had been done previously for other
eukaryotic ribosomes (Anger et al. 2013).

A side-by-side comparison of the ribosomes fromT. brucei,L. donovani,L.major,
and T. cruzi reveals that many ES are several-fold larger than their counterparts in
mammals (Fig. 13.2). Although the 28S rRNA in the LSU of T. brucei and T. cruzi is
halfway in size between yeast and human, their 18S in the SSU is >20% longer than
their human counterpart (Table 13.1). Most of this extra rRNA sequence is found
within ES6S and ES7S that are inserted in helices 21 and 26. ES6S and ES7S are
respectively 230 and 17 nucleotides long inH. sapiens, but 429 and 136 and 512 and
164 nucleotides long in L. major and T. cruzi. ES6S, ES7S. It should also be noted
that ES9S and ES31L adopt kinetoplastid-specific tertiary structures and they cluster
around the mRNA channel exit. In particular, ES6S, ES7S and ES9S are located at a
very strategic region where initiation factor 3 is known to bind in mammals, forming
bridges between the LSU and SSU that are not found in other eukaryotic ribosomes
(Hashem et al. 2013b).

From aligning more than 80 sequences for the SSU and 25 for the LSU, we found
that all ES from kinetoplastids have a conserved structure, with large extensions
for some helical regions (Figs. 13.3 and 13.4). This confirms and expands on prior
findings obtained with fewer than ten kinetoplastid sequences for all ES (Hashem
et al. 2013b), and with 3000 eukaryotic sequences for ES6S only (Wuyts et al. 2000).
The proportion of conserved versus variable regions varies among ES, with ES3S
(~200 nt long) being the most conserved. Large size variations are observed even
among kinetoplastids. For example, ES6S, ES7S, ES7L, ES19L and ES27L have
a comparable size among the genera Angomonas, Herpetomonas and Phytomonas.
The same ES are significantly larger in Leishmania and Trypanosoma species, the
largest being found in T. cruzi. Although ES3S, ES9S, ES10S and ES31L are all
larger in Leishmania spp. and in T. brucei than in T. cruzi, the size differences remain
relatively modest (Table 13.1).

Expansion Segments Form Kinetoplastid-Specific
Interaction Networks

The overall high degree of ES conservation can be explained by interaction networks
at the ribosome surface. For example, in all cryo-EM structures of kinetoplastids,
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Fig. 13.2 The complex outer layer of expansion segments at the surface of ribosomes from kineto-
plastids. a Secondary structure schematic for the LSU and SSU rRNA of kinetoplastids. Expansion
segments are highlighted in colors and labeled according to conventional numbering (Gerbi 1996).
b Overall structure of the 80S ribosomes from four kinetoplastids, viewed from the mRNA L1-
stalk side (left) and SSU beak sides (middle). Ribosomes are shown in surface view, except for ES
rendered as ribbons and colored as in panel (a). (Right) Ribosome structures from other organisms
are shown from the L1-stalk side as a reference (references in the main text)
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Table 13.1 Size comparison of SSU and LSU expansion segments

L.
donovani

L.
major

T. cruzi T. brucei S. cerevisiae D.
melanogaster

H.
sapiens

ES2S 22 22 22 22 18 16 21

ES3S 147 147 148 156 113 121 159

ES6S 429 429 512 406 222 300 230

ES7S 138 136 164 159 17 17 17

ES9S 76 76 76 89 45 151 52

ES10S 17 20 20 29 5 5 7

ES12S 25 25 26 26 38 41 43

Total for
SSU

854 855 968 887 458 651 529

ES5L 42 42 47 47 45 50 50

ES7L 203 203 291 219 200 331 866

ES15L 32 30 39 32 15 41 189

ES19L 58 58 124 63 29 25 39

ES27L 213 213 323 234 159 222 714

ES31L 237 236 220 235 70 208 85

Total for
LSU

785 782 1044 830 518 877 1893

Total
number
of ES
ntds

1639 1637 2012 1717 976 1528 2422

The number of nucleotides is indicated for every conserved ES in seven eukaryotic species

ES3S is tightly packed as it forms the left foot of the SSU (Fig. 13.3a). ES3S interacts
with ES2S, domains B and D of ES6S (Fig. 13.4a), ES12S (forming the right foot
of the SSU) and r-proteins eS4, eS6, eS8 and KSRP (Fig. 13.3a, b). The structure
of the pseudoknot formed between ES3S and ES6S is conserved across parasitic
and eukaryotic ribosomes of known structures, as reported earlier (Armache et al.
2010; Alkemar and Nygard 2006; Hashem et al. 2013b; Zhang et al. 2016). The
kinetoplastid-specific r-protein (KSRP) that we identified in T. cruzi (Brito Querido
et al. 2017) is similarly bound to ES3S and ES6S in Trypanosoma and Leishmania,
through its two conserved RNA recognition motifs (RRM) and a C-terminal helix
that also interacts with eS6 (Fig. 13.3c). The only variable region within ES3S is
the Ab stem, which nonetheless conserves its spatial arrangement as it bends around
eS8 in the four kinetoplastids models (Fig. 13.3d). It is important to emphasize that
ES3S simultaneously displays structural characteristics conserved in all eukaryotes
(pseudoknot with ES6S) and unique features only found in kinetoplastids (KSRP
binding).
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Fig. 13.3 Conservation of interaction networks between kinetoplastids. a Interaction network and
consensus secondary structure of ES3S. Note that ES2S forms a hairpin at the 5′ of h8. Statistically
significant covarying base pairs are shown in green [E-value <0.05 (Rivas et al. 2017)]. This and
subsequent covariation models were generated using R2R (Weinberg and Breaker 2011). b Close-
up of the left foot of the ribosome from L. donovani, showing the arrangement of several ES and
r-proteins. c Conserved binding of KSRP, which interacts with ES3S, ES6S and eS6. d Conserved
spatial arrangement of stem Ab of ES3S and r-protein eS8. Sequence alignments for all ES are
available directly from the authors upon request
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Fig. 13.4 Sequence and structure variability among ES is significant but localized. a Interaction
networks and consensus secondary structures of ES6S and ES7S (color-coding as in Fig. 13.3).
b Conformational variability as a function of the length of certain ES across kinetoplastids. Top:
The size of ES7S barely changes across kinetoplastids, in contrast to that of ES6S. The increasing
size of ES6S leads to displacement of ES7S helices. The regions covered by the electron density
maps (grey) are shown as ribbons, while the sections modeled beyond the limit of the current
experimental maps are shown as surfaces. Bottom: Conformational changes in particular of ES31L
occur as the length of the surrounding ES19L and ES27L increases
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Even for larger and more variable ES such as ES6S and ES7S, their core shows
a high degree of conservation (Fig. 13.4a), supporting a conserved topology. ES6S
is the largest ES on the SSU (400–500 nt) and its highly conserved domains A–D
interact tightly with r-proteins and KSRP at the SSU solvent-exposed surface. ES6S
interacts also with ES7S, which is of a similar size in T. cruzi and T. brucei, and
~25% larger in T. cruzi than in L. donovani. In contrast to stem Ab in ES3S, whose
length changes only slightly across parasites, stems E1–E3 in ES6S roughly double
in size from T. brucei through Leishmania to T. cruzi (Fig. 13.4a, b). As a result,
the number of stem-loops protruding into the solvent is different among parasites
(Fig. 13.4b). Both the nature and the presence of these stems dictate the positioning
of the conserved stems of ES7S, which are possiblymore conformationally restricted
in Leishmania and T. cruzi than in T. brucei. Note that although the lack of density
prevented pinpointing the exact location of the expansions seen in E2 and E3, the
interaction between E3 and ES7S seen in T. brucei cannot occur for the other three
model parasites, where E3 is much longer (Fig. 13.4b). These structural differences
probably reflect the dynamicproperties of this area,which is a ‘hotspot’ for translation
initiation regulation (Hashem et al. 2013a).

ES 9S, 10S and 12S, on the other hand, are among the smallest SSU ES. ES12S,
for example, is an extension of h44 by 9–10 base pairs in all kinetolastids, while
ES10S exists as a 5–9 base pair stem only in T. brucei, T. congolense, T. simiae, and
T. vivax (Fig. 13.5). The shorter ES seem to follow a similar trend as the longer ES,
thus presenting conserved cores and variable stems.

On the LSU, ES are concentrated on two regions, the L1-stalk region, and the
solvent-exposed face (Fig. 13.2b). The ES at the solvent-exposed face appear less
interconnected compared to the SSU ES. ES7L is isolated from the other sizable
LSU ES. It presents a two-pronged fork shape (Figs. 13.6a and 13.7c). Because
of its numerous interactions with r-proteins (Fig. 13.6a), its densities are relatively
well resolved and present a good local resolution. It forms a pseudoknot with the
small ES15L (Fig. 13.6b, d). Another more isolated ES is 5L (also called ES42L)
(Fig. 13.6e). Although situated close to ES7L, no direct interactions were observed
with the latter. ES42L presents a high level of sequence conservation and interacts
with r-proteins eL8, eL15 and uL29 (Fig. 13.6e).

On the other hand, LSU ES near the L1-stalk region are interconnected, where
ES19L, ES27L and ES31L are clustered (Figs. 13.2b and 13.6). The length of ES31L
varies only within a range of ~20 nucleotides among kinetoplastids, while that of
ES19L and ES27L increases by ~50% between L. donovani and T. cruzi (Table 13.1).
As a result, stem F of ES31L adopts different orientations in the various structures,
where it is constricted to various degrees by nearby ES (Fig. 13.4b). ES31L is highly
structured, as it comprises four nested three-way junctions but a high degree of
sequence variability (Fig. 13.6h). Although ES31L possesses a complex predicted
tertiary structure, its cryo-EM corresponding densities are poorly resolved in all four
kinetoplastid model ribosomes, probably because of its high flexibility. Although
ES31L interacts with r-proteins eL27 and eL34 (Fig. 13.6h), the bulk of its rRNA is
not stabilized by any other r-proteins, which explains its high level of flexibility. The
cryo-EM reconstructions from several kinetoplatids strongly suggest its interaction
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Fig. 13.5 Covariation analysis of SSU expansion segments. Consensus sequences and secondary
structures for ES9S, ES10S and ES12S, with interacting partners as on Figs. 13.3 and 13.4
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Fig. 13.6 Covariation analysis and interaction networks of LSU expansion segments. a Consensus
sequence and secondary structure for ES7L. b Close-up of the pseudoknot formed by ES7L and
ES15L in T. cruzi and T. gondii [PDB ID: 5XXB (Li et al. 2017)]. c Close-up of the region at the
top of stem A1 of ES7L in L. donovani and H. sapiens. d–f Consensus sequences and secondary
structures for ES15L, ES5L (also known as ES42L) and ES19L (interacting partners are not shown
for H16–20). g Close-up of the region comprising ES19L and ES31L. h–i Same as (d–f) for ES31L
and ES27L
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Fig. 13.6 (continued)

with ES19L and ES27L because of its proximity to the latter ES (Figs. 13.2b and
13.6g). ES19L appears as an elongated stem of a relatively well resolved mass of
density that shows its interactions with r-proteins eS27 and uL23, but also with
srRNA1 (Fig. 13.6f). It is interesting to note that ES31L and ES19L interaction
occurs indirectly through r-protein eL27 (Fig. 13.6f, h). Last but not least, ES27L
contains two three-way junctions conferring it an elongated shape with two grafted
branches protruding toward the solvent (Fig. 13.6i). It interacts directly with ES31L
and r-proteins eL19 and eL22 (Fig. 13.6i). Thus, all three, ES 19L, 27L and 31L
form an interconnected bundle of rRNA near the L1-stalk on the LSU (Fig. 13.2).
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Fig. 13.7 Compensatory interaction networks on the LSU. a Superimposition of the ribosomes
from T. cruzi (light shades) and H. sapiens [PDB ID: 4V6X; dark shades (Anger et al. 2013)]. The
view is from the top of that shown in panel 22.4b, after removing regionsmodeled outside of density.
b Close-up of the location where eL34 binds ES31L in kinetoplastids, and of the corresponding
region in the human ribosome (PDB ID: 4V6X). For kinetoplastids, the number of the last residue
modeled in density as well as the total length of the r-protein are indicated. c Close-up of ES7L
bound to uL4 in kinetolastids, and of the corresponding region in the T. gondii ribosome [PDB ID:
5XXB (Li et al. 2017)], where an elongated uL4 interacts with uL16

Finally, it is worth mentioning that expansion segments may have a conserved
structure even in the absence of sequence conservation, as exemplified by ES7S
(Figs. 13.2 and 13.4b), and subdomain A3 of ES7L (Figs. 13.6a and 13.7c).
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Compensatory Interaction Networks

Compensatory interaction networks are widespread on the LSU, as previously
observed upon comparing ribosomes from yeast, wheat, fly, human and several para-
sites (Anger et al. 2013; Armache et al. 2010; Li et al. 2017; Hashem et al. 2013b).
For instance, the larger ES31L in kinetoplastids (70 nt in yeast, 85 nt in human,
but 220–237 nt in kinetoplastids) fills the space occupied by an extended helix from
the 714 nt-long ES27L in humans, without altering the binding mode of eL27 and
eL8 (Fig. 13.7a). Another example is the conserved stem A1 of ES7L that packs
against eL6, eL32 and eL33 but not eL28, in contrast to ES7L of other eukaryotic
ribosomes (Anger et al. 2013; Ben-Shem et al. 2011; Hashem et al. 2013b; Li et al.
2017) (Fig. 13.6a, d). Moreover, although the pseudoknot formed between ES7L
and ES15L is similar to that in T. gondii (Fig. 13.6b, d), the long-range interaction
involving the shallow groove of ES7L and a loop from ES39L in human is replaced
by interactions with srRNA3 (Fig. 13.6c).

Size increase ofES is often accompanied by extensions of r-proteins (Hashemet al.
2013b; Li et al. 2017). For example, the eL34 r-protein is extended in kinetoplastids
by ~50 amino acids compared with human eL34, which can be explained by a larger
ES31L (Fig. 13.7b). It therefore came as a surprise that the length of uL4 remains the
same across kinetoplastids, even though stemA3 of ES7L nearby dramatically varies
(Fig. 13.7c). Nevertheless, exceptions can be observed, such as in P. falciparum and
T. gondii where ES7L is of a similar size compared to that of T. brucei (~290 nt).
However, uL4 is elongated by ~40 amino acids in P. falciparum and T. gondii, so that
it interacts with uL16 (Fig. 13.7c), a late binding protein during ribosome assembly
in yeast (Li et al. 2017; Ma et al. 2017), with no obvious correlation with the size of
ES7L (Fig. 13.7c).

Concluding Remarks

In line with previous work that presented the structures, and underscored the impor-
tance of, expansion segments in other species (Armache et al. 2010; Beckmann
et al. 2001; Ben-Shem et al. 2011), this chapter illustrates that ES are not random
extensions with poor sequence conservation at the surface of ribosomes. Rather, ES
are organized so that they tightly interact with core rRNA and r-proteins, recruit
kinetoplastid-specific proteins, and act as dynamic gatekeepers. Some of these inter-
action networks are found in some but not all parasites, suggesting that the precise
role of ES may vary even among species from the same phylum. Through high-
lighting the importance of ES networks in the ribosomes of kinetoplastid parasites,
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this work expands the chacterization of kinetoplastid-specific features, in the hope
of stimulating the development of safer and more specific anti-parasitic therapeutic.
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Chapter 14
Hepatitis B Core Protein Capsids

Bettina Böttcher

Abstract Non-envelopedNackednaviridae and envelopedhepadnaviridae both have
capsids that are formed by related small proteins which evolved more than 430 Mya.
In Hepatitis B virus, which belongs to the enveloped hepadnaviridae, this small
protein is termed Hepatitis B core protein (Hbc). Its function, as building block of a
major human pathogen, triggered extensive research that elucidated the importance
of almost every single amino acid for the structural integrity of the capsids and the
orderly progression of the viral life cycle. In particular, encapsidation of the genome,
envelopment of the capsid, uncoating of the genome and targeting of the different
compartments during viral maturation have been a vivid focus of research. HBc has
also been developed as a biotechnological tool for the design of nano-containers
with tailored properties. These nano-containers can display foreign epitopes on their
surfaces and induce a strong immune response, which is attractive for the devel-
opment of vaccines against other pathogens. This chapter will discuss some of the
unique properties of HBc and their significance for the formation of a functional
macromolecular capsid.

Keywords Hepatitis B virus · Hepatitis B core protein · Icosahedral capsid ·
Spike · Nano-container · C-terminal domain · Assembly domain · Arginine-rich
domain

Hepatitis B Core Protein a Component of the Hepatitis B
Virus

Hepatitis B Virus (HBV) belongs to the family of Hepadnaviridae and is a major
humanpathogen.Approximately one third of theworld population has been in contact
with the virus (Alter 2003) and around 250million have become chronic carriers with
an increased risk for developing liver cirrhosis and primary liver cancer. The virions
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consist of two shells. The outer shell is a membrane containing envelope, which is
densely packed with surface proteins (HBs). The inner shell is a capsid that is formed
entirely by a protein called hepatitis B core protein (HBc) or Hepatitis B core antigen
(HBcAg). These HBc subunits assemble around a complex of viral pregenomic (pg)
RNA and viral polymerase (protein P) (for review see Nassal 2008; Ning et al. 2017)
and form an icosahedral capsid. Inside the capsid the viral polymerase reversely tran-
scribes the RNA into partly double-stranded (ds) DNA. After reverse transcription
is completed, capsids are either targeted towards the nucleus (early after infection)
or they are enveloped by a lipid membrane, which is densely packed with HBs
(Fig. 14.1). These mature virions (Summers and Mason 1982) are secreted together
with a huge excess of subviral particles formed by HBs and virus-like, enveloped
particles containing empty, highly phosphorylated HBc capsids (Ning et al. 2011).

The viral envelope is densely packed with three types of surface proteins (HBs)
which are termed large (L), medium (M) and small (S). All types have of HBs
have the same C-terminal membrane-embedded domain that comprises S-HBs and
consists of 4 transmembrane helices. M-HBs and L-HBs have N-terminal additions
of increasing length. These additions are termed preS2 for the part that is common in
M-HBs and L-HBs and preS1, for the part which is unique to L-HBs. The whole N-
terminal extension to S-HBs in L-HBs is commonly referred to as the PreS-domain

Fig. 14.1 Schematic representation of Hepatitis B Virus (HBV). a The viral capsid (grey) is
enveloped by a lipid membrane (yellow), which is densely packed with surface proteins (green).
b The three types of surface proteins (S, L, M-HBs) have increasing extensions to the N-terminus.
The largest variant, L-HBs, adopts two topologies (topo I and topo II). Topo I supports binding of
L-HBs to the cellular receptor and topo II to the capsid
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(Fig. 14.1). For the envelopment of HBc L-HBs and S-HBs are important while M-
HBs is dispensable. It is still an ongoing debate where the binding site for these two
surface proteins on the capsids is.

In the envelope, L-HBs has a dual function as it binds to the cellular receptor
during infection and to the capsid during envelopment. This is achieved by a dual
topology (Bruss et al. 1994) in which the N-terminus of L-HBs can either face
the luminal or cytosolic site of the membrane (Fig. 14.1, topo I and topo II). Viral
secretion by budding requires enveloped particles. Infective particles include capsids
with a mature DNA-genome and an envelope that contains L-HBs. All other types
of secreted particles are none infective.

Structure of Hepatitis B Core Protein

The capsid forming human HBc is a small protein of only 183–185 amino acid
residues. It consists of an N-terminal assembly domain (1–144), which forms the
ordered part of the capsid and a C-terminal domain (CTD), which is largely disor-
dered. The CTD is rich in arginines (arginine rich domain, ARD) and contains several
phosphorylation sites, a nuclear export signal (NES) and nuclear localization signals
(NLS) (Fig. 14.2). Thus the CTD accommodates the main functional sites of HBc
that control ordered progression of viral maturation and its localization within the
host cell.

The structure of the assembly domain of HBc is known from numerous studies by
electron cryomicroscopy (Crowther et al. 1994; Kenney et al. 1995; Bottcher et al.
1997; Yu et al. 2013; Böttcher and Nassal 2018; Conway et al. 1997; Schlicksup
et al. 2018) and X-ray crystallography (Alexander et al. 2013; Bourne et al. 2006;
Venkatakrishnan et al. 2016; Wynne et al. 1999). The assembly domain is mainly
α-helical and contains 5 helices (Bottcher et al. 1997; Wynne et al. 1999), which are
numbered from the N- to the C-terminus (I–V). The N-terminal part of the assembly
domain (residues 1–48) accommodates two short helices connected by extended
strands of protein. This N-terminal part resembles a fulcrum and loops around the
central helical hairpin formed by the two longest helices III and IV (residues 48–111).
The central helical hairpin is followed by helix V which together with a subsequent
proline rich turn and an extended stretch form a hand-like region (Fig. 14.2). Helices
IV and V are flexibly linked at Gly 111 (Böttcher et al. 2006; Packianathan et al.
2010), enabling a hinge-like movement between the two domains.

Most structures resolve the assembly domain only up to residue 144 and in some
exceptional cases up to residue 152 (Böttcher andNassal 2018). However, the density
downstream of residue 144 is very weak suggesting either flexibility or lower occu-
pancy with some of the C-termini being in different conformations. This region
between the orderedwell-resolved assembly domain and the unresolvedARD is often
referred to as linker-region. The unresolved residues following 152 contain the Argi-
nine rich domain and the phosphorylation sites of which seven can be phosphorylated
in one HBc-monomer in vitro (Heger-Stevic et al. 2018a).
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Fig. 14.2 Cartoon of HBc-monomer [chain C of 6HTX (Böttcher and Nassal 2018)]. The assembly
domain is shown in colour: N-terminal fulcrum in blue, central spike in green and hand-region in
red. The hinge at Gly 111 between the spike and the hand region is indicated in magenta. Cys61
that forms an inner-dimeric SS-bridge in HBc dimers is shown in yellow. The helices are labelled in
roman numbers following the numbering of 1QGT (Wynne et al. 1999). Most published structures
resolve the assembly domain only up to residue 144. The subsequent CTD is largely disordered and
contains seven sites that can be phosphorylated in vitro (Heger-Stevic et al. 2018a), the arginine
rich domain (ARD) nuclear localization signals (NLS) and the nuclear export signal (NES). The
last resolved residue of HBc in capsids points towards the capsid interior, while the N-terminus is
located at the capsid exterior

HBc Forms Dimeric Building Blocks

The Hbc monomer on its own is most likely unstable and has not been observed
in solution yet. Folding experiments suggest that two HBc monomers associate as
partly unfolded proteins into a dimer and then fold together (Alexander et al. 2013)
into a mature dimer. The dimers are hammerhead-shaped (Crowther et al. 1994) with
the handle as the inner dimer interface. This interface is formed by helices III and
IV of each monomer. The dimer is further stabilized by an inner-dimer SS-bridge



14 Hepatitis B Core Protein Capsids 455

Fig. 14.3 Dimer in cartoon
representation (CD dimer of
capsids of wt-HBc [6HTX,
(Böttcher and Nassal 2018)].
The dimer is shown along
the dimer axis from the
capsid exterior. The inner
dimer SS-bridge in the centre
of the spike is shown in
magenta. Positions of point
mutants that stabilize dimers
(L42A, F23A) and trimers of
dimers (Y132A) and abolish
capsid formation are shown
as green balls

(Fig. 14.3, magenta) between Cys 61 (Fig. 14.2, yellow) in the center of helix III. The
SS-bridge is dispensable for dimer and capsid formation (Nassal 1992) and slows
down capsid assembly in vitro (Selzer et al. 2014).

HBc, C-terminally truncated at residue 138, cannot assemble into capsids and
remains in its dimeric form, while longer constructs are able to assemble into capsids
under favourable conditions (Zlotnick et al. 1996). The dimeric form is also stabilized
over capsids at pH 9.5 and at low ionic strength (Wingfield et al. 1995) and stays
dimeric under reducing conditions, even at high protein concentrations (Freund et al.
2008). Certain point mutations abrogate the ability of HBc to assemble into capsids
but still support the dimer formation. The probably best-known point mutation that
abolishes capsid formation is an exchange of Tyrosine132 to Alanine. This position
is at the strained turn of the hand region (Fig. 14.3). In human HBc such mutants
form stable, planar trimers of dimers whereas in woodchuck HBc the corresponding
mutant forms dimers (Zhao et al. 2019). The inability of thesemutants to form capsids
and their ability to form well diffracting crystals, made them an important construct
for routine high-resolution studies of effector binding (Zhou et al. 2017; Qiu et al.
2016; Klumpp et al. 2015) well below 2 Å resolution. Other point mutations in the
fulcrum such as F23A and L42A (Fig. 14.3) also abolish capsid formation and lead
to dimers that are stable under a wide range of conditions (Alexander et al. 2013).

Hbc Dimers Assemble into Icosahedral Capsids

Dimers are the main building block from which capsids with either T = 3 (180
subunits) or T = 4 (240 subunits) triangulation are formed. The diameter of the
capsids across the tips of the spikes is 36 nm for T= 4 capsids and 32 nm for T = 3
capsids (Crowther et al. 1994). Thus T= 3 capsids provide about 70% of the volume
of T = 4 capsids. The asymmetric units of T = 4 and T = 3 capsids both contain
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two types of HBc dimers with different spatial surroundings (Fig. 14.4): One type
of dimer is located between a fivefold and a local sixfold symmetry axis (blue, cyan
in Fig. 14.4) and the other is placed between two local sixfold symmetry axes (red,
yellow in Fig. 14.4). In T = 4 capsids the dimer axes of all dimers are located at
local twofold symmetry axes, meaning that these dimers do not have perfect twofold
symmetry and the individual monomers deviate slightly in their structures to adapt
to the different spatial surroundings. In T = 3 capsids only one of the two dimers
is located at a local twofold symmetry axes whereas the other dimer is located at a
strict two-fold axis and contributes only one of its monomers to the asymmetric unit.
The dimer at the strict two-fold symmetry axis in the T = 3 particles has perfect
two-fold symmetry with both monomers having identical structures.

Within the capsids the hammerhead-shaped dimers are orientated such that the
head is part of the continuous protein shell and the handle forms a protruding spike.
Thus capsids have either 90 (T = 3 particle) or 120 (T = 4 particle) spikes at their
surface. At either side of the spikes are large triangular holes of approximately 2 nm
diameter that fenestrate the capsid shell and are large enough to be crossed by small
molecules or nucleotides.

In the capsids the hand-like C-terminal regions of the assembly domains, which
form the opposite tips of the hammerhead, mediate the inter-dimer contacts. Either

Fig. 14.4 Hbc in the asymmetric unit. Left: Surface representation of a T= 4 capsid [EMDB 0271,
(Böttcher and Nassal 2018)]. The surface is coloured according to the spatially different positions of
the monomers. One type of dimer (blue, cyan) is located between a fivefold and a twofold symmetry
axis. The other type of dimer (red, yellow) is located between two twofold symmetry axes. The
maximal diameter of T = 4 capsids measured across the tips of the spikes is 36 nm. Right: The 4
subunits of the asymmetric unit [pdb 6HTX, (Böttcher and Nassal 2018)] superposed. The assembly
domain is shown in colour corresponding to the spatial surroundings as indicated on the left. The
resolved linker residues are shown in white. The structures deviate in the hand region to adapt to
the different spatial surroundings around the five-fold and local six-fold symmetry axes. The most
adaptation-affected side chains were identified by NMR and group into a bending region (light
yellow) and a dynamic region (dark yellow) (Lecoq et al. 2018) and are indicated for chain C
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five or six of these hand-like regions assemble around strict five-fold-symmetry
axes and the local six-fold symmetry axes respectively. These different spatial envi-
ronments require slight adaptations in the structure of the protein (Fig. 14.4) that
manifests as a swivel of the hand region relative to the spike with Gly111 as a hinge.
Solid State NMR confirms that the hand region comprises a dynamic region between
residues 121 and 135 and a bending region between residues 117 and 120 that differ
in their chemical shifts between the 4 monomers in the asymmetric unit (Lecoq et al.
2018).

T = 4 capsids are more common than T = 3 capsids and account for more than
90% of capsids in virions (Roseman et al. 2005; Seitz et al. 2007; Dryden et al.
2006). Early experiments with HBc expressed in E. coli suggested that the CTD and
especially the linker region between assembly domain and ARD (Watts et al. 2002)
is decisive for whether T= 3 or T= 4 capsids are formed. In addition full length HBc
had a strong dimorphism (Wingfield et al. 1995; Crowther et al. 1994) whereas HBc
truncated at position 149 formed mainly T= 4 particles (Zlotnick et al. 1996). Later
experiments with optimized, heterologous expression systems did not confirm the
earlier described dimorphism of full length wt-HBc (e.g. Böttcher and Nassal 2018.)
suggesting that higher dimer concentrations are another decisive factor that controls
the speed of capsid assembly (Lutomski et al. 2017) as well as the ratio between
T = 3 and T = 4 particles. (Harms et al. 2015). The critical dimer-concentration of
truncated HBc1–149 for capsid formation is around 0.5 μM and is the same for T =
3 and T = 4 particles (Harms et al. 2015).

Important Sites of the Assembly Domain

HBc is densely packed with functionally important sites. Some of them map to the
ordered assembly domain while others are located in the disordered CTD, which
probably changes its accessibility during viral maturation. The assembly domain
harbours sites that are important for capsid assembly, immunogenicity, formation
of virions and secretion (Fig. 14.5). Many functionally important sites map to
the inner dimer interface such as the tips of the spikes and the surroundings of a
hydrophobic pocket inside the spikes; others are located at the inter-dimer interface
like a hydrophobic Heteroaryldihydropyrimidine pocket between the hand region
and fulcrum (Venkatakrishnan et al. 2016).

In addition individual, exposed residues of the hand region (R127, I126, F122,
A137, N136, and I139) at the outer surface of the spike (L60, L95, and K96) and at
the fulcrum (S17, F18) (Fig. 14.5) are essential for the secretion of enveloped virions
with a mature genome (Ponsel and Bruss 2003). Even conservative mutations of
these key residues abrogate secretion of virions with mature genome (Ponsel and
Bruss 2003) but not that of empty, enveloped capsids (Ning et al. 2018).
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Fig. 14.5 Part of a capsid in surface representation coloured with important sites: evolutionary
conserved residues are coloured in blue [motif I light blue, motif II: dark blue, motif III medium
blue (Dill et al. 2016)]; residues essential for secretion (Ponsel and Bruss 2003) are coloured in
red, mutations causing premature envelopment are shown in yellow and those leading to low level
secretion phenotypes in orange (Le Pogam et al. 2000). Magenta highlights residue 80 at the tips of
the spikes in the centre of the immune dominant region (Salfeld et al. 1989; Koschel et al. 2000).
Green marks sites hat interfere with capsid formation but not with dimer formation. These sites are
mainly buried in the protein shell and not surface exposed. The left panel shows the outer surface,
to which many important sites map. Interestingly, the upper part of the spikes only contain the
immune dominant loop but are otherwise neither conserved nor contain residues that are important
for secretion. The right panel shows the inner surface, which only displays 2 important residues:
Gly 111 in blue in the conserved motif II and Asn 136 in red being essential for secretion

The Tips of the Spikes

The tips of the spikes are the most exposed site of the capsids and form the major
immuno-dominant loop (Fig. 14.5) and probably the binding platform for the enve-
lope. The tips of the spikes consists of the tight loops between helix III and IV
containing residues 77–81. Each monomer contributes one of these loops to the
tips. This generates a characteristic cleft between the two loops, which could act as
potential binding site for other factors. The widths and length of the cleft is only
large enough to support direct contact to 2–3 amino acids. The tip of the spikes
contains 4 negatively charged residues which accumulate in the cleft providing an
exposed platform for potential electrostatic interactions (Fig. 14.6). Furthermore, the
tips together with the upper half of the spikes are more flexible than the rest of the
capsid as indicated by the high B-factors and the low local resolution in this region
of the capsids (Böttcher and Nassal 2018). MD simulations (Hadden et al. 2018)
suggest that the tips sample a wide conformational space forming a dynamic cleft
between the loops. These observations agree with a potential binding site for small
binders following an induced fit mechanism.
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Fig. 14.6 Dimer in surface
representation coloured with
the relative surface charges.
Positive charges are coloured
in blue, negative charges in
red. The tips of the spikes are
the most negatively charged
exposed region of the
capsids. The fulcrum
preceding helix III is also
surface exposed and is the
most positively charged
region of the spike and leads
to the entrance of the
hydrophobic pocket in the
interior of the spikes

The tips of the spikes also harbour the main immunogenic loop, which is centred
on residue 80 (Salfeld et al. 1989; Conway et al. 1998; Belnap et al. 2003) at the start
of helix IV. Deletion of residue 80 (Fig. 14.5, magenta) abolishes the reaction with
human anti-HBc positive serum (Koschel et al. 2000) confirming the location of the
immunogenic loop close to the tips of the spikes. Some antibodies show a strong
preference for certain quasi-equivalent sites over others (Wu et al. 2013; Conway
et al. 2003; Harris et al. 2006) demonstrating that the conformational differences
between the four monomers in the asymmetric unit of the capsid can be recognized
by antibodies although the structural differences of the fourmonomers are veryminor
at this position (Fig. 14.5). In certain complications of Hepatitis B virus infection
that lead to acute liver failure, a strong B-cell response causes massive production of
IgG against HBc (Farci et al. 2010). Antibodies from such patients bind towards the
side of the spikes peripheral to the major immune dominant loop and show a strong
conformational preference for some of the monomers over others (Wu et al. 2013).
Typically only one monomer per dimer has a bound antibody and within the spatial
context of the asymmetric unit it is always the same.

The tips of the spikes are also the contact siteswith the envelope in virions (Dryden
et al. 2006; Seitz et al. 2007) and bind to fragments of PreS and S-HBs (Muhamad
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et al. 2015). NMR-studies suggest that the S-HBs fragment forms a short helical
segment and the PreS fragment a tight loop, which both bind with one face to the
cleft at the tips of the spikes (Muhamad et al. 2015). Peptides that interfere with
binding of L-HBs to the capsids (Dyson and Murray 1995) also attach to the tips
of the spikes at the cleft at the tips of the spikes (Böttcher et al. 1998; Freund et al.
2008). Contacts between capsid and envelope appear variable fromvarying directions
(Seitz et al. 2007). Although these observations strongly suggest that the tips of the
spikes are the binding sites between capsid and envelope, none of the residues at
the tips of the spikes appears to be of importance for envelopment, virion formation
or secretion according to extensive mutational screens (Koschel et al. 2000; Ponsel
and Bruss 2003). This apparent contradiction is not yet fully resolved and might hint
to an unspecific electrostatic interaction between HBc and the envelope and could
reflect the different roles of S-HBs and L-HBs in envelopment with PreS probably
mediating the specific contact away from the tips of the spikes (Ponsel and Bruss
2003; Pastor et al. 2019).

The Hydrophobic Pocket Inside the Spikes

The spikes accommodate a hydrophobic pocket (Fig. 14.6, lower panel, arrow) in
the centre of the spikes, which harbours Cys61 and F/I97. In capsids derived from
patients’ serum (Roseman et al. 2005) and in some samples of capsids derived from
HBc over-expressed in E. coli (Böttcher and Nassal 2018) the pocket contains an
unknown factor. Its small size is consistent with a small molecule or an individual
amino-acid side chain rather than with a folded motif of a potential protein binding
partner. The pocket is of interest because it is lined by numerous residues that have
been implicated in either low or premature secretion phenotypes. In particular residue
97 is implicated in premature secretion. In wt-Hbc this position is typically occupied
by a large hydrophobic residue, such as phenylalanine (e.g. strains ayw and adyw) or
isoleucine (e.g. strains adr and adw); however, in some naturally occurring mutants,
these bulky residues are replaced by a smaller leucine. These mutants have a prema-
ture secretion phenotype such that capsids containing ssDNA are enveloped (Yuan
et al. 1999a, b).

Structural differences between capsids of wt-HBc and of F97L-mutant are subtle
and impact the side chain orientation of residues 97 in helix IV and the disulphide-
bridge at the adjacent helix III, which is always reduced in 97L but not in 97F.
Both changes together enlarge the hydrophobic pocket (Böttcher and Nassal 2018)
such that the pocket factor can penetrate deeper into the spike. The entrance of the
pocket is also lined by P5 and L60 (Fig. 14.5, orange) which if mutated to P5T or to
L60V are implicated with low level secretion phenotypes and are naturally occurring
variants of the Hepatitis B Virus (Le Pogam et al. 2000). Residue 5 is close to the
N-terminus of HBc, which is largely disordered in freshly prepared, phosphorylated
capsids and folds slowly over a couple of days (Heger-Stevic et al. 2018b). This
slow maturation in vitro might hint at a cis–trans isomerization of the proline which
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is generally catalysed by peptidyl-prolyl-cis-trans-isomerases in vivo. Mutations of
the proline are likely to abolish the structural maturation and thus interfere with
processes that sense a folded N-terminal region. In vivo experiments in Huh cells
show that mutating any of the pocket delineating residues L60, L95, K96 and I126
to smaller alanines abrogates binding of the L-HBs to HBc (Pastor et al. 2019). All
these observations suggest that the pocket could be involved in binding PreS but is
generally too small to accommodate parts of the PreS-sequence directly.

The Hydrophobic Pocket at the Inter Dimer Interface

HBc-dimers interact around the five-fold and local six-fold symmetry axes by
packing the hand region of one dimer against the fulcrum and the hand region
of the adjacent dimer. This inter-dimer contact forms a hydrophobic pocket
between two dimers to which assembly modulators bind (Venkatakrishnan et al.
2016; Schlicksup et al. 2018). These assembly modulators fall into two cate-
gories: The heteroaryldihydropyrimidine-derivates (HAP) (Stray et al. 2005) and the
phenylpropenamide-derivates (Katen et al. 2010).While HAP-derivates lead to aber-
rant structures (Stray et al. 2005) phenylpropenamides accelerate capsid assembly
and maintain the capsid structure (Katen et al. 2010). Both types of modulators have
antiviral potential (for review see Zlotnick et al. 2015) but have a different mode
of action. HAPs probably act by accumulating hexamers of dimers as intermediates
(Stray et al. 2005). These hexamers are well stabilized and can lead to tube-like
assemblies with hexamers of dimers as main building block (Liu et al. 2017). In
contrast phenylpropenamides lead to accelerated formation of intact capsids that
then progress into empty enveloped virus-like particles (Feld et al. 2007). HAP and
Phenylpropenamides both intercalate between helix V of the hand region in one
dimer and helix IV of the spike below the fulcrum of the other dimer (Schlicksup
et al. 2018; Katen et al. 2013). The changes in the individual asymmetric units are
small but lead to large range distortions that accumulate in the capsid structures
(Katen et al. 2013).

Most of the structural binding studies of these modulators have used C-terminally
truncated HBc1-149-variants. The truncation removes the ARD of the CTD and abol-
ishes unspecific interactions with RNA. The resulting capsids are more homoge-
neous and therefore are better amenable to high-resolution structure determination.
However, in capsids C-terminally truncated HBc and full length HBc have a some-
what different orientation of the C-terminal tail of the assembly domain (Yu et al.
2013), which impacts the inter-dimeric hydrophobic pocket. Superposing structures
of truncated HBc variants with bound modulator (Schlicksup et al. 2018; Venkatakr-
ishnan et al. 2016; Katen et al. 2013) with full length HBc-capsids suggests that
the modulators also affect residues 151–152 of the adjacent subunit (Böttcher and
Nassal 2018) making an even more extended contact at the interdimer interface than
suggested by the studies of the truncated HBc1–149. It is likely that part of the mode of
action of the assembly modulators is in co-ordinating the CTD and accelerating the
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interaction of these only weakly ordered residues to form stable capsids. Recently,
more substance classes were discovered (Huber et al. 2019; Corcuera et al. 2018)
which also target the same hydrophobic pocket andmodulate capsid assembly. These
modulators provide a versatile toolbox for interfering with viral maturation and thus
for the development of new antiviral strategies.

The C-Terminal Domain (CTD)

The CTD downstream of residue 144 is largely disordered. It can be divided into a
linker region and the arginine rich domain (ARD). Parts of the linker region have
been resolved as weak density in high resolution EM-maps of empty, phosphorylated
capsids (Böttcher and Nassal 2018). This linker region folds into a kinked stretch that
resembles the loop and stretch of the hand region. The linker packs against the last
resolved residues of the assembly domain in the adjacent dimer and contributes to
the inter-dimer contact. This involvement in inter-dimer contacts probably explains
its impact on the morphology of capsids (Zlotnick et al. 1996).

The ARD downstream of the linker has many positive charges located at 16
arginines and interacts randomly with host-RNA. These arginines are interspersed
with six serines, which can be phosphorylated and which are phosphorylated in
HBc-dimers prior to capsid assembly (Zhao et al. 2018). There is evidence that the
dephosphorylation of HBc is concomitant with the encapsidation of the pregenomic
RNA (Zhao et al. 2018). If HBc is phosphorylated in vitro, capsids no longer incorpo-
rate random host RNA and remain empty (Heger-Stevic et al. 2018b). Similarly, the
packaging of host RNA is reduced by phosphorylation mimics in which three of the
serines are replaced by negatively charged glutamates (Porterfield et al. 2010). Thus,
stable incorporation of the genome probably requires a fine-tuned charge balance
between negative charges contributed by the genome and the phosphorylated serines
and the positive charges contributedby the arginines (LePogamet al. 2005). Phospho-
rylation of the CTD has no impact on the structure of the assembly domain (Böttcher
and Nassal 2018; Heger-Stevic et al. 2018b). Therefore, a conformational change
of the capsid cannot act as a maturation signal that directs the capsid either towards
envelopment or to the nucleus. However, differences in the accessibility of the CTD
in phosphorylated and unphosphorylated capsids as well as capsids of phosphoryla-
tion mimics are evident by a changed accessibility to proteases (Heger-Stevic et al.
2018b; Selzer et al. 2015). Such conformational accessibility-switch is an attractive
mode for guiding maturation as it either masks or unmasks the nuclear localization
signal. However, it is difficult to understand what the actual driver of this maturation
is. Some experiments compare the accessibility of the CTD to trypsin digestion in
empty capsids that have been generated from HBc dimers in the absence of RNA
(Selzer et al. 2015), whereas other experiments compare capsids that self-assemble in
E. coli (Heger-Stevic et al. 2018b) and balance their charge by either picking up RNA
(unphosphorylated) or remaining empty (phosphorylated). Accordingly, the obser-
vations differ and show different degrees of protection of the CTD. Unfortunately,
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protease protection assays cannot distinguish whether accessibility has changed due
to a partial disintegration of the capsids or a genuine conformational switch. Studies
on nucleocapsids with mature genome suggest that the maturation leads to a desta-
bilization of the capsids probably with partial disintegration (Cui et al. 2013), which
could explain changes in accessibility to proteases. In contrast, structural studies,
and especially those aiming at high-resolution select for the most intact particles and
discard information from a large percentage of particles, which are structurally more
variable or damaged but could account for the observed changed accessibility.

Assuming a conformational switch that makes the CTD accessible to the outside
without damaging the gross architecture of the capsids raises the question where the
CTDs emerge from the capsid. Electron microscopic studies of capsids with Import
in ß bound to the CTD suggests that the CTD egresses through the holes at the
local six-fold axes (Chen et al. 2016). However, these holes are narrow and cannot
easily widen to accommodate an extended peptide stretch without a simultaneous
rearrangement of the adjacent hand regions. Far more attractive are the large holes at
the base of the spikes.With a diameter of some 2 nm, they are large enough to support
the exit of one or two extended stretches of the CTD. In agreementwith thismodel are
observations on phosphorylated HBc capsids, which show the last resolved residues
of the assembly domain extending towards the large holes adjacent to the base of
the spikes (Heger-Stevic et al. 2018b; Böttcher and Nassal 2018). Furthermore, in
the phosphorylated premature envelopment mutant F97L the three most C-terminal
residues of the CTD (181–183) are located at the base of the spikes directly adjacent
to the large holes (Böttcher and Nassal 2018). This locates the C-termini of HBc at
the capsid interior at a favourable position for exposure through the adjacent large
holes without the need of capsid reorganization in the assembly domain.

Evolution of Capsids

Hepadnaviridae and the related Nackednaviridae are found in almost all vertebrates,
including fish (Hahn et al. 2015), amphibians (Dill et al. 2016), birds and mammals.
Phylogenetic analysis suggests that both families emerged from a common ancestor
some 430 Mya (Lauber et al. 2017). While the non-enveloped Nackednaviridae
are only reported in fish, the enveloped Hepadnaviridae are found in mammals
(Orthohepadnavirusses), birds (Avihepatovirusses), reptiles, amphibian (Herpeto-
hepadnavirusses) and in some fish (Meta- and Parahepdanaviruses) (Lauber et al.
2017; Schaefer 2007). The non-enveloped Nackednaviridae have a capsid that is
structurally similar to the human HBc capsids (Lauber et al. 2017) but probably
evolvedmuch earlier. Phylogenetic comparison identify three conservedmotifs in the
capsid proteins (Dill et al. 2016), which include the surface-exposed side of the hand
region, parts of the fulcrum and the tight kink between helix IV and IV connecting the
spike domain to the hand region (Fig. 14.5, blue). All three motifs are in close prox-
imity to the hydrophobic pocket at the inter dimer interface, suggesting that important
sites for capsid formation are conserved over geological ages. In contrast, residues at
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the inner-dimer interface and at the tips of the spikes are not conserved. While most
capsid proteins are relatively small with some 180+ residues the capsid proteins of
Avihepadnaviruses in birds and Herpetohepadnaviruses in reptiles and amphibians
havemuch larger capsid proteins of some 260+ residues. Themost remarkable differ-
ence of these larger variants compared to the other capsid proteins are extensions
of some 40–50 residues replacing the tips of the spikes (Nassal et al. 2007). This
demonstrates the structural variability of the spike region. Recent unpublished data
shows that in duck Hepatitis B capsid protein (DHBc) this extension domain folds
separately and much more slowly than the rest of the capsid protein (Makbul et al.
2020), The extension domain packs to the side of the spikes as already suggested
by the earlier discovered broad spikes of DHBc capsids (Kenney et al. 1995) and
contributes almost 50% of the area of the inner-dimer interface. Thus it adds an
important contribution to capsid stability (Makbul et al. 2020). The inner dimer
contact within the core spike of DHBc is also changed in comparison to HBc with
an altered twist of the helices III and IV and a stabilization of the contact by stacking
of aromatic residues rather than an inner-dimer di-sulphide bridge (Makbul et al.
2020). These observations further highlight the fact that the inner-dimer interface in
the related core proteins is much less conserved than the inter-dimer packing.

HBc Capsids as Tool in Biotechnology

The ability of HBc to self-assemble into capsids has been fascinating for many
researchers and was quickly developed into a tool to display other proteins or protein
fragments at the surface of capsids (Schodel et al. 1992; Borisova et al. 1996; Ulrich
et al. 1998). Large insertions are tolerated at the tips of the spikes without abolishing
particle formation. Depending on the size of the inserted protein these particles
have some 40–60 nm diameter and carry up to 240 foreign protein fragments at
their surface. This spatially condensed display of protruding epitopes is conceptu-
ally interesting for the generation of vaccines that trigger a strong immune response.
HBc is a particularly attractive carrier, as it is not infectious on its own, triggers a
strong B cell, T cell and CTL response (Milich et al. 1995) and is directly displayed
in B cells in mice (Milich et al. 1997). Systematic structural screening has shown
that the tips of the spikes tolerate the insertion of whole proteins such as GFP (Kratz
et al. 1999; Böttcher et al. 2006) or the dimeric outer surface lipoprotein C (OspC)
of the Lyme disease (Skamel et al. 2006). However, insertions into HBc at the tips of
the spikes requires that the C- and N-terminus of the inserted fragment are in close
proximity and that spatial clashes of the two displayed proteins on the same spike
do not interfere with the independent folding of HBc and the inserted protein. Some
residual conformational stress at the tips of the spikes is generally well tolerated
by the capsids but is propagated through the capsid scaffold and leads to distor-
tions of the capsid that are hinged at Gly 111 at the joint between helix IV in the
spike and helix V in the hand-region (Böttcher et al. 2006). This type of conforma-
tional stress occurs during protein folding and capsid formation. It is also possible
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to induce conformational stress post capsid formation. For this an acidic insertion
domain is introduced which forms a coiled coil helix with a complementary basic
peptide (peptide velcro) but is disordered without the binding partner (O’Shea et al.
1993). In the absence of the complimentary peptide, capsids have the expected struc-
ture of wt-HBc capsids. The large acidic insertions are not resolved by electron
cryo-microscopy, which is expected for an unfolded insert. Upon addition of the
complimentary basic peptide, capsids completely disintegrate (Böttcher et al. 2006).
This enables a triggered opening of an artificial HBc-based nano-container.

Spatial constraints restrict which proteins and protein fragments can be inserted
to the tips of the spikes. These constraints are partly eliminated by using very long
flexible linkers, which give the foreign fragment the freedom to fold independently
of the icosahedral capsid scaffold. Similarly, using mosaic particles of wt-HBc and
chimeric HBc (Vogel et al. 2005) with an inserted foreign protein (fragment) relieve
the spatial constraints by reducing the number of surface-exposed foreign epitopes.
However, insertions of proteins in which C- and N-terminus are distant remain prob-
lematic. Here a different strategy which uses “split cores” was designed (Walker
et al. 2011). In these constructs HBc1–149 is split at the tips of the spikes between
helices III and IV into an N-terminal and a C-terminal protein. These two split-core
proteins still assemble into icosahedral capsids and also do so when foreign proteins
are inserted at the tips of the spikes. This strategy by Walker and co-workers allows
the expression of the foreign proteins at the C-or N-terminal end of the split-core
rather than in a conformationally more constraint loop and has been successfully
used for more problematic inserts.
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Chapter 15
Fibrinogen and Fibrin

Rustem I. Litvinov, Marlien Pieters, Zelda de Lange-Loots,
and John W. Weisel

Abstract Fibrinogen is a large glycoprotein, synthesized primarily in the liver.With
a normal plasma concentration of 1.5–3.5 g/L, fibrinogen is the most abundant blood
coagulation factor. The final stage of blood clot formation is the conversion of
soluble fibrinogen to insoluble fibrin, the polymeric scaffold for blood clots that
stop bleeding (a protective reaction called hemostasis) or obstruct blood vessels
(pathological thrombosis). Fibrin is a viscoelastic polymer and the structural and
mechanical properties of the fibrin scaffold determine its effectiveness in hemostasis
and the development and outcome of thrombotic complications. Fibrin polymeriza-
tion comprises a number of consecutive reactions, each affecting the ultimate 3D
porous network structure. The physical properties of fibrin clots are determined by
structural features at the individual fibrin molecule, fibrin fiber, network, and whole
clot levels and are among the most important functional characteristics, enabling
the blood clot to withstand arterial blood flow, platelet-driven clot contraction, and
other dynamic forces. This chapter describes the molecular structure of fibrinogen,
the conversion of fibrinogen to fibrin, the mechanical properties of fibrin as well as
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its structural origins and lastly provides evidence for the role of altered fibrin clot
properties in both thrombosis and bleeding.

Keywords Fibrinogen · Fibrin · Viscoelastic polymer · Hemostasis · Thrombosis

Fibrinogen Structure

Quaternary Structure of Fibrinogen

Human fibrinogen is a large 340-kDa oligomeric glycoprotein made up of two
symmetrical halves, each containing three polypeptide chains designated Aα, Bβ and
γ, withmolecular weights of 66,500, 52,000, and 46,500Da, respectively (Fig. 15.1).
The dimeric subunit composition of fibrinogen is presented as (Aα Bβ γ)2 to show
that fibrinopeptidesA (FpA) andB (FpB) are cleaved by thrombin from theN-termini
of each of the Aα and Bβ chains, respectively, to form α and β chains in fibrin. The γ

chains remain unaffected by thrombin and the formation of monomeric fibrin from
fibrinogen can be described as follows: (Aα Bβ γ)2 → (α β γ)2 + 2FpA + 2FpB.
The six subunits are held together by 29 disulfide bonds concentrated in the central
nodule of the fibrinogen molecule (Henschen and McDonagh 1986) (Fig. 15.1).

Fig. 15.1 Fibrinogen structure. The atomic resolution structure of about two-thirds of the fibrinogen
molecule has been determined by X-ray crystallography (PDB Entry: 3GHG). The folded core of
the fibrinogen molecule is shown with addition of portions missing from the crystal structure and
reconstructed computationally (in grey), namely: (i) the N-terminal ends of the Aα and Bβ chains
with FpA and FpB extending from the central nodule, (ii) the C-terminal portions of the γ-chains
containing γ-γ-crosslinking sites, (iii) the αC region composed of the flexible αC connector and
compact αC domain (shown on the left halve of the molecule), and (iv) carbohydrate moieties.
P, B, and A correspond to the C-terminal A-domain, central B-domain and N-terminal P-domain,
respectively, in the γ-nodules. The hinge point is shown in the middle of the α-helical coiled-coil
connectors Modified from (Zhmurov et al. 2016)—published with permission from Elsevier
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Tertiary Structure of Fibrinogen

The overall shape of fibrinogenmolecules studied usingX-ray crystallography, trans-
mission electron microscopy, and atomic force microscopy has been described as a
rod-like structure of 45 nm long and 2–5 nm thick (Fig. 15.1) (Hall and Slayter 1959;
Fowler and Erickson 1979; Williams 1981; Weisel et al. 1985). Each fibrinogen
molecule is composed of two lateral D regions and one central E region, each
containing a globular part and a portion of α-helical coiled-coils that connect the
lateral globules with the central one (Fig. 15.1) (Medved and Weisel 2009). The
X-ray crystallography provided atomic resolution structure of the compact core of
fibrinogen (Spraggon et al. 1997; Yee et al. 1997; Brown et al. 2000; Madrazo et al.
2001) while about 30% of the mass of the molecule comprising the unstructured
and flexible portions was unresolved. The motifs that could not be crystallized and
remained uncharacterized structurally at the atomic level are N-terminal residues
Aα1-26, Bβ1-57, and γ1-13 and C-terminal residues Aα201-610, Bβ459-461, and
γ395-411 (Kollman et al. 2009).

The largest parts of fibrinogen that are missing in the crystal structure are named
the αC regions that comprise residues Aα221-610 at the C-terminal parts of the Aα

chains. The Aα chain forms a fourth strand at the distal parts of triple α-helical
coiled-coils and then extends outward from the bulk of fibrinogen molecule, making
the unstructured αC region (Veklich et al. 1993). Each αC region is tethered to the
core of the fibrinogen molecule via a flexible connector (residues Aα221-391) linked
to the relatively structured but unstable C-terminal domains (residues Aα392-610)
that form transitory intramolecular complexes with the central globule (Fig. 15.1)
(Weisel and Medved 2001; Litvinov et al. 2007). These 390 residue-long αC regions
were visualized in fibrinogen using transmission electron microscopy (Veklich et al.
1993) and atomic force microscopy (Protopopova et al. 2015; Protopopova et al.
2017) as highly flexible appendages. To recover the complete molecular structure of
fibrinogen, the crystallographically unresolved parts have been recreated in silico,
i.e. computationally (Fig. 15.1) (Zhmurov et al. 2016; Zuev et al. 2017; Zhmurov
et al. 2018).

Domain Structure of Fibrinogen

The fibrinogen molecule is organized into structurally and functionally indepen-
dent units folded into relatively compact domain structures. The nomenclature for
fibrinogen and fibrin recommended by the Scientific and Standardization Committee
of the International Society on Thrombosis and Haemostasis (Medved and Weisel
2009) implies that each D or E region contains a number of domains with its own
designation, which is different from the name of the region. Based on the X-ray
crystallographic data, the central E region is segregated into four domains and each
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distal D region is divided into seven structural domains. A triple α-helical coiled-
coil-E domain containing all three chains is formed next to the central nodule in
each of two symmetrical halves of the E region. The N-terminal portions of both
γ chains connected at the center of the E region form the single asymmetric γN-
domain. On the opposite side of the globular portion of the E region, the N-termini
of two Aα and two Bβ chains form the funnel-shaped domain. In each of the D
regions, a triple α-helical coiled-coil-D domain is formed next to the globular part
by the intertwined portions of all three chains. The C-terminal portion of the β chain
is folded into the β-nodule (or β-module) and the C-terminal portion of the γ chain
forms a compact γ -nodule (or γ -module). Both the β-and γ-nodules each consist of
three distinct domains identified in the crystal structure and designated as N-terminal
A-domain, central B-domain and C-terminal P-domain roughly shown in Fig. 15.1
(Medved andWeisel 2009). Notably, the structurally distinct domains of a fibrinogen
molecule contain functionally important binding sites mediating multiple molecular
interactions of fibrinogen.

The Coiled-Coil Connectors

Remarkable and functionally important parts of fibrinogen are the two 17 nm long
α-helical coiled-coils that join the central nodule and end globular parts (Fig. 15.1).
The α-helical connectors are formed of the intertwined segments of three polypeptide
chains, Aα Bβ and γ, each segment containing 111 or 112 amino acid residues. The
chains form three right-handed α-helices that wind around each other to form a left-
handed supercoil (Cohen and Parry 1990). Importantly, each of the coiled-coils has a
fourth helix in the bundle containing 30 residues (Aα166 to Aα195) that begins at the
lateral end of the coiled-coilwhere theAα chain goes in the reverse direction for about
¼ of the length of the coiled-coil, at which point the rest of the C-terminal part of the
Aα chain becomes outstretched (Spraggon et al. 1997). The coiled-coils can bend
around a hinge point located in theγ chain near the residueγAsn52 shown in Fig. 15.1
(Marsh et al. 2013). The hinge points of the coiled-coils are highly susceptible to
plasmin cleavage, resulting in formation of fibrinogen’s fragments. The hinge also
determines the flexibility of fibrinogenmolecules observed at interfaces (Köhler et al.
2015) or in solution (Zuev et al. 2017), and has a biomechanical role discussed below.

Carbohydrate Moiety

Each fibrinogen molecule has four N-glycans connected to the symmetrical
BβAsn364 residues (located in the β-nodules) and γAsn52 (located in the coiled-
coils), the latter carbohydrates not resolved crystallographically (Fig. 15.1). The pres-
ence and structural variations of the oligosaccharides affect fibrinogen’s solubility,
life span in the blood stream, kinetics of fibrin polymerization, and clot structure.
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Conversion of Fibrinogen to Fibrin

Formation of Monomeric Fibrin and A:a Knob-Hole
Interactions

Fibrin formation is initiated by the thrombin-catalyzed release of two 16-residue-
long peptides (FpA) from the N-termini of the Aα chains of fibrinogen to produce
desA-fibrin monomer. The release of two 14-residue-long peptides (FpB) from the
N-termini of the Bβ chains occurs at amuch slower rate and is not necessary for fibrin
polymerization. The critical importance of FpA release is supported by dysfibrino-
genemias or genetic fibrinogen variants with impaired cleavage of FpA that precludes
the enzymatic conversion of fibrinogen to fibrin (Galanakis et al. 1989).

The enzymatic cleavage of FpA in fibrinogen results in exposure of a new
glycine(Gly)-proline(Pro)-arginine(Arg) motif. This tripeptide at the N-terminus of
fibrin’s α chain is called knob ‘A’ to highlight that it fits into a complementary hole ‘a’
located in another monomeric fibrin, hence their binding is named the A:a knob-hole
interaction (Fig. 15.2). The first evidence for the high affinity and structural compli-
ance of knobs ‘A’ and holes ‘a’ was provided by X-ray crystallography of fibrinogen
fragment D co-crystallized with the free peptide Gly-Pro-Arg-Pro that mimics the
sequence of knob ‘A’. Because fragment D corresponds to the lateral D region, the
binding pocket for the synthetic knob ‘A’ was identified as the hole ‘a’ located in the
γ-nodule (Everse et al. 1998b; Kostelansky et al. 2002). If holes ‘a’ are blocked by
synthetic Gly-Pro-Arg-Pro (Everse et al. 1998b) or compromised by a point mutation
of the key residue γAsp364 (Okumura et al. 1997), fibrin polymerization is impos-
sible. Overall, these and other data indicate that A:a knob-hole interactions, mainly
electrostatic by nature, are the driving force of fibrin polymerization and blood clot
formation.

The naturalA:a knob-hole interactions between full-length fibrin(ogen)molecules
have been reproduced and measured at the single-molecule level and these A:a
complexes turned out to be strong and mechanically stable (Litvinov et al. 2005).
Surprisingly, in response to increasing pulling force an unusual strengthening of A:a
knob-hole bonds followed by their weakening was revealed, suggesting the exis-
tence of A:a complex in two distinct conformational states (Litvinov et al. 2018).
The amino acid residues in holes ‘a’ binding to Gly-Pro-Arg-Pro are located within a
segment γ290-379 and include γAsp364, γArg375, γHis340, γGln329, and γLys338
(Everse et al. 1998b). However, the interaction between fibrin monomers involves
residues other than those comprising the “hot spots” in holes ‘a’ and knobs ‘A’.
In particular, at the D:E:D interface residues αVal20-Lys29 (adjacent to the knob
‘A’ sequence αGly17-Arg19) interact with residues γAsp298-Phe304, γAsn319-
Asn325, and γGln329 in the γ-nodule area next to hole ‘a’. There are also binary
contacts between residues αLeu54, αGlu57, αPhe62, αArg65, γGln33, γAsp37, and
γGln49 in the coiled coil andγGln329-Asp330 in theγ-nodule (Zhmurov et al. 2016).
In other words, in the real monomer-monomer interactions there is an intermolecular
interface beyond knobs ‘A’ and holes ‘a’ that can be considered more generally as
binding sites ‘A’ and ‘a’.
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Fig. 15.2 Schematic diagram of fibrin polymerization. Fibrinopeptides in the central nodule cover
knobs that are complementary to holes that are always exposed at the ends of the protein. When the
fibrinopeptides are removed by thrombin, knob-hole interactions occur, giving rise to oligomers (a
trimer is shown), which elongate to produce the two-stranded protofibrils made up of half-staggered
molecules. The protofibrils aggregate laterally to make fibers, a process enhanced by interactions of
the αC regions and formation of the αC-polymers. The fiber has a 22.5 nm periodicity as a result of
half-staggering of 45 nmmolecules. At the bottom of the diagram, branch points have been initiated
by the divergence of two protofibrils (right) and splitting of each strand of a single protofibril (left)
(Weisel and Litvinov 2017)—with permission from Springer Nature
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Formation of Fibrin Protofibrils

As the first non-enzymatic step of fibrin polymerization, highly reactive desA-
fibrin monomers (i.e. molecules with both FpA cleaved off) self-assemble in a
half-staggered manner so that two knobs ‘A’ located in the central E region of one
elongated molecule fit into two holes ‘a’ located in the D regions of two rod-like
monomers connected end-to-end (Erickson andFowler 1983). This primary polymer-
ization step leads to formation of a two-stranded trimer, in which the lateral D regions
of two linearly arranged molecules form the D:D interface and both get tethered via
knobs ‘A’ to the E region of the third monomer in the other strand. Therefore, a triple
D-E-D complex comprises the junction between three monomers in two strands
held together mainly by the A:a knob-hole bonds (Fig. 15.3) (Everse et al. 1998a).
The D:D interface is formed by residues γ275-309 (Everse et al. 1998b) of which
residues γ275, γ308, and γ309 are essential for addition of new monomers to each
strand to form a longer linear fibrin oligomer (Marchi et al. 2006; Bowley et al. 2009).
The D:D interfacial contacts form a hinge, which is localized to residues γAla279-
Tyr280 in one D region and residues γAsn308-Gly309 in the other. This hinge allows
bending at the D-D interface by ~ 60° or more (Zhmurov et al. 2016). Importantly,
point mutations in the residues γAla279, γTyr280, γAsn308, and γGly309, which
stabilize the D-D interactions, are implicated in a number of dysfibrinogenemias
with impaired fibrin formation (Hanss and Biot 2001). The oligomeric strands grow
longitudinally until they reach a length of a double-stranded protofibril (Fig. 15.2), a
soluble intermediate product of fibrin polymerization, comprising a straight twisted
filament about 0.5–0.6 μm in length made of about 20–25 monomers (Erickson and
Fowler 1983; Chernysh et al. 2011). The persistence length of a protofibril is about
320 nm with a high propensity for bending and kinking (Zhmurov et al. 2018). What
makes protofibrils critically important in fibrin polymerization is that they reach a
threshold length to undergo lateral aggregation and thus form thicker fibrin fibers. An
unusualmechanism for the early steps of fibrin polymerization has been proposed that
implies formation of single-bonded ‘Y-ladder’ polymers that grow linearly before
undergoing a transition to the double-stranded protofibrils (Rocco et al. 2014).

Fig. 15.3 Structure of a double-stranded fibrin oligomer composed of five monomers stabilized
mainly by the A:a knob-hole interactions that form the D-E-D complex Modified from (Zhmurov
et al. 2018)—published with permission from Elsevier
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Formation of Fibrin Fibers

Fibrin fibers are formed as a result of two simultaneous and competing processes:
further linear elongation of protofibrils and their lateral (or radial) aggregation that
determine the variability of the fiber mass/length ratio. Depending on the condi-
tions of fibrin formation, the number of protofibrils per fiber cross-section can vary
from about two to several thousand (Missori et al. 2010; Yeromonahos et al. 2010).
During regular side-to-side bundling, protofibrils form fibers with the axial period-
icity of ~ 22.5 nm (½ of the length of a fibrin monomer), originating from the precise
half-staggered molecular packing (Fig. 15.2). This localized protein densification at
the transversely aligned globular D-E-D complexes is visualized as periodic cross-
striation of fibrin fibers with transmission electron microscopy and atomic force
microscopy (Fig. 15.4) (Weisel 1986; Yermolenko et al. 2011; Zhmurov et al. 2018).
The molecular arrangement within a fibrin fiber is highly regular in the longitudinal
direction, while lateral packing is less ordered (Torbet et al. 1981; Weisel et al. 1983;
Weisel 1986; Caracciolo et al. 2003; Yeromonahos et al. 2010; Jansen et al. 2020).

The estimated spatial density of protofibrils varies depending on conditions of
fibrin formation and methods applied (Yeromonahos et al. 2010). For example,
increased thrombin concentration has been demonstrated to lead to decreased fiber
radius and a markedly lower average protofibril content per fiber. This resulted
in the formation of less compact, less dense fibrin structures, with distances
between protofibrils within the fiber being larger at higher thrombin concentra-
tions (Domingues et al. 2016). In addition, a common fibrinogen splice variant,
named γ’ fibrinogen, which results from an alternative polyadenylation signal in
intron 9, resulting in a γ-chain with a 16-amino-acid C-terminal extension, has
also been shown to alter protofibril packing (Domingues et al. 2016). In plasma,

Fig. 15.4 Cross-striation of a fibrin fiber with a 22.5 nm periodicity visualized using atomic force
microscopy (Yermolenko et al. 2011)—with permission from ACS Publications
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γ’ fibrinogen mainly circulates as a heterodimer with the more common γA-chain
(γA/γ’) (Wolfenstein-Todel and Mosesson 1981), with an average plasma concen-
tration of 8–15% (Mosesson et al. 1972; Chung and Davie 1984). Domingues et al.
(2016) demonstrated a reduction in protofibril packing for fibers produced using
γA/γ’ compared to γA/γA fibrinogen, across a range of thrombin concentrations.
The γ’ chain itself seems to influence polymerization, with specifically lateral aggre-
gation of protofibrils being slowed down and the formation of non-uniform clots
consisting of thin fibers (Gersh et al. 2009b; Allan et al. 2012). Protofibril packing is
decreased in fibers containing γ’ fibrinogen, with protofibrils being packed loosely
and fibers unraveling into loose fibrils with diameters of less than 10 nm, consistent
with the diameter of individual protofibrils (Domingues et al. 2016). Fibers with
reduced protofibril packing either due to increased thrombin concentration or the
presence of γ’ fibrinogen are less stiff than more dense fibers, leading to a weakened
clot architecture (Domingues et al. 2016) (Fig. 15.5). The importance and structural
basis of clot mechanical properties are discussed in the next section.

Based on indirect evidence, it has furthermore been proposed that the lateral
packing of fibrin fibers is non-uniform and that they have a dense, relatively compact
core and sparse, loosely arranged protofibrils at the periphery (Li et al. 2017). Irre-
spective of the extent of lateral order and uniformity of protofibril packing, the protein
density within fibrin fibers was estimated to be around 20–30% (Yeromonahos et al.
2010), indicating that fibers have large inter-protofibril spaces filled with liquid.
Additionally, using small-angle X-ray scattering, the spatial density of protofibrils
has been recently estimated to have a typical repeat distance of ~ 13 nm, independent
of the fiber thickness or the number of protofibrils per fiber cross-section (Jansen
et al. 2020).

Each protofibril is twisted; therefore, fibrin fibers formed during lateral aggre-
gation of the axially oriented protofibrils are also twisted (Medved et al. 1990)
with a 20-60 nm helical radius and ~ 2000 nm helical pitch (Weisel et al. 1978).
New protofibrils that are added to the surface of a fiber must be stretched as their

Fig. 15.5 Alternatively spliced γ’ fibrin(ogen) alters protofibril packing and clot structure (Pieters
and Wolberg 2019)
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path length increases with fiber thickness. The twisting deformation of protofibrils
provides a thermodynamic mechanism to limit the thickness of fibrin fibers, as they
stop growing laterally when the energy necessary to stretch an added protofibril is
equal to or exceeds the energy of attachment.

The particular binding sites mediating the lateral aggregation of protofibrils are
unknown, but a number of structures have been indirectly shown or assumed to
mediate the associations of protofibrils, namely the αC regions, B:b knob-hole
complexes, the C-terminal portions of the γ chains and two adjacent β-nodules
(Yang et al. 2000), the coiled-coil connectors (Okumura et al. 2006), and carbohy-
drate moieties (Langer et al. 1988). There are conceivable structural models for the
lateral aggregation of protofibrils based on the interactions between two β-nodules of
adjoiningprotofibrils via residuesβ330-375 (Yanget al. 2000) andon the involvement
of the N-terminal part of the β chain, namely residues βAla68 (Mullin et al. 2000)
and βGly15, the end residue of knob ‘B’, irrespective of whether FpB is cleaved or
not (Hirota-Kawadobora et al. 2003). Based on the structural models of the compact
part of the fibrinogen α chain and the N- termini of the β chain, their involvement
in lateral aggregation of protofibrils was suggested by formation of intricate lattices
together with the γ-chain (Klykov et al. 2020). In addition, detailed structural anal-
ysis of dysfibrinogenemias with impaired clot formation has revealed a crucial role
for the βArg166 residue in lateral aggregation (Klykov et al. 2020).

Additional Molecular Interactions During Fibrin
Polymerization

Besides the essential A:a and D:D associations, there are a number of intermolecular
interactions that are not necessary for fibrin polymerization but they can modify
the ultimate structure and properties of fibrin, such as B:b knob-hole interactions,
homomeric oligomerization of the αC regions, and covalent crosslinking catalyzed
by the plasma transglutaminase, factor XIIIa.

The thrombin-catalyzed release of FpB from the N-termini of β-chains exposes a
new Gly-His-Arg-Pro motif, which is called knob ‘B’ that fits into hole ‘b’ located in
the β-nodule, a part of the globular D region. The B:b interactions were reproduced
and measured in vitro (Litvinov et al. 2006) but the physiological role of the B:b
interactions remains uncertain. In the absence of knobs ‘B’, when thrombin cleaves
off FpA from fibrinogen while release of FpB is prevented, fibrin has thinner fibers
than those formed after cleavage of both fibrinopeptides, suggesting that B:b inter-
actions contribute to lateral aggregation of protofibrils (Blombäck et al. 1978). The
B:b interactions in fibrin are real because some homodimeric dysfibrinogenemias
(fibrinogen variants Metz and Frankfurt XIII) from which only FpB can be cleaved
(no FpA release), produce fibrin clots at low temperature exclusively via B:b bonding
(Galanakis et al. 1993; Galanakis 1993). Accordingly, replacement of the γAsp364
residue in fibrinogen, making holes ‘a’ dysfunctional and preventing formation of
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A:a complexes, still allows fibrin clots to form slowly under the action of thrombin
(Okumura et al. 2007), again confirming existance of B:b interactions in the absence
of A:a bonding. Notably, holes ‘b’ can interact with knobs ‘B’ both within and
between protofibrils, but, due to steric constraints, the intra-protofibril B:b contacts
are less probable than the inter-protofibril B:b contacts, which explains why the B:b
interactions are not necessary for initiation of fibrin polymerization and why they
modulate the lateral aggregation of protofibrils (Zhmurov et al. 2018). In addition
to their potential role in lateral aggregation of protofibrils, B:b interactions change
the susceptibility of fibrin to enzymatic proteolysis (Doolittle and Pandi 2006). The
functional importance of B:b knob-hole interactions was confirmed indirectly by
formation of fibrin with distinct structure and properties in the presence of a knob
‘B’ mimetic peptide (Gly-His-Arg-Pro) conjugated with polyethyleneglycol (Brown
et al. 2015).

The extended and flexible αC regions of fibrin(ogen) molecules can self-interact
within and between protofibrils, resulting in formation of αC polymers (Fig. 15.2)
(Tsurupa et al. 2011; Protopopova et al. 2017). Similar to B:b knob-hole interac-
tions, the αC regions promote lateral aggregation while being not essential (Weisel
and Medved 2001; Tsurupa et al. 2011). Fibrin formed from des-αC-fibrinogen or
fibrinogen with short αC regions has thinner fibers with more branch points than
fibrin formed from the full-length fibrinogen, suggesting impaired lateral aggrega-
tion of protofibrils in the absence of long enough αC regions (Collet et al. 2005; Ping
et al. 2011). However, in the absence of functional knobs ‘A’ and ‘B’ and therefore
without A:a and B:b knob-hole interactions the αC-regions’ interactions appear too
weak and unstable to mediate association of fibrin(ogen) molecules (Duval et al.
2020).

During and after polymerization, fibrin is covalently crosslinked by factor XIIIa,
an active transglutaminase formed from inactive factor XIII by thrombin in the pres-
ence of Ca2+. The first sites to be crosslinked are located in the unstructured C-
terminal tails of γ chains approximated due to D-D contacts between two linearly
adjacent fibrin monomers within the same strand (Fig. 15.6). Factor XIIIa catalyzes
formation of an intermolecular ε-(γ-glutamyl)-lysyl isopeptide bond between the
γLys406 of one γ chain and γGln398/399 of another γ chain. Factor XIIIa forms the
same type of bonds at a slower rate between lysine and glutamine residues in the αC
regions associated into αC polymers within protofibrils and in the inter-protofibril
space (Matsuka et al. 1996). The fibrin α and γ chains also can be crosslinked,
resulting in formation of α-γ-heterodimers (Standeven et al. 2007). The covalent
stabilization makes fibrin polymerization irreversible and the crosslinked fibrin clot
becomes mechanically stiff and more resistant to fibrinolysis.

Formation of a Fibrin Network

As fibrin fibers thicken due to lateral aggregation of protofibrils and grow in length
due to longitudinal addition of new monomers or oligomers, they also branch, which
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Fig. 15.6 Formation of isopeptide bond catalyzed by factor XIIIa. The chemical reaction catalyzed
by Factor XIIIa, yielding insoluble fibrin crosslinked by ε-(γ-glutamyl)-lysine bonds between the
γ chains and the αC regions (Pieters and Wolberg 2019)

is necessary to yield a three-dimensional network (Fig. 15.2). There are at least two
types of branching points formed by distinct mechanisms that may both contribute
to fibrin network structure. The one called a “bilateral junction” appears when two
protofibrils bundle to form a four-stranded filament and then diverge again into two
separate protofibrils (Mosesson et al. 1993). The second type of branching is called
a “trimolecular junction” or “equilateral junction” because it arises when a fibrin
monomer binds at the end of a protofibril via only one γ-nodule, such that this
partial bimolecular complex can initiate formation of a new two-stranded protofibril
(Fogelson and Keener 2010). Irrespective of the mechanism, most branch points in
fibrin networks consist of three fibers of about the same diameter joined together
(Ryan et al. 1999). Generally, there is an inverse relation between the number of
branch points in a clot and the fiber diameters (Ryan et al. 1999). In other words,
in fibrin clots with thick fibers there are few branch points, while clots made up of
thin fibers have many branch points. Because branching occurs during elongation of
protofibrils, while fiber diameter is determined by the lateral aggregation, it can be
inferred that branching and lateral aggregation compete. Alternative to the commonly
accepted three-dimensional fibrin network structure, one not universally recognized,
but experiment-based model of fibrin polymerization includes formation of ultrathin
fibrin sheets (O’Brien et al. 2008).

As a result of combined elongation, branching, and thickening of fibrin fibers,
a space-filling network is formed that macroscopically represents an insoluble
hydrogel. The time point at which the gel is formed is named the clotting time of
blood or plasma and used in laboratory assays as a quantitative parameter to reveal
coagulation disorders, often associated with prolonged or accelerated clotting time.
The gelation point corresponds to the state of clotting when only about 15–20%
of soluble fibrinogen has been incorporated into the insoluble gel, implying that the
fibrin network is not yet established at the time of gelation, with newfibers and branch
points still being formed after the gelation point (Chernysh and Weisel 2008). The
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structure of ultimate fibrin clots is quantified using scanning electron microscopy,
confocal microcopy, and optical spectroscopy by the mass/length ratio, diameters,
and spatial density of fibers, number of branch points and distances between them
(fiber length), as well as the size of the pores. All of these parameters are strongly
affected by variations in the kinetics of polymerization determined by thrombin and
factor XIIIa activity, the quality and quantity of fibrinogen, the presence of blood
cells as well as numerous environmental factors. It is noteworthy that in vitro fibrin
networks formed in static conditions at physiological fibrinogen concentrations are
very porous since the mass fraction of fibrin is about 0.3%, corresponding to the
normal fibrinogen level in plasma. By contrast, when a clot in formed in dynamic
conditions of blood flow, the composition and structure of thrombi and thrombotic
emboli, including themass fraction and structural diversity of fibrin, are dramatically
different (Chernysh et al. 2020).

Mechanical Properties of Clots

Significance of Clot Mechanical Properties

Although the mechanical properties of clots are often ignored, they are among the
most important functional characteristics (Weisel 2004). In hemostasis, clots must
form a seal to stem bleeding, including the force of arterial blood flow. In thrombosis,
the mechanical properties of clots determine the fate of thrombi. The pressure of
flowing blood can dislodge or deform a thrombus or cause it to rupture, a process
called embolization,which is responsible for pulmonary embolismand some formsof
ischemic stroke. Furthermore, there is now strong evidence for a correlation between
clot stiffness and many (pro) thrombotic conditions (Collet et al. 2006).

Basis of Clot Mechanical Properties

Fibrin is the scaffold of clots and thrombi that is largely responsible for their mechan-
ical properties. It forms a network that is space-spanning to support forces applied to
a clot.While some proteins, like collagen or actin formfibers or filaments, they do not
form a gel without the binding of other proteins. Other proteins, such as elastin and
gelatin, make networks without forming fibers. Fibrin fibers form networks because
the fibers branch, such that fibers diverge from each other, usually with three fibers
joining at each branch point. In fact, branching is such a dominant feature of fibrin
clots that fiber ends are rarely seen in clots made from normal fibrinogen (Weisel
2004).

Clots that include platelets, such as clots made from recalcified platelet-rich
plasma, have a different architecture to clots from platelet-poor plasma. Since most
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Fig. 15.7 Colorized scanning electron micrograph of a human coronary thrombus, showing fibrin
(orange), platelets (grey), erythrocytes (red), and a leukocyte (green) (Weisel lab images)

of the thrombin is generated on the surface of the platelets, that is where fibrinogen
is converted to fibrin, and hence many fibers originate from platelet aggregates, radi-
ating like the spines of a starfish (Collet et al. 2002). Clots made from whole blood
include red blood cells, which occupy a considerable volume of the clot and increase
the pore size of the fibrin mesh (Gersh et al. 2009a). Clots formed in vivo can have a
quite different architecture, because of the spatial initiation of clotting and because
of blood flow (Fig. 15.7). Thrombi are also quite different than either in vitro clots or
in vivo clots, since they are usually formed intravascularly as a result of pathological
processes. However, although all these conditions have distinctive effects on clot
or thrombus properties, fibrin is the structural and mechanical basis of all of them
(Liang et al. 2017).

Viscoelastic Properties of Fibrin

Fibrin is called a viscoelastic polymer because it has both elastic properties, which
means that strain or deformation is proportional to stress or force per area, and viscous
properties, whichmeans that stress is proportional to the rate of strain. Elastic proper-
ties, stiffness or elasticmodulus or storagemodulus, characterize the reversible defor-
mation by force, while the viscous properties, plasticity or lossmodulus, characterize
the irreversible or inelastic properties (Weisel 2004).

Commonly, rheometers are used to measure the viscoelastic properties of fibrin.
Usually shear rheometers, which impose a shear stress or shear strain on a clot, are
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employed, but some rheometers can also be used for compression, or others for tensile
testing, or stretching. In addition, there are specialized devices in the clotting field
that are not rheometers but measure clot stiffness over time and yield parameters that
are used by clinicians to evaluate the formation of clots from plasma or whole blood
(Luddington 2005; Ganter and Hofer 2008; Bolliger et al. 2012). These results of
thromboelastography or thromboelastometry,which aremore globalways tomeasure
clot firmness, are used to diagnose patients with bleeding or thrombotic disorders.

For fibrin clots, the elastic component is generally about an order of magni-
tude greater than the viscous component, although the viscous component increases
rapidly with frequency. Stiffness is greater for clots made from the plasma of patients
with thrombotic conditions (Collet et al. 2006), while it is less for patients with
hemophilia A (Leong et al. 2017).

Non-linear Elasticity and High Extensibility of Fibrin

Stress-strain curves, with applied stress plotted against the strain or induced defor-
mation, obtained using a rheometer can be used for characterizing the elasticity of
clots. The slope of the stress-strain curve is the stiffness of the clot. Fibrin exhibits
strain stiffening or strain hardening, whichmeans that the slope of the curve becomes
greater with increasing strain (Storm et al. 2005; Janmey et al. 1983).

Since fibrin is highly extensible, clots will tend to stretch rather than break. Fibrin
in a plasma clot that is crosslinked with Factor XIIIa can be stretched about threefold
before rupture (Brown et al. 2009). Fracture resistance of fibrin has not been much
studied, but it depends strongly on the red blood cell content,whichmaybe significant
in vivo for embolization (Riha et al. 1999). Remarkably, the strain stiffening and
extensibility of fibrin clots is also observed in stretching of individual fibrin fibers
(Liu et al. 2006;Guthold et al. 2007;Liu et al. 2010). The elasticmodulus of individual
fibrin fibers is strongly dependent on the fiber diameter, indicating that the packing
of the protofibrils is different in thick and thin fibers, as discussed above (Li et al.
2016). The strain stiffening in individual fibers allows the strain load to be distributed
more evenly over the network of fibers, from the highly strained and hence stiffer
fibers to less strained fibers (Hudson et al. 2010).

The non-linear elasticity of clots has also been observed in compression. Initially,
fibrin clots decrease in stiffness with compression, as fibers perpendicular to the
direction of compression bend and buckle (Kim et al. 2014). With further increasing
compression, there is a striking non-linear increase in clot stiffness, as fibers parallel
to the direction of compression encounter each other with an increase in network
density from criss-crossing fibers.

The physiological significance of fibrin stiffening likely arises because clots will
deform in response to forces, but then be protected from damage when they become
stiffer at higher forces. Furthermore, mechanical stress and the resulting deformation
of clots make themmore resistant to fibrinolysis, which may be one reason for lesser
efficacy of thrombolytic treatments of thrombi in some conditions. Moreover, the
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combination of histone-DNA complexes mimicking neutrophil extracellular traps,
and fibrin makes those clots stiffer and more resistant to fibrinolysis (Longstaff et al.
2013).

Multiscale Fibrin Mechanics

The mechanical properties of clots can only be understood by consideration of their
structure at a wide range of spatial scales, including macroscopic, fiber network,
individual fiber, and molecular levels (Fig. 15.8). At the macroscopic scale, fibrin’s
strain stiffening and high extensibility have already been discussed. In addition, clots
display a large decrease in volume with both stretching and compression, which is
due to water expulsion and network densification (Brown et al. 2009). One reason for
this phenomenon may be negative normal stress, because fibers buckle more easily
than they stretch (Kang et al. 2009). However, a more significant explanation is likely
due to a molecular structural transition that will be discussed further below.

At the network level, plasma clots have a strikingly porous structure with a mass
fraction of protein of only about 0.25%. In addition, the structure of these clots is
highly dependent on the conditions of polymerization. High thrombin concentrations
make clots with thin fibers and many branch points that are stiffer than clots at lower
thrombin levels, while at low ionic strength or high calcium ion concentration or

Fig. 15.8 The diagram shows the structural changes that occur upon stretching the cylindrical fibrin
clot at different spatial scales, including macroscopic volume shrinkage, network rearrangement,
and protein unfolding (Purohit et al. 2011)—with permission from Elsevier
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high pH, clots have thicker fibers and fewer branch points and are softer (Weisel and
Litvinov 2013;Weisel and Litvinov 2017). All of these clots are initiallymade up of a
branching isotropic network, with no preferred orientation of fibers. With stretching,
the fibers align along the direction of strain. In addition, the fibers become thinner
and self-associate. With compression, the fibers become oriented in the direction
perpendicular to the direction of compression and become shorter because of criss-
crossing (Kim et al. 2014). As a result, the shear modulus or stiffness of the clot in
response to shear strain, increases dramatically, since the fibers are now oriented and
more highly branched.

At the fiber level during stretching, fibers are increasingly under large strains after
they become oriented. Fibers under compression bend and buckle in the direction of
applied stress. As more fibers buckle, there are fewer fibers to sustain loads, so the
stiffness decreases.

In recent years, there have been a plethora of studies of clot mechanics at the
molecular level to such an extent that a description of these results deserves its own
section, which follows.

Molecular Structural Basis of Fibrin Mechanics

With stretching of clots, after the initial reorientation and alignment of fibers along the
direction of applied force, there must be changes in the molecular structure of fibrin.
There are three major candidates for such molecular changes: unfolding of the γC
regions, unfolding of the α-helical coiled coil, stretching of the mostly unstructured
connector of the αC region. There is still disagreement on the roles that each of
these structural changes play, but it now seems likely that all occur to at least some
extent. From the crystal structure of fibrinogen and taking into account the disulfide
bonds that restrict the extent of stretching, it can be predicted that hypothetically the
full unfolding of the molecule would result in a 4.7-fold elongation (Zhmurov et al.
2011).

Small angle X-ray scattering (SAXS) patterns of fibrin are characterized by a peri-
odicity of 22.5 nm, because of the half-staggeringof 45nmmolecules. Itwas expected
that stretching of clots would result in an increase of this periodicity. Although some
early studies appeared to show such an increase, it now seems clear that there is little
if any increase in periodicity (Brown et al. 2009). However, there is a broadening
of the 22.5 nm peak, indicating that there is an increase in disorder of the packing.
These results are consistent with stochastic unfolding of an increasing number of
molecules with strain. This behavior was replicated with a two-state model in which
some molecules randomly extend and unfold while others remain folded (Brown
et al. 2009).

Single molecule force spectroscopy, particularly using atomic force microscopy,
has been used to study protein unfolding and characterize unfolding transitions
through analysis of force-distance curves. However, it is nearly impossible to inter-
pret the results from such experiments with fibrinogen molecules or naturally
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occurring fibrin polymers, because these structures are quite complex and many
different unfolding events are possible. As a partial solution, tandems or single-
stranded fibrinogen oligomers were prepared by cross-linking of fibrinogen end-to-
end with Factor XIIIa (Zhmurov et al. 2011). An additional part of the solution to
understanding the experimental results has been to combine them with Molecular
Dynamics simulations and modeling of the unfolding transitions from the known X-
ray crystallographic structures. With this dual approach, it was discovered that there
is unfolding of the C-terminal γC nodules, accompanied by reversible extension and
refolding of coiled-coil connectors, which act as springs to take up the slack from
unfolding of globular regions (Zhmurov et al. 2011).

Since fibrinogen is a fibrous protein with two relatively long axially aligned α-
helical coiled-coils, they are an obvious candidate for unfolding, especially since it
has been demonstrated that other fibrous proteins, such as keratin can unfold with
applied force. The α-helical coiled-coils in fibrin undergo a transition from α-helix
to β-sheet with either stretching or compression (Fig. 15.9) (Litvinov et al. 2012).

There is considerable evidence for the contribution of the αC regions to clot
mechanical properties. Factor XIIIa crosslinking of the αC regions makes clots much
stiffer and decreases their plasticity (Collet et al. 2005). Studies of fibrinogens from
different species with different lengths indicates that the contribution of this part
of the molecule is important (Falvo et al. 2008). In addition, there is evidence that
the fast elastic recoil of fibrin fibers may arise from the αC regions (Hudson et al.
2013). Study of changes in the SAXS pattern of fibrin with shear strain also show
little change in periodicity. From analysis of the forces applied to fibrin molecules
and the measured unfolding response of fibrin to forces, it has been proposed that in
these experiments there was no unfolding of domains, but instead stretching of the
unstructured part of the αC region (Vos et al. 2020).

Fig. 15.9 Force-induced mechanical transition of α-helices (red) into β-sheets (blue) in the
fibrin(ogen) triple-helical coiled-coils (Weisel and Litvinov 2017)—with permission from Springer
Nature
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Modeling Fibrin Mechanical Properties

Models of the mechanical properties of filamentous networks are one way to take
experimental data and use it to understand and predict fibrin mechanics. One
such model uses a system of connected fibers with known force-extension curves.
Although the fibrin network is not modeled explicitly in terms of its known structure,
this model captures the stress-strain relationship of fibrin clots, using the measured
force-extension curves for individual fibers (Brown et al. 2009). In this model, the
fibrin molecules are considered to be a two-state system that can either be folded,
where it’s modeled as a linear spring, or unfolded, where it’s a worm-like chain. This
model fits the experimental data very well, if the observed decrease in volume is
incorporated into the model.

Another model assumes that fibrin fibers are semiflexible and are subject to
thermal fluctuations that are reduced in response to stretching (Stormet al. 2005). This
model can also be used to predict clot mechanical properties, starting with known
force-extension curves for individual fibers. Several models utilize the concept of
wormlike semiflexible polymers, some of which do not include the idea of fibrin
unfolding, which may depend on the type and degree of deformation (Piechocka
et al. 2010). Other models only described the mechanical properties of individual
fibers and do not attempt to model the clot network. Models of compression and
shear often differ from those for extension. With both compression and tension,
criss-crossing of fibers and strong interactions between them are an important part
of the models (Kim et al. 2014; Britton et al. 2019). Some models for compression
of fibrin clots use the theory of foams or cellular solids (Kim et al. 2016). Other
models have considered non-affine deformations that occur in certain types of clots,
depending on the conditions of formation (Kang et al. 2009). Finally, an additional
level of complexity is the consideration of cyclic loading, which is more complex
because irreversible changes occur (Liang et al. 2017).

Clot Properties and Disease

The primary function of fibrin clot formation, is to prevent unwanted blood loss
by forming, together with platelet adhesion and aggregation and other blood cells,
a stable plug at the site of vascular injury. The structural and mechanical fibrin
clot properties described above are critical for successful hemostasis. Alteration
in these properties can consequently result in pathological vascular coagulation,
such as thrombosis or alternatively, bleeding. The consistent findings of altered clot
properties in both venous and arterial thrombotic conditions provide a plausible
mechanistic link between clot structure and thrombosis, although causality remains
to be confirmed. In keeping with the Mendelian randomization approach, there is
some evidence linking a number of fibrinogen variants that alter fibrin clot properties
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to cardiovascular diseases. In addition, recent reports providing evidence that altered
clot properties predict the development of cardiovascular complications and even
malignancy, may provide support for its potential causal role in disease.

Fibrin Clot Properties and Pathological Intravascular
Coagulation

Clots with densely-packed, thin fibers, with a stiffer network arrangement, reduced
permeability (smaller pore sizes) and enhanced resistance to fibrinolysis have consis-
tently been found in a variety of cardiovascular and other diseases (Fig. 15.10).
Examples are:

• Arterial thrombosis: ischemic stroke (Undas et al. 2010; Undas and Ariens 2011;
Bridge et al. 2014), coronary artery disease (Mills et al. 2002; Collet et al. 2006;
Undas and Ariens 2011; Bridge et al. 2014; Undas 2016), peripheral arterial
disease (Undas and Ariens 2011; Litvinov and Weisel 2016; Undas 2016), acute
coronary syndrome (Undas et al. 2008; Undas 2016), no-reflow phenomena after
acuteMI (Undas 2016), and in-stent thrombosis (Undas 2016; Kattula et al. 2017).

• Venous thrombosis and thromboembolism: deep vein thrombosis, pulmonary
embolism (Bridge et al. 2014), and cerebral venous sinus thrombosis (Undas
2016). Differences in clot properties between deep vein thrombosis patients not
developing thromboembolism and those who do, suggest a potential role for clot
properties in embolism risk (Bridge et al. 2014).

• Chronic inflammatory diseases: inflammatory bowel disease (Undas 2016),
antiphospholipid syndrome (Undas 2016), rheumatoid arthritis (Undas andAriens
2011; Ariens 2013), chronic obstructive pulmonary disease (Undas and Ariens
2011; Ariens 2013), and systemic lupus erythematosus (Litvinov et al. 2019).
Fibrin plays an important role in innate immunity and can contribute to inflam-
mation by recruiting inflammatory cells and enhancing leukocyte reactivity by
binding to the Mac-1 integrin (Trezzini et al. 1988; Altieri et al. 1990; Flick et al.
2004).

• Other: chronic heart failure with sinus rhythm (Palka et al. 2010), atrial fibrillation
(Undas 2016), arterial hypertension (Undas 2016), aortic aneurysm (Ariens 2013;
Bridge et al. 2014), disseminated intravascular coagulation (Litvinov and Weisel
2016), diabetes mellitus (Bridge et al. 2014; Undas 2016), end stage renal disease
(Ariens 2013; Undas 2016), cancer (Undas 2016), and liver diseases such as
cirrhosis (Hugenholtz et al. 2016), in part due to intrinsic changes in the fibrinogen
molecule such as post-translational modifications (Lisman and Ariens 2016; De
Vries et al. 2020).

• Atherosclerosis – fibrin deposits in plaque contribute to plaque growth and (in)
stability (Lepedda et al. 2009; Borissoff et al. 2011; Ariens 2013).
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Fig. 15.10 Scanning electron microscopy image of a normal clot (A) versus a clot with a typical
prothrombotic structure (B) (Weisel lab images). Magnification bars = 2 μm

In addition, a number of fibrinogen variants resulting in altered clot properties have
been linked to cardiovascular disease. The most common of these is γ’ fibrinogen.
Fibrinogen γ’ forms clots with larger pores, decreased protofibril packing within
fibers, less stiff fibers, and with a heterogeneous clot structure resistant to lysis
(Fig. 15.5) (Allan et al. 2012; Domingues et al. 2016). Although still inconclu-
sive, current evidence suggest that increased levels of γ’ fibrinogen are associated
with arterial thrombosis and decreased levels with venous thrombosis (Macrae et al.
2016). Other fibrinogen variants resulting in altered fibrin structure and/or function
with demonstrated association with disease include fibrinogen AαThr312Ala (atrial
fibrillation and venous thromboembolism), BβArg448Lys (coronary artery disease
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severity and stroke) and Bβ-455G/A (ischemic stroke and coronary artery disease) as
well as the Factor XIIIA Val34Leu polymorphism (myocardial infarction and deep
vein thrombosis) (Scott et al. 2004; Bridge et al. 2014; Chen et al. 2014). Clinically,
congenital fibrinogen disorders are classified as quantitative (affecting fibrinogen
concentration) or qualitative (affecting fibrinogen functionality) or a combination
of both and can be asymptomatic or have a thrombotic or bleeding phenotype.
For a detailed description of the clinical diagnosis and classification of congenital
fibrinogen disorders please refer to Casini et al. (2018).

Recent prospective evidence of fibrin clot properties predicting disease severity
and outcome provides compelling evidence that fibrin clot properties are not only
associated with disease but likely play a causative role. Sumaya et al. (2018) found
in a cohort of 4,345 acute coronary syndrome patients that in vitro plasma clots
that were resistant to lysis, independently predicted death after adjusting for known
cardiovascular risk factors at one-year follow-up. A study on 320 first-event deep
vein thrombosis patients, found that reduced clot permeability (Ks) and prolonged
clot lysis times independently predicted recurrent deep vein thrombosis at 44-month
follow-up (Cieslik et al. 2018).Also in antiphospholipid syndromepatients (n=126),
denser fibrin networks independently predicted recurrent thromboembolic events in
multivariate analysis (Celinska-Lowenhoff et al. 2018). Furthermore, in 369 unpro-
voked venous thromboembolismpatients, thosewith the above-mentioned prothrom-
botic clot phenotype had an increased risk of cancer development within three years
of follow-up (Mrozinska et al. 2019).

Also in the clinical setting, the diagnostic use of fibrin clot properties in the
management of perioperative bleeding has gained traction. Standard coagulation
tests that estimate coagulation factor activity such as prothrombin and partial throm-
boplastin times have been supplemented with methods such as thromboelastog-
raphy or thromboelastometry, whichmeasure clot formation kinetics andmechanical
properties, as mentioned above (White 2018).

Fibrin Clot Properties and Bleeding

Conversely, fibrin clot structure has also been associatedwith bleeding.As opposed to
the more prothrombotic clot phenotype described above, fibrin clots associated with
bleeding are typically weaker and generally contain looser and less rigid networks
of thicker fibers that are more susceptible to fibrinolysis. Bleeding resulting from
a number of congenital dysfibrinogenemias and hemophilia, amongst others, have
been ascribed to these clot properties (He et al. 2003;Wolberg et al. 2005; Leong et al.
2017; Casini et al. 2018). For example, the fibrin clot properties described above,
have been demonstrated to distinguish severe FXI deficient patients as “bleeders” or
“non-bleeders” (Zucker et al. 2014). Similarly, in hemophilia A and C, differences
in fibrin clot structure are also used to assess clinical outcomes such as bleeding
(Cawthern et al. 1998).
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Summary

Themolecular structure of fibrinogen has largely been resolved using crystallography
and modeling/computation. Although certain aspects pertaining to lateral aggrega-
tion and clot growth remain to be elucidated, extensive research into fibrin polymer-
ization has significantly enhanced our understanding of the fundamental mechanisms
of clot formation and dissolution. This knowledge, together with the identification
of the structural origins of the mechanical properties of fibrin has proved to be useful
in various diseases with thrombotic or bleeding complications. It currently forms the
basis of a number of diagnostic tools pertaining to thrombosis and/or bleeding risk
and also provides a novel therapeutic target as a means to modulate blood clotting
in clinical medicine. In short, fibrin is a remarkable and versatile biomaterial with a
plethora of potential biological uses.
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Chapter 16
Structural Organization
and Protein-Protein Interactions
in Human Adenovirus Capsid

Vijay S. Reddy and Michael A. Barry

Abstract Human adenoviruses (HAdVs) are large (150 MDa), complex, nonen-
veloped dsDNA viruses that cause self-limiting respiratory, ocular and enteric infec-
tions. They are significant health hazard in young, elderly and immuno-compromised
populations. Moreover, various adenoviruses (AdVs) of mammalian origin are being
used as vectors in gene, vaccine and cancer therapies. Multiple copies of at least 13
different proteins, all in all ~2800 protein molecules, come together to form an aden-
ovirus virion packaging the ~36 Kbp geome. The details of structural organization of
the adenovirus capsid and underlying network of protein-protein interactions provide
clues into designing themodified and novel adenovirus vectorswith desired function-
alities and/or targeting specificities. The advancements in 3D structure determination
by cryo-electron microscopy (cryo-EM) in the past decade have enabled unveiling of
the complexorganization of adenovirus architecture at near atomic resolution. Specif-
ically, these studies revealed the structures and the network of interactions involving
cement/minor proteins in stabilizing the AdV icosahedral architecture, which appear
to be mostly conserved among human adenoviruses. In this chapter, we describe the
current state of knowledge on the structure and organization of human adenoviruses.
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Introduction

Human adenovirus capsids are large, ~100 nm in diameter, and complex assem-
blies composed of hundreds of copies of seven structural proteins (Table 16.1) (van
Oostrum and Burnett 1985; Benevento et al. 2014). In addition to the capsid forming
proteins, there are a number of core proteins including viral protease that interact
with and condense the packaged dsDNA genome as well as scaffolding proteins that
aid in the assembly of the adenovirus virion. Table 16.1 lists various proteins, their
copy number and location in the adenovirus capsid. Figure 16.1 shows the overall
geometric shape and the location and organization of various proteins present in the

Table 16.1 Various proteins
and their copy number present
in an adenovirus particlea

Polypeptide ~MW (kDa)a Location Copy numberb

II (Hexon) 107.9 Coat 720

III (Penton
base)

63.3 Coat
(vertex)

60

IV (Fiber) 62.0c Coat
(vertex)

36

IIIa 65.2 Cement
(interior)

60

VIII 24.7 Cement
(interior)

120

VI 27.0 Cement
(interior)

360–480

IX 14.4 Cement
(exterior)

240

VII 22 Core
(interior)

833

V 41.3 Core
(interior)

~157

TP 74.6 Core
(interior)

2

μ 8.8 Core
(interior)

104

AVP 23.1 Core
(interior)

~15

IVa2 50.9 Core
(interior)

~7

aBased on human adenovirus 5
bConsensus copy number
cMW of fibers from other HAdV serotypes vary depending on the
number of fiber shaft repeats they contain. The MW of the fibers
from other prominent/selected AdV serotypes are Ad6 (55.8),
Ad11 (35.5) Ad26 (41.0), Ad35 (35.3), Ad40 short (41.4), Ad40
long (59.1)
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Fig. 16.1 Schematic of the structural organization ofHAdV. aExterior view of theHAdVorganiza-
tion. Different proteins that form part of the AdV capsid are shown in different colors and identified
by different shapes and colors according to the key code shown on the right. The four structurally
unique hexons and their positions are identified by (gray) hexagons numbered 1–4. The hexon-1
(HX-1) is commonly referred to as peripentonal hexon (PPH) that along with its 5-fold related
symmetry mates surround penton bases (PBs), which are located at the icosahedral 5-fold vertices,
shown in magenta color and identified by pentagons. The trimeric fiber molecules attached to the
PBs are identified by orange equilateral triangles. The blue regions/lines correspond to protein IX
molecule(s), which is the only the minor/cement protein located on the capsid exterior. The icosa-
hedral cage is shown as yellow tubes. b A cut open view of the HAdV virion showing the interior
minor proteins, IIIa, VI and VIII indicated with the corresponding shapes and colors asindicated in
the key code

virion coat of a human adenovirus. Overall, all the known adenoviruses display icosa-
hedral architecture with the 3 major capsid proteins (MCP), hexon, penton base (PB)
and fiber arranged in a similar manner. Specifically, themost abundant hexon protein,
present in 720 copies, is organized as trimers in pseudo T= 25 icosahedral arrange-
ment with the pentameric PB subunits located at the icosahedral vertices (Fig. 16.1)
(Stewart et al. 1991; San Martin 2012). The trimeric fiber molecules that emanate
from the icosahedral vertices, interact with the pentameric PB capsomers. The inter-
actions between the PB and fiber molecules are unique because of the mismatch of
symmetries, 5-fold versus 3-fold, of the molecules involved, respectively. In addi-
tion, four different minor proteins that are present in multiple copies on the capsid
exterior (IX) and interior (IIIa, VI, VIII) stabilize the icosahedral shell, primarily
through interactions with the hexon subunits as detailed in the following sections.
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Structures and Interactions of Major Capsid Proteins

Hexon

The hexon subunit is the largest (~110 kDa; ~950 a.a) and most abundant capsid
protein of the adenovirus capsid, present in 720 copies (Stewart et al. 1991; San
Martin 2012). Each hexon subunit is composed of two tandem jellyroll β-barrels
(termedV1,V2) interspersedwith large loop insertions (Fig. 16.2a) (Rux andBurnett
2000). The characteristic feature of hexon subunits is that they form stable and
intertwined trimers (referred simply as hexons) with a lefthanded twist that exhibit
perfect 3-fold symmetry (Fig. 16.2b, c). In other words, each hexon subunit wraps
around its clockwise related neighbor. Thus, 720 hexon subunits are organized as
240 hexon trimers in all the structurally characterized AdV capsids. The VIPERdb
analysis (Carrillo-Tripp et al. 2009) of human adenovirus 26 (HAdV-26) structure
(Yu et al. 2017) suggests that a total of ~18,618 Å2 surface area buried between a
pair of hexon subunits in forming trimeric hexon, i.e., in “intra”-hexon associations.

Fig. 16.2 Structure and associations of hexon subunits. a Tertiary structure of the hexon subunit
of HAdV-C5 (PDB-ID:6B1T), the two jellyroll β-barrels are labeled V1 and V2. b The top view
of trimeric hexon showing the triangular shape. c The bottom view of the hexon showing the
hexagonal arrangement of the six β-barrels, two (V1 and V2) from each subunit, delineated by the
dashed lines. d The side view of the intertwined trimeric hexon. The individual subunits are shown
in different colors. e Association of the hexons through interactions between the β-barrels, colored
red and between the β-barrels of penton (PB), colored blue, which is located at the icosahedral
5-fold vertices, identified by the magenta colored pentagon
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Three times that is buried (~55,855 Å2) in a hexon trimer. Of note, the total buried
surface area (BSA) indicated above is twice the amount of contact surface area
between the interacting subunits. This amounts to ~9.8 Å2 BSA per a.a. of hexon,
considering 952 a.a. in a hexon subunit and 2 × 952 = 1904 residues in a pair of
hexon subunits (18,618/1904= 9.77). If one considers the per a.a. BSA as a measure
of strength of association between the subunits, that number is only a meagre 0.75 Å2

BSA per a.a. on average for “inter”-hexon associations, which are ~1/13th of the
intra-hexon associations. Alternatively, you can consider it as, on an average, 13
times as many residues interacting at an intra-hexon interface compared to an inter-
hexon interface. Hence, the intra-hexon interactions are likely the strongest protein-
protein interactions found in the adenovirus capsid. This in turn suggests that the
trimeric hexon forms a strongest building block of the AdV capsid. This observation
is supported by the isolation and purification of intact hexons by disassembling the
AdV virions (Rux and Burnett 2007).

It is noteworthy that the 3D structure and trimeric organization of isolated hexon,
determined by X-ray crystallography (Rux and Burnett 2000) is very similar to the
hexon in the assembledvirion, determinedby cryo-EMandX-raydiffractionmethods
at near atomic resolution (Liu et al. 2010; Reddy et al. 2010; Yu et al. 2017; Dai et al.
2017; Kundhavai Natchiar et al. 2018), with the exception of ordered hyper variable
regions (HVRs) that were better ordered in the context of virion due to their inter-
actions with the neighboring subunits in the assembled particle. Remarkably, while
the top view of the hexon resembles trimeric assembly (Fig. 16.2c), the bottom view
assumes hexagonal shape because of the above mentioned 3-fold symmetry applied
to dual β-barrels (Fig. 16.2d). The hexons associate with the neighboring hexons
primarily through interactions between the β-barrels (Fig. 16.2e). The peripentonal
hexons (labeled in PPH/Hexon-1, Fig. 16.1a) that surround the penton base (PB)
subunits at the icosahedral 5-fold vertices also interact with the β-barrels of PBs. In
addition, the hexon-hexon interactions are further “cemented” by the minor proteins
IX on the capsid exterior and IIIa and VIII on the interior of the capsid (see below).

Penton Base (PB)

The characteristic feature of PB subunits is that they are organized as pentamers
and occupy the icosahedral vertices of the AdV virion. The monomeric PB subunit
(~63 kDa) displays a jellyroll β-barrel base with large insertions (118–383, 417–
468) between the β-strands that form elaborate surface loops (Fig. 16.3a). Together,
these surface loops from five PB-subunits form a shallow trough shaped depression
that acts as the pedestal for the trimeric fiber molecule (Fig. 16.3b, c). Similar to
hexon, the tertiary structure and pentameric (quaternary) organization of PB are well
conserved in the isolated and in situ structures (Zubieta et al. 2005; Liu et al. 2010;
Yu et al. 2017) (Fig. 16.3). The N-terminal residues (1–36) and the residues in the
RGD loop (297–376) of Ad5 PB are disordered. While a total of ~36,190 Å2 surface
area is buried in a pentameric capsomere, a 1/5th of that (7238 Å2) is buried between
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Fig. 16.3 Structure and association of penton base (PB) subunits (PDB-ID: 6B1T). a Tertiary
fold of the monomeric PB subunit color coded in rainbow spectrum from N-terminus (blue) and
C-terminus (red). b Side view of the PB-pentamer. Individual subunits are color coded in different
colors. c Top view of the PB-pentamer in panel B

a pair of PB subunits, which amounts to ~7.0 Å2 surface area buried per a.a. of PB
subunit on average (7238/[2× 520]= 6.9), which is comparable to but smaller than
the intra-hexon interactions (~9.8 Å2). This in turn suggests that the pentamer of
PB is also a strong preassembled structure and represents another building block of
AdV structure. Of note, the per a.a. BSA estimate for PB-PPH interactions is 1.1 Å2,
which is roughly similar to inter-hexon interactions (0.75 Å2).

Fiber and PB Interactions

One of the unique protein-protein interactions found in the AdV capsid involve fiber
and PB, where threemolecules of the (trimeric) fiber interacts with the fivemolecules
of (pentameric) PB, located at each of the twelve icosahedral vertices in the AdV
virion. This results in 36 molecules of single kind of fiber (62 kDa) found in an
AdV capsid. However, certain adenoviruses are known to have two different kinds of
fiber molecules (one short and one long) (Lenman et al. 2015). The high-resolution
structural details of fibermoleculewere revealed from the numerous crystal structures
of fiber knobs and truncated version of the fibers (Xia et al. 1994; van Raaij et al.
1999; Burmeister et al. 2004) (Fig. 16.4a, b). However, it has not been possible to
determine the fiber structure in the context of AdV virion in greater detail. This lack
of specifics on PB-fiber interactions is due to imposition of the 5-fold symmetry
on the 3-fold symmetric fiber during the icosahedral particle reconstruction and also
because of inherent flexibility of the fibermolecule. However, in conjunctionwith the
localized reconstruction methods, the interactions between the N-terminal tails (a.a.
1–20) of the fiber and PB have been elucidated (Yu et al. 2017). Form these studies,
it has been suggested that the fiber N-terminal tails (FNTs) bind at the interface of
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Fig. 16.4 Fiber structure and interaction of fiber N-terminal tails (FNTs) with PB pentamer. a Top
view of the fiber showing the trimeric fiber knob of HAdV-2 (PDB:1QIU). The three independent
molecules are shown in different colors b Side view of the fiber showing the fiber knob at the top
and three β-spiral repeats of the shaft are shown at the bottom. c A top view of the pentameric PB
showing the locations of the three FNTs of the trimeric fiber interacting with the PB (PDB:5TX1)

two adjacent PB subunits and are surface accessible (Fig. 16.4). Additionally, the
FNTs exhibit elbow shaped structure(s) that interact more closely with one of the two
subunits and latch onto the base of a PB structure (aa 324–330), which comprises the
RGD loop. There is a consensus notion that 2 of the 3 FNTs of trimeric fiber occupy
the two adjacent binding sites on PB, while the 3rd FNT binds at a site that is one
site removed from either of the two sites occupied (Fig. 16.4c) (Zubieta et al. 2005;
Liu et al. 2011). This arrangement of the FNTs of the trimeric fiber was compared to
a “3-pronged claw” of the AdV fiber that latches on to the surface of the PB, thereby
providing greater stability to the PB-fiber complex. Moreover, a 3.4 Å2 per a.a. BSA
estimation for the PB-FNT interaction (1821.5 Å2/[520+ 14]) in HAdV-26 structure
suggest the strongest inter-capsomer interactions seen in the HAdV capsid.

Structures and Interactions of Minor (Cement) Proteins

Protein IX

The only minor protein located on the exterior of AdVs is protein IX (14.4 kDa),
which is present in 240 copies and forms a continuous hexagonal polypeptide network
that interlaces the hexons in the entire HAdV capsid. The interactions involving IX
and those with the other minor proteins located on the capsid interior stabilize the
AdV capsid (see below). The protein IX molecule displays an extended structure
that can be divided into three regions; N-terminal triskelion forming region (aa 1–
61), linker region (aa 62–94) and C-terminal coiled-coil forming region (aa 95–134)
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(Fig. 16.5a). The residue numbers indicated in the figure correspond to protein IX of
HAdV-26 that is a few (six) residues shorter than its counterpart in HAdV-5. In the
context of the assembled adenovirus capsid, protein IX molecules form two signa-
ture oligomeric substructures: triskelions formed by the N-terminal region, while the
C-terminal coiled-coils form a 4-helix bundle (4-HLXB) (Fig. 16.5b, c). The triske-
lions, located at the 3-fold junctions (Fig. 16.5d, light-blue triangles) within the
group of nine hexons (GON) substructure of the icosahedral facets, display perfect
3-fold symmetry and strengthen hexon-hexon interactions (Reddy 2017; Matteson
et al. 2018). While the 4-HLXB structures are located near the edges of the facets
and mediate interactions between the GON substructures (Fig. 16.5d, light-blue rect-
angles). The remarkable characteristic of the 4-HLXB is that it is made of homo-
polypeptides arranged 3 in parallel (Fig. 16.5b, c; shown in purple, cyan, skyblue) and
1 in anti-parallel orientation (Fig. 16.5b, c; shown in darkblue). Moreover, each of

Fig. 16.5 Structure and polypeptide network of IX molecules in human adenoviruses. a A ribbon
diagram showing the extended structure of a protein IX molecule with different subregions for
forming the characteristic oligomeric substructures identified. b Top view of the continuous hexag-
onal network comprising 240 IX molecules displayed on the surface of an icosahedron (gray). The
four structurally unique IX molecules are shown in different colors. c A zoomed-in view of the
orange rectangular region in the panel B identifying the locations of the N-terminal triskelion and
the C-terminal coiled-coil (4-HLXB) regions. d The locations of the triskelion and 4-HLXB struc-
tures, in the context of the entire HAdV particle, are identified by the blue triangles and rectangles
respectively. The white and yellow color line tracings represent the outlines of the two adjacent
group of nine hexon (GON) substructures
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the helices is contributed by a protein-IX molecule that belongs to a different triske-
lion structure. Of note, the anti-parallel helix comes from a IXmolecule that belongs
to a triskelion located in the adjacent facet. This organization of the IX molecule
is unique to human adenoviruses that belong to the genus Mastadenovirus of the
Adenoviridae family, as opposed to animal adenoviruses that form a trimeric helical
bundle positioned on top of the triskelion structures (Cheng et al. 2014; Schoehn et al.
2008;Matteson et al. 2018). It is noteworthy that the protein IX networkmainly stabi-
lize the hexons in the GON substructures with little or no contacts with the PPHs
(peripentonal hexons) (Fig. 16.5b–d). Although the protein IX network interlaces
hexon trimers throughout the entire HAdV capsid, it is not necessary for forming
adenovirus virions. However, it has been shown that HAdVs devoid of the protein
IX display lower virion stability and reduced infectivity (Colby and Shenk 1981;
Campos et al. 2004).

Moreover, because of its surface accessibility, protein IX has been one of the
proteins of choice for attaching and displaying foreign antigens of interest on the
HAdV surface for the purposes of creating vaccines (Bayer et al. 2010; Dmitriev
et al. 2002; Vellinga et al. 2004; Campos et al. 2004). A number of groups have
attached different proteins and peptides to the C-terminus of IX to be displayed on
the surface of HAdV virions with considerable success (Vujadinovic et al. 2018;
Vujadinovic and Vellinga 2018). However, it has been suggested that the unique
parallel and antiparallel packing and orientation of the C-terminal coiled-coils in the
4-HLXBmay not lend themselves to be ideal for antigen display. This is because the
large attachments to the C-terminus sterically interfere with the neighboring hexons
and thereby disrupt the formation of 4-HLXB sub-structure and may potentially
destabilize the HAdV capsid (Matteson et al. 2018). It has been hypothesized that
the trimeric coiled-coil arrangement of the C-terminal protein IX helices seen in
animal adenoviruses might be better suited for the antigen display (Matteson et al.
2018; Flint 2017).

Protein VIII

Among the AdV minor proteins, protein VIII (24.7 kDa) is highly conserved both
in terms of sequence and structure. This protein is located on the capsid interior and
present in 120 copies that undergo maturation cleavage by the adenoviral protease
(AVP) at two locations (G110-G111, A157-G158), which are conserved between
different HAdVs. Displaying an overall obtuse triangular structure spanning 100Å in
length and 30 Å height, each VIII molecule interacts with the bases of four hexons on
the capsid interior (Fig. 16.6a). One of the striking interactions of VIII is “molecular
clamping” that disrupts the formation of native β-strands in hexon subunits between
residues 937–942 and 945–952 and replacing them with new β-strands involving its
own residues (28–36 and 105–110) in two different hexons (Yu et al. 2017). These
interactions hold the hexons in the GON structure together. Furthermore, the wide
end of the obtuse triangle formed by the N and C-termini of VIII (1–9; 197–227),
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Fig. 16.6 Structure andmolecular clamping interactions of VIII in human adenoviruses. aA ribbon
diagram showing the obtuse triangular shape of protein VIII. The location of protease cleavage sites
at residues 110 and 158 are identified by Xs shown in red. The two cleaved peptide fragments 1–
110, 158–227 are identified by light blue and orange colors respectively. b Interior view of the
icosahedral facet showing the locations of the structurally unique protein VIII molecules shown in
orange and yellow colors. Hexons and PBs are shown in gray andmagenta colors respectively, while
IIIa and fragments of VI are shown in dark green and red colors, respectively. One of the protein-IX
coiled-coils is shown in blue. The cyan colored triangles identify the locations of the local 3-fold
axes, where VIII molecules interact with the hexons, while the dark blue triangles indicate the
locations of the protein-IX triskelions on the capsid exterior. c A closeup view of the rhomboidal
area in panel B showing a VIII (V) molecule (colored yellow) contacting the four hexons depicted
in light gray backbone traces. Hexons, HX2’ and HX3’ belong to the adjacent GON (facet)

located at the local 3-fold axes of symmetry along the PPH-PPH and GON-GON
interfaces, glue the PPHs (byVIII-U) and hexon-2with hexon-4 from the neighboring
GONs (by VIII-V) mainly through hydrophobic interactions (Fig. 16.6b, c). Thus,
the proteinVIIImolecules play a critical role in cementing the hexons togetherwithin
and between theGONson the capsid interior. The above local 3-fold junctions located
at the GON-GON interfaces are distinct from the 3-fold junctions found within the
GON substructure, which are strengthened by the protein-IX triskelion structures on
the capsid exterior (Figs. 16.5c and 16.6b).
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Protein IIIa

Largest among the minor proteins (65 kDa), IIIa is present in 60 copies in aden-
ovirus virions. Assigning the location of IIIa was contentious (Stewart et al. 1993;
San Martin et al. 2008; Liu et al. 2011; Reddy and Nemerow 2014; Campos 2014;
Condezo et al. 2015; Yu et al. 2017; Dai et al. 2017). However, thankfully, it has been
resolved and now it is clear that the entire molecule of IIIa is located on the capsid
interior, underneath the vertex region. The 2/3rd of IIIa (~400 aa out of 585 aa) has
been resolved and displays entirely helical structure that folds into 3 domains: N-
terminal domain (NTD), middle domain (MDLD) and an appendage domain (APD)
(Fig. 16.7a) (Yu et al. 2017). The structure of IIIa is also well conserved between
HAdV-5 and HAdV-26 structures (RMSD: 1.35 Å with sequence identity 78%). It
has been suggested that the overall shape of IIIa resembles seahorse shape (Liu et al.
2010). Five molecules of IIIa are clustered underneath each vertex region in stabi-
lizing the PPHs. Specifically, one molecule of IIIa along with a molecule of VIII
glue a pair of PPHs together and joins them with the GON structure (Fig. 16.7b).
In particular, a pair of 5-fold related PPHs are held together by strong interactions
between the NTDs of two adjacent IIIa molecules bound to the respective PPHs

Fig. 16.7 Structure and cementing interactions of protein IIIa in human adenoviruses. a A ribbon
diagram showing the domain organization of the ordered region (1–390) of IIIa. The three different
domains N-terminal domain (NTD), middle domain (MDLD) and appendage domain (APD) are
labeled. TheAPD is identifiedwith a black circle.bAzoomed-in viewof the rectangular region in the
inset. Three molecules of IIIa are labeled and shown in ribbon representation (one in green and two
symmetry mates in gray) interacting with the bases of the hexons, shown in surface representation,
on the capsid interior. The reference IIIa molecule shown in green is overlaid on top a VIII-U
molecule (orange ribbon), which together mediate the interactions between two PPHs with the
hexons in two adjacent GONs. In particular, the APD domain mediates interactions at a 3-fold
junction formed by a PPH and HX4 and HX2 from two neighboring GONs. Of note, the VIII-U
molecules associated with the gray IIIa molecules are not shown for the purpose of clarity. Part of
the PB (magenta color) is shown interacting with the NTD of IIIa
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(Fig. 16.7b). Residues 30–60 of one IIIa interact closely with the residues 82–140
of the symmetry related molecule. Five sets of these interactions hold the 5 PPHs
together in place. These interactions along with those involving VIII are critical for
cementing the PPHs underneath the vertex region. In addition, the same pair of IIIa
molecules (above) also interact with the N-terminal of residues (23–37) of PB. The
middle domain (MDLD) consisting of residues 134–301 primarily interacts with
the VIII-U molecule by overlaying on top of the wide end of the obtuse triangle,
which together mediate interactions between two PPHs at the opposite end of the
interface stabilized by the two NTD domains. The newly identified helical domain
(APD, encircled in Fig. 16.7a, b) composed of amino acids 314–390 is located at
a distinct 3-fold junction formed by a PPH and two hexons (HX4 and HX2) from
the neighboring GON facets. This unique organization of IIIa and VIII molecules
underneath the vertex region suggests that VIII molecules would bind the hexons
first, followed by overlaying of IIIa molecule on top of VIII molecule at the vertex
region, thereby fortifying the interactions between the PPHs and GON substructures.
Of note, the complex between IIIa and VIII molecules is found only underneath the
icosahedral vertex region, even though another VIII is present at a different location
that stabilizes the hexons across GON-GON interface.

Protein VI

Protein IV is a multifunctional molecule that is involved in a number of key events in
the AdV lifecycle (Greber et al. 1993; Meier and Greber 2003; Wodrich et al. 2003;
Wiethoff et al. 2005; Suomalainen and Greber 2013; Mangel and San Martin 2014;
Luisoni et al. 2015; Baniecki et al. 2001). One of the important functions of VI during
the biogenesis of AdV is to transport hexon subunits from cytoplasm into nucleus for
the assembly and generation of new virions. It was not known until recently where
exactly VI binds in hexons, which was revealed by mass-spectrometry and structural
studies (Snijder et al. 2014;Reddy andNemerow2014). It is the processed segment of
N-terminal residues 1–33 of VI that bind near the entrance of the hexon cavity, which
is exposed to the capsid interior (Fig. 16.8a) (Yu et al. 2017). The primary binding
site for theN-terminus (NT) of VI in the hexon cavity is located at the interface of two
hexon subunits formed by aa 48–54 of one subunit and aa 30–37 of the neighboring
subunit near the entrance of the hexon cavity (Fig. 16.7a, b). Therefore, there will
be three equivalent binding sites available for VI at the base of the trimeric hexon.
According to the location of structurally unique hexons (1–4) (Fig. 16.1a), there is
density for 2–3 copies of NT of VI in the hexon cavities, which suggest that there
will be at least 480 (240 × 2) VI molecules present in a HAdV virion. Based on the
structure of HAdV-26, we have suggested that the very N-terminal (NT) residues of
VI (aa 3–10) are buried in deep in the hexon cavity, while the VI residues aa 26–30
are exposed to outside of the hexon cavity. This is consistent with the requirement
that the cleavage at 33–34 is accessible to the protease for the processing. However,
a recent high-resolution structure of HAdV-5 by Hong Zhou colleagues suggest the
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Fig. 16.8 The location and interactions of N-terminal (NT) segment of VI in the hexon cavity.
a The location of two NT segments of VI, shown in red and magenta colors, found at the entrance of
internal cavity of the peripentonal hexon (PPH). b A side view of the panel A showing the location
of one of the NT segments reaching deep into the hexon cavity

opposite chain polarity for the VI segment for similar looking density, which places
the cleavage site buried deep inside the hexon cavity (Dai et al. 2017). It is unclear
how, in this case, the protease would access the cleavage site, during the maturation
of AdV virions. In addition, they have identified 35 residues belonging to one of the
membrane lytic fragments of mature VI (aa 109–143) in the middle of the hexon
cavity. Moreover, remarkably, these authors suggested that a short fragment of VII
(aa 14–24) would occupy one of the binding sites, where the NT segment of protein
VI binds in the hexon cavity. Going forward, the significance of the location of the
NT fragments ofVI andVII in the context of adenovirus biology has to be understood.

Concluding Remarks

Unlike simple nonenveloped viral capsids that are usually made of multiple copies
of a single gene product, adenovirus capsids are made of 7 different (3 major and 4
minor) capsid proteins that occur in multiple copies. Not counting the scaffolding
proteins, all in all ~2800 protein molecules come together to form an adenovirus
virion encapsidating the ~36 Kbp geome. How this many “moving parts” would
assemble to form identical AdV virions repeatedly is a mystery to be solved. Much
progress has been made in the past decade resolving the minor proteins and their
network of cementing interactions. However, there a few structural details still be
resolved. Some of these are: (1) how the full length membrane lytic domain of VI
could be accommodated and later dislodged from the hexon cavity, (2) how the
dsDNA is packaged into adenovirus virions and the details of its structure and orga-
nization and (3) how only a few copies of adenoviral protease can cleave thousands
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of minor and core proteins present in the capsid interior. Future research in this area
could reveal the answers to these unsolved questions.
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Chapter 17
A Structural Perspective on Gene
Repression by Polycomb Repressive
Complex 2

Xin Liu

Abstract Polycomb Repressive Complex 2 (PRC2) is a major repressive chromatin
complex formed by the Polycomb Group (PcG) proteins. PRC2 mediates trimethy-
lation of histone H3 lysine 27 (H3K27me3), a hallmark of gene silencing. PRC2 is
a key regulator of development, impacting many fundamental biological processes,
like stem cell differentiation in mammals and vernalization in plants. Misregula-
tion of PRC2 function is linked to a variety of human cancers and developmental
disorders. In correlation with its diverse roles in development, PRC2 displays a high
degree of compositional complexity and plasticity. Structural biology research over
the past decadehas shed light on themolecularmechanismsof the assembly, catalysis,
allosteric activation, autoinhibition, chemical inhibition, dimerization and chromatin
targeting of various developmentally regulated PRC2 complexes. In addition to these
aspects, structure-function analysis is also discussed in connection with disease data
in this chapter.

Keywords Polycomb repressive complex 2 (PRC2) · Chromatin · Epigenetics ·
Histone methylation · Gene repression · Structural biology

Introduction

Polycomb (PC), the foundingmember of the family of PolycombGroup (PcG) genes,
was originally identified in Drosophila melanogaster to control segmentation by
repressing homeotic (HOX) genes (Lewis 1978), which are known to dictate the
development of anatomical structures in different species, like insects, mammals and
plants. Compared to their counterparts inDrosophila, PcGproteins are conserved, but
more diverse inmammals and plants (Hennig andDerkacheva 2009; Schuettengruber
et al. 2017). PcG proteins impact a variety of fundamental biological processes,
ranging from stem cell differentiation and X-chromosome inactivation in mammals
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to vernalization in plants (Wutz 2011; Whittaker and Dean 2017; Aloia et al. 2013).
On the molecular level, PcG proteins assemble into two major repressive chromatin
complexes, Polycomb Repressive Complex 1 (PRC1) and PRC2 (Fig. 17.1). Both
PRC1 and PRC2 are histonemodifying enzyme complexes; whereas PRC1 is respon-
sible for monoubiquitination of histone H2A lysine 119 (H2AK119ub) (Wang et al.
2004a), PRC2 mediates trimethylation of histone H3 lysine 27 (H3K27me3) (Cao
et al. 2002;Czermin et al. 2002;Kuzmichev et al. 2002;Muller et al. 2002) (Fig. 17.1).
Both H2AK119ub and H3K27me3 are repressive histone marks and in particular
H3K27me3 is considered as a hallmark of silent chromatin. PcG proteins also form
the Polycomb Repressive-Deubiquitinase complex (PR-DUB), which removes ubiq-
uitin from H2AK119ub but, intriguingly, is also required for PcG-mediated gene
silencing (Scheuermann et al. 2010).

Polycomb Response Elements (PREs) containing clusters of DNA motifs direct
specific chromatin targeting of PRC1 and PRC2 in Drosophila, via cognate tran-
scription factors (Ringrose and Paro 2007). In contrast, mammalian counterparts
of Drosophila PREs appear to be lacking (Ringrose and Paro 2007). Recruitment
of PRC1 and PRC2 can be interdependent. For example, in a hierarchical recruit-
ment model, PRC2 is targeted to chromatin to install H3K27me3, which in turn
recruits PRC1 through anH3K27me3 reader protein (Wang et al. 2004b). Conversely,

Fig. 17.1 Compositions of distinct classes of PRC1 and PRC2. Compositions of six classes of
PRC1 (PRC1.1–PRC1.6) and two classes of PRC2 (PRC2.1 and PRC2.2) are shown, with the core
and accessory subunits clustered separately. Histone modifications mediated by PRC1 and PRC2
are also indicated. Proteins identified from proteomics are shown as the accessory subunits of PRC1.
In contrast, only proteins and ncRNAs that are known to mediate direct physical interactions with
the core subunits are defined as the accessory subunits of PRC2. This more restrictive definition
makes PRC2 appear to be less complex than PRC1 in the figure
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H2AK119ub can be essential for the recruitment of PRC2, which contains compo-
nents recognizing H2AK119ub (Blackledge et al. 2014; Cooper et al. 2014; Kalb
et al. 2014; Cooper et al. 2016; Kahn et al. 2016; Blackledge et al. 2020; Tamburri
et al. 2020). Hypomethylated CpG islands (CGIs) are known sites of PRC2 enrich-
ment on chromatin (Deaton and Bird 2011). In addition, de novo recruitment of
PRC2 to CGIs can be induced by inhibition of transcription (Riising et al. 2014).
Indeed, CGI sequences are sufficient to recruit PRC2 in vivo in the absence of DNA
methylation and transcription factor binding (Mendenhall et al. 2010; Jermann et al.
2014; Wachter et al. 2014).

PRC2 enzymatic activity is subjected to cellular regulation in both normal
and diseased cells. Particularly, PRC2 binds to and is allosterically activated by
H3K27me3; this positive feedback mechanism partially accounts for epigenetic
inheritance, for which PRC2 association with cis-acting DNA elements is also
required (Hansen et al. 2008; Margueron et al. 2009; Coleman and Struhl 2017;
Laprell et al. 2017).Anoncogenic histoneH3K27Mharboring a lysine-to-methionine
mutation is linked to diffuse midline gliomas, a type of high-grade lethal brain cancer
found in both children and adults; PRC2 enzymatic activity is inhibited by H3K27M,
leading to a global reduction of H3K27me3 in patient samples (Chan et al. 2013;
Lewis et al. 2013). Intriguingly, both gain-of-function and loss-of-function muta-
tions of PRC2 components have been associated with human cancers (Laugesen
et al. 2016). Additionally, mutations in PRC2 components also cause overgrowth
disorders manifesting a variable degree of intellectual disability, including Weaver
syndrome and Cohen–Gibson syndrome (Cyrus et al. 2019).

This chapter aims to provide a structural perspective on the mechanism of gene
repression by PRC2, with a focus on the regulation of the enzymatic activity and
chromatin recruitment of mammalian PRC2. Interested readers are also referred to
many other reviews that discuss PRC2 structure and function (Simon and Kingston
2009;Margueron andReinberg 2011; Schwartz andPirrotta 2013;Aranda et al. 2015;
Vizan et al. 2015; Chittock et al. 2017; Schuettengruber et al. 2017; Laugesen et al.
2019; van Mierlo et al. 2019; Chammas et al. 2020). Understanding composition of
functional PRC2 represents one of the very first steps towards structural characteri-
zation. Below, knowledge concerning discovery, sequence feature, domain structure,
complex formation and cellular function of PRC2 components is discussed.

Composition of Functional PRC2

Subunit composition and interaction ofmacromolecular complexes are a determinant
of biological function. Multifaceted roles of PRC2 in cell development are largely
correlatedwith the tremendous complexity and plasticity of PRC2 composition. Core
subunits of PRC2 remain relatively constant, and they assemble into diverse holo
complexes together with a wide spectrum of developmentally regulated accessory
subunits (Fig. 17.1). Historically, components of mammalian PRC2 holo complexes
were mostly identified based on homology to Drosophila PcG proteins or by mass
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spectrometry following co-immunoprecipitation or affinity purification experiments.
The accessory subunits were originally shown to be “substoichiometric”, sometimes
suggesting weak or transient binding. However, biochemical and structural data
based on fully reconstituted PRC2 holo complexes indicated otherwise: many of
the accessory subunits are stable stoichiometric components of the holo complexes.
Nuclear extracts of HeLa human cervical cancer cells, HEK293/HEK293T human
embryonic kidney cells and mouse embryonic stem cells (mESCs) are among the
most frequently used sources for PRC2 isolation in both focused and large-scale
proteomics studies (Smits et al. 2013; Alekseyenko et al. 2014; Hein et al. 2015;
Huttlin et al. 2015; Maier et al. 2015; Hauri et al. 2016; Huttlin et al. 2017). In addi-
tion, mESCs and NT1/D2 human embryonal carcinoma cells offer convenient model
systems for a direct comparison of the dynamic interactome of PRC2 under undif-
ferentiated and differentiated conditions (Kloet et al. 2016; Oliviero et al. 2016).
Although mammalian PRC2 has been subjected to extensive studies, the current
picture of its composition may still be incomplete, for at least two reasons: cell type-
specific new components of PRC2 may exist in some of the formerly unexplored
cell types; furthermore, it is not impossible that certain PRC2 interactions may entail
a chromatin context—not captured in chromatin-free cell extracts—and may have
been missed from most of the previous proteomics studies.

RNAs and in particular a diverse collection of non-coding RNAs (ncRNAs) can
be considered as non-conventional components of PRC2 holo complexes (Fig. 17.1).
RNAs were shown to mediate promiscuous binding to PRC2 in cells (Khalil et al.
2009; Zhao et al. 2010; Davidovich et al. 2013; Kaneko et al. 2013), influencing
critical physiological processes, such as X-chromosome inactivation by XIST (Plath
et al. 2003; Silva et al. 2003; Zhao et al. 2008), repression of HOX gene clusters by
HOTAIR (Rinn et al. 2007; Tsai et al. 2010), and genomic imprinting byKCNQ1OT1
(Pandey et al. 2008; Zhao et al. 2010). PRC2 preferentially binds to guanine-rich
RNA motifs that may form G-quadruplex structures (Wang et al. 2017a). Canon-
ical RNA-binding domains are not found in PRC2; instead, RNA-binding surfaces
contributed by multiple PRC2 subunits—both core and accessory subunits—appear
to bedispersed across the entire complex (Kaneko et al. 2014a;Longet al. 2017;Wang
et al. 2017b; Zhang et al. 2019). Lacking clear binding specificity on the sequence
level, whether RNAs are able to mediate specific chromatin targeting of PRC2 is still
under debate (Brockdorff 2013; Davidovich and Cech 2015; Ringrose 2017). PRC2
association with RNAs is antagonistic to chromatin binding (Beltran et al. 2016;
Wang et al. 2017b), and this antagonismmay also underlie RNA-mediated inhibition
of the enzymatic activity of PRC2 towards nucleosomal substrates (Cifuentes-Rojas
et al. 2014; Kaneko et al. 2014b; Wang et al. 2017b). Ideally, structural and mutage-
nesis data that reveal binding specificity in three-dimensional space will help clarify
a defined role of RNA molecules in PRC2 recruitment. RNA components of PRC2
will not be covered in more detail in this chapter.
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The Core Complex

The PRC2 core complex from mice and humans consists of four subunits:
EZH1/EZH2 (aka ENX-2/ENX-1 or KMT6B/KMT6A), EED (akaWAIT-1), SUZ12
(aka CHET9 or JJAZ1), and RBBP4/RBBP7 (aka RBAP48/RBAP46) (Fig. 17.1).
EZH1 and EZH2 are paralogs and both can function as the catalytic subunit of PRC2.
EZH1 and EZH2 share overall 60% sequence identity, with the SET (SU(VAR)3-9,
Enhancer-of-zeste and Trithorax) domain being one of the most homologous regions
(Fig. 17.2 and Table 17.1) (Abel et al. 1996; Chen et al. 1996; Hobert et al. 1996;
Laible et al. 1997). Less conserved regions confer functional divergence: for example,
EZH1-containing PRC2 compacts chromatin to a greater extent, whereas EZH2-
containing PRC2 is better stimulated by H3K27me3 (Margueron et al. 2008; Son
et al. 2013; Lee et al. 2018). EZH2 expression is correlated with active cell prolifer-
ation and EZH2 acts as the principal H3K27 methyltransferase in mESCs (Bracken
et al. 2003; Lee et al. 2018). EZH1 is ubiquitously expressed and partially comple-
ments EZH2 function during mESC differentiation (Margueron et al. 2008; Shen
et al. 2008). H3K27 methylation is eliminated in mESCs lacking both EZH1 and
EZH2 (Shen et al. 2008; Hojfeldt et al. 2018).

Fig. 17.2 Domain structures of the core subunits of PRC2. Domain structures of EZH2, EED,
SUZ12 and RBBP4 are shown and color-coded. Domains with unknown structures are colored in
grey. The subunit definition of the catalytic module and the accessory subunit-binding module is
indicated. The domain structure of EZH1 is not shown, but is predicted to be similar to that of
EZH2. These domain structures are defined based on sequence or structural analysis. Full names
corresponding to the acronyms of protein domains are provided in Table 17.1
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Table 17.1 Acronyms and full names of protein domains of the core subunits

EZH2

SBD SANT1-Binding Domain EBD EED-Binding Domain

BAM β-Addition Motif SAL SET Activation Loop

SRM Stimulation-Responsive Motif SANT1 SWI3, ADA2, N-CoR and TFIIIB 1
(Domain)

MCSS Motif Connecting SANT1 and
SANT2

SANT2 SWI3, ADA2, N-CoR and TFIIIB 2
(Domain)

CXC CXC (Domain) SET SU(VAR)3-9, Enhancer-of-zeste and
Trithorax (Domain)

EED

NT N-Terminal (Domain) WD40 WD40 (Domain)

SUZ12

NT N-Terminal (Domain) ZnB Zinc Finger-Binding (Helix)

WDB1 WD40-Binding (Domain) 1 C2 C2 (Domain)

Zn Zinc Finger (Domain) WDB2 WD40-Binding (Domain) 2

VEFS VRN2, EMF2, FIS2, and SU(Z)12
(Domain)

RBBP4

NT N-Terminal (Domain) WD40 WD40 (Domain)

Both EED and SUZ12 are necessary for the enzymatic activity of EZH2 (Cao
and Zhang 2004; Nekrasov et al. 2005). EED was found to associate with EZH1 and
EZH2 in yeast two-hybrid screens (Sewalt et al. 1998; van Lohuizen et al. 1998).
A large portion of EED forms a seven-bladed β-propeller WD40 domain featuring
short β-sheet structural repeats of 40 amino acids (aa) ending with a tryptophan–
aspartate (WD) dipeptide (Fig. 17.2 and Table 17.1) (Han et al. 2007; Stirnimann
et al. 2010). EED interacts with the H3K27me3 histone mark, leading to allosteric
activation of PRC2 enzymatic activity (Hansen et al. 2008; Margueron et al. 2009).
SUZ12 was identified in a biochemically isolated EZH2–EED complex (Cao et al.
2002; Kuzmichev et al. 2002). Sequence analysis indicates there are a Cys2His2-
type Zinc finger domain and a VEFS (VRN2, EMF2, FIS2, and SU(Z)12) domain
in SUZ12. Structural data reveal additional functional domains in both EZH2 and
SUZ12, some of which undergo dramatic conformational change in distinct states
of PRC2 (see below) (Fig. 17.2 and Table 17.1). Like EED, RBBP4 and RBBP7
are also WD40 domain proteins (Fig. 17.2 and Table 17.1). Although frequently
co-purified with the EZH2–EED complex (Cao et al. 2002; Kuzmichev et al. 2002),
RBBP4 and RBBP7 are not dedicated subunits of PRC2—the two paralogs are also
components of other chromatin complexes, such as Mi-2/NuRD and Sin3A histone
deacetylases (HDACs) and NURF chromatin remodeling complex (Tsukiyama and
Wu 1995; Zhang et al. 1997, 1998; Barak et al. 2003). RBBP4 was shown to enhance
the enzymatic activity of an EZH2–EED–SUZ12 ternary complex (Cao and Zhang
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2004). RBBP4 and RBBP7 are almost 90% identical in protein sequence, and it is
unclear to what extent they differ from each other in PRC2 structure and function.

Isoformsof someof the core subunits exist in cells.Knowledgeon isoform-specific
function is limited but nonetheless worth mentioning. EZH2isoform1 (746aa) and
EZH2isoform2 (751aa, residues 297–298 of EZH2isoform1 replaced by another 7aa) are
most frequently referred to in the literature, but functional distinction between these
two isoforms has not been reported. In comparison, EZH2isoform3 (707aa, lacking
residues 83–121 of EZH2isoform1) was found to display weaker interactions with
EED and SUZ12 and to be correlated with the expression pattern of both redundant
and unique gene targets in human pancreatic epithelial cells (Grzenda et al. 2013).
In another study, a mouse EZH1 isoform that lacks the SET domain was shown
to sequester EED in the cytosol and thereby impair the assembly of nuclear PRC2
and PRC2-dependent gene repression in differentiated C2C12 mouse myoblast cells
(Bodega et al. 2017). In addition, EED isoforms with distinct N-termini that might
be produced by alternative translation initiation were observed previously in HeLa
nuclear extracts; however, unique PRC2 function conferred by these isoforms still
remains to be elucidated (Kuzmichev et al. 2004, 2005; Martin et al. 2006).

The Holo Complexes: PRC2.1 and PRC2.2

Compositional complexity of mammalian PRC2 holo complexes is reflected by the
increasing number of identified accessory subunits. These accessory subunits directly
associate with the PRC2 core complex, and many of them facilitate PRC2 core
complex binding to chromatin, via interactions with linker DNA, core nucleosome,
or histone marks (Ballare et al. 2012; Musselman et al. 2012; Cai et al. 2013; Kalb
et al. 2014; Cooper et al. 2016; Choi et al. 2017; Li et al. 2017; Wang et al. 2017b;
Chen et al. 2018, 2020; Perino et al. 2018).Based on themutually exclusive binding of
the accessory subunits to the core complex, PRC2 holo complexes have so far been
categorized into two classes, PRC2.1 and PRC2.2 (Fig. 17.1) (Grijzenhout et al.
2016; Hauri et al. 2016). EPOP (Elongin BC and Polycomb Repressive Complex 2-
associated Protein; akaC17ORF96or esPRC2p48), PALI1/PALI2 (PRC2Associated
LCOR Isoform 1 and 2; aka C10ORF12 as a part of PALI1) and PCL (Polycomb-
Like) proteins, including PHF1 (aka PCL1), MTF2 (aka PCL2) and PHF19 (aka
PCL3), are the known accessory subunits of PRC2.1 (Fig. 17.1). Those belonging
to PRC2.2 include JARID2 (Jumonji/AT-Rich Interaction Domain containing 2) and
AEBP2 (Adipocyte Enhancer-Binding Protein 2) (Fig. 17.1). Mutual exclusivity
in PRC2 core complex binding was observed between PCL proteins and AEBP2
(Grijzenhout et al. 2016; Hauri et al. 2016; Chen et al. 2018), between PALI1 and
AEBP2 (Hauri et al. 2016; Conway et al. 2018), and among EPOP, PALI1 and
JARID2 (Alekseyenko et al. 2014; Beringer et al. 2016; Hauri et al. 2016; Liefke et al.
2016; Chen et al. 2018; Conway et al. 2018). PRC2.1 and PRC2.2 are complementary
in maintenance of the H3K27me3 histone mark at specific chromatin loci in mESCs;
combined ablation of the two classes of the accessory subunits abolishes normal
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H3K27me3 pattern on chromatin, accompanied by diffuse H3K27 trimethylation
likely due to mislocalization of the PRC2 core complex (Healy et al. 2019; Hojfeldt
et al. 2019). In line with these observations, PCL proteins and AEBP2were indicated
to reducemobility and prolong residence time of the respective PRC2holo complexes
on chromatin (Choi et al. 2017; Youmans et al. 2018).

PRC2.1: PHF1, MTF2 and PHF19

PHF1 and PHF19 were identified based on homology to Drosophila PCL protein
(Coulson et al. 1998; Wang et al. 2004c). MTF2 was originally cloned as a DNA-
binding protein recognizing the metal response elements (MREs) on the promoters
of metallothionein (MT) genes (Inouye et al. 1994). A series of additional studies
indicated that all three PCL proteins are components of PRC2 holo complexes, colo-
calizing with EZH2 and SUZ12 on chromatin; in many cases, knockdown of PCL
proteins was shown to reduce H3K27me3 deposition on specific targets, in parallel
with change of gene expression (O’Connell et al. 2001; Cao et al. 2008; Sarma
et al. 2008; Walker et al. 2010; Boulay et al. 2011; Casanova et al. 2011; Li et al.
2011; Ballare et al. 2012; Brien et al. 2012; Hunkapiller et al. 2012; Cai et al. 2013).
Expression of PCL proteins is developmentally regulated. For example, MTF2 is
the dominant form in mESCs; in comparison, MTF2 level is downregulated during
mESC differentiation to neural progenitor cells (NPCs), whereas PHF1 and PHF19
become relatively enriched (Kloet et al. 2016).

PHF1, MTF2 and PHF19 share similar domain structures: the N-terminal half of
these proteins contains one Tudor domain, two PHD fingers (PHD1 and PHD2), and
oneEH/WH (ExtendedHomology/Winged-Helix) domain; located at theC-terminus
is one RC/CL (Reversed Chromo/Chromo-Like) domain (Fig. 17.3 and Table 17.2)
(Ballare et al. 2012; Choi et al. 2017; Li et al. 2017). The Tudor domain of all three
PCLproteins binds toH3K36me3, a histonemark associatedwith gene body of active
genes; this interaction facilitates chromatin targeting of PHF19-containing PRC2.1
for de novo silencing of active genes, a process to which H3K36me3 demethylases
like NO66 and KDM2b also contribute (Abed and Jones 2012; Ballare et al. 2012;
Brien et al. 2012; Musselman et al. 2012; Cai et al. 2013). The EH/WH domain
of PCL proteins interacts with double-stranded linker DNA, enhancing chromatin
association of PRC2.1 (Choi et al. 2017; Li et al. 2017). Furthermore, DNA helical
shape was proposed to dictate specific DNA binding by MTF2 (Perino et al. 2018).
The RC/CL domain is responsible for the stable binding of PCL proteins to the PRC2
core complex (Ballare et al. 2012; Choi et al. 2017; Chen et al. 2018). In the case
of MTF2 and PHF19, the RC domain was also shown to stabilize a dimeric state
of PRC2.1 to promote chromatin binding, possibly through an avidity effect (Chen
et al. 2020).
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Fig. 17.3 Domain structures of the accessory subunits of PRC2. Domain structures of the accessory
subunits of PRC2.1 (PHF1, MTF2, PHF19, EPOP, PALI1) and PRC2.2 (AEBP2 and JARID2)
are shown and color-coded. Domains with unknown structures are colored in grey. PALI2 is less
characterized and its domain structure is not included. These domain structures are defined based
on sequence or structural analysis. Full names corresponding to the acronyms of protein domains
are provided in Table 17.2

PRC2.1: EPOP and PALI1/PALI2

EPOP and PALI1 (the C10ORF12 part) were originally noted in a pool of proteins
that associate with certain core subunits of PRC2 (Zhang et al. 2011; Smits et al.
2013; Alekseyenko et al. 2014; Maier et al. 2015; Hauri et al. 2016; Kloet et al.
2016; Oliviero et al. 2016). Proteomics on EPOP or PALI1 pulldowns indicate
they are exclusive members of PRC2.1 and are incompatible between themselves
in PRC2 binding (Alekseyenko et al. 2014; Beringer et al. 2016; Hauri et al. 2016;
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Table 17.2 .

PHF1/MTF2/PHF19

Tudor Tudor (Domain) PHD1 Plant Homeodomain (Finger) 1

PHD2 Plant Homeodomain (Finger) 2 EH/WH Extended Homology/Winged-Helix
(Domain)

RC/CL Reversed Chromo/Chromo-Like
(Domain)

DS Dimer Stabilization (Helix)

SC Short Connecting (Helix) C2B C2-Binding (Domain)

CT C-Terminal (Tail)

EPOP

BC BC (Box) CT C-Terminal (Domain)

PALI1

NRB Nuclear Receptor-Binding (Box) CB CTBP-Binding (Motif)

PIG PALI Interaction with G9A
(Domain)

PIP PALI Interaction with PRC2
(Domain)

AEBP2

NT N-Terminal (Domain) Zn Zinc Finger (Domain)

KR K (Lysine) and R (Arginine)-rich
(Motif)

CC Central Connecting (Helix)

CT C-Terminal (Domain) C2B C2-Binding (Domain)

H3K4D H3K4 Displacement (Domain)

JARID2

UI Ubiquitin Interaction (Motif) K116 K116

TR Transrepression (Domain) R/NB RNA/Nucleosome-Binding
(Domain)

JmjN Jumonji N (Domain) ARID AT-Rich Interaction Domain

JmjC Jumonji C (Domain) Zn Zinc Finger (Domain)

Liefke et al. 2016; Conway et al. 2018). EPOP interacts with PRC2 via the CT (C-
Terminal) domain, which also competes with JARID2 for PRC2 binding (Fig. 17.3
and Table 17.2) (Liefke and Shi 2015; Chen et al. 2018). A BC box located in the N-
terminal portion of EPOP binds to the Elongin BC heterodimer, which together with
Elongin A forms the three-subunit Elongin complex, a positive regulator of RNA
polymerase II transcription elongation (Fig. 17.3 and Table 17.2) (Beringer et al.
2016; Liefke et al. 2016). EPOP colocalizes with EZH2 and SUZ12 on chromatin
and moderately impedes SUZ12 binding to chromatin in mESCs (Beringer et al.
2016; Liefke et al. 2016). Loss of EPOP impairs low-level permissive transcription
of PRC2 target genes in mESCs and reduces proliferation of certain human cancer
cell lines (Beringer et al. 2016; Liefke et al. 2016).

PALI1 and PALI2 are vertebrate-specific proteins and they are encoded by
isoforms of the LCOR (Ligand-dependent nuclear receptor Corepressor) and
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LCORL (Ligand-dependent nuclear receptor Corepressor-Like) gene loci, respec-
tively (Conway et al. 2018). PALI1 bears one NRB (Nuclear Receptor Binding) box,
two CB (CTBP Binding) motifs, one PIG (PALI Interaction with G9A) domain and
one PIP (PALI Interaction with PRC2) domain (Fig. 17.3 and Table 17.2) (Conway
et al. 2018). Intriguingly, the H3K9 methyltransferases G9A and GLP were previ-
ously shown to directly interact with the PRC2 core complex and control both PRC2
targeting and H3K27 trimethylation (Mozzetta et al. 2014). PALI1 promotes the
methyltransferase activity of PRC2 towards oligonucleosomes in vitro (Conway et al.
2018). The antagonistic interplay between PALI1 and AEBP2 regulates the balance
of PRC2.1 and PRC2.2 activities on chromatin, which influences PRC2 target gene
expression during mESC differentiation (Conway et al. 2018).

PRC2.2: AEBP2

AEBP2 was originally identified as a transcriptional repressor harboring three Gli-
Krüppel Cys2His2-type zinc fingers in mice (He et al. 1999). AEBP2 was found
in PRC2 isolated from HeLa nuclear extracts and was shown to enhance PRC2
enzymatic activity towards oligonucleosomal substrates (Cao et al. 2002; Cao and
Zhang 2004). There are both short and long isoforms of AEBP2, corresponding to
embryonic and somatic isoforms in mice, respectively (Kim et al. 2009). AEBP2
contains multiple functional domains (Fig. 17.3 and Table 17.2), including a Zn
(Zinc finger) domain that is thought to bind DNA and confer binding specificity
towards methylated CpG DNAs (Kim et al. 2009; Wang et al. 2017b), a KR (K
(lysine) and R (arginine)-rich) motif that enhances nucleosome binding to PRC2
(Lee et al. 2018), and a CT (C-Terminal) domain that mediates PRC2 binding and
is involved in nucleosome binding as well (Cao and Zhang 2004; Chen et al. 2018).
In support of PRC1-mediated PRC2 targeting (Blackledge et al. 2014; Cooper et al.
2014; Kahn et al. 2016; Blackledge et al. 2020; Tamburri et al. 2020), AEBP2 and
JARID2 were shown to recognize the H2AK119ub histone mark on chromatin (Kalb
et al. 2014; Cooper et al. 2016). The long somatic isoform of AEBP2 contains a
unique, intrinsically disordered NT (N-Terminal) domain of over 200 amino acids
marked by several glutamate/aspartate-rich, serine-rich, and glycine-rich patches, for
which function remains unknown (Fig. 17.3 and Table 17.2) (Kim et al. 2009; Chen
et al. 2020).

PRC2.2: JARID2

JARID2 was identified as a cDNA clone involved in development of the nervous
system in mice and humans (Takeuchi et al. 1995; Berge-Lefranc et al. 1996).
Although it belongs to the JmjC (Jumonji C) domain-containing histone lysine
demethylase superfamily that depends on α-ketoglutarate and iron as cofactors for
catalysis, JARID2 lacks the demethylation activity due to the absence of some crit-
ical catalytic residues mediating cofactor binding (Cloos et al. 2008; Landeira and
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Fisher 2011). JARID2 directly associates with the PRC2 core complex, helps recruit
PRC2 to chromatin, and is required for proper differentiation of mESCs (Peng et al.
2009; Shen et al. 2009; Landeira et al. 2010; Li et al. 2010; Pasini et al. 2010).
The pleiotropic roles of JARID2 in embryo development are largely connected to
diverse functional domainswithin this protein (Fig. 17.3 andTable 17.2). From theN-
to C-terminus, JARID2 harbors a UI (Ubiquitin-Interacting) motif that recognizes
H2AK119ub (Cooper et al. 2016), a TR (Transrepression) domain that mediates
PRC2 binding and is necessary for gene repression in vivo (Kim et al. 2003; Pasini
et al. 2010; Chen et al. 2018), an R/NB (RNA/Nucleosome-Binding) domain that
regulates chromatin association of PRC2 (Son et al. 2013; Kaneko et al. 2014a),
a JmjN (Jumonji N) domain, an ARID (AT-Rich Interaction Domain) that plays a
crucial role in chromatin targeting of JARID2 likely via direct DNA binding (Kim
et al. 2003; Patsialou et al. 2005; Pasini et al. 2010), a JmjC domain, and a Zn
(Zinc finger) domain that may also facilitate DNA binding (Li et al. 2010). It has
not been established how the characteristic JmjN and JmjC domains of JARID2 may
contribute to PRC2 function in gene repression. Notably, residue K116 of JARID2 is
methylated by PRC2, and trimethylated JARID2K116 (JARID2K116me3) alloster-
ically activates PRC2 enzymatic activity on chromatin where H3K27me3 is absent,
by associating with EED at a site identical to that for H3K27me3 binding (Fig. 17.3
and Table 17.2) (Sanulli et al. 2015).

Structure-Function Analysis of PRC2

Overall Structure of PRC2.2

Electron microscopy (EM) studies have provided important insights on the overall
structure of a class of PRC2 holo complexes, PRC2.2. The negative-stain EM enve-
lope at 21 Å resolution provided an initial glimpse of the structure architecture of
a PRC2.2 holo complex, PRC2–AEBP2 (Ciferri et al. 2012). With support from
the chemical crosslinking and internal GFP labeling data, this structure outlines an
overall bipartite organization of PRC2–AEBP2 (Ciferri et al. 2012, 2015), consisting
of the catalytic module and the accessory subunit-binding module (Fig. 17.4). The
catalytic module contains EZH2, EED and the C-terminal VEFS domain of SUZ12
[SUZ12(VEFS)] (Figs. 17.2 and 17.4). The VEFS domain is known to mediate
EZH2 binding in Drosophila and mammalian PRC2 (Ketel et al. 2005; Yamamoto
et al. 2004). EED and the VEFS domain of SUZ12 are minimally required for the
enzymatic activity of EZH2 in Drosophila PRC2 (Birve et al. 2001; Ketel et al.
2005). RBBP4 and the N-terminal two-thirds of SUZ12 [SUZ12(N)] together form
the accessory subunit-binding module, which is defined here based on the recent
finding that it is sufficient to mediate the mutually exclusive binding of most acces-
sory subunits of PRC2.1 and PRC2.2 (Figs. 17.2, 17.3 and 17.4) (Chen et al. 2018,
2020). The accessory subunit-binding module was also formerly referred to as the
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Fig. 17.4 Overall structural model of PRC2.2 from cryo-EM and crystal structures. Negative-stain
EM envelope (EMD-2236) and cryo-EM map (EMD-7334) of PRC2.2 holo complexes are shown.
The catalytic module and the accessory subunit-binding module are defined based on a natural
demarcation of the overall structure architecture of PRC2.2. The twomodules are connected through
SUZ12 [e.g. SUZ12(N)–SUZ12(VEFS)] (PDB 6C23, holo complex cartoon on the left). Protein
domains responsible for the execution and regulation of diverse PRC2 functions are resolved to
atomic resolution in the crystal structures of the catalytic module and the accessory subunit-binding
module (subcomplex cartoons on the right). Throughout this book chapter, PyMOL (The PyMOL
Molecular Graphics System, Version 2.3.5 Schrödinger, LLC.) and Chimera (http://www.rbvi.ucsf.
edu/chimera) are used for displaying structures and rendering images

nucleosome-bindingmodule given its involvement in nucleosome binding (Nekrasov
et al. 2005; Chen et al. 2018). The version of AEBP2 used in the negative stain EM
structure roughly corresponds to the shorter isoform of AEBP2; from the N to C-
terminus, it spans from the catalytic module to the accessory subunit-bindingmodule
(Ciferri et al. 2012).

Cryogenic-EM (Cryo-EM) maps of higher resolutions were recently generated
for a modified PRC2–AEBP2 complex additionally bound to a fragment of JARID2
(residues 106–450) (Fig. 17.4) (Kasinath et al. 2018). FlexibleN-terminal domains of
both EED and SUZ12 as well as residues C-terminal to the VEFS domain of SUZ12
were removed to improve the resolution (Kasinath et al. 2018). An extended active
state and a compact active state were resolved to an overall resolution of 3.5 and
3.9 Å, respectively, for this PRC2–AEBP2–JARID2 complex (Kasinath et al. 2018).
A C-terminal portion of AEBP2 and a short JARID2 fragment are visible in these
structures (Kasinath et al. 2018). Available crystal structures were docked into corre-
sponding regions of the cryo-EMmaps to facilitate model building and interpretation
of unassigned electron densities (Kasinath et al. 2018). Importantly, combination
of the cryo-EM maps and X-ray crystal structures provides the most accurate and
complete structural information of a PRC2.2 holo complex to date (Fig. 17.4). For
example, it now becomes clear how SUZ12 orchestrates the assembly of PRC2.2:
the VEFS domain of SUZ12 contacts multiple domains including the SET domain

http://www.rbvi.ucsf.edu/chimera
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of EZH2, forming the catalytic module together with EED; the part of SUZ12 N-
terminal to the VEFS domain associates with RBBP4 to form the accessory subunit-
binding module, bridging AEBP2 and JARID2 to the core complex (Figs. 17.2, 17.3
and 17.4) (Justin et al. 2016; Chen et al. 2018; Kasinath et al. 2018). Structural
mechanisms of PRC2 as a sum of functional domains of PRC2 components will be
discussed below, when crystal structures of the catalytic module and the accessory
subunit-binding module are examined in atomic details, with reference to the cryo-
EM results wherever needed. In stark contrast, knowledge on the structure of PRC2.1
holo complexes has been limited, except that some latest results indicate MTF2 or
PHF19-containing PRC2.1 displays a structural organization vastly different from
that of PRC2.2, which may underlie a distinct mode of chromatin binding by PRC2.1
(see below) (Chen et al. 2020).

Structure of the Catalytic Module

Assembly

PRC2 components are not conserved in the yeast model organisms Saccharomyces
cerevisiae (S. cerevisiae, baker’s yeast) and Schizosaccharomyces pombe (S. pombe,
fission yeast). However, PRC2 is known to mediate H3K27 methylation in other
fungi, like Neurospora crassa (N. crassa, red bread mold) (Jamieson et al. 2013),
Fusarium graminearum (F. graminearum, cereal pathogen) (Connolly et al. 2013),
and Cryptococcus neoformans (C. neoformans, human pathogen) (Dumesic et al.
2015). The high-resolution crystal structures of an active PRC2 were first deter-
mined for the EZH2–EED–SUZ12(VEFS) catalytic module from a thermophilic
fungus Chaetomium thermophilum, a recently sequenced model organism for struc-
tural biology (Fig. 17.5a and b) (Amlacher et al. 2011; Jiao and Liu 2015). The
overall conserved Chaetomium thermophilum PRC2 (ctPRC2) is active in H3K27
trimethylation and recapitulates H3K27me3-mediated stimulation of human PRC2
enzymatic activity in a reconstituted system (Jiao and Liu 2015). Crystal structures
capture ctPRC2 in both basal and H3K27me3-stimulated states at 2.7 and 2.3 Å
resolution, respectively (Fig. 17.5a and b) (Jiao and Liu 2015). The crystal structure
of the corresponding catalytic module of human PRC2 at 2.9 Å resolution was deter-
mined in the H3K27M and JARID2K116me3-bound state (Fig. 17.5c), sharing a
remarkable resemblance to that of itsChaetomium thermophilum counterpart (Justin
et al. 2016).

These ctPRC2 and human PRC2 structures reveal that EZH2 contains ten struc-
turally distinct domains or motifs, which are dispersed across the entire catalytic
module (Figs. 17.2 and 17.5 and Table 17.1) (Jiao and Liu 2015; Justin et al. 2016).
The SBD (SANT1-Binding Domain) at the N-terminus forms an intramolecular
complex with the SANT1 (SWI3, ADA2, N-CoR, and TFIIIB 1) domain (Jiao and
Liu 2015; Justin et al. 2016). The SBD, EBD (EED-Binding Domain), BAM (β-
AdditionMotif), SAL (SET-Activation Loop), SRM (Stimulation-ResponsiveMotif)
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Fig. 17.5 Crystal structures of the catalyticmodule of ctPRC2andhumanPRC2.Structural compar-
ison of a crystal structure of ctPRC2 in the basal state (PDB 5KJI), b crystal structure of ctPRC2
in the H3K27me3-stimulated state (PDB 5KJH), and c crystal structure of human PRC2 in the
JARID2K116me3-stimulated, H3K27M-inhibited state (PDB 5HYN). Corresponding domains in
ctPRC2 and human PRC2 are colored the same, according to the color code used for the domain
structures shown in Fig. 17.2. In the ctPRC2 structures, an internal linker sequence is trapped in
the active site, mimicking the histone substrate

and SANT1 together adopt a belt-like structure that entraps EED (Jiao and Liu 2015;
Justin et al. 2016). The SANT1 domain and SANT2 (SWI3, ADA2, N-CoR, and
TFIIIB 2) domain are linked by the MCSS (Motif Connecting SANT1 and SANT2),
which is followed by the CXCdomain and the SET domain (Jiao and Liu 2015; Justin
et al. 2016). TheVEFS domain of SUZ12 primarily associateswith the SANT2, CXC
and SET domain (Figs. 17.2 and 17.5 and Table 17.1) (Jiao and Liu 2015; Justin et al.
2016). In addition to the two three-atom zinc clusters, Zn3Cys8His and Zn3Cys9, in
theCXCdomain, theMCSS–SANT2 region also contains a ZnCys3His and aZnCys4
zinc-binding site (Figs. 17.2 and 17.5 and Table 17.1) (Jiao and Liu 2015; Justin et al.
2016). The SAL extends to the back of the SET domain to stabilize the active confor-
mation (Figs. 17.2 and 17.5 and Table 17.1) (Jiao and Liu 2015; Justin et al. 2016).
In the presence of H3K27me3 or JARID2K116me3, the SRM helix is juxtaposed
with the SET domain to bridge the stimulating signal to the active site (Figs. 17.17.2,
17.5b and c and Table 17.1) (Jiao and Liu 2015; Justin et al. 2016).
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Catalytic Mechanism, Cancer Mutations and H3K27M-Mediated
Inhibition of Enzymatic Activity

Two crystal structures of an isolated inactive CXC–SET region of human EZH2 at
2.0 Å resolution were available before structure determination of the active catalytic
module (Antonysamy et al. 2013; Wu et al. 2013). The inactive conformation of the
SET domain features an inaccessible histone substrate-binding groove blocked by
the SET-I region and an incomplete SAM-binding pocket due to the largely disor-
dered post-SET region (Fig. 17.6a) (Antonysamy et al. 2013; Wu et al. 2013). These
structures provided valuable initial insights on many recurrent disease mutations, for
example, mutation of residue Y641 to a phenylalanine, serine, asparagine, histidine,
or cysteine residue in follicular and diffuse large B-cell lymphomas (Antonysamy
et al. 2013;Wuet al. 2013;Morin et al. 2010). In addition, structure of theZn3Cys8His
and Zn3Cys9 zinc cluster-containing CXC domain was revealed for the first time
(Fig. 17.6a) (Antonysamy et al. 2013; Wu et al. 2013). Similar zinc cluster struc-
tures also exist in some other lysine methyltransferases, like N. crassa DIM-5 and
S. pombe CLR4 (Min et al. 2002; Zhang et al. 2002; Dillon et al. 2005). Missense
mutation of the zinc-coordinating residues in the CXC domain compromises histone
methyltransferase activity and is associated with myelodysplastic syndromes (MDS)
(Ketel et al. 2005; Ernst et al. 2010).

Structural rearrangement of the SET domain was predicted to occur upon forma-
tion of an active PRC2 (Antonysamy et al. 2013; Wu et al. 2013). The crystal struc-
tures of the minimally active ctPRC2 and human PRC2 confirmed this prediction
(Fig. 17.6b and c) (Jiao and Liu 2015; Justin et al. 2016). In the active conformation,
the conserved NHSXXPN and EELXXDY motifs meet at the characteristic pseudo-
knot fold, directly contacting both SAM and the substrate lysine (Fig. 17.6b) (Dillon
et al. 2005; Jiao and Liu 2015; Justin et al. 2016). Notably, the active PRC2 contains
a split catalytic domain: the SAL region located in N-terminal portion of EZH2 inter-
actswith the SETdomain at theC-terminus of EZH2, and this structural configuration
is likely required to maintain the active conformation of the SET domain (Fig. 17.6b)
(Jiao and Liu 2015; Justin et al. 2016). Compared to the active conformation, a coun-
terclockwise rotation of the SET-I region in the inactive conformation opens up the
otherwise blocked histone substrate-binding groove (Fig. 17.6c) (Jiao and Liu 2015;
Justin et al. 2016). In addition, the SAM-binding pocket becomes complete with the
rotation of the SET-I and the placement of the post-SET (Fig. 17.6c) (Jiao and Liu
2015; Justin et al. 2016).

Information about substrate specificity can be partially derived from the crystal
structure of JARID2K116me3 and H3K27M-bound human PRC2 (Justin et al.
2016). In addition to the specificity conferred by steric exclusion, residue R26
of histone H3 (H3R26) next to the substrate lysine is specifically recognized
by residues Q648 and D652 of the SET domain (Fig. 17.6d) (Justin et al.
2016). Broader target sequences and in particular non-histone ones were recently
characterized by peptide array data, suggesting a preferred substrate sequence
of (A/C/V/P)−3−(A/V/L)−2−(R/K)−1−(K)0−(F/Y/H)+1−(A/V/C/T/S)+2, which is
also readily rationalized based on the structure (Ardehali et al. 2017).
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Fig. 17.6 Structural basis of the catalytic mechanism of PRC2. a Crystal structure of an inactive
catalytic domain of EZH2 consisting of the CXC and SET domain (PDB 4MI5). Zinc clusters
are labeled. The SET-I region of the SET domain is indicated. The post-SET region of the SET
domain is disordered in the inactive conformation. bStructure of an active catalytic domain of EZH2
(PDB 5HYN). The post-SET region becomes ordered. The SAL is shown in transparent surface
representation. SAH and H3K27M mimicking SAM and the histone substrate, respectively, are
indicated. c Structure alignment of the inactive and active catalytic domain. Rotation of the SET-
I region makes space for histone substrate binding and also completes the SAM-binding pocket
together with the post-SET region. d Close-up view of the active site. The current view is rotated
from the view in (b) according to the provided matrix. The substrate lysine is modeled in silico from
the H3K27M structure. Aromatic residues forming the lysine-binding channel are shown in sticks
representation. The dotted oval circle indicates the pore structure connecting the lysine-binding
channel and SAM-binding pocket. Carbonyl oxygens and hydroxyl groups surrounding the pore
structure are not shown. Sites of gain-of-function cancermutations, Y641 andA677, are highlighted
by red labels

Spatial arrangement of active site residues provides insights on the mechanism
of the methyl transfer reaction, which appears to be similar to that of other lysine
methyltransferases (Dillon et al. 2005; Justin et al. 2016). The model-built substrate
lysine side chain is inserted through the lysine-binding channel formed mostly by
aromatic residues, including Y641, F667, F724, Y726 and Y728; the nitrogen atom
receiving the methyl group is positioned towards the SAM binding pocket, through
a pore structure surrounded by several main chain carbonyl oxygens and side chain



536 X. Liu

hydroxyl groups of conserved tyrosine residues, which are thought to facilitate the
methyl transfer process (Fig. 17.6d) (Dillon et al. 2005; Justin et al. 2016).

Mutation of some active site residues in other SET domains is known to change
methylation multiplicity, by altering size and conformation of the active site (Xiao
et al. 2003; Zhang et al. 2003; Collins et al. 2005). Notably, coordinated actions
of the wild-type and Y641F/N/S/H/C mutant EZH2 drive H3K27 hypertrimethy-
lation in subsets of heterozygous human B-cell lymphoma: whereas efficient in
making H3K27me1 from H3K27me0, the wild-type EZH2 displays limited activity
in converting H3K27me2 into H3K27me3 due to a spatially restricted active site;
conversely, the Y641F/N/S/H/C mutation results in a slightly expanded active
site, which disfavors H3K27 monomethylation but enhances H3K27 trimethyla-
tion (Fig. 17.6d) (Sneeringer et al. 2010). An A677G mutation proximal to residue
Y641 in lymphoma cells also causes H3K27 hypertrimethylation: this mutation
may promote alternative conformation of residue Y641 and enlarge the active site
indirectly (Fig. 17.6d) (McCabe et al. 2012a).

The oncogenic histone mutant H3K27M was proposed to inhibit PRC2 activity,
by contacting the active site directly (Chan et al. 2013; Lewis et al. 2013). Another
study on PRC2 inhibition byH3K27 peptides bearing various substitutions at theK27
position suggests that the enzymeactive site binds strongly to linear, hydrophobic side
chains (Brown et al. 2014). Congruently, the crystal structure reveals that side chain of
themethionine residue is accommodated in the lysine-binding channel bymimicking
the aliphatic portion of the substrate lysine (Fig. 17.6b and d) (Justin et al. 2016).
Compared to its wild-type H3K27 counterpart, an H3K27M peptide binds PRC2
with an over 10-fold higher affinity in the presence of SAM in vitro (Justin et al.
2016). In addition, H3K27me3-bound PRC2 is particularly sensitive to the inhibition
by H3K27M, which also depends on SAM concentration (Stafford et al. 2018; Diehl
et al. 2019). Intriguingly, a non-histone protein EZHIP (EZH1/2 Inhibitory Protein)
was found to associate with PRC2 and inhibit PRC2 enzymatic activity with an
H3K27M-like protein sequence in Posterior Fossa A (PFA) ependymomas (Pajtler
et al. 2018; Hubner et al. 2019; Jain et al. 2019; Piunti et al. 2019).

Allosteric Activation by H3K27me3 and Weaver Syndrome Mutations

EED is a major mediator of H3K27me3-based allosteric activation of PRC2. The
top surface of EED WD40 domain provides an aromatic cage, formed by residues
F97, Y148, W364 and Y365, to recognize trimethylated lysine, preferentially in
the A–R−K–S sequence context found for H3K27me3, H3K9me3 and H1K26me3
(Fig. 17.7a) (Margueron et al. 2009; Xu et al. 2010). The binding affinity between
EED and histone peptides bearing these repressive histone marks lies in the tens of
micromolar range, and aromatic cage mutations greatly diminish the binding in vitro
(Margueron et al. 2009; Xu et al. 2010). The essential role of the aromatic cage in
PRC2 allosteric activation by H3K27me3 in vivo is supported by the observation
that mutation of the corresponding residues in Drosophila ESC, an equivalent of
human EED, causes massive reduction of H3K27me3 level in extracts of mutant
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Fig. 17.7 Structural basis of the allosteric activation of PRC2. a Crystal structure of EED bound
to an H3K27me3 peptide (PDB 3IIW). Aromatic cage residues are shown as sticks representation.
b The SRM of EZH2. Proteins and domains from the H3K27M and JARID2K116me3-bound
catalytic module of human PRC2 (PDB 5HYN) that are involved in the allosteric activation are
shown. Rotation matrix that relates the current view to the view in (a) is indicated. c Close-up view
of the interactions between the SRM and JARID2K116me3. Mutation of residues P132, Y133,
M134 and Y153 is found in Weaver syndrome. d Cryo-EM Structural model of a PRC2–AEBP2–
JARID2 holo complex in compact active conformation (PDB 6C23). Only the catalytic module is
shown. e The same as (d) except that extended active conformation (PDB 6C24) is shown. f Crystal
structure of the GSK126-bound catalytic module of human PRC2 (PDB 5WG6). The dotted circle
indicates the disordered SBD–SANT1 region

larvae, accompanied by severe developmental defects (Margueron et al. 2009). In
addition, an intact aromatic cage on EED is required for formation of H3K27me3
chromatin domains in mESCs (Oksuz et al. 2018). At a locus lacking H3K27me3,
JARID2K116me3 can also stimulate PRC2 enzymatic activity for properH3K27me3
deposition, by binding to the aromatic cage of EED with a 10-fold greater binding
affinity compared with that for H3K27me3 (Fig. 17.7b and c) (Sanulli et al. 2015).

The SRM of EZH2 functions to transmit the stimulating signal from H3K27me3
or JARID2K116me3 to the SET domain (Jiao and Liu 2015; Justin et al. 2016). In the
ctPRC2 structure, the SRM is positioned to simultaneously interact with H3K27me3
and an SET-I helix (Fig. 17.5b); the SRM becomes completely disordered in the
absenceofH3K27me3 (Fig. 17.5a) (Jiao andLiu2015).Likewise, in the humanPRC2
structure, the JARID2K116me3 peptide promotes the ordered conformation of the
SRM, which also makes contacts with the corresponding SET-I helix (Fig. 17.7b and
c) (Justin et al. 2016). The interaction between the SRMand the SET-I helix triggered
by H3K27me3 or JARID2K116me3 binding may stabilize the overall conformation
of the SET domain and cause dynamic changes of the active site conformation, such
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that mono-, di- and trimethylation of H3K27 are all enhanced (Fig. 17.7b and c) (Jiao
and Liu 2015; Justin et al. 2016). Importantly, a few de novo germline mutations
of human EZH2 found in Weaver syndrome are clustered in the SRM region and
are predicted to impair allosteric activation of PRC2 (Fig. 17.7c); some Weaver
syndrome mutations are also mapped to the SET domain, potentially affecting the
basal enzymatic activity of PRC2 (Tatton-Brown et al. 2011; Gibson et al. 2012; Al-
Salem et al. 2013; Cohen et al. 2016). It remains to be studiedwhether these two types
of Weaver syndrome mutations are associated with different disease mechanisms.

Cryo-EM maps indicate that JARID2K116me3 is bound to EED in both compact
active and extended active states of a PRC2–AEBP2–JARID2 holo complex (Kasi-
nath et al. 2018). The two states primarily differ in the position of the SBD–SANT1
intramolecular complex of EZH2 relative to EED (Fig. 17.7d and e). Compared to
the extended active state, the SBD–EBD long helix is bent at the junction between
the SBD and EBD in the compact active state (Fig. 17.7d and e) (Kasinath et al.
2018). This difference was also previously noted between the crystal structures of
the H3K27M and JARID2K116me3-bound human PRC2 (compact active) and an
inhibitor-bound human/chameleon hybrid PRC2 at 2.6Å resolution (extended active)
(Brooun et al. 2016; Justin et al. 2016). In another crystal structure of an inhibitor-
bound human PRC2 at 3.9 Å resolution with a different crystal lattice, the SBD–
SANT1 region becomes disordered (Fig. 17.7f), highlighting a dynamic nature of
this structural unit (Bratkowski et al. 2018).

Autoinhibition and Automethylation

In addition to the basal and H3K27me3-stimuated states, the catalytic module of
ctPRC2 also exists in an autoinhibited state in the absence of the histone substrate and
SAM,which represents another distinct stable conformation (Fig. 17.8a) (Bratkowski
et al. 2017). Compared to the basal and H3K27me3-stimulated states (Fig. 17.8b),
the post-SET region of the SET domain becomes stably associated with the active
site in the autoinhibited state, occupying the substrate-binding groove and blocking
histone substrate binding (Fig. 17.8a) (Bratkowski et al. 2017). SAM binding is
largely impeded in the autoinhibited state as well, due to the lack of stabilization
by the post-SET region and the steric clash to the SET-I region (Fig. 17.8a and b)
(Bratkowski et al. 2017). SAM binding induces local conformational change of the
SET-I region and partially alleviates the autoinhibition (Bratkowski et al. 2017). A
series of intramolecular interactions of EZH2 maintain the autoinhibited conforma-
tion: whereas residue F922 from the post-SET region is inserted into the lysine-
binding channel, residues E840 and K852 from the SET-I region mediate hydrogen
bonding interactions with the post-SET (Fig. 17.8a). Disruption of these interactions
by mutagenesis results in an overactivated ctPRC2 (Bratkowski et al. 2017). The
autoinhibition may provide a mechanism for ctPRC2 to sense the effective SAM or
histone substrate concentration in cells (Bratkowski et al. 2017). However, critical
residues mediating the autoinhibition are not conserved in human EZH2, suggesting
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Fig. 17.8 Structural basis of PRC2 autoinhibition and automethylation. a Crystal structure of
ctPRC2 in an autoinhibited conformation (PDB 5BJS). Close-up view is shown on the right, with
residues that maintain the autoinhibited conformation highlighted in sticks representation. The
post-SET region is colored in violet. Rotation matrix that relates the close-up view to the overall
view is indicated. b Active conformation of the SET domain to be compared with the autoinhibited
conformation. The SET domain of an active ctPRC2 (PDB 5KJH) is shown. The post-SET region
is colored in violet. c Automethylation of EZH2 (based on PDB 5HYN). Three lysine residues
located on a disordered loop that are subjected to automethylation are represented by filled yellow
circles. The dotted arrow indicates the lysine residues are predicted to occupy the active site prior
to automethylation, likely causing autoinhibition. d Crystal structure of the CLR4 SET domain in
an autoinhibited conformation (PDB 6BOX). The view is aligned to that in (c). Residue K455 on a
loop preceding the post-SET region occupies the active site

autoinhibition either may not exist or may involve a different mechanism for human
PRC2 (Bratkowski et al. 2017).

The enzymatic activity of human PRC2 is subjected to the regulation by
automethylation (Lee et al. 2019; Wang et al. 2019), reminiscent of the regulation
of kinases by autophosphorylation and of histone acetyltransferases by autoacetyla-
tion (Beenstock et al. 2016; Thompson et al. 2004). PRC2 automethylation occurs
intramolecularly on three lysine residues, K505, K509 and K510, on the unstruc-
tured loop connecting the SANT2 and CXC domain, (Fig. 17.8c) (Lee et al. 2019;
Wang et al. 2019). Prior to the automethylation, these lysine residues may occupy the
active site of EZH2, hinder histone substrate binding, and thus confer autoinhibition;
the automethylation process promotes PRC2 enzymatic activity towards the histone
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substrate both in vitro and in cells, conceivably by releasing the automethylation loop
from the active site (Fig. 17.8c) (Lee et al. 2019; Wang et al. 2019). The proposed
conformational switch during PRC2 activation by the automethylation is in line with
the crystal structures of the autoinhibited and automethylated conformations of the
fission yeast histone H3K9 methyltransferase CLR4 (aka SUV39H), although PRC2
enzymatic activity responds differently to alanine and arginine mutations of these
automethylated lysine residues, compared to the case of CLR4 (Fig. 17.8d) (Iglesias
et al. 2018; Lee et al. 2019; Wang et al. 2019).

Chemical and Stapled Peptide Inhibitors of PRC2

A family of SAM-competitive pyridone inhibitors, like GSK126, EPZ-6438
(Tazemetostat) andCPI-1205, exhibits potent (e.g.Ki or IC50 at lownanomolar range)
and selective (e.g. > 1000-fold selective for EZH2 against many other methyltrans-
ferase families) inhibition of PRC2 enzymatic activity (Fig. 17.9a).Many of them are
being tested in clinical trials for cancer treatment (McCabe et al. 2012b;Knutson et al.

Fig. 17.9 Structural basis of chemical inhibition of PRC2. a Chemical structures of selected PRC2
inhibitors. b Aligned crystal structures of drug-bound PRC2 (PDBs 5LS6 and 5GSA). The shown
structures include CPI-1205 bound to PRC2 catalytic module and EED226 bound to EED. c Close-
up view of CPI-1205 binding pocket. Residues critical for CPI-1205 binding are shown in sticks
representation and labeled.Rotationmatrix that relates the current view to the view in (b) is indicated.
dClose-up view of EED226 binding pocket. Aromatic cage residuesmediating EED226 binding are
shown. Aromatic cage residue W364 involved in H3K27me3 or JARID2K116me3 binding moves
away from the EED226-binding site (compare to Fig. 17.7a)
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2013; Vaswani et al. 2016). In particular, Tazemetostat (brand name Tazverik) has
already been approved as a medication for metastatic or locally advanced epithelioid
sarcoma and for relapsed or refractory follicular lymphoma. The unique structure of
the split catalytic domain of EZH2 accounts for the remarkable selectivity of these
drugs: they primarily bind to an extended pocket located on the interface between the
SET and SAL domain of EZH2 that also borders EED; only a small portion of these
drugs protrudes into the SAM-binding pocket and competes with SAM (Fig. 17.9b
and c) (Brooun et al. 2016; Vaswani et al. 2016; Bratkowski et al. 2018). Mutation of
the ‘gating residues’ of the drug-binding pocket, including residues I109, Y111 and
Y661, results in acquired drug resistance in lymphoma cell line models (Fig. 17.9c)
(Baker et al. 2015; Brooun et al. 2016; Gibaja et al. 2016).

A new class of chemical inhibitors of PRC2 became available recently. A-395 and
EED226 target the aromatic cage of EED, which antagonizes H3K27me3 binding
and thereby prevents the allosteric activation of PRC2 enzymatic activity (Fig. 17.9b
and d) (He et al. 2017; Qi et al. 2017). These inhibitors cause similar phenotypes
as the SAM-competitive inhibitors of EZH2 do in lymphoma cells; notably, they
display robust PRC2 inhibition activity and strong antitumor efficacy even in the
presence of the acquired mutations that confer resistance to the SAM-competitive
inhibitors (He et al. 2017; Qi et al. 2017).

Stapled peptide inhibitors inhibit PRC2 enzymatic activity by disrupting complex
assembly. Stapling of α-helical peptides is a strategy in drug development that allows
modulation of protein-protein interactions, with the added advantage of being cell
penetrating and resistant to proteolytic degradation (Verdine and Hilinski 2012). A
helix of 30 amino acids of mouse EZH2 was previously mapped to be the minimal
EED-binding domain (corresponding to the EBD in the catalytic module), occu-
pying the bottom face of the EED WD40 fold in the crystal structure of a minimal
EZH2–EED binary complex (Han et al. 2007). This early structural study laid the
foundation for the rational design of hydrocarbon-stapled EZH2 (EBD) peptides
for targeted disruption of PRC2, which impairs the growth of EZH2-dependent
MLL-AF9 leukemia cells and Karpas-422 B cell lymphoma cells (Kim et al. 2013).

Structure of the Accessory Subunit-Binding Module

An Apo State

The accessory subunit-binding module of the PRC2 core complex consists of the N-
terminal two thirds of SUZ12 [SUZ12(N)] and RBBP4. TheDrosophila homologs of
mammalian SUZ12 andRBBP4 are SU(Z)12 andNURF55, respectively. In the 2.3Å
resolution crystal structure ofNURF55 bound to aminimalNURF55-binidng epitope
of SU(Z)12, NURF55 adopts a WD40 fold and the SU(Z)12 fragment is engaged in
hydrophobic interactions with a binding cleft formed by the N-Terminal (NT) helix
and the PP loop of NURF55 (Fig. 17.10a) (Schmitges et al. 2011). An overlapping
surface in Drosophila NURF55 and human RBBP7 from the Chromatin Assembly
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Fig. 17.10 Crystal structure of the apo accessory subunit-binding module. a Aligned crystal struc-
tures of Drosophila NURF55 bound to fragments of SU(Z)12 and histone H4 (PDBs 2YB8 and
3C9C). b Crystal structure of human RBBP4 bound to SUZ12(N) (PDB 5WAK). Ordered protein
domains of SUZ12(N) are color coded the same as the domain structure shown in Fig. 17.2

Factor 1 (CAF-1) complex is occupied by Helix 1 of the histone fold of histone H4
based on the corresponding crystal structures of 2.4–3.2 Å resolution (Fig. 17.10a);
this interaction is presumed to facilitate nucleosome assembly during DNA repli-
cation and DNA repair (Murzina et al. 2008; Song et al. 2008). A more complete
structure of a human SUZ12(N)–RBBP4 binary complex at 3.3 Å resolution was
solved recently: four functional domains of SUZ12 are engaged in self and RBBP4
interactions, including the ZnB (Zinc finger-Binding) helix, WDB1 (WD40-Binding
domain 1), WDB2 (WD40-Binding domain 2), and Cys2His2-type Zn (Zinc finger)
domain (Figs. 17.2 and 17.10b andTable 17.1) (Chen et al. 2018). TheWDB1harbors
an equivalent of the minimal NURF55-binidng epitope of SU(Z)12mentioned above
(Fig. 17.10a and b) (Chen et al. 2018). The ZnB and Zn domains form an intramolec-
ular complex, which also contacts RBBP4 and the WDB1 (Fig. 17.10b) (Chen et al.
2018). Notably, a large fragment of over 250 amino acids between theWDB1 and Zn
domains is mostly disordered in the current structure (Figs. 17.2 and 17.10b) (Chen
et al. 2018).

An AEBP2 and JARID2-Bound Monomeric State

The crystal structure of a human SUZ12(N)–RBBP4–AEBP2–JARID2 complex was
determined to 3.0 Å resolution (Fig. 17.11a and b), which fits well into the cryo-
EM maps of a PRC2–AEBP2–JARID2 holo complex (Fig. 17.4) (Chen et al. 2018;
Kasinath et al. 2018). The crystallographic and cryo-EM data support a monomeric
structure architecture of the AEBP2 and JARID2-bound accessory subunit-binding
module or a corresponding PRC2.2 holo complex (Chen et al. 2018; Kasinath et al.
2018). Notably, in association with AEBP2, the large disordered region between
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Fig. 17.11 Crystal structure of the accessory subunit-binding module of AEBP2 and JARID2-
containing PRC2.2. a Overall view of the crystal structure of the SUZ12(N)–RBBP4–AEBP2–
JARID2 heterotetrameric complex (PDB 5WAI). Protein domains are color coded as in Figs. 17.2
and 17.3. Compared to the structure of the apo complex shown in Fig. 17.10b, the C2 domain of
SUZ12 becomes ordered in the current structure.bAdifferent view of the heterotetrameric complex.
Rotation matrix relates (b) to (a). c Close-up view of the C2 domain of SUZ12. The indicated
rotation matrix relates (c) to (b). d Topology diagram of the C2 domain. e RBBP4 binding to the
H3K4D domain of AEBP2. Electrostatic potential surface of RBBP4 is shown. Crystal structure
of histone H3K4-bound Drosophila NURF55 (PDB 2YBA) is aligned to the current structure and
the H3K4 peptide is colored in cyan. AEBP2 residues competing with H3K4 for RBBP4 binding
are highlighted in the close-up view. f Binding surface for JARID2. Rotation matrix from (b) is
provided. The breakpoint of SUZ12 found in the JAZF1-SUZ12 fusion oncoprotein is indicated by
a red arrow

the WDB1 and Zn domains of SUZ12 becomes largely ordered (Fig. 17.11a, and
compare toFig. 17.10b), and is folded into a noncanonical type IIC2domain featuring
an eight-strand β-sandwich structure, as exemplified in PLCδ, PTEN, and PI3Kα

(Fig. 17.11c and d) (Chen et al. 2018). The C2 domain is known to mediate phos-
pholipid binding and protein-protein interactions (Nalefski and Falke 1996). There
are cases in which phospholipids associate with phospholipid-binding domains in
chromatin complexes to impact enzymatic activity or chromatin binding activity of
these complexes (Kutateladze 2012; Watson et al. 2012; Hamann and Blind 2018).
However, whether the C2 domain of SUZ12 is merely a protein-protein interaction



544 X. Liu

domain or it also binds phospholipids to regulate PRC2 function remains to be further
studied.

Around 100 amino acids at the C-terminus of AEBP2 (residues 407-503) are
present in this heterotetrameric crystal structure, containing the C2B (C2-Binding)
domain and the H3K4D (Histone H3K4 Displacement) domain (Figs. 17.3 and
17.11b and Table 17.2) (Chen et al. 2018). The C2B domain of AEBP2 forms a
stable complex with the C2 domain and contacts the ZnB helix of SUZ12 as well
(Fig. 17.11b) (Chen et al. 2018). The H3K4D domain sits on the top surface of
RBBP4; particularly, residues K502 and R503 within this domain occupy an acidic
central cavity in RBBP4 (Fig. 17.11e) (Chen et al. 2018). A comparable structural
configuration of these two AEBP2 residues is also present in the cryo-EM struc-
tural model (Kasinath et al. 2018). Residues R2 and K4 on the histone H3K4 tail
were previously shown to bind the corresponding acidic central cavity inDrosophila
NURF55 in an H3K4 trimethylation-sensitive manner (Fig. 17.11e) (Schmitges et al.
2011). Structural comparison and binding assays in solution indicate AEBP2 is not
compatible with histone H3K4 in RBBP4 binding (Fig. 17.11e) (Chen et al. 2018).
The reason why AEBP2-containing PRC2 evolves to block H3K4 binding to RBBP4
is unclear; it is hypothesized that this structural mechanism can potentially ensure
sequential recruitment of NuRD histone deacetylase and PRC2: during de novo
repression of active loci, NuRD as the major binder of the unmethylated histone
H3K4 tail is initially recruited to remove the acetylated histone H3K27 (H3K27ac)
active histone mark, before PRC2 can be targeted to mediate histone methylation at
the same site (Reynolds et al. 2012; Chen et al. 2018).

In addition to AEBP2, the crystal structure of the heterotetrameric complex also
captures a JARID2 peptide (residues 147–165), corresponding to the minimal tran-
srepression (TR) domain of JARID2 (Figs. 17.3 and 17.11f and Table 17.2) (Kim
et al. 2003; Pasini et al. 2010; Chen et al. 2018). The ZnB–Zn intramolecular complex
of SUZ12 is found in both the crystal and cryo-EM structural models (Chen et al.
2018; Kasinath et al. 2018). It provides a composite surface for the binding of the
TR domain, which is largely folded into an α-helix structure (Fig. 17.11f) (Chen
et al. 2018). The TR domain of JARID2 and the C-Terminal (CT) domain of EPOP
compete for the binding of the SUZ12(N)–RBBP4 binary complex, in line with the
mutually exclusive binding of JARID2 and EPOP in holo complex formation (Chen
et al. 2018). In endometrial stromal tumors, a JAZF1–SUZ12 fusion oncoprotein is
generated by a recurrent chromosomal translocation with a breakpoint located in the
middle of the ZnB helix of SUZ12 (Fig. 17.11f) (Koontz et al. 2001; Chen et al.
2018). Based on the structural and biochemical data, JAZF1–SUZ12 is predicted to
disrupt JARID2 association with PRC2, which may compromise chromatin targeting
of PRC2 and contribute to the global reduction of H3K27me3 in patient samples (Ma
et al. 2017; Chen et al. 2018).
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A PHF19-Bound Dimeric State

In contrast to the monomeric structure of PRC2.2, data from a number of studies
over the years suggest the existence of PRC2 dimers inDrosophila, mice and humans
(O’Connell et al. 2001; Tie et al. 2003; Margueron et al. 2008; Casanova et al. 2011;
Ballare et al. 2012; Son et al. 2013; Davidovich et al. 2014; Grijzenhout et al. 2016).
Finally, a recent structural study provides amolecular basis for dimerization ofMTF2
(based on sequence homology) or PHF19-containing PRC2.1 (Chen et al. 2020).
The crystal structure of a human SUZ12(N)–RBBP4–PHF19–JARID2 complex was
determined to 2.9 Å resolution, revealing the SUZ12(N)–RBBP4 accessory subunit-
binding module adopts a dimeric structure architecture when bound to the RC/CL
domain of PHF19 (Figs. 17.3, 17.12a and b and Table 17.2) (Chen et al. 2020).
Although the TR domain of JARID2 is also present in the crystal structure, it was
only used to improve the crystal quality, without interfering with PHF19 binding

Fig. 17.12 Crystal structure of the accessory subunit-binding module of PHF19-containing
PRC2.1. (a) Overall view of the crystal structure of the SUZ12(N)–RBBP4–PHF19–JARID2
heterotetrameric complex (PDB 6NQ3). Protein domains are color coded as in Figs. 17.2 and
17.3. Corresponding protein domains of symmetry-related protomers in the dimer are distinguished
by a prime symbol in the name. bA different view of the heterotetrameric complex. Rotation matrix
relates (b) to (a). c Interactions on the dimer interface. Important residues are labeled in the close-up
view on the right. Rotation matrix relates (c) to (b). d Interactions mediating PHF19 binding to
SUZ12(N)–RBBP4. The view is the same as that in (a). The ‘R-W-L’ triad is highlighted in the
close-up view on the left
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(Fig. 17.12a and b) (Chen et al. 2020). Intriguingly, formation of an atypical hybrid
PRC2 holo complex containing both MTF2 and JARID2 was previously reported
in mESCs in the absence of AEBP2 (Grijzenhout et al. 2016). More specifically,
the SUZ12(N)–RBBP4 part forms a dimer by swapping the C2 domain of SUZ12
between each symmetry-related protomer (Fig. 17.12a and b) (Chen et al. 2020).
On the major dimer interface, three positively charged residues, K195, R196 and
K197, from the C2 domain of SUZ12 engage with the electronegative central cavity
of RBBP4 through a series of hydrophobic, cation-π, charge-charge and hydrogen-
bonding interactions (Fig. 17.12c) (Chen et al. 2020).

PHF19 does not participate in dimerization per se, but instead stabilizes the
intrinsic dimer of SUZ12(N)–RBBP4, by associating with the C2 domain of SUZ12
from one protomer andwith the ZnB andWDB2 domains of SUZ12 and the NT helix
of RBBP4 from the other protomer (Fig. 17.12d) (Chen et al. 2020). The RC/CL
domain of PHF19 can be further divided into four functional regions: a DS (Dimer
Stabilization) helix, an SC (Short Connecting) helix, a C2B (C2-Binding) domain
and a CT (C-Terminal) tail (Figs. 17.3 and 17.12d and Table 17.2). The C2B domain
of PHF19 is ‘locked’ to the C2 domain of SUZ12 from one protomer via an ‘R-W-L’
triad involving residues R561 and L571 of the C2B and residue W334 of the C2; the
DS and CT regions of PHF19 associate with the other protomer: the DS helix packs
against the ZnB helix of SUZ12 and the NT helix of RBBP4, whereas the CT tail fits
into a surface cleft formed by theWDB2 domain of SUZ12 (Fig. 17.12d) (Chen et al.
2020). Intriguingly, bothMTF2 andDrosophila PCL contain the conserved sequence
of the DS helix found in PHF19; the corresponding sequence is not conserved in
PHF1, suggesting it may not stabilize the intrinsic PRC2 dimer.

Results from in vitro dimerization assays in solution are congruent with the
structural observations. Mutation of residues at the dimer interface, including the
K195D/R196D/K197D triple mutation and R196A single mutation of the C2 domain
of SUZ12, blocks formation of the intrinsic PRC2 dimer (Chen et al. 2020). Dele-
tion of the DS helix prevents PHF19-mediated stabilization of the intrinsic PRC2
dimer; alanine mutation of residue W334 of SUZ12 causes a similar phenotype, due
to the loss of RC/CL domain binding to SUZ12(N)–RBBP4 (Chen et al. 2020).
The dimer-disrupting mutations of SUZ12 also impair the binding of MTF2 or
PHF19-containing PRC2 to a piece of natural CGI DNA in vitro (Chen et al.
2020). In addition, replacing the endogenous SUZ12 with the dimer-disrupting
K195D/R196D/K197D triple mutant in mESCs compromises H3K27me3 enrich-
ment on PRC2 targets, suggesting a potentially critical role of PRC2 dimerization in
the chromatin recruitment of PRC2 (Chen et al. 2020).

Distinct Structure Architectures and Modes of Chromatin Binding

DNA or nucleosome-bound structures of PRC2 subcomplexes or protein domains
have recently started to emerge, providing important insights on the mechanism of
chromatin binding by PRC2 holo complexes. The cryo-EM structural model of an
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AEBP2-containing PRC2.2 holo complex engaging an H3K27me3–H3K27 bifunc-
tional dinucleosome at an overall resolution of 6.2 Å reveals how histone H3K27
methylation and H3K27me3-mediated allosteric activation of the enzyme may be
coordinated in a chromatin context (Fig. 17.13a) (Poepsel et al. 2018). H3K27me3
is mimicked by a chemically installed methylation analog in the study (Poepsel et al.
2018). Whereas the DNA backbone of the H3K27me3 nucleosome directly contacts
the SBD of EZH2, the DNA backbone of the H3K27 substrate nucleosome interacts
with the CXC domain of EZH2, guiding the histone H3K27 tail to the enzyme active

Fig. 17.13 Modes of chromatin binding of PRC2.1 and PRC2.2. a Cryo-EM map and structural
model of a PRC2.2 holo complex, PRC2-AEBP2, bound to an H3K27me3−H3K27 bifunctional
dinucleosome (EMD-7306). Only the catalytic module is resolved in the map. The SBD and CXC
domains of EZH2 that contact DNA directly are indicated. b Crystal structure of MTF2 bound to
DNA (PDB 5XFR). The Tudor, PHD1, PHD2 and EH/WH domains ofMTF2 are colored according
to the domain structure shown in Fig. 17.3. Crystal structure of the PHD2–EH/WH cassette of
Drosophila PCL is aligned to the MTF2 structure and colored in gray. Interactions between the
W1 loop and DNA major groove are highlighted in the close-up view. c Relocation of the C2
domain from the PHF19-bound to AEBP2-bound state. The two structures are aligned based on
RBBP4. For clarity, only one copy of the C2 domain in the PHF19-bound dimeric structure is
colored and labeled (C2′ in this case). AEBP2 binding structurally relocates the C2′ domain from
the dimer interface and results in dimer disruption, as indicated by the dotted red arrow. Also refer
to Fig. 17.12b. d Schematic of chromatin binding by the dimeric PRC2.1 and monomeric PRC2.2
holo complexes. H3K36me3 binding by PCL proteins and H2AK119ub binding by AEBP2 and
JARID2 are not depicted.



548 X. Liu

site (Fig. 17.13a) (Poepsel et al. 2018). Only the catalytic module but not the acces-
sory subunit-bindingmodule is refined to the final resolution, together with the bound
dinucleosome (Poepsel et al. 2018). 2D class averages of negative-stain EM parti-
cles indicate theAEBP2-bound accessory subunit-bindingmodule loosely associates
with a nucleosome (Poepsel et al. 2018), in line with the mononucleosome binding
EMSA (Electrophoresis Mobility Shift Assay) data reported elsewhere (Chen et al.
2018). The Zn finger domain of AEBP2 is not visible in the structure, suggesting the
dinucleosome used may not be optimal for the binding of this domain (Kim et al.
2009; Wang et al. 2017b). Intriguingly, it was recently proposed that the AEBP2 Zn
finger might have functions other than DNA binding, based on the sequence feature
and NMR solution structure (Sun et al. 2018).

The recent 2–2.5 Å resolution crystal structure of a CpG-containing duplex
DNA bound to PHF1 orMTF2 harboring the Tudor–PHD1–PHD2–EH/WH cassette
reveals how PCL proteins may directly facilitate chromatin targeting of PRC2.1
(Fig. 17.13b) (Li et al. 2017). Residues K323 and K324 from the W1 loop of the
EH/WH domain in PHF1 are responsible for recognition of the unmethylated CpG
sequence content (Li et al. 2017). The corresponding residues, K338 and K339, in
MTF2 contactDNA in the samemanner (Fig. 17.13b) (Li et al. 2017). Comparedwith
the 2.4 Å resolution crystal structure of the PHD2–EH/WH cassette of Drosophila
PCL in the absence of DNA, the partially conserved W1 loop of PHF1 and MTF2 is
reshaped to insert into the major groove of the DNA, which is distorted to accommo-
date theW1 loop (Fig. 17.13b) (Choi et al. 2017; Li et al. 2017). DNA binding by the
EH/WH domain appears to occur independently of H3K36me3 binding by the Tudor
domain of PHF1 or MTF2, although both mechanisms are thought to contribute to
chromatin targeting of PRC2.1 (Li et al. 2017).

Structural comparison highlights the vastly different structure architectures of the
accessory subunit-binding module from PRC2.1 and PRC2.2: AEBP2 disrupts the
intrinsic dimer of the accessory subunit-binding module, whereas MTF2 and PHF19
stabilizes it; in parallel, the C2 domain of SUZ12 is placed in completely different
locations in the complexes to accommodate the transitionbetween themonomeric and
dimeric state (Fig. 17.13c) (Chen et al. 2020). Together with the respective accessory
subunits, the accessory subunit-bindingmodulemay also control the oligomerization
state of PRC2.1 and PRC2.2 holo complexes and thereby dictate the mode of chro-
matin binding by PRC2.1 and PRC2.2 (Fig. 17.13d) (Chen et al. 2020). As shown by
the cryo-EM study, anAEBP2-containing PRC2.2 holo complex exists as amonomer
(Kasinath et al. 2018). In contrast, the actual structure of PRC2.1 holo complexes
is not yet available, although MTF2 or PHF19-containing ones are predicted to be
a dimer based on the existing biochemical data and partial structures (Chen et al.
2020). It is proposed that PRC2 dimerization may at least enhance MTF2 or PHF19
binding to CGI DNA in pairs, possibly through an avidity effect (Fig. 17.13d) (Chen
et al. 2020). Likewise, H3K27me3 or substrate nucleosome binding by the catalytic
module may also be promoted in this dimeric structural framework of PRC2.1 holo
complexes.
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Concluding Remarks and Future Perspectives

The past decade has witnessed a growing interest and rapid progress in structural
biology towards understanding the molecular basis of the assembly, catalysis and
targeting of PRC2, a key mediator of gene repression during development. A series
of structural studies have generated important mechanistic insights, which verify
hypothetical models from functional studies, deepen the understanding of disease
mechanisms, and also lay a foundation for new lines of research.

Structural data need to be interpreted critically.Whereas low-resolution structures
can be valuable in offering information about the overall shape and assembly of
the target, a medium to high-resolution structure is ideal to provide accurate side
chain positions, for example, to allow hypotheses to be tested by specific mutations.
In the 3–4 Å medium resolution range, de novo model building of large chromatin
complexes like PRC2 can be found challenging and sometimes intimidating in realms
of both X-ray crystallography and cryo-EM. Whenever necessary, the register of
structuralmodels should be validated and other biochemical or functional data should
be taken into consideration to support model building.

Many pressing questions remain to be answered regarding structure and function
of PRC2. For example, structures of nucleosome-bound PRC2.1 holo complexes
are still lacking. How do functional nucleosomes communicate with each other and
with the active site of PRC2.1 to influence de novo installation and spreading of the
H3K27me3 repressive histone mark? Can different modes of chromatin binding by
PRC2.1 and PRC2.2 be translated into distinct mechanisms of gene repression? How
may ncRNAs fit into the picture of chromatin-bound PRC2.1 or PRC2.2? Another
important topic is concerned with epigenetic inheritance. Does PRC2 dimerization
play a role in the faithful transmission of theH3K27me3histonemark duringmitosis?
Are there functional crosstalk and physical contact between PRC2 and DNA replica-
tion machinery? In answering these questions and many others, a whole new world
of structural biology research on PRC2 is anticipated to unfold.
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Chapter 18
Assembly and Function of the Anthrax
Toxin Protein Translocation Complex

Robert C. Liddington

Abstract Anthrax toxin is a major virulence factor of Bacillus anthracis, a Gram-
positive bacteriumwhich can formhighly stable spores that are the causative agents of
the disease, anthrax.While chiefly a disease of livestock, spores can be “weaponized”
as a bio-terrorist agent, and can be deadly if not recognized and treated early with
antibiotics. The intracellular pathways affected by the enzymes are broadly under-
stood and are not discussed here. This chapter focuses on what is known about the
assembly of secreted toxins on the host cell surface and how the toxin is delivered
into the cytosol. The central component is the “Protective Antigen”, which self-
oligomerizes and forms complexes with its pay-load, either Lethal Factor or Edema
Factor. It binds a host receptor, CMG2, or a close relative, triggering receptor-
mediated endocytosis, and forms a remarkably elegant yet powerful machine that
delivers toxic enzymes into the cytosol, powered only by the pH gradient across the
membrane. We now have atomic structures of most of the starting, intermediate and
final assemblies in the infectious process. Together with a major body of biophysical,
mutational and biochemical work, these studies reveal a remarkable story of both
how toxin assembly is choreographed in time and space.

Keywords Anthrax · Pathogenesis · Structure · Macromolecular assembly ·
Conformational change · Protein translocation · pH trigger

Introduction

Anthrax toxin is a major virulence factor of Bacillus anthracis, a Gram-positive,
non-motile, rod-shaped, encapsulated bacterium, which can also form highly stable
spores that are the causative agents of the disease, anthrax. Disease begins by attach-
ment of spores to mucosa-associated lymphoid tissues of mammals, enabling spore
germination and the formation of replication-competent “vegetative cells”, initially
replicating in the lymphatic system, before migrating to the vasculature, ultimately
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reaching very high levels that are often lethal if not diagnosed at an early stage
(reviewed in Moayeri and Leppla 2004, 2009; Frankel et al. 2009). While chiefly a
disease of livestock, spores can be “weaponized” as a bio-terrorist agent.

Two extrachromosomal plasmids, pX01 and pX02, encode the major pathogenic
determinants of Bacillus anthracis—the tripartite Anthrax Toxin (Larson et al. 1988)
and a poly(γ-D)glutamate capsule—which distinguish it from its harmless relative,
Bacillus cereus. The capsule acts as a physical barrier as well as a “cloaking device”
against immune surveillance [reviewed in (Moayeri et al. 2015)].AnthraxToxin plays
critical roles in both early (stifling the innate immune response) and late (destruction
of the host vasculature) stages of infection. The intracellular pathways affected by the
enzymes are broadly understood, although the details are dependent on host/strain,
cell type and disease progression; these are discussed elsewhere [see (Moayeri et al.
2015) and references therein]. This chapter focuses on what we know about the
assembly of secreted toxins on the host cell surface and how the toxin is delivered
into the cytosol.

The central component of Anthrax Toxin is the “Protective Antigen” (PA) (so-
called because it is the major component of anthrax vaccines Gu et al. 1999; Leppla
et al. 2002), which self-oligomerizes and forms complexes with its pay-load, either
or both of two secreted toxic enzymes, the Lethal Factor (LF) and Edema Factor
(EF), all encoded on the pX01 plasmid (Singh et al. 1999). PA also binds its host
cell receptor, CMG2 (Bradley et al. 2001) or a close relative (van der Goot and
Young 2009), triggering clathrin-dependent receptor-mediated endocytic (Abrami
et al. 2003), and ultimately forms a remarkably elegant yet powerful machine that
delivers the toxic enzymes into the cytosol, powered only by the pH gradient across
the endosomal-cytosolic membrane (reviewed in Young and Collier 2007).

We now have crystal and EM structures of nearly all of the starting, intermediate
andfinal structures in the infectious process,most at atomic or near-atomic resolution.
Together with a major body of biophysical, mutational and biochemical work, these
studies reveal a remarkable story of both how the toxin assembles, and how assembly,
and thus, pathogenesis, may be choreographed in time and space. Here, I will focus
on the facts, but identify features of the story that remain unresolved or ambiguous,
and which could form the basis for future research.

Anthrax Protective Antigen and Prepore Formation

PA is secreted by B. anthracis as a water-soluble 83 kDa monomeric pro-protein,
“PA83”. It is organized into 4 domains (“D1”–“D4”) (Petosa et al. 1997) (Fig. 18.1),
and is fully competent to bind its host receptor, CMG2 (see below). However,
PA83 cannot oligomerize to form a water-soluble prepore owing to steric hindrance
between N-terminal segments of D1 (Petosa et al. 1997). Instead, a host cell-surface
furin-like protease must first cleave a loop between two β-strands within the major
sheet of D1 (after residueArg262), creatingN-terminal (PA21) and C-terminal (PA63)
fragments (Molloy et al. 1992; Gordon et al. 1995). But physical separation of these
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Fig. 18.1 Structure and sequence of PA in its monomeric and prepore forms. a. Structure of full-
length PA, with secondary structure colored by domain; except for D2, for which the residues
destined to form the central barrel of the pore are colored yellow. A black dashed line indicates
where the main sheet of D1 must be torn apart to create PA21 and PA63 following cleavage or
“nicking” by furin. The two black balls are Ca2+ ions. b. Sequence of PA83 colored as in a, with
secondary structure elements labeled. Residues coordinating the two Ca2+ ions are highlighted in
rectangular boxes; non-acidic residues coordinate via their main-chain carbonyls. Orange highlights
indicate residues that bridge both Ca2+ ions. c-e Surface representations of the heptameric prepore,
colored as in a. c is a side view showing that D1′ ismembrane distal andD4membrane proximal.d is
a “top” view revealing the annulus formed by interlocking D1′ domains. D2 is just evident along
the channel lumen. E. is a view form the bottom, i.e. the membrane-proximal face. The surface
comprises exclusively D2 domains lining the channel lumen, and D4 domains on the periphery

fragments requires rupture of the major β-sheet of D1. This process is slow in vitro,
but can be achieved by passage of “nicked” PA83 over an ion-exchange column, in
which case a heptameric species (PA63)7, is the principal product. However, when
an excess of LF or EF is included, a functional octameric species, (PA63)8, predom-
inates (Kintzer et al. 2009), that may play a dominant role at late stages of infection.
Crystal structures of both oligomers have been determined, and they are function-
ally and structurally very similar (the difference in packing angle between PA63

protomers in the two oligomers is only ~6°, which can be readily accommodated by
small sidechain adjustments), and for the sake of brevity, the following discussion
will generally refer to the heptameric species.
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Prepore Structure

A low resolution (4.5 Å resolution) crystal structure of the heptameric (PA63)7
prepore was first described in 1997 (Petosa et al. 1997) (Fig. 18.1c–e). Despite the
limited resolution, unbiased phasing (utilizing the heptamer’s non-crystallographic
symmetry) demonstrated convincingly that oligomerization comprised essentially
a rigid body assembly of PA63 protomers, with a modest shift in one surface loop
implicated in LF binding. Later high-resolution (2.8 Å) structures of the heptamer
(Lacy et al. 2004) and octamer (Feld et al. 2010) confirmed these features.

The PA63 protomers lie with their longest axes running roughly parallel to the
heptamer axis (Fig. 18.1c). The “upper” (i.e.,membrane-distal) part of the heptamer is
formed by tight self-association of 7D1′ domains, which form an annulus that defines
the top of the prepore (Fig. 18.1d). D3 domains lie just beneath the D1′ domains;
they make no contact with each other, but insert one helix (residues 512–517) into
the D1′ domain of their counterclockwise neighbor, propping up its surface-exposed
β-hairpin (1β12–1β13) by ~5 Å—the largest conformational change upon heptamer
formation. D1′ is also stabilized by a pair of Ca2+ ions which share 3 coordinating
Asp/Glu ligands, lying just beneath the newly exposed cleaved face of D1′, where
they presumably help to stabilize the vestigial “half-domains” (Fig. 18.1a). The D2
domains pack around the heptamer axis and extend along most of its length, tightly
to each other (and to the D1′ domains) at the top, but more loosely at the base. The
prepore lumen has a tightest constriction of ~20 Å in diameter, near the top of the
D2 domains. At the base of heptamer, only 2 domains form the lower (membrane-
proximal) surface: the D2 annulus near the center and the D4 domains, which lie
distal to the axis. D4 domains make no contacts with each other, but make several
important contacts with D2 of their own protomer (see below), as well as forming
a cage with D2 of the clockwise protomer which provides a safe haven for the
extended protease-sensitive pro-hairpin loop of D2 (Fig. 18.1a), This protection may
be critical, since cleavage of one or more of these 7 loops enables prepore but not
functional pore formation (Singh et al. 1994).

Nature and Role of the Host Receptor, CMG2

CMG2 is abundant on the surfaces of cells of the innate immune system, as well
as endothelial cells lining blood vessel walls, and it is highly conserved among the
mammalian targets of B. anthracis. CMG2 has two extracellular domains of similar
size, and PA engages the second (membrane distal) of these, one that is highly
homologous to integrin “I domains”. Crystal structures of monomeric PA83 bound
to a single copy of the CMG2 “I domain” (Santelli et al. 2004) as well as a lower
resolution structure of heptameric (PA63)7 bound to 7 molecules of CMG2 display
identical interactions (see Fig. 18.6). CMG2 forms a metal-mediated bond to an Asp
residue on D4 via its “MIDAS” motif (Emsley et al. 2000), providing a remarkable
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mimic of an integrin-matrix complex. The interaction site on PA D4 was predicted
by mutagenesis (Varughese et al. 1999; Rosovitz et al. 2003); this domain is the most
variable of the 4 domains in PA orthologs from other species (which presumably
utilize different receptors) (Figs. 18.2, 18.3, 18.4 and 18.5).

The bigger surprise was that CMG2 also engages domain D2 of PA, in a region
destined to become (the upper) part of the membrane-spanning β-barrel. Thus, by
stabilizing this region of D2, as well as cross-linking it to D4, CMG2 acts as a clamp
that inhibits conformational changes required for prepore to pore conversion. Indeed,
the pH threshold formembrane insertion is reduced frompH6.0 to 5.0 in the presence
of CMG2, suggesting that the receptor discourages premature insertion of the pore
into the plasma (Abrami et al. 2004). Pore formation occurs at an earlier point during
endosome maturation than protein translocation, which occurs only in late endocytic
compartments (Abrami et al. 2004), consistent with the lower pH requirement for
the second process. That CMG2 remains bound to PA through the steps of receptor-
mediated endocytosis, pore formation and protein translocation (Pilpa et al. 2011),
plays a role in the timing of pore formation, and may provide a physical support that
holds pore at the correct height for membrane insertion, suggests that it should be
considered an integral part of toxin translocation machine.

Fig. 18.2 LFN bound to a dimeric PA species. a. Two PA protomers are shown as green and
cyan surfaces, LFN as yellow cartoon except for the N-terminal segments. In the crystal structure
of LFN bound to oligomeric PA63, the α1 helix undergoes a dramatic shift (~40 Å) compared
with the structure of the free enzyme, settling into a shallow pocket called the “α-clamp”. The
unraveling of the β1 strand and tilting of the α2 helix are consequences of this movement, which
positions α1 ~45 Å above the region that will become the �-clamp. There are no other significant
differences. b. A hypothetical model generated in silico in which the PA21 element of the cyan
protomer (counterclockwise from above) has been added by simple overlay of full-length PA onto
PA63. PA21 binds without major steric clashes, but only to the “native” conformation of LFN; that
is, PA21 binding is predicted to inhibit the first step in LFN activation
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Fig. 18.3 Three molecules of full-length LF bound to the PA63 heptamer, derived by cryoEM.
a and b Orthogonal views of the hetero-oligomer, with atomic models derived by crystallography
fitted into the EM envelope. a The “top” view illustrates that the C-terminal domains are suspended
up to 30 Å above the heptamer surface, creating large holes in the complex. b The “side” view
illustrates contact points between the N- and C-termini of consecutive LF molecules which may
stabilize the heptamer (shown by black arrows). Since LF binds to two consecutive PA protomers,
the odd number of protomers creates a “free” N-terminus (N) and an “orphan” PA protomer (O)

Loading of the Toxic Enzymes and Insights into Prepore
Assembly

A high-resolution crystal structure of the octameric prepore bound to four copies of
the N-terminal domain of LF (LFN) has been obtained (Feld et al. 2010), as well
as a lower resolution EM structure of the heptameric prepore bound to 3 copies of
full-length LF (Fabre et al. 2016). These stoichiometries are consistent with prior
mutational and biochemical studies by Collier and co-workers, which showed that
the footprint of each LF molecule spans two adjacent protomers of PA (Mogridge
et al. 2002). Moreover, their experiments demonstrated that LF did not bind stably
to a mutant “nicked” PA83 that could only form monomers; that nicked PA83 did not
form dimers; but that mutant pairs with the potential to form only dimers formed
a stable complex, a ternary (PA63)2LF entity. In a separate set of experiments, it
was concluded that PA oligomerization is driven by dimeric (toxin-laden) receptor
intermediates on the cell surface (Kintzer et al. 2010). So if (CMG2)2(PA63)2LF is
indeed a stable assembly intermediate for wild-type PA, then it immediately suggests
how loading of toxic enzymes onto PA is linked to cell entry. In this scenario, a PA83
monomer binds a receptor and is then nicked by a cell-surface protease; this can now
binds LF, which promotes dimerization with a second PA-laden receptor, which in
turn promotes oligomer formation and endocytosis.

In fact, the crystal structures reveal that the footprints of LF and PA21 on PA63

are almost distinct (i.e., there is only a small degree of overlap between them),
which would provide a low energy kinetic pathway for LF to rapidly displace PA21,
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Fig. 18.4 Overview of the transition from monomeric PA to the pore conformation. a Monomeric
PA oriented so that the invariant D1′ and D3 match those in the pore conformation. An arrows
indicates a major point of conformational change: the unraveling of the long b-hairpin (in yellow).
bThemonomeric pore conformation. The arrow indicates the second point of change: the rotation of
the D2 barrel, such that it adopts an upright position, enabling seven protomers to pack tightly across
the symmetry axis. D4 is not shown, because it is mobile once the binds to D2 have been broken.
c The result of these two reorganizations in the context of the heptamer is the pore conformation.
dOverlay of the prepore and pore heptamers, viewed from the “top”. Both the D1′ and D3 domains
are essentially invariant, as are the first hairpin and helix of D2, in contrast to the major changes
observed in the barrel of D2

and thereby ensure that unladen PA oligomers are not (wastefully) endocytosed.
The ternary intermediate, which should be favored by high concentrations of toxic
enzyme, also provides a satisfactory rationale for the existence of the octameric
species (via the coalescence of four (PA63)2LF intermediates).

Structures of Toxin-Laden PA

In the crystal structure of (PA63)8(LFN)4 (Feld et al. 2010), LFN perches on the
outer rim of the heptamer formed by the exposed β-strands of PA D1′, and does
indeed straddle two PA63 protomers. The major surprise was a major refolding of
the N-terminal β-strand and helix (H1) of LFN to create a new interface (in the
counterclockwise protomer). H1 sits in a new site (the “α-clamp”), promoting a
“translocation-primed” conformation (Fig. 18.2a), which involves a movement of
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Fig. 18.5 Amore detailed view of conformation changes on pore formation. At left, a comparison
of the PA63 protomers from the pore and prepore, overlaid on the invariant D1′ and D3 domains.
The pro-β-barrel segments have been removed to reveal the inward rotation of the D2 domain upon
pore (shown in cyan) formation, as well as the stabilization of the loop carrying F427, seven of
which coalesce to the form the�-clamp (shown at right), which is surrounded by a ring of 14 acidic
residues, as shown. The view looks down the axis of the central β-barrel

~40 Å of helix 1α1 of LFN. Upstream of 1α1 are a further 30 residues that are
disordered in the structure.

The structure of the PA63 heptamer bound to three full-length LF molecules
(Fabre et al. 2016) confirmed the binding mode to the heptamer, which is mediated
entirely by theN-terminal domains. The three LFmolecules bind in the conformation
observed in the freemolecules; i.e., theydock essentially as essentially as rigid bodies.
Intriguingly, the C-terminal tails bind to an N-terminal domain of their clockwise
neighbors, most likely stabilizing the overall assembly, with the C-terminal domains
suspended high (30–40 Å) above the heptamer. The odd number of protomers results
in a single “orphan” PA63 that makes no contacts with LF, so that the arrange-
ment creates a large head-to-tail unclosed “horseshoe”, with three large holes in the
structure (Fig. 18.3).

More recently, structures of full-length EF (which utilizes a homologous domain,
EFN) bound to the pore have been determined by cryoEM at medium resolution
(Zhou et al. 2020). These structures confirm that EFN binds in an identical fashion
as LFN binds to the prepore. This was expected, but also confirms that the prepore
to pore transition, per se, does not trigger a change in binding of the toxic enzymes.
One surprise was that the C-terminal domains of EF are oriented in the opposite
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(counterclockwise) direction to those of LF, but still make stabilizing contacts with
the neighboring EFN domain (but on the opposite face). The structures are consistent
with a maximum of 3 molecules of EF bound to heptameric pore/prepore,1 as well
as mixed EF/LF complexes (Pimental et al. 2004).

A Potential Role for PA83/PA21 in Toxin Assembly

There is tantalizing evidence for a role for PA83 (and thus PA21), either nicked or
intact, in toxin assembly and prepore stability in some instances. For example, one
report provides evidence for “mixed” heptamers containing both PA63 and PA83 that
form functional pores in vivo when furin concentrations are limiting (Chekanov
et al. 2006), and another report indicates that PA21 binds directly to LF in vitro
(Chvyrkova et al. 2007). Indeed, simple in silico rigid-body modeling suggests that,
while a single cleavage event must occur in PA to create an LF binding site, there are
no steric impediments to binding of PA83 on either the clockwise or counterclock-
wise sides of the PA63:LF entity. In the latter case (which would create a ternary
PA63:LF:PA83moiety similar to the PA63:LF:PA63 assembly intermediate described
above), modeling predicts that the PA21 moiety of PA83 would fit snugly against the
N-terminal domain of LF bound to PA63, as well as providing support for LF’s
C-terminal domains (and plugging the holes in the heptameric complex). However,
binding can occur only to the native conformation of LF, since PA21 occupies the
space that includes the α-clamp (Fig. 18.2b). Thus, PA83 (either intact or nicked)
could provide additional stabilization for the ternary intermediate as well as the final
oligomer, at the same time inhibiting the first step of LF/EF activation (and thus the
timing of translocation) in the context of the fully-laden PA heptamer. Subsequent
proteolytic/ejection eventswould be necessary to activate the toxin-laden pore.While
speculative, these issues should be readily testable.

The Prepore-Pore Transition

The general nature of this remarkable conformational switch was predicted by Dr.
Carlo Petosa more than 20 years ago (Petosa et al. 1997), and was subsequently
supported by mutational, biophysical and, ultimately, a high resolution structure of
the pore (Jiang et al. 2015).

The structure of the PA63 heptameric pore was determined by single particle
cryoEM methods in the presence of lipids at a resolution of 3.5 Å, sufficient for a
complete trace of the polypeptide chain (Jiang et al. 2015) (Fig. 18.4c). Remarkably,

1All of the complexes described here are consistent with each other and with a large body of
biochemical and biophysical studies; but they bear no resemblance to earlier EM-derived models
of a PA-LF complex (Ren et al. 2004; Tama et al. 2006), which cannot be rationalized in terms of
any of the other published complexes, or inferred from translocation intermediates, and so remains
enigmatic.
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the structure revealed that conformational changes are almost entirely restricted to
D2 (although D4, once freed from its shackles to D2, becomes quite mobile, but still
retains its MIDAS bond to the receptor). In contrast, D1′ and D3 remain essentially
static: thus, an overlay of all Cα atoms within D1′ and D3 (as well as the connecting
elements of D2, the N-terminal hairpin-helix segment) of the prepore and pore gives
an RMS difference (for the entire heptameric annulus) of 0.68 Å, well within exper-
imental error (Fig. 18.4d). In fact, this D1′-D3 annulus maintains the integrity of its
docking platforms for the toxic enzymes throughout the translocation process.

The residues destined to form the membrane-penetrating portion of the central β-
barrel comprise themobile protease sensitive loop (residues 298–327).However, they
lie at the top (i.e.membrane-distal) of the two flanking strands (2β2 and 2β3) which
will form the upper part of the central β-barrel. These two strands must therefore
first must first peel away from their parent domain, breaking countless intradomain
H-bonds in the process. And in order for this to happen, D2 must first break its bonds
with D4 and with the receptor.

What triggers these large reorganizations remains a matter for debate (see below).
But what occurs is clear. The 2β2-2β3 hairpin lies at one end of the D2 barrel (distal
to the heptamer axis. Its loss has little effect on the remainder of the D2′ barrel, which
rotates essentially as a rigid body ~30° “inward” toward the heptamer axis. Only the
final β-hairpin and helix of D2, which pack against D1′, remain static during this
process. The rotation has two important effects.

First, the rotation brings the ends of strands 2β1 and 2β4 (which “hold” the ends of
newβ-hairpin) ~12Åcloser to the heptamer axis (and~20Åcloser to their symmetry-
related counterparts). This closure enables the 7 long β-hairpins to associate into a
14-stranded β-barrel ~100 Å in length, similar in nature to that found in hemolysin,
but roughly twice as long (Fig. 18.4c).

Second, the rotation brings the seven D2′ barrels into close apposition, creating
a compact interface that forms the remaining elements of the protein translocation
machine within the body of the heptamer. In particular, seven Phe427 residues are
brought together to form a flexible annuluswith a small hole at its center; this is called
the “�-clamp” and its integrity is absolutely key to successful protein translocation.
It is complemented with rings of acidic residues that surround the �-clamp on both
the endosomal and cytoplasmic sides (Figs. 18.4 and 18.5).

Protein Translocation

An extensive series of studies, mostly by Krantz, Collier, Leppla and colleagues
(Wynia-Smith et al. 2012;Krantz et al. 2005, 2006), has elucidated the basic elements
of translocation of the toxic enzymes through the PA pore from endosome to cytosol.
Briefly, each ~90 kDa enzyme must unfold, starting at its N-terminus (Gupta et al.
2008), and traverse the �-clamp and β-barrel as an extended polypeptide, one at a
time; and then refold once in the cytosol. Binding of the toxic enzymes to the rim
of the heptamer primes them for this process, and their N-terminal rearrangement
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creates a platform for the N-terminal helix (the α-clamp) of LFN/EFN to bind at a
suitable height for its disordered ~30-residue N-terminus to hang down and make
first contact with the �-clamp, ~45 Å below the α-clamp (Brown et al. 2015).

The�-clamp is watertight (when peptide is engaged), but flexible enough to allow
positively charged and large aromatic residues (both of which readily interact with
the ring of Phe residues via hydrophobic and/or �-cation forces) to pass through the
pore in either direction; while negatively charged residues cannot. However, the pH
of the late endosome is just low enough to protonate Asp/Glu (pKa = 4.0–4.4), at
least transiently, enabling them to pass through the�-clamp and onto the cytoplasmic
side, where the much higher pH immediately deprotonates them, effectively trapping
them on the distal side. That is, the pore provides a conduit for a single extended
polypeptide to traverse, but it is protonation/deprotonation of Asp/Glu residues that
is the key process for driving protein translocation from endosome to cytosol (by
defining irreversible directionality). The mechanism is typically referred to as a
“Brownian ratchet”—imagined as random oscillations of peptide segments lacking
acidic residues (back and forth across the clamp), punctuated byperiodic, irreversible,
unidirectional translocational steps, whenever protonated Asp/Glu are encountered
within the polypeptide chain; these have been called the “teeth” of the ratchet.

Trigger for the Prepore to Pore Transition

Finally, what drives the conformational change from pre-pore to pore?We know that,
in vitro, PA63 heptamers insert into synthetic bilayers (in the absence of receptor) to
form functional pores when the pH is lowered to ~6.0, which strongly implicates the
protonation of histidine residues as triggers for the change. The lower pH required
for membrane insertion in the presence of the receptor, CMG2 (pH ~ 5) (Scobie
et al. 2007) is consistent with additional restrictions imposed by the very strong
interactions (Kd ~170 pM) between PA and CMG2 that lock D2 and D4 together,
thereby lowering the pKa values of certain histidines. The evidence that pore forma-
tion occurs in early endosomal compartments, while protein translocation occurs
later, at a lower pH, would also argue against a role for Asp/Glu titration.

Exhaustive point mutational studies of PA63 showed that the substitution of any
single histidine (by cysteine) did not impede pore formation, suggesting that proto-
nation of more than one histidine is necessary. Six of the nine histidines in PA63, do
not appear to be relevant to the pH switch: thus, His304, His310, His253 and His597
have weak or negligible interactions in the prepore and are unchanged or solvent-
exposed in the pore; while His616 is buried in the center of D4, which remains folded
following pore formation; and His211 is on the (invariant) surface of D1′ at the top
of the heptamer (where it interacts with LF/EF in a pH-independent manner).

However, there are three histidines (His263, His299 andHis336) PA63 that change
from buried to an exposed environment upon switching from prepore to pore; more-
over, their locations at key points within D2 or at the D2-D4 interface make them
plausible candidates for contributing to the pH trigger [Fig. 18.6]. In addition, a
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Fig. 18.6 Potential pH triggers in the context of the PA-CMG2 complex. At right is an overview
of the receptor complex, showing the MIDAS-mediated interaction with PA D4, and the interaction
with a pro-barrel region of D2, which locks PA in its prepore state. Four histidines are identified that
might contribute to the pH trigger: H299, H263 and H336 from D2, and H1121 from CMG2. At left
is an expanded view of the environment of two of these histidines. Note how H263 and H299 are
held in place by hydrophobic interactions but also form a sandwich around an Arg residue from D3.
In addition, H263 inserts into the top of the b-sheet of D4, disrupting interactions that would create
a barrel. Protonation of any of these residues is predicted to destabilize an interface, and thereby
promote unfolding of the D4 domain

conserved residue, His1121, from CMG2, is packed against Arg 659 (D4) and the
D2 loop in the receptor complex, and is exposed to solvent following transition to
the pore, such that its protonation could also promote the switch.

Krantz and colleagues have argued that residues close to the�-clampare somehow
involved in the pH trigger, including one Asp and 2 non-titratable residues (Jiang
et al. 2015). Their rationale seems to be that these residues form dominant negative
mutants, but it is unclear what this has to do with pH-dependent triggers. Notwith-
standing, it is clear that identifying such triggers is difficult, and does not readily
lend itself to simple mutational approaches.
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