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Preface

The compilation of this volume of the Subcellular Biochemistry series follows on
from several volumes already devoted to the Macromolecular Protein Complex
theme. The present, and indeed subsequent, volumes are justified because so many
interesting relevant topics, deriving from X-ray crystallographic, cryo-EM and
other structural studies, have appeared in the scientific literature over recent years.
While already building up to be an almost encyclopaedic coverage, there is still
much that could be added.

This present volume of the series contains a diverse collection of 19 fascinating
chapters, as can be seen from the content list. While we will not expand here on any
one chapter, it is clear that all the chapters stand alone, with some chapters com-
plementing each other. The overall field of Macromolecular Protein Complexes
continues to expand due to developments in cryogenic transmission electron
microscopy and computational methods for reconstructing single particles and
volumes. It therefore represents an important continuing component of structural
biology, without in anyway detracting from the importance of X-ray crystallo-
graphic and NMR studies on an increasingly large number of smaller, usually
monomeric, protein molecules.

The receipt and compilation of the chapters in this book have been a true excite-
ment. Chapter authors have provided much exciting material for inclusion in the
book, many containing impressive figures. As so often happens when editing a
multi-author book, several planned chapters were either withdrawn or failed to appear
in time for inclusion. Nevertheless, ample material is available to create a strong book,
to supplement Volumes 82, 83, 84, 87 and 88 of the series (see https://www.springer.
com/series/6515?detailsPage=titles). With two further related volumes at an earlier
stage of compilation, continuation has been established, and it is hoped that many
more interesting related topics will eventually be included in the Subcellular
Biochemistry series.


https://www.springer.com/series/6515?detailsPage=titles
https://www.springer.com/series/6515?detailsPage=titles

vi Preface

The book is directed towards advanced undergraduates, postgraduates, research
workers and academics who have a specialism or broad interest in molecular
structural biology. It is hoped that the book, available in print and as an e-book, will
be of interest and value to many.

Mainz, Germany J. Robin Harris
Newcastle upon Tyne, UK Jon Marles-Wright
June 2019
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Chapter 1 )
Introduction: Protein Oligomerization e
and the Formation of Macromolecular
Assemblies

J. Robin Harris and Jon Marles-Wright

Abstract The ability of biomolecules to link together to form higher order
assemblies underlies much of cellular structure and function. Here we emphasise
protein oligomerisation and discuss some of the principles of molecular interaction,
from early considerations through to the present day. A few protein examples are
presented, selected from our research interests, to highlight assembly features,
ranging from the hemoglobins, the hemocyanins to the peroxiredoxins, collagen,
the encapsulins and ferritins.

Keywords Protein - Oligomerization + Assembly - Hemoglobin - Hemocyanin -
Peroxiredoxin - Collagen - Encapsulin - Ferritin

Fundamentals

A fundamental property of the organic molecules present in biological organisms is
their ability to group together to form polymer chains, as found in DNA, proteins
and carbohydrates, or bilayer sheets as for the lipids. Furthermore, these four
principal biomolecules also interact with one another. The ability of biological
molecules to link or associate together is implicit in the structure of DNA, with
anti-parallel helices containing covalently linked nucleotide phosphates, dimerized
as a double helix stabilized by hydrogen bonds between the complementary A-T,
G-C base pairs. Indeed be it DNA or a protein, the dimer can be looked upon as the
simplest oligomeric form; in the case of the helix it does not expand beyond the
dimer (except under crystallization conditions, and in Holliday junctions and
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G-quadruplexes). For protein molecules the situation is somewhat different, with a
multitude of structural possibilities for the creation of higher oligomeric forms.

Starting with the sequence of the 22 proteinogenic amino acids in a polypeptide
chain, it is immediately apparent that the number of variations of primary structure
is enormous, in turn reflected in the secondary structure with its combination of
alpha helices, beta sheets, and connecting loops, that then determine the folding of
the polypeptide chain and tertiary structure, stabilized by electrostatic/ionic,
hydrogen bonds and in some cases by disulphide bonds. The arrangement of protein
chains into multimeric assemblies gives the quaternary structure.

There are cases where secondary structure elements from individual chains in a
multimeric-assembly combine to form tertiary structures across subunits. For
instance, in some fibrous proteins, the tertiary structure includes the coming toge-
ther of a number of closely associated polypeptide chains in the form of double or
triple coiled-coil alpha helices, as in the collagen heterotrimer. The coming together
of beta sheets from a number beta barrels has also emerged as a significant struc-
tural feature. This is especially apparent in the amyloid proteins, with their
extensive cross-beta sheet and beta-helix structures formed by Tau filaments
(Fitzpatrick et al. 2017) and amyloid fibres of beta-macroglobulin (Iadanza et al.
2018).

The definition of individual domains within a protein also has significance in
relation to dimerization and multimerization. To some extent these features
immediately indicate the possibility of creating sequence-defined protein-protein
“subunit” interactions, that can then determine the widely occurring quaternary
structure of multimeric macromolecules. Within protein multimers, the overall array
of inter-subunit contacts and interactions is always determined by accessible ionic
and hydrophobic surface groups rather than those of internally buried amino acids;
nevertheless these latter determine the internal and overall surface geometry of the
subunit. Whatever the protein-protein interaction involved in determining tertiary
and quaternary structure, it generally does not involve covalent bonding (unlike in
primary structure, and the relatively labile disulphide bonds in tertiary structure). It
hardly needs to be emphasised that this leads to an increasing number of structural
possibilities, exemplified by the expanding number of protein structures that have
been determined by X-ray crystallography over the past 50 years (www.rcsb.org/
pdb/statistics/contentGrowthChart.do?content=tota).

Among these are numerous large multimeric (homo- and hetero-oligomeric)
protein complexes, many of which were discovered or defined by transmission
electron microscopy, that have until relatively recently presented difficulties for
crystallization and X-ray crystallography. The coming together of conventional
transmission electron microscopy and cryo-electron microscopy with X-ray crys-
tallography has led to much progress in the structural analysis of many large
oligomeric proteins and macromolecular assemblies. Nevertheless, these structural
tools are greatly supported by several essential biochemical and biophysical tech-
niques, such as electrophoresis, chromatography, centrifugation, light scattering,
spectroscopy and others, for the purification and analysis of proteins (see three
recent texts “Protein Purification and Analysis”, iConcept Press). The chapters in
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the present book and related volumes of the Subcellular Biochemistry series present
detailed reviews on the structure and function of many interesting protein com-
plexes, and thereby create an almost encyclopaedic coverage of this important
aspect of protein biochemistry.

In a class of their own are the non-covalent antigen-antibody complexes, so
important for the immune response. Furthermore, the polyclonality of in vivo antibody
production contrasts with the monoclonality of in vitro cellular production, along with
the varying affinity of antibodies for their highly specific protein epitope. Whilst being
an exciting area of study, this is beyond the scope of the present chapter and this
particular volume. Likewise, a consideration of covalent protein-protein and protein-
nucleic acid complexes, whilst of great interest, cannot be dealt with in this chapter.

Here we present a limited selection of macromolecules in which we are inter-
ested and have studied in recent years, purely as examples of the many macro-
molecular assemblies that could be considered. Undoubtedly each protein complex
possesses unique structural features responsible for the quaternary structure created
by the subunit protein-protein association. Nevertheless, some principles of
assembly can be defined and have been advanced by protein chemists, virologists
and others. In the main, however, symmetrical and asymmetrical protein complexes
remain as individual items for study, with an ever increasing number under
investigation as present-day biological and biomedical research advances.

Protein Oligomeric Structure: Background

Ahnert et al. (2015) advanced a classification model for protein complexes based
upon theoretically possible quaternary structure organization. Although a periodic
table of protein subunit organization was established as a useful predictive model, it
serves primarily to emphasise the incredible number of quaternary structures that
spontaneously occur in nature. There can be no doubt that protein complex for-
mation occurred during early evolution (Marsh and Teichmann 2014) and that the
accrued functional benefits resulting from stability, allostery, and the conservation
and compartmentalisation of reaction intermediates, have been retained, carried
forward and evolved within all species through to the present day.

The late N. Michael Green, who worked at the UK MRC National Institute for
Medical Research, Mill Hill (http://www.bridgesmathart.org/art-exhibits/bridges06/
green.html), illustrated the diversity of protein multimerization through “plastic
monkey” models, which made ‘asymmetric units’ in his sculptures. His wide
interest in protein structure, including immunoglobulins, avidin, glutamine syn-
thase, and transcarbamylase, informed his ideas and art (Valentine and Green 1967;
Green et al. 1972; Green 1972, 1990).

“Every living organism produces a variety of complex structures by self-
assembly of identical building blocks of one or more types. These structural units
are usually protein molecules which have evolved to assemble spontaneously, using
multiple weak bonds. The principles of thermodynamics ensure that the most stable
links are used. The number of such links is maximised in symmetrical structures, in
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which all the units are identically bonded. Natural selection ensures that assem-
blies with useful biological properties are perpetuated (e.g. virus coats, muscle
fibres, mitotic spindles, intercellular junctions and many enzymes).”

Whilst being an over simplification of the complex inter-molecular bonding
present in any symmetrical oligomer, along with asymmetrical oligomers, Green’s
early concepts did indicate the basic principle of homo-oligomeric and
hetero-oligomeric assembly, insight that has been advanced greatly in recent years.
Further examples of early application of negative staining to the enzymes com-
plexes and macromolecules was presented by Van Bruggen et al. (1960, 1981),
Matthews and Bernhard (1973), and Oliver (1973).

The Structural Techniques

Biochemical and biophysical techniques have contributed toward the study of
protein structure. Whilst analytical ultracentrifugation played a useful role in
defining monomers and their higher mass assemblies during the first half of the 20th
century, its contribution has diminished. However, first and foremost must be
native- and SDS-polyacrylamide gel electrophoresis (PAGE), techniques valuable
for the assessment of protein purity and subunit composition (Laemelli 1970).
These electrophoretic techniques go hand in hand with the various chromato-
graphic, preparative centrifugation and spectroscopic procedures used to achieve
and assess protein purity from cells and biological tissues, or more usually in recent
years from proteins expressed in bacteria, yeasts and animal cells. In this context,
gene sequencing and cloning, along with protein amino acid sequencing, have
played an important role. Indeed, the exponential increase in protein structure
depositions in the protein databank has been a direct consequence of the techno-
logical advances from the major structural genomics initiatives over the last twenty
years (Grabowski et al. 2016) and technological advances in X-ray sources, both in
the laboratory and at synchrotron facilities (Owen et al. 2016). Laboratory
automation and robotics have been of particular impact, with nano-scale protein
crystallisation robotics reducing the amount of precious protein required for crys-
tallisation, and automated sample-changers at synchrotrons speeding up data col-
lection from protein crystals.

For the study of small proteins (<250 kDa), in addition to protein sequencing,
X-ray crystallography (and to a lesser extent NMR spectroscopy) (Bernal and
Crowfoot 1934) has been the predominant technique, expanding seemingly expo-
nentially ever since the atomic structures of myoglobin and haemoglobin were
determined more than 50 years ago (Kendrew et al. 1960; Perutz et al. 1960). With
the polypeptide hormone insulin, the presence of two polypeptide chains, con-
taining three covalent disulphide bridges was defined by Fred Sanger and col-
leagues (Ryle et al. 1955). Insulin Zinc-crystals contain hexamers as the unit cell
(Harding et al. 1966), indicating the property of molecules to non-covalently
associate under appropriate solution conditions. Indeed, the repeating unit cell
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within a protein crystal is often an oligomer, thereby indicating the strong tendency
of like molecules to associate. It is abundantly clear that the progressive increase in
computing power through the recent decades has greatly helped protein crystal-
lography for the analysis of protein structure, as it has in many areas of science and
technology. However, for an increasing number of large protein molecules the
production of suitably diffracting crystals and subsequent generation of crystallo-
graphic data has proved a stumbling block.

It is here that transmission electron microscopy has made a significant contri-
bution. Starting with negative staining and to a lesser extent metal shadowing that
reveal the protein surface profile (reviewed by Harris 2015), followed by higher
resolution cryo-electron microscopy of unstained vitrified specimens (Adrian et al.
1984) (that also has an increasing potential to reveal protein internal and surface
structure to the low A atomic level), the structure of many protein oligomers and
assemblies has been defined.

The low resolution achieved by negative staining (~20 A) has been steadily
improved with the increasing availability of cryo-electron microscopic data, derived
from the technical advances at the instrumental level, particularly in the develop-
ment of direct electron detectors (McMullan et al. 2016), and massively increased
image processing capability of recent decades, to achieve near-to atomic resolution
(~2 A) from single particle analysis and crystallographic analysis of 2D membrane
crystals (Henderson 2015; Vinothkumar and Henderson 2016; Stahlberg et al.
2015). The development of software for protein digital image analysis and 3D
reconstruction has played a significant role in this (Zivanov et al. 2018), along with
the fitting/docking of higher resolution X-ray data of subunits into lower resolution
electron microscopy data and homology modelling (Nicholls et al. 2018). It is
appropriate to acknowledge the contribution of numerous physical/biophysical and
computer-literate scientists and electron microscopists to the development of this
field; it probably would not have happened in the hands of biologist, biochemists
and protein chemists alone! Indeed, the continuing impact of computer refinement,
image analysis and 3D modelling on the understanding of protein assemblies is
steadily increasing, but will not be dealt with in the present chapter, and it does not
represent a major component of the book as a whole.

Some Oligomeric Proteins and Complexes

Hemoglobin

Following the seminal X-ray crystallographic studies on myoglobin and hae-
moglobin by Kendrew and Perutz protein biochemists must have immediately
contemplated as to why myoglobin is a monomer and the evolutionary-related
haemoglobin A is an o262 globin tetramer? And, why is it not and o4 or 4
tetramer? The expanding sequence data on the embryonic, foetal and adult
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hemoglobins and the range of hemoglobinopathies has generated much information
as to the range of tetramer formation, all indicating that this is the predominant and
stable oligomeric form adopted by the haemoglobin monomers. The amino acid
substitution of valine in the place of glutamine, at position 6 of the 3-globin chain
due to the single codon missense mutation GAG to GTG, is responsible for sickle
cell haemoglobin (HbS). This valine substitution creates a more hydrophobic
environment and increases the tetramer instability when deoxygenated, resulting in
decreased solubility of the HbS, with formation of helical polymers/fibres that
bundle within the erythrocyte, essentially in a guasi crystalline manner. Due to the
restricted space inside the erythrocyte, the HbS bundles bend, creating the char-
acteristic sickle cells. Repeated cycles of oxygenation of HbS oxygenation and
deoxygenation lead to irreversible sickling. This intracellular quasi crystallization
of HbS is one of the few examples of natural 3D crystallization found in nature,
other examples include the potato proteinase inhibitor (Rodis and Hoff 1984), the
Bacillus thuriengensis toxin (Li et al. 1991) and the polyhedrin proteins from insect
viruses (Ji et al. 2015). There are rather more examples of naturally occurring 2D
membrane protein crystals (Halobacterium halobum purple membrane and the
chloroplast thylakoid light harvesting complex).

The annelid, crustacean and insect hemoglobins all exhibit rather different
oligomerization properties to those from vertebrates, exemplified most strongly
by the earthworm (Lumbricus tearrestris) and ragworm (Nereis virens)
hexagonally-ordered high molecular mass hemoglobins (erythrocruorins) (Fig. 1.1).
Although earthworm haemoglobin was one of the first proteins from which 3D
crystals were produced (and indeed it readily produces 2D crystals), only a low
resolution 5.5 A X-ray structure has been produced (Royer et al. 2000). and it has
fallen to cryoEM of single molecules to generate singe particle reconstructions.
Chen et al. (2015) produced an 8.1 A structure and Afanasyev et al. (2017)
achieved a higher resolution structure (at ~3.8 A). In this hexameric double-layer
macromolecule a significant feature is the 1/12th wunit containing 12
haem-containing globins and a “stem” containing the triple coiled-coil linker chain
(Fig. 1.2) directed to the centre of the hexagonal structure (PDBID: SM3L). Other
invertebrate haemoglobins are apparently less well-ordered oligomers (Rousselot
et al. 2006) and even occur as linear haemoglobin polymers (Borhani et al. 2012).

The Haemocyanins

For the megadalton copper-containing cephalopod and gastropod respiratory pro-
teins, the haemocyanins, ring-like decameric ~3.8 MDa oligomers are formed
(Fig. 1.3), and in some species these form as didecamers and multidecamers (Markl
2013; Kato et al. 2017). Negative staining in the presence of PEG potentiates the
formation of 2D hemocyanin crystals (see Fig. 1.3) (Harris and De Carlo 2014). An
antiparallel subunit dimer (protamer) is the repeating unit within the decamer
(Harris et al. 2004; Meissner et al. 2007a). The individual elongated haemocyanin
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Fig. 1.1 Haemoglobin from the ragworm Nereis virens. The hexameric protein complex is shown
by cryo-negative staining (courtesy of the late Marc Adrian), with the molecules oriented in the
two predominant orientations. The insets show 2D molecular averages

subunits contain seven or eight covalently-linked genetically individual “functional
units” (FUs), each with a copper-containing oxygen binding site. Gene duplication
during evolution is believed to have generated these distinct FUs. Indeed, the
polypeptide linker regions between the FUs can be considered to create an “oli-
gomeric” subunit containing multiple covalent links. Most molluscan hemocyanins
will dissociate to the single subunit in an alkaline buffer, but the hemocyanin
subunit dimer from the chiton Acanthochiton fasicularis remains stable (Harris
et al. 2004). An understanding of the formation of hemocyanin multidecamers of
varying length (and indeed the proteolytically derived helical tubules), together
with the deviant tridecameric mega-hemocyanin (Gatsogiannis et al. 2015) remain
to be established.

Recent, 3 A, crystallographic data from the T. Pacificus haemocyanin decamer
(Gia et al. 2015) has revealed considerable structural detail. The subunit organi-
zation and copper-containing FUs were defined, in particular the hydrophobic FU
interaction sites, responsible for creation of the protomer (dimer). Calcium/ionic
bridging between dimers is also thought to be of importance for the creation of the
higher order decamers.
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Fig. 1.2 The asymmetric unit (‘protomer’ or ‘1/12th unit’) of the earthworm Lumbricus terrestris
haemoglobin at 3.8 A containing 12 haem-containing globins and a “stem” containing the triple
coiled-coil linker chain (PDB entry 5Sm3l) from cryoEM (Afanasyev et al. 2017). Reproduced with
permission of the International Union of Crystallography. (https:/journals.iucr.org/)

Fig. 1.3 TEM images of octopus haemocyanin decamers negatively stained with ammonium
molybdate-trehalose (LHS) and ammonium molybdate-trehalose in the presence of PEG 1000
(RHS) across a hole. Note the ring-like face-on decamers and the side-on rectangular molecular
images that have a tendency to form stacks (arrows). The presence of PEG during the negative
staining procedure with a higher protein concentration promotes the formation of 2D crystals
(De Carlo and Harris 2011)
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The oligomeric haemocyanins from numerous other arthropods, products of a
different gene family to the molluscan haemocyanins, are currently under active
investigation and present an equally fascinating structural story, yet to be fully
revealed (Martin et al. 2007).

The Peroxiredoxins

The large family of thiol-specific antioxidant and redox signalling enzymes, gen-
erally termed the peroxiredoxins, has emerged as a significant component of the
overall enzymic antioxidant protection. The discovery of the erythrocyte perox-
iredoxin-II (Prx-1I_as a ring-like protein oligomer goes back to the late 1960s, when
a ring-like decameric protein of then unknown function was defined by negative
stain electron microscopy of protein extracts produced from erythrocyte ghosts
(Harris 1968, 1969). Subsequently, from SDS-PAGE the single subunit molecular
mass of ~20 kDa was defined (Harris and Naeem 1978) and from X-ray crystal-
lography (Schroder et al. 2000) it became clear that the oligomer is indeed a
pentamer of domain swapped dimers (D5 symmetry). Correlation of the then
available TEM (Fig. 1.4) and X-ray data (Harris et al. 2001) produced a high degree
of unity with a meaningful molecular superimposition (Fig. 1.5). The topic was

Fig. 1.4 Human erythrocyte peroxiredoxin II imaged by TEM negative staining with ammonium
molybdate in the presence of trehalose (Harris et al. 2001), with a stereo pair of the 19 A image
reconstruction (inset)
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Fig. 1.5 Fitting of the 2.7 A X-ray data of peroxiredoxin II (Schdeder et al. 2000) into the ~19 A
TEM envelope (Harris et al. 2001), as stereo pairs

reviewed in depth from a structural and functional perspective by Wood et al.
(2003) and also by Cao and Lindsay (2017) in Volume 83 of this series, and
Volume 44 was devoted to Peroxiredoxin Systems (Flohé and Harris 2007).
Figure 1.6 depicts the historical data progression from negative stain TEM of the
Prx-2 decamer to the X-ray crystal structure, within which the monomer-dimer and
the dimer-pentamer interfaces have been defined (Schroder et al. 2000).
Unexpectedly, when trying to produce 2-D crystals of the erythrocyte Prx-2 dec-
amer in the presence of ammonium molybdate-PEG for TEM study, Meissner et al.
(2007a) created a higher-order dodecahedron of decamers (Fig. 1.7). This assembly
resembles virus-like particles and other protein cages. As a homo-oligomeric
dodecahedron it emphasises the likely creation of specific non-covalent protein-
protein interactions mediated by compounds used for protein crystallisation in this
instance, although the creation and stabilization of this structure in conventional
buffer solutions, or other crystallization conditions has yet to be demonstrated.
Nevertheless, the ordered charge distribution on the peroxiredoxin decamer
(Fig. 1.8) may contribute to the likelihood of dodecahedron creation. Interest in the
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Fig. 1.6 A composite showing the first EM definition of 10 subunits with the Prx II toroid A
(Harris 1969), the Prx II molecular reconstruction from TEM| (Harris et al. 2001) and the 2.7 A
Prx II X-ray model (Schroder et al. 2000), with a background TEM image. (Courtesy of
Zachary A Wood)

formation of cage-like protein assemblies and virus-like particles is expanding,
revealing by TEM structures similar to the peroxiredoxin II decamer (Bale et al.
2016). Similar considerations undoubtedly apply during the formation of tubular
stacks and 2D crystals of Prx II (Harris et al. 2001) and tubules of Prx III (Yewdall
et al. 2018a).

Prx III is a ring of six dimers and has been shown to create double/catenated
dodecamers (Cao et al. 2005, 2015). The ready formation of stacked ring tubules
(nanotubules), a characteristic of Prx III, is a feature expanded upon by Phillips
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Fig. 1.7 The peroxiredoxin II dodecahedral higher-order assembly (i.e. containing 12 decamers)
viewed down the three-fold axis (see Meissner et al. 2007a, b)

et al. (2014) and subsequently within the sphere of nanotechnology by Yewdall
et al. (2018b) and Manuguri et al. (2018). Using the recently developed Volta phase
plate has found application for the structural study of Prx-III (Khoshouei et al.
2016), with the claim that there is benefit for the study of smaller protein molecules.
Other members of the peroxiredoxin family have also received the attention of
electron microscopists and more extensively X-ray crystallographers. The PDB
contains many examples of peroxiredoxins, monomers, dimers and oligomers, in
oxidised and reduced states and molecules from mutant genes. Thus, it is probable
that these proteins and their oligomers will continue to be of structural interest.

Collagen Assemblies

Collagen Fibrils and SLS Crystallites

The fibrous proteins present special classes of protein association, in some cases
bordering upon linear crystallization. Although not included in the present volume,
this group of proteins were discussed in detail in Volume 82 of the series, edited by
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David Parry and John Squire. Here we will consider briefly only fibrillar collagen,
as a special example of protein self-association. (Other extracellular fibrils, such as
the intermediate filaments, elastin, amyloid, and intracellular fibrils and tubules,
including actin, myosin, titin, tropomyosin, microtubules and others, have also
received the attention of electron microscopists and X-ray crystallographers.
Perhaps most significant is the work on skeletal muscle myofibrils and the sliding
filament mechanism of contraction (Huxley and Hanson 1953), induced by the
action potential, calcium entry and control of ATP/energy utilization).

The collagen molecule is an elongated heterotrimer (~300 nm triple-helix)
hydroxyproline-rich structural protein; most collagen family members possesses
unique self-assembly properties in vivo and in vitro in physiological and experi-
mental solutions, generating quasi-crystalline banded fibres aligned as bundles that
possess inherent longitudinal strength and flexibility (Holmes and Kadler 2006;
Harris and Reiber 2007; Harris et al. 2013; Harris 2017). The imaging and mod-
elling of collagen fibril assembly has been considered extensively since the early
days of transmission electron microscopy through to the present day, resulting in
the widely accepted linear gap (~40 nm) and partial overlap (~27 nm) model
with lateral alignment of heterotrimers that creates the ~67 nm “D-banded”
repeating structure (Fig. 1.9). Detailed molecular aspects of the fibrillar collagens
were presented by Bella and Hulmes (2017).

What is less widely appreciated is the fact that under in vitro experimental
conditions the collagen molecule can also create a deviant collagen assembly, as
discrete rod-like structures termed segment long spacing (SLS) bundles or crys-
tallites (Fig. 1.10), containing many parallel N-/C-terminus laterally aligned

Fig. 1.8 The charge distribution on the surface of the peroxiredoxin II decamer (red negatively
charged residues, blue positive residues). Note the central predominance of positive surface charge
and the repeating distribution of positive and negative charge on the outer surface, available for
possible inter-decamer linkage
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Fig. 1.9 Collagen type I fibres produced by in vitro assembly from the acid-soluble heterotrimer
(Harris 2017). Each fibre contains a number of thinner fibres aligned with respect to their
underlying molecular 67 nm repeating pattern of linear molecules (i.e. the established gap/overlap
model). The collagen fibres are negatively stained with uranyl acetate. The scale bar indicates
400 nm

300 nm
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Fig. 1.10 A single collagen type I segment long spacing (SLS) crystallite (length ~300 nm),
negatively stained with uranyl acetate (top). A densitometric scan (bottom) reveals the zones of
increased protein thickness, indicative of the varying thickness along the individual aligned
heterotromers oligomerized within the SLS bundle



1 Introduction: Protein Oligomerization and the Formation ... 15

Fig. 1.11 SLS crystallites negatively stained in ammonium molybdate for TEM study undergoing
spontaneous dissociation during specimen preparation. The individual hetetrotrimers can be seen
to splay out from the unstable SLS bundles that have lost their characteristic banding pattern
(Harris and Lewis 2016). From the original acidic collagen solution the heterotrimers have been
imaged as flexible rather than straight elongated molecules (Harris et al. 2013) (The transfer to
neutral pH saline solutions imparts structural linearity/rigidity during fibril formation, also during
mildly acidic ATP conditions that generate SLS crystallites)

heterotrimers. (For the other deviant fibrous form of collagen, termed fibrous long
spacing (FLS), there is only a ~27 nm molecular overlap, with no linear spacing;
see Doyle et al. 1975). The band pattern exhibited by collagen type I SLS crystallite
indicates the summated variation in protein thickness along its length (densitometric
scan, Fig. 1.9), in turn indicating the periodic thickness variation along a single
triple helix. It is this feature of the collagen molecule that underlies and creates the
more complex banding pattern exhibited by the collagen fibril. The stability of the
collagen SLS crystallite, formed under mildly acidic conditions in the presence of
ATP is not great, indicated by the partial dissociation back to individual hetereo-
trimers when negatively stained with neutral pH ammonium molybdate (Fig. 1.11)
(see Harris and Lewis 2016). However, negative staining with uranyl acetate sta-
bilizes the SLS structures, although stability can be imparted by glutaraldehyde
crosslinking when negative staining with ammonium molybdate. The subtleties of
fibrous protein-protein interactions undoubtedly play numerous important roles in
filament creation.
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High-Resolution Studies of Model Proteins

With the now widespread installation of highly-automated 300 kV cryo-electron
microscopes with direct electron detectors, much recent interest has focused on
pushing the effective resolution of single-particle reconstructions of protein com-
plexes and with this, a need for well-behaved and readily available protein complex
samples has grown. In an analogous manner to the utility that lysozyme and
thaumatin have found for testing synchrotron beamlines and X-ray diffraction
processing software, ferritin and beta-galastosidase have become the mainstay
test protein complexes for cryo-electron microscopy. The Escherichia coli
beta-galactosidase complex fulfils this role, weighing in at nearly 500 kDa the
homotetramer, with its mixed alpha- and beta- secondary structure and D2 sym-
metry is widely used to test new microscope installations and software. A recent
reconstruction using Relion-3.0 achieved a resolution of 1.9 A (Zivanov et al.
2018). The four-helix bundle of ferritin forms a highly ordered and stable 24-meric
nanocage of around half a megadalton. Horse spleen ferritin is readily available
from chemical suppliers and recombinant ferritins are simple to purify, as they are
usually thermostable. Using Relion, a 1.65 A resolution reconstruction was pro-
duced of the human apo-ferritin complex, which is higher than many ferritin
structures determined by X-ray crystallography. These records for published high
resolution cryo-EM single particle reconstructions have already been broken on test
data collected and current anecdotally reported resolutions are close to what an
X-ray crystsllographer would consider to be a true ‘atomic resolution’ structure. We
will certainly see many more single particle reconstructions at sub-2 A resolution as
new microscopes and detectors are introduced in laboratories across the world.
Much like the crystallographic test samples, lysozyme and thaumatin, our knowl-
edge of the biochemistry and structure of ferritin and beta-galactosidase has not
been significantly advanced by these new high-resolution reconstructions. They do
however provide an important benchmark and show what can be done by modern
microscopes, detectors, and software (Fig. 1.12).

Encapsulins

The encapsulins are a class of protein complexes that are of growing interest, from
both a basic biological perspective and as tools in applied biotechnology. The
encapsulins were originally identified as a 30 nm diameter virus-like particles in the
hyperthermophilic archaeaon Pyrococcus furiosus (Namba et al. 2005), a later
crystal structure of these particles highlighted their structural relationship to bac-
teriophage capsids (Tatur et al. 2007). An accidental discovery of a related
virus-like particle in Thermotoga maritima, with an encapsulated ferritin-like pro-
tein led to the coining of the term ‘encapsulin’ for the proteins forming these
bacterial nanocompartments (Sutter et al. 2008). Close analysis of the crystal
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Fig. 1.12 Depictions of the electron potential maps of some recent high-resolution single-particle
reconstructions of protein complexes. The T = 3 icosahedral Myxococcus xanthus encapsulin is
shown in lime yellow (EMD: 5917) (McHugh et al. 2014); octahedral horse spleen ferritin in
orange (EMD: 0263) (Zivanov et al. 2018); and the tetrameric D2-symmetry E. coli
beta-galactosidase in blue (EMD: 0153) (Zivanov et al. 2018). The scale bar represents 10 nm

structure of the T. maritima encapsulin showed a short peptide sequence from the
encapsulated enzyme bound to the interior wall of the nanocage. This peptide is
responsible for directing enzyme cargoes to the encapsulin cage and it has been
shown to be sufficient to direct heterologous proteins to recombinant encapsulins
(Tamura et al. 2014).

Interest in encapsulins intensified after 2013, when primary research began
appearing more frequently on the structure and function of these fascinating
complexes. Since then, a single-particle cryo-EM reconstruction of the Myxococcus
xanthus encapsulin has been published (Fig. 1.12) (McHugh et al. 2014), along
with a detailed study of the biochemistry of the new family of ferritin-like proteins
found within many of these proteins (He et al. 2016). What is striking about these
encapsulated-ferritins is their annular decameric structure, which is in contrast to
the 24-meric nanocages formed by the classical ferritins. The encapsulated ferritins
function as ferroxidase enzymes to oxidise iron(II) to iron(IIT) within the encapsulin
nanocage, where it is stored as inert ferrihydrite, and iron-phosphate minerals. What
is striking about these complexes, is their ability to hold up to ten times more iron
than the classical ferritin nanocages (He et al. 2016; McHugh et al. 2014). The role
that such a massive iron store plays in bacteria is still open to speculation. A recent
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survey of bacterial and archaeal species highlighted the widespread distribution of
encapsulins across diverse environmental niches and identified a number of new
cargo proteins found within them, including new ferroxidase enzymes found only in
bacteria of the firmicutes phylum, and enzymes involved in the response to nitro-
sative stress (Giessen and Silver 2017). It is clear from this survey that the primary
role of encapsulins is to either protect the host cell from oxidative damage caused
by the redox reactions carried out by their enzyme cargoes, or to protect the host
from oxidative damage caused by the substrates of these cargo enzymes.

The ability to target non-native proteins to the interior of the encapsulin cage,
coupled with its stability and amenability to surface modification, has led to the
adoption of encapsulins for biotechnological applications that range from the tar-
geted delivery of drugs (Moon et al. 2014), to imaging tools for studying mam-
malian cells (Sigmund et al. 2018). While these applications are still in the early
stages of development and implementation in medicine and biotechnology, there is
still much to be learnt about the basic biology and function of these complexes in
their host organisms.

This introductory chapter cannot cover all interesting protein complexes and
represents only a selection of specific interest to the editors of this volume. Indeed,
in this series of books, we can only hope to cover a small selection of the recent
advances in the study of macromolecular complexes. The importance of
higher-order structure in biology and the coming together of multiple proteins, is
central to the function of all organisms. As our technology for the high-resolution
study of proteins advances, in particular our ability to image and generate 3D
reconstructions of proteins by cryo-electron microscopy, more interesting macro-
molecular complex structures are being elucidated and their functions illuminated
through the combination of structural and functional data. We hope that these
selected chapters are of interest to our readers and that authors whose work we have
not been able to cover in this introduction, and who have not contributed to this
volume, are not offended by the omission of their work. Finally, we would like to
thank all of our contributors, who have all provided interesting considerations of
their work and its context within the wider biochemistry and biology of their host
systems and organisms.
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Chapter 2 )
Antibody Complexes ki

Reetesh Raj Akhouri, Lars-Goran Ofverstedt, Gunnar Wilken
and Ulf Skoglund

Abstract Monoclonal based therapeutics have always been looked at as a futuristic
natural way we could take care of pathogens and many diseases. However, in order
to develop, establish and realize monoclonal based therapy we need to understand
how the immune system contains or kill pathogens. Antibody complexes serve the
means to decode this black box. We have discussed examples of antibody com-
plexes both at biochemical and structural levels to understand and appreciate how
discoveries in the field of antibody complexes have started to decoded mechanism
of viral invasion and create potential vaccine targets against many pathogens.
Antibody complexes have made advancement in our knowledge about the molec-
ular interaction between antibody and antigen. It has also led to identification of
potent protective monoclonal antibodies. Further use of selective combination of
monoclonal antibodies have provided improved protection against deadly diseases.
The administration of newly designed and improved immunogen has been used as
potential vaccine. Therefore, antibody complexes are important tools to develop
new vaccine targets and design an improved combination of monoclonal antibodies
for passive immunization or protection with very little or no side effects.
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Introduction

Antibodies, also known as Immunoglobulins, are responsible for functionality of
the immune system in an organism. The characteristic features of the immune
system, such as protection from diverse range of pathogens (Wec et al. 2019;
Arunkumar et al. 2019; Lu et al. 2019; Tan et al. 2018; Pauthner et al. 2018; Rudkin
et al. 2018; Abreu-Mota et al. 2018; Micoli et al. 2018) and toxins (Babcock et al.
2006; Aboudola et al. 2003), are due to antibodies. The specificity and clearance of
a pathogen is achieved by the recognition and formation of complexes with a
variety of epitopes with diverse origins, such as nucleic acid (Pisetsky 1997, 1998),
carbohydrates (Amon et al. 2014), proteins (Arunkumar et al. 2019), lipids
(Wong-Baeza et al. 2016) or synthetic compounds (Marquardt et al. 1990), fol-
lowed by neutralization (Zhang et al. 2017; Flyak et al. 2015) or opsonization
(Chehadeh et al. 2009). The successful neutralizing antibodies are further amplified
and stored as memories to prevent from future infections from those pathogens
(Katzelnick et al. 2016; Robbiani et al. 2017). Besides opsonization, the antibodies
also activate the complement system that forms a membrane attack complex
causing lysis of pathogens and inflammation reactions (Janeway Jr et al. 2001;
Noris and Remuzzi 2013).

The power of antibodies to recognize a diverse set of molecules as antigens is
due to its ability to be present as soluble or membrane bound antibodies because of
alternate splicing (Hippocrates 1959; Borghesi et al. 2006). The membrane bound
form has a transmembrane region and is expressed on the surface of B lymphocytes.
Soluble antibodies can travel to different tissues and mucosal surfaces for antigen
recognition and neutralization. The membrane bound antibody is important for
antigen-specific recognition and an activation process that would further lead to
development of memory plasma cells.

Structure of Antibodies

Antibodies are heterodimers forming a ‘Y’ shaped structure. The two arms of the
Y-shaped structure consist of two heavy and two light chains (Janeway et al. 2001;
Woof and Burton 2004), each consisting of a variable (V) and a constant (C)
immunoglobulin domain. The light chain contains one variable (Vi) and one
constant region (Cp). The heavy chain consists of one variable (Vy) and three
constant regions (Cyxl, Cy2 and Cy3). The hinge or spacer region present in
between Cyl and Cy2 makes it sensitive to enzymes like papain that is used to
obtain F,;, fragments of antibodies. The heavy and light chains are linked together
by disulfide bonds through Cy1 and C; domain that upon reduction gives rise to 55
kDa heavy chain and 25 kDa molecular weight light chain. The distal Cy2 and Cy3
forms the F. region and are responsible for an effector function of the antibody.
Thus, soluble antibodies can bind to non-lymphoid cells expressing F. receptors
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and help them function as heterologous cell surface antigens. In order for the
antibody to be membrane bound, alternative splicing removes the secretory
sequence and replaces it with transmembrane/cytoplasmic tail domains (M1 and
M2) (Schroeder and Cavacini 2010).

The feature of the antibody to recognize diverse epitopes originates at the
sequence variability in the V region and enables the immune system to bind to
many antigens or to differentiate between different antigens by as little as one atom.
The diversity in paratopes is created at the genetic level in the heavy chain (encoded
at chromosome 14) and the light chain (encoded at chromosome 22). Vy; is encoded
by three genetic elements V (variable), D (diversity) and J (joining elements). The
Vy can be approx. 100 elements with more than 10 D elements and a small number
of J elements, giving rise to variety of combinations. The VDJ elements are fol-
lowed by constant regions consisting of 1, 8, v3, y1, y2b, y2a, € and o, where any
of V region can be expressed with each of C regions. In the germline the V, D and J
are far from each other, and with multiple forms. However, later, during the lym-
phoid development process, the translocation of one of the D elements is syn-
chronized with the Jy elements after splicing out the intervening DNA. In a
following second translocation event one of Vy elements joins with DJy to form
complete V region (VyDJy). Besides the probability of combinations between
different VyDJy elements, addition and deletion of bases during translocation can
further increase the diversity with restricted genetic repertoire (Janeway et al. 2001).

The L chains, in the light chain, consist of only Vi and J; regions with an
additional diversity brought about by x and A types of L chains. The variability
(V) region consists of three hypervariable regions or complementary-determining
regions (CDR) interspersed with four framework regions that are responsible for the
antibody‘s combining site. Similar features are observed in the V region of the
heavy chain and thus the pairing between different elements of IgH and IgL chains
generates the diversity towards various antigens (Schroeder and Cavacini 2010).
The enzymes responsible for these recombination events are RAG-1 and RAG-2
where they nick DNA for translocation. A Cryo-EM structure of RAG-1 reveals
that it works as a dimer (Kim et al. 2018).

Based on the C region of each H chain, antibodies can be classified into different
isotypes, providing distinct biological functions to each isotype.

IgM

IgM contains a p-chain at the C region and is presented on the B-lymphocyte
surface as monomers. On the B cell surface upon activation, it oligomerizes and
transduces the signal for immune responses. IgM is also secreted into serum as
pentamers or hexamers that are linked together by disulfide bonds in Cy4 domains
(Randall et al. 1990; Petrusic et al. 2011) and by a J-chain (Vollmers and Brandlein
2006). This pentameric structure helps in increasing the valency of interaction with
an antigen. Therefore, even after having low affinity with antigen, it provides
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increased avidity for generating a strong immune response (Boes 2000). The major
functions of IgM is the activation of membrane attack complex that are highly
effective mechanism for lysis and clearance of pathogens (Murphy et al. 2008).

IgA

IgA contains the a-chain in the C region of heavy chain, and is mostly secreted in
body fluids and mucosal surfaces (Germain 1994). IgA can exist in both monomers
and a secretory dimeric form adjoined by a J-chain. The monomer IgA is mostly
predominant in serum. IgA can exist in two subclasses IgA1 and IgA2 where IgA1
is characterized by the presence of a longer hinge region than A2. Because of the
presence of short hinge region in A2, IgA2 is not easily cleaved by proteases and
thus it is mostly present in mucosa as it leads to protection against bacterial pro-
teases. IgA1 is sensitive to proteases, but due to heavy glycosylation it is somewhat
protected and can thus provide high multivalent interactions for better immune
responses (Roche and Cresswell 1991).

IgE

IgE contains e-chain in the heavy chain C region and has the shortest half-life
(Lawrence et al. 2017). It is mostly responsible for allergy inflammatory responses
(Pier et al. 2004).

IgD

IgD contains the d8-chain type in the heavy chain and is mostly present in a
membrane bound form on B-cells. Thus, it works in a similar manner to IgM in
passing on signals to cells for immune activation (Schlosstein et al. 1973). It has
shorter half-life than IgM because of a longer hinge region that makes it sensitive to
proteolysis (Schroeder and Cavacini 2010). However, secretory IgD are mostly
present in mucosa and works against pathogen attacks.

IgG

IgG contains v type heavy chains and has a maximum half-life of around 21 days.
Due to this property, it is the most predominant type of antibody and possesses a
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major role in the immunological memory. Another important feature of IgG is the
activation of the complement system, either directly, or through its Fc region on
FcR bearing cells. Among its four subclasses (IgG1, IgG2, IgG3 and IgG4), IgG1
and 3 are effective activators, while IgG2 and 4 are non-or weak activators of the
complement system (Kindred and Shreffler 1972; Rosenthal and Shevach 1973).

Diversity and Flexibility in Antibodies

A variety of strategies in antigen-antibody recognition are an outcome of excep-
tionally large possibilities of combinations of linkages, modifications and hetero-
geneous levels of glycosylation of antibodies as well as its epitopes in biological
systems (Dudley et al. 2005; Maizels 2005). A large number of repertoire of
antibodies are generated due to recombination of genes, that code for VH, VL and J
gene segments for the heavy and the VJ of light chains, that further come from
lambda or kappa type chromosomes. Therefore, the recombination and substitutions
add a level of complexity in the antibody classes by post-translational modifications
of antibodies that modulate effector functions (Mimura et al. 2001; Jefferis 2009).

3D Structure of IgG Antibodies and Its Conformational
Diversity

The efficient function of antibodies has prompted a large number of two- and
three-dimensional structure determinations of antibodies using a diverse set of
physical modalities like X-ray Crystallography, Atomic Force Microscopy (AFM),
Small-angle X-ray scattering (SAXS), Nuclear Magnetic Resonance (NMR),
Transmission Electron Microscope (TEM) methods and Surface Plasmon
Resonance methods. These experimental methods all convey different information
of the molecules and thus basically answer different questions.

The modalities that traditionally have given the highest resolution, X-ray crys-
tallography and NMR, have been used for hundreds of antibody-related structures
resolved to atomic resolution and these structures are deposited in the Protein Data
Bank repository. However, these are generally only fragments of an entire antibody.
So far, we know of three structures of a complete and functional antibody, type IgG,
resolved to atomic resolution and available for general downloading from the PDB
repository (Fig. 2.1a-b). They have the PDB entry names 1IGT, 11GY, 1HZH, and
are human IgG1 (Harris et al. 1992), murine IgG1 (Harris et al. 1998) and murine
IgG2(a) (Saphire et al. 2001) respectively. There is a fourth one, IgG4, which is
complete and to atomic resolution, but it was stabilized by a mutation (PDB entry
5DK3) to enable crystallization (Scapin et al. 2015).
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«Fig. 2.1 Overall structure of IgG2a. a A schematic illustration and b A space filling depiction of
the crystal structure (Harris et al. 1992) of an intact IgG2a molecule. IgG consists of two light
chains and two heavy chains, divided into twelve domains (named constant heavy [CHI-3],
variable heavy [VH], constant light [CL], and variable light [VL]) of 110 amino acids residues
each, with a similar immunoglobulin fold. ¢ Coarse-grained model of an immunoglobulin
molecule. The two Fabs d Representation of the IgG configurations space. The vertical axis of the
sphere coincides with the Fc stem; the hinge region lies at the center. e Gallery of refined IgG
tomograms (A-E) A gallery of five individual IgG molecules, visualize by volume rendering, with
intensities colored from red to blue. Four views separated by 90° rotations around the vertical axis
are shown. The box is 50X40X50 voxels

Generally, these structures all clarify and support the domain partitioning outline
above. NMR is mainly used for the determination of structures in the mass range up
to around 40 kDa (Paterson et al. 1990), so it has been more used to study structural
details of a fragment of the antibody that is in complex with another molecule, e.g.
an antigen. SAXS usage in antibody analysis has so far been very limited. The
method allows for the approximate calculation of an average shape, an envelope for
the protein, in solution. If the protein is reasonably stable and does not simulta-
neously exists in too many different structural states one finds a good correspon-
dence between X-ray crystallographic results, SAXS results and that from
Cryo-TEM Tomography (Gherardi et al. 2006).

SAXS results from IgD (Sun et al. 2005) display a wider and more diffuse spread
of the molecular envelope than when individual antibodies are imaged, e.g. by
AFM (Vilhena et al. 2016). A SAXS generated envelope of IgG is also quite wide
(Rayner et al. 2013). The AFM method suggests quite a spread of possible con-
formations of antibodies, as does SAXS. Using X-ray crystallography to show more
conformations has proven very difficult. Thus, it’s not surprising that TEM methods
have been used to understand more of the possible native conformations in solution
attainable by an individual antibody. In fact, the three native IgG’s determined with
X-ray crystallographic techniques also indicate a remarkably large conformational
space, showing Fab rotations and angular spread between the Fab’s relative to the
Fc ‘stem’ (Fig. 2.1d).

Since the antigen binding site is positioned near the peripheral parts of the Fab,
relative to the hinge coupling between Fab and Fc, a large conformational space
would allow the Fab to ‘scan’ effectively the surrounding space for antigens.

Using Cryo-EM with tomographic three-dimensional reconstructions of native
IgG2(a) it could be shown that the two Fabs could basically occupy any position in
space relative to each other and the Fc defined by the flexibility allowance from the
hinge region (19 amino acids in this case) (Sandin et al. 2004). The occupancy of
different large-scale conformations of the IgG2(a) indicated that a very simple
model for the dynamics of the molecule could be used mainly describing the
flexible position of the Fabs relative to a fixed Fc. This simplified model allowed for
a solution of the Schrddinger equation in a buffer solution for this molecule, using
as input data all the various tomograms of the individual IgG2(a)’s available, and
the various rotational speeds of the Fabs as well as the rotation of the entire
antibody could be calculated (Bongini et al. 2004). It was found that the antibody
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rotated around its Fc-axis at about 1.6 x 109 times/s and the Fabs were ‘flapping’
up and down between 2.9 x 109 and 1.0 x 1010 times/s (Fig. 2.1c—e).

Apart from Cryo-EM, antibodies have also been studied with the earlier ways of
using TEM’s, on stained molecules, either with negative stain or with positive stain.
The advantage is the higher contrast of the molecules during the imaging. Basically,
these stained images confirm the conformational space findings from the native
IgG2(a) studied in Cryo-EM conditions using no stain. Trying to establish the
large-scale dynamics from stained images can lead to errors, however, since the
mass of the molecule is vital in calculating the flexing speeds, and the stained
molecules have a rather unknown actual mass. Additionally, we don’t know if the
chemical agent in the stain alters the flexibility per se of the molecules.

Further, knowing the rotation and flexing speeds of the Fabs enables many
optimizing parameters for the size of the antigen and the probability for antigen-Fab
interaction to be calculated, helping the design of antibody-carriers, like nanopar-
ticles, for efficient medical treatments (Bongini et al. 2005, 2007; Piazza et al. 2005;
Galanti et al. 2016).

3D Structure of IgM

Soluble IgM in serum is primarily pentameric, with 70 immunoglobulin domains
and a J chain (Fuentes-Panana et al. 2004; Fellah et al. 1992), but is also occa-
sionally hexameric (Randall et al. 1992). The pentameric structure helps IgM to
form strong interactions with several binding partners due to its high valency.
Consequently, while monomeric IgM is membrane attached that does not bind to
Cl1q due to the lack of binding pocket, soluble IgM binds complement component
C1q with much higher affinity than large aggregated deposits of IgG, thus acts as a
potent activator of the complement pathway (Quartier et al. 2005; Ogden et al.
2005; Chen et al. 2009). This leads to either opsonization or lysis through the
membrane attack complex. Overall, there have been three serious efforts to resolve
the structure of whole IgM. Aaron Feinstein and colleagues made the first attempt to
visualize IgM using negative stained samples by electron microscopy (Feinstein
and Munn 1969). Using this technique, they showed that IgM is star shaped.
Perkins and colleagues followed this up with an in-solution study using SAXS to
derive a 3D structure of I[gM. Based on the fitting models, they found that IgM has a
maximum dimension of 35-37 nm. Alone, Fc5 was found to be between 17.9 and
18.7 nm, which further confirms that the IgM core is highly flexible (Perkins et al.
1991). These authors suggested that electron microscopy data appeared to under-
estimate lengths, probably because of limitation of stain penetration. Fitting elec-
tron microscopy images in the SAXS model suggested that about one-quarter of
images would fit a circle of diameter 37 nm, while the remaining would fit an
ellipse of 39 nm x 35 nm. The Fc, discs in these images of IgM are such that 20%
would fit a circle of 14 nm diameter, while large population would fit an ellipse of
axes 15 nm x 13 nm.
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However, in 2009 Czajkowsky and colleagues found that human IgM is
mushroom-shaped (Czajkowsky and Shao 2009). This was mainly based on the fact
that Fc5 or central core of the images looked protruded. Even more interesting were
the energetics calculations and prediction that suggested three forms or conforma-
tions of IgM, that needed to be validated. However, better image processing and study
at low electron dose was needed to achieve this. In order to avoid use of stain and
overcome limits of stain penetration, and without use of averaging techniques, so that
all the possible conformations could be visualized, Akhouri et al. (2016) used
cryo-electron tomography to analyze individual IgM molecules. Reconstruction and
characterization based on IgM diameter could be used to bin IgM into three major
classes: extended, turtle shaped and bell shaped. The extended form of IgM had a
planar core or Fc5 with an overall diameter of 29-30 nm. The turtle form has a
protrusion in the core, with distinct convex and concave surfaces, and an overall
diameter of 24-25 nm. In an extreme closed state I[gM also has bell shaped structure
with an overall diameter of 15-16 nm. These measurements coincides with the
predicted conformations of IgM in Czajkowsky and Shao (2009). All these confor-
mations of IgM could also be verified by negative stained images. The core of IgM is
~ 17 nm, and the Fab,s pairs are between 7 and 11 nm in length (Fig. 2.2a and b).
Turtle-shaped IgMs have a diameter in the range of 24-25 nm (Akhouri et al. 2016).
The mass of the core is ~ 400 kDa, and the Fab,s units are 100—120 kDa which are
comparable with the estimated volume, or size, using small-angle X-ray scattering
(SAXS); however, they are considerably different from measurements reported using
AFM on a mica-surface. Given that all IgM structure still lacks resolution, these
structures together explain why IgM detailed structure has been elusive for almost 40
years since it was first visualized. We also need to understand that averaging of I[gM
image contrast is not yet possible until a new software develops that could reconstruct
higher resolution images from its 2D projection. Detailed information on the structure
of IgM will remain elusive until this is achieved.

Secretory IgM is found in germ- or foreign antigen-free mice (Coutinho et al.
1995) and is polyreactive, but high affinity binding antibodies are reactive IgG. It is
understood that internal or endogenous antigens do not drive IgM production
(Haury et al. 1997). Most of the immunity that is imparted with the reactive anti-
bodies are IgG and when we talk about antibody complexes we generally mean
antigen bound to reactive IgG of one class or its fragment.

In our discussion below, we will consider a few well studied examples to show and
appreciate the research that has revealed a great deal and has given us hope to provide
good medicinal care. While there are various methods of research that have impacted
this development, we will mainly focus on how antibody complexes have helped and
advanced our knowledge regarding these disease and potential therapeutics. The main
purpose of using antibody complexes in this discussion is to visualize and understand
the natural process of how our immune system recognizes foreign material. Beyond
this we develop an understanding of how naturally occurring antibodies either neu-
tralize or mediate antibody mediated cellular cytotoxicity, to clear pathogens from the
human body. This whole process serves the purpose of leading towards developing
therapeutics that could be used for the treatment directly as monoclonal antibodies, or
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Fig. 2.2 Cryo-ET Architecture of non-immune human IgM. a IgM has three major conforma-
tions; Extended, Turtle and Bell shaped. Core of IgM is shown in blue and Fabs in grey. b Core of
Extended form of IgM is 17 nm and Fabs are approximately 7-11 nm. Figure was adapted from
Akhouri et al. (2016) and generated using Chimera visualization software (Pettersen et al. 2004)
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to develop our understanding how we should target an antigen to generate a functional
inhibitor to fight off viruses and pathogens.

Ebola Virus

Ebola is not a major killer in terms of number but it demands no explanation that
the nature of disease and the threat is poses when an outbreak really occurs, as to
why Ebola virus is considered to be one of most dangerous viruses. The recent
outbreaks and number of deaths has created an urgent need for a better functional
vaccine for protection of infected patients as well as care providers like doctors,
nurses and volunteers, and to work as an efficient prophylactic. Monoclonal anti-
bodies have generated much interest due to their efficiency and could be used as
successful therapeutics. In the field of infectious diseases, especially those as
dangerous as Ebola virus, there is an urgent need and to focus on generating
neutralizing antibodies that could impart protection. Due to precision of target,
almost negligible side effect and toxicity, there is an increasing demand for mon-
oclonal antibody-based therapeutics. Antibody complexes have provided enough
clues to develop efficient inhibitors that could mimic an antibody-antigen/pathogen
complex that mediates efficient neutralization or complete protection due to anti-
body mediated cell cytotoxicity.

A well characterized mAb, KZ52 from a human survivor, showed promise due
to its neutralization capability, and for being directly effective against Ebola virus
glycoprotein. It imparted protection in mice and guinea pig. However, it was not
effective in non-human primates (NHP) (Maruyama et al. 1999; Parren et al. 2002;
Oswald et al. 2007). The crystal structure of EBOV GP trimer, in a pre-fusion
conformation in complex with Fab, of KZ52 revealed at 3.4 A resolution that the
trimer is held together in a shape of a chalice or goblet that has a dimension of 9.5
nm X 9.5 nm X 7.0 nm. In this complex of trimer, GP1 is linked to GP2 with a
disulfide, and GP2 are linked to each other without overlap from neighboring GP1.
While GP1 forms a sauce-pan, three GP2 hold them together. KZ52 is an antibody
against Zaire ebolavirus and directly neutralizes it. KZ52 binds to a more exposed
part of GP which is not glycosylated and binds at the base of the trimer, mostly
between amino acids 42 and 43 in GP1, 505-514 and again between 594 and 556
in GP2. It is believed that although KZ52 has a large contact with GP2, it is clear
that GP1 can keep GP2 in a conformation that would favor recognition of the
epitope in a pre-fusion conformation. Furthermore it is strongly believed that KZ52
successfully neutralizes the virus by blocking the GP2 HR1,/HR1g rearrangement,
that further blocks host membrane insertion of the internal fusion loop (IFL) that is
formed by GP2 (Lee et al. 2008). KZ52 antibody interacts with 15 aa residues
through van der Waal interaction, out of which 10 residues are only specific to Zaire
ebolavirus (between the furin cleavage site and the HR helix bundle). It is highly
likely that these interactions guide KZ52 specificity to only this virus (Fig. 2.3a, b)
(Lee et al. 2008).
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Fig. 2.3 Crystal structure model of Ebola Glycoprotein (GP) protein in complex with KZ52.
a Overall architecture of Ebola GP trimer (GP1 in pink and GP2 in blue) in complex with broadly
neutralizing monoclonal antibody KZ52 (bright green). b Magnified view of interacting GP2 and
KZ52 coils from one of the trimer in packaged assembly. PyYMOL was used for figures

In another example, biochemical characterization of mAbs 13F6 and 6DS8 (both
bind with a mucin-like domain) led to a greater understanding of how these anti-
bodies recognize virus. Wilson and colleagues found that both antibodies recognize
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only the GP1 linear epitope and protect challenged mice (Wilson et al. 2000). They
also found that 13C6 binds a quaternary epitope that involves both GP1 and
sGP. When these three antibodies were prepared in a cocktail it was called MB-003.
Structural analysis with a stained complex of GP trimer that contains the mucin-like
domain but lacks trans-membrane part, revealed how these antibodies bind on the
surface of soluble trimer (Murin et al. 2014). It was revealed that the c4G7 and
¢2G4 binding surface, and both of them bind to a GP2 ordered region that consists
of both a helical and beta sheet region. However, these do not involve the IFL loop
(Murin et al. 2014). Similarly, it has been established that c13C6 and c1H3 compete
and hence may have an overlapping binding surface. The binding surface for c13C6
supersedes the binding surface of c1H3, or their binding affinity is the reason that
c14C6 abrogates binding of c1H3, but not vice versa. And, as discussed earlier
13F6 and CDS8 both bind to the mucin-like domain, but do not compete for the same
surface. While 13C6 binds to a region of glycan cap, KZ52 binds to the base of GP
that mainly involves GP2 and blocks rearrangement of the helix. It is also believed
that deletion of the mucin-like domain facilitated the crystallization process. The
inclusion of a mucin-like domain to visualize this domain and the antibody complex
to this domain has not yielded any clear images from cryo-EM averaging. This
could be because of flexibility of this region as well as the heavy glycosylation.

Based on a time course study on viral entry it has been established that epitopes
in heavily glycosylated regions of glycoprotein are cleaved from the virion during
entry, and hence, antibody against this region of virus should not be very effective.
Interestingly, results confirmed the hypothesis that the glycoprotein is indeed
cleaved. However, an even more interesting observation established that mAbs
against this region of antigen impart full protection, probably due to an Fc-mediated
effector function. Similarly, antibody complexes that impart protection against
Ebola virus with mAb 114 or VRC608 show both neutralizing antibody and cell
targeting antibodies (Corti et al. 2016). Thus, antibody-based complex analysis,
along with biochemical understanding of the viral entry, have revealed that anti-
body-complexes could play an instrumental role in the understanding of how we
could develop functionally relevant antibodies for therapeutics. Of the available
therapeutic antibodies against Ebola, REGN-EB3 that is a combination of
REGN3470, REGN3471 and REGN3479, has been able to impart protection due to
the reason that it provides complimentary activity. REGN3479 binds conserved
GP2 IFL and helps neutralization just like KZ52. REGN3470 makes a complex
with GP1 head and mediate both neutralization as well as cell targeting activities,
including FcyRIlla and other FcyR-related functions. The third component
REGN3471 mediates a cell targeting function by binding to the outer glycan cap
that has similarity to 13C6. A set of functional models have been proposed as to
how the combination McAb would interact with the epitopes. However, further
studies are required to validate it. Therefore, taken together, antibody-complexes
that target both neutralization as well as cell-targeting function are required for the
complete protection against deadly viruses like Ebola.
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It has also been found that a cluster of antibodies that were fucosylated have
greater functionality towards activating FcR mediated cell activation and protection
(Zeitlin et al. 2011; Olinger et al. 2012).

Human Immunmodefficiency Virus: HIV

HIV remains a major health concern due to its capability to compromise CD4+T
cells and deplete them completely, thereby facilitating the establishment of sec-
ondary infections. Our understanding of HIV and its biology has come a long way
in last decade. There are many lines and generations of drugs available for treatment
and extend the life of an infected individual to a great extent. Yet, the social stigma
attached to HIV infection has led to more behavioral and psychological issues. Due
to the large population that are infected worldwide and the huge risk of HIV
spreading due to patients being unaware and undetected for a long period of time,
we desperately need an effective vaccine that could neutralize HIV. We also know
that the error prone replication of HIV makes this a near impossible task. In spite of
this, immune complex studies have led to great understanding of how neutralizing
antibodies function and whether we could use them as a future therapeutics. In 1997
three research groups derived the first post-fusion conformation of gp4l crystal
structure (Chan et al. 1997; Weissenhorn et al. 1997; Tan et al. 1997). In the
following year a crystal structure of gp120 was derived in complex with the CD4
receptor and neutralizing antibody (Kwong et al. 1998). This complex revealed how
CD4 receptor interacts with gp120. However, the details of the structure biologists
needed in order to start proposing a hypothesis was delayed due to the flexible
nature of the molecule and also due to heavy glycosylation on the surface of gp120
and gp41. It needed an out of the box approach to break the resolution barrier.
Relentless effort from HIV researchers and innovative thinking, along with a huge
amount of interactive experiments to understand conformational change during HIV
interaction with CD4 and various antibodies, revealed the flexibility of the envelope
protein. This inspired modification of both gp120 and gp41 in such a way that it
would be more native like, allowing for a conformation change into pre-fusion and
post-fusion states and also allowing crystallization with and without stabilizing
antibodies or ligands. As a result, a disulfide bond between subunits was designed
that was called SOS (A501C-T605C). Further, to add post-fusion flexibility and
conformation change, another mutation was engineered to insert a proline at
I559P. This allowed for trimer flexibility similar to the original trimer; this was
called IP. Together, the engineering of this epitope was called SOSIP (Sanders et al.
2000; Sanders and Moore 2017). The results were very encouraging as it furnished
better crystal contacts and improved crystal features, but did not yet produce a
high-resolution structure (Binley et al. 2002; Sanders et al. 2000, 2002). It took
deletion of hydrophobic residues close to the membrane (665-681) to allow for
better solubility of the complex (Khayat et al. 2013; Klasse et al. 2013). Trimer
complex with antibody PGT123 Fab revealed the structure of the soluble
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gpl120-gp41 complex at 7.7A resolution (for clade A KNH1144 strain). These
engineering steps were subsequently employed as a strategy on many other strains
(Julien et al. 2013a, b). What it allowed for, along with the structural details, are
improved melting temperatures of the whole complex to be screened for various
neutralizing antibodies, and to be visualized by electron microscopy to better
characterize all broad neutralizing antibodies. It also underscored the need for
cleavage between gp120 and gp41 to allow for conformational flexibility to attain a
native fold. While structural flexibility was under study for attaining the native fold,
structures derived using cryo-ET revealed that the base of the complex, that would
attach it to the virus, existed in more than one conformation, as trimeric or tripod
(Zhu et al. 2003, 2006; Zanetti et al. 2006; Liu et al. 2008). It was further estab-
lished, using cryo-EM, that when CD4 and a neutralizing antibody bind to the
glycoprotein it drives a conformational change and to prove that, the trimer was
shown to exist in various conformations (Tran et al. 2012; Bartesaghi et al. 2013).
These two findings appear contradictory, but it is very important to understand that
while flexibility was necessary to achieve pre- and post-fusion conformation, the
use of mAb used in the structure could bind to the epitope and hence allow better
structural resolution. While BG505 SOSIP with PGT122 yielded low resolution
structure of the complex, PGV04 antibody with BG505 SOSIP trimer, enabled the
structure to reach 5.8A resolution. In a crystal structure, gp140 trimer with PGT122
yielded a structure at very high resolution. It established the interaction of the V1
and V3 loop of gp120 and several glycans with antibody, which acted as stabilizing
factor (Fig. 2.4a, b). This structure exposed the importance of glycan at residue
N322 (Lyumkis et al. 2013; Julien et al. 2013a, b). Taken together, it revealed that
gp120 alone cannot act as a good immunogen. So, the purpose of studying antibody
complexes to understand how we should generate an immunogen to generate
antibodies that would be functionally relevant was becoming a reality. A detailed
high-resolution structure of BG505 SOSIP in complex with PGT122 and 35022
was derived by Pancera et al. (2014). Authors revealed the trimer complex in the
pre-fusion state and how the viral protein could exist before they make a final
committed attachment and then entry into CD4+cells. This is how we should design
the vaccine to target free viruses in our system. They reveal that gp41 HR1 and
HR2 undergo structural changes in the post-fusion state. This structure is in com-
plex with neutralizing antibodies, and thus it further reveals how they bind to this
epitope. In order to show how affinity maturation, generates antibodies that have
better access to epitopes on glycosylated trimer Garces and colleagues derived the
structure for BG505 SOSIP in complex with PGT121 and 35022 (Garces et al.
2015). It shows that a mannose patch on the env glycoprotein is essential for
binding of neutralizing antibody PGT121. They showed through elegant crystal-
lization and binding experiments that several rounds of affinity maturation are
integral to induce B cells to produce higher affinity antibodies that would take care
of the minimizing blocking effect of neighboring glycans (Garces et al. 2015). It
revealed heavy glycosylation of the trimer surface and showed that how the virus
surface is almost impenetrable to starting lineages of antibodies, mainly due to
selection of B cells and resultant antibodies that would not overcome steric clash
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Fig. 2.4 Structure envelope trimer in complex with neutralizing antibodies. a Cryo-EM Structure
of HIV envelope consisting of gpl120 (pink)-gp41 (blue) trimer with PGV04 mAb (green). An
enlarged view shown below highlights that neutralizing Antibody PGVO04 interacts with gp120.
b crystal structure of HIV envelope consisting of gp120 (pink)-gp41 (blue) trimer in complex with
monoclonal antibodies PGT122 (Lime green). An enlarged view reveals interaction between
glycosylated (orange) surface of gp120 with PGT122. PyMOL was used for figures

from various glycans. This explains why few neutralizing antibodies, like 2F5 and
4E10, have long CDRH3 loops (Haynes et al. 2005) which generally bind to the
base gp41l. Two more mutations in the BG505-SOSIP at G459C in gp120 and
A60C in VRCOLI helped crystallize glycosylated trimer from new clades. Lee and
colleagues used PGT151 to extract and stabilize a near native envelope protein (del
cytoplasmic domain) trimer and analyzed it using cryo-EM (Lee et al. 2016).
Authors proposed that PGT151 stabilized the prefusion envelop trimer for a pro-
longed time period by contact with N611 and N637 glycans, which in turn prevent
re-arrangement of HR1-HR?2 upon fusion. Previously it was postulated by Pancera
et al. (2014) that the pre-fusion trimer state of BG505-SOSIP.664 could be derived,
because it was crystallized in complex with PGT122 and 35022.

From all these exceptional studies, we learn that protein modification through
disulfide linkage, mutation at I559 and removal of the hydrophobic region were
essential to achieve a high resolution structure of envelope protein in complex with
neutralizing antibodies. But Lee et al. (2016) structure revealed that to hold the
complex in the prefusion state, which is vital for designing vaccine, can be
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achieved without such changes. One important lesson is that to generate a better
immunogen we need to avoid looking at gp120 or gp41 in isolation. Since the
ultimate goal of these advancements in our knowledge is aimed to serve the purpose
of generating a greater vaccine or immunogen target, we should now also discuss
two new approaches to that simplified generation of immunogen. Two research
group showed that by inserting gly-ser linker immunogen production could
be simplified so that this will avoid the need for cleavage by furin to gain a native
fold (Sharma et al. 2015; Georgiev et al. 2015). Overall this sums up the importance
of antibody complexes in the field of HIV research, and establishes an under-
standing of how viruses enter into CD4+cells, how neutralizing antibodies function
against viruses and most importantly the designing of potent vaccine immunogens
for future therapeutic use.

Hepatitis C Virus: HCV

Much focus has been on HIV and HBV due to the constant flow of new literature on
these two viruses. However, we must not forget that HCV is a silent killer as only
one in every twenty infected patients are aware of the infection. A large population
being unaware of their infection can act as source for transmission and can infect a
healthy population, and also cause reinfection in those who have sometimes cleared
infection through available treatment, such as direct-acting antiviral therapy (Franco
et al. 2014). Due to this unawareness, and without treatment, HCV is estimated to
have infected more than 71 million people worldwide (WHO Global Hepatitis
Report 2017). Thus, HCV is also a silent killer, as it is largely asymptomatic and
can only be detected when causes an end stage liver disease, carcinoma and cir-
rhosis (Lagging et al. 2002; Hoofnagle 2002). Since it is largely asymptomatic, it
would be highly desirable that a prophylactic vaccine be developed (Holmberg
et al. 2013; Gravitz 2011). However, major challenges towards vaccine develop-
ment against HCV are the 7 genotypes of HCV that show up to 30% genetic
variability at the amino acid level around regions that code for the proteins E1 and
E2 (Smith et al. 2014). Subsequently, due to a further 15% variation among all
these seven genotypes of HCV, this problem is further compounded. Like almost all
viruses, HCV envelope glycoproteins are major targets of neutralizing antibodies. It
has been found that the E2 domain of the virus generates broadly neutralizing
antibodies. Through a large number of studies it has been established that broadly
neutralizing antibodies, for example AR3A, HEPC3 HEPC74 that bind to
Antigenic region 3 (AR3), almost all bind to the same surface of the E2 domain that
interacts with CD81 (Law et al. 2008; Bailey et al. 2017; Pierce et al. 2016). The
groups of Bailey, Law and Gopal have together defined that yellow color residues
together are a site where most of the neutralizing antibodies bind. It is also
promising to see that antibodies against conserved region of E2, that interacts with
CD81, are also neutralizing regions around domains B, D and AR3, and are
especially important as frontal layer residues that interact with CD81. To name a
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few, antibodies like AP33, 3/11 and H77.39 along with HCV-1 and HCV-33.1,
show promise targeting the residues between 412 and 423 in domain E2 (Gopal
et al. 2017; Broering et al. 2009). It is further interesting to see that though there is
huge genetic diversity, the hypervariable region-specific antibodies (HVR-1 mon-
oclonal antibodies) , isolated from patients, do not show strain specificity and hence
do not limit binding to specific strains of HCV. The junction of E1 and E2 also
show reactivity in the region AR4 and ARS that also mediate moderate to broad
neutralization. In a clear demarcation of regions that promises great future, it has
been found that antibodies like AR1A and AR2A that bind E2 domain are weak or
non-neutralizing, and antibodies that bind the opposite surface of where the CD81
interaction occurs are also found to be non-productive in the process of neutral-
ization (Fig. 2.5a, b) (Law et al. 2008; Gopal et al. 2017). Antibodies that have been
found neutralizing have produced enough evidence that their functional capability
is limited by the conformation and the angle at which they interact. For example, E2
interactions with AP33, 3/11 and H77.39 along with HCV-1 and HCV-33.1 are at
different angles. HC-84-1 and HC84-27 are effective because they interact with the
E2 in its frontal alpha helix which participates in interactions with CD81 (Kong
et al. 2012a, b; Potter et al. 2012; Meola et al. 2015; Li et al. 2015).

Since, these antibodies were isolated from patients and therefore offer huge
promise for the future, small molecules or inhibitors that would block residues of E2,
that are required for its interaction with CD81, will also be useful. In all probability
this treatment will need to be combined with another therapeutic approach, as again
genetic diversity will limit its efficacy against all the strains/genotypes. For example,
few antibodies against E1 domain that have been isolated seem to neutralize HCV
from genotypes 1 (a and b), 4, 5 and 6, but fail to neutralize genotype 2 and 3
efficiently (Meunier et al. 2008). In spite of all these limitations we cannot stress
enough how informative these antibody complexes are in terms of developing our
understanding of disease and pathogens to fight against deadly diseases.

Malaria

Plasmodium falciparum causes the most severe form of malaria. The severe form of
malaria is due to the ability of parasites to sequester in the microvasculature
(Roberts et al. 2000). This causes blockage of blood flow causing severe symptoms
like anemia, multiple organ failure, coma and death (Miller et al. 2002). The
sequestration ability of the parasite is due to antigenically variant protein families,
PfEMP1 (Scherf et al. 2008; Baruch et al. 1995; Su et al. 1995) and RIFINs present
as 60 and 150 variant genes respectively (Gardner et al. 2002). The protein of these
family bind to receptors such as CD36, ICAM-1, VCAM-1, EPCR, heparin sul-
fate proteoglycans, blood group A and sialic acid leading to sequestration, followed
by severe outcomes in humans (Wahlgren et al. 2017; Goel et al. 2015; Biswas
et al. 2007). However, these severe outcomes are prominent in children, but adults
are protected against severe malaria (Doolan et al. 2009; O’Meara et al. 2008;
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Fig. 2.5 Overall crystal structure of HCV envelope E2 protein. a Residues mapped on E2 crystal
structure recognized by various antibodies shows polarity of neutralizing (yellow) and
non-neutralizing surface (red). b Crystal structure of E2 in complex with neutralizing monoclonal
antibodies AR3C (orange) shows neutralizing and non-neutralizing surfaces. PyYMOL was used for
figures

Crowley et al. 2010). This is clearly shown in areas endemic with P. falciparum,
where only adults that acquire immunity against malaria have the capability to
recognize multiple variants of PAEEMP1 and RIFIN proteins. Due to the ability of
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parasites to develop resistance against drugs, monoclonal antibody have the
potential to be used as therapeutic agents for treatment of severe malaria.

Quite interestingly, RIFIN binds to a leucocyte immunoglobulin-like receptor
B1 (LILRB1). The binding of LILRB1 to RIFINs on infected RBC protects the
parasite from host immune responses. It will not be inappropriate to diverge from
the current topic of antibody complexes here, because, in contrast to the
RIFIN-LILRBI interaction that protects parasite from host immune response, the
host immune system has also developed multiple antibodies that could recognize
multiple field isolates (Saito et al. 2017). This holds great value in terms of ther-
apeutics, as drug resistance has posed a major problem in P. falciparum malaria
treatment. In another interesting study, Monoclonal antibodies (MGC34, MGD21
and MGD39) that recognized multiple field strains were isolated from plasma of
infected individuals. Interestingly, sequencing of monoclonal antibodies identified
insertion of 100 amino acids of the LAIR1 extracellular domain, a collagen binding
inhibitory factor between the V and DJ region. This region was highly prone to
somatic mutations and deeper analysis showed that mutations in T67L, N69S and
AT7T increased the binding to the infected erythrocyte surface, with reduced col-
lagen binding. Besides being broadly cross-reactive, it showed high opsonizing
capacity and effectively promoted phagocytosis (Tan et al. 2016). This transposition
of a domain to bind to RIFINs that causes severe malaria is a novel mechanism used
by the host to generate cross-reactive antibodies and protect against severe malaria.
The transposition events are suggested to be independent of RAG mediated
insertion, thus it will be interesting to see how research in this area may have
implications in developing antibody-mediated protective immunity, which will be
an important area of research in terms of therapeutics.

The above antibodies are responsible for reducing severe malaria or protecting
from host immune responses once the infection has settled inside the human host.
However, in order to protect from malaria, the nRTSS vaccine has been shown
partially successful. It consists of a parasite antigen, the Cirumsporozoite protein
(rsCSP), that also inhibits invasion into liver. In order to understand their mecha-
nism of interaction and increase their efficacy in parasite inhibition, monoclonal
antibodies that provide complete protection (mAb311) have been structurally
analyzed in CSP in complex with the protein mAB311, bound to the repeat region
NANP with in ratio of Fab311-(NANP);. It was observed in the cryo-EM map that
11 Fabs are arranged in pseudo helical arrangement that is bound to repeat regions
of CSP forming an extended spiral structure. However, the complex of CSP with
another protective antibody Fab317 with similar germline, showed up to 5Fabs
bound to rsCSP, suggesting that the number of Fabs bound to rsCSP did not
determine the protection capabilities of the antigen. Although inter-Fab contacts
were observed when Fab311 was bound to PfCSP, but a change in amino acids
involved in binding did not perturb the interaction, suggesting that inter-Fab con-
tacts are encoded in the germ line (Oyen et al. 2017, 2018).

In a new approach, live attenuated sporozoites were inoculated and human
monoclonals were screened for reactivity for PECSP. After screening, monoclonal
antibody CIS43 was found to provide sterile protection in two different mouse
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Fig. 2.6 Crystal structure of peptide (21mer, pink) of Plasmodium falciparum sporozoite stage
protein Circumsporozoite Protein (CSP) in complex with Cis43 monoclonal antibody that blocks
invasion of parasites to liver. Cis 43 heavy chain is represented as blue and light chain in
orange. Chimera visualization software was used to generate this figure

models (Fig. 2.6). CIS43 recognized the junction of the N-terminus and the central
repeat domain of PfCSP, suggesting that the N-terminus that was absent in RTSS
was important for providing complete protection. Further, CIS43 bound to PfCSP
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in a sequential manner with two binding events, where the first binding is low
affinity with a single binding site per antibody and second one with high affinity
with five binding sites per antibody. The crystal structure of CIS43 in complex with
corresponding peptide showed the binding of CIS43 at a specific angle to a rare
confirmation at the N-terminus-repeat junction, where NAPN is the structural
epitope in the NANP repeat sequences. This antibody complex leads to sterile
infection as it inhibits processing of CSP on the sporozoite surface that is required
for successful invasion of sporozoites in liver (Kisalu et al. 2018).

In contrast to the fact that antibody complexes are increasing our understanding
about many diseases, the malaria parasite produces a very interesting example
where the parasite uses IgM to mediate severe malaria. We have shown that
IT4Var60 (a PFEMP1) that is expressed on the surface of the parasitized RBC binds
to IgM. It was shown that IgM acts like a flower vase to cluster many PfEMP1s and
help form a very high affinity binding pocket for the receptor on host cells and
hence mediates an 8-fold tighter interaction and a highly robust host parasite
interaction (Akhouri et al. 2016). This interaction could further explain how infants
(usually with high IgM) in an endemic region who also lack any protective anti-
bodies against various PFEMP1, could be exposed to a severe form of malaria and
hence could be more prone to death.

Conclusion and Perspective

The contest between our immune system and pathogens is under constant pressure
and helps both evolve for better survival. The biochemical and structural infor-
mation through research on antibody complexes reveals how only a small fraction
of the antibodies among the many antibodies that we generate against pathogens
successfully neutralize them and protect our system from being highjacked com-
pletely. It gives us a clue about how our immune system does many trial experi-
ments, but only few of them generated the desired results. Imagine a situation where
we needed to probe the whole molecular surface of antigens for the development of
inhibitors and the amount of chemistry we would be forced to undertake in the
absence of clues from antibody complexes. Therefore, these antibodies complexes
are of immense importance as they narrow down our area of interest for drug
development. For example, the outcome of the mapping of mAb for the Ebola virus
GP trimer revealed the combination of antibodies that could be used for protection.
On the other hand, it highlighted a potential new combination of antibodies c4G7,
c2G4, 16F6 and KZ52 that could be tried, as they bind to the region of Ebola virus
that are not cleaved off and hence may impart better protection. It is not certain that
these combinations would yield better results than the current or existing combi-
nation as not only neutralization that matters, it also depends on how they activate
cell mediated opsonization and Fc dependent cell cytotoxicity. Therefore, it further
needs validation through extensive challenge studies would be highly valuable.
Antibody complexes have indeed established that Ebola is vulnerable at the base of
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GP1 and GP2. Further design of new inhibitors that would harness this advantage
and may need lower dose for protection and could also be used as a potential drug
and prophylactic. As we discussed antibody complexes against HIV epitopes we
learned that this field of research has started to deliver the goal that research
community hoped to achieve. It simplifies the design and production of immunogen
production that may deliver the desired result without depending on the mAb
derived from patients and hence avoid passive immunity. In the field of malaria
research monoclonal antibody screens have led to discovery of antibody that could
neutralize a large number of micro-organisms isolated from an endemic area, which
is definitely the first step towards the desired result that we could expect from
antibody complex use. Therefore, all these experiments that nature does it for us
leaves a foot print of how to design a successful drug against deadly viruses and
many other pathogens, that can be visualized through research related to antibody
complexes. Therefore, studies about antibody complexes and the collective infor-
mation that we accumulate after extensive research, helps us prepare a library of
information/database that would serve towards development of potent combinato-
rial drugs that might prepare us better against invading micro-organisms. Among all
antibodies that target both neutralization as well as cell-targeting function give us
indications which way our research should bend to give us next generation mon-
oclonal antibody-based therapeutics and clues to design inhibitors.
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Chapter 3 M)
Unravelling Ribosome Function ki
Through Structural Studies

Abid Javed and Elena V. Orlova

Abstract Ribosomes are biological nanomachine that synthesise all proteins
within a cell. It took decades to reveal the architecture of this essential cellular
component. To understand the structure-function relationship of this nanomachine
needed the utilisisation of different biochemical, biophysical and structural tech-
niques. Structural studies combined with mutagenesis of the different ribosomal
complexes comprising various RNAs and proteins enabled us to understand how
this machine works inside a cell. Nowadays quite a number of ribosomal structures
were published that confirmed biochemical studies on particular steps of protein
synthesis by the ribosome. Four major steps were identified: initiation, elongation,
termination and recycling. These steps lead us to the important question how the
ribosome function can be regulated. Advances in technology for cryo electron
microscopy: sample preparations, image recording, developments in algorithms for
image analysis and processing significantly helped in revelation of structural details
of the ribosome. We now have a library of ribosome structures from prokaryotes to
eukaryotes that enable us to understand the complex mechanics of this nanoma-
chine. As this structural library continues to grow, we gradually improve our
understanding of this process and how it can be regulated and how the specific
ribosomes can be stalled or activated, or completely disabled. This article provides a
comprehensive overview of ribosomal structures that represent structural snapshots
of the ribosome at its different functional states. Better understanding rises more
particular questions that have to be addressed by determination structures of more
complexes.
Synopsis: Structural biology of the ribosome.
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Why We Need to Study Ribosomes

Across all kingdoms of life, biological systems need proteins for their function.
These proteins are encoded in their genomes. Specific nanomachines carry out
translation of the genetic information into amino acid sequences of proteins. These
bio-machines are named as ribosomes. Ribosomes decode the genetic information
contained in a messenger RNA (mRNA) transcript and synthesise nascent
polypeptide chains (NC), that will fold to become functional proteins.

In prokaryotes, ribosomes are dispersed in the cytoplasm, while in eukaryotes
they can be both in the cytoplasm and can be bound to membranes of the nucleus
and endoplasmic reticulum. Eukaryotes also have mitochondrial ribosomes, which
translate mitochondrial proteins encoded in mitochondrial DNA. Depending on the
cell type molecular mass of ribosomes varies from 2.5 to 4.5 MDa. Their sizes are
characterised by Svedberg coefficients (S), which is a measure of a particle size
based on its sedimentation rate in differential centrifugation. Prokaryotic ribosomes
were named as 70S ribosomes, due to their lower S coefficient than eukaryotic
ribosomes, which have the sedimentation coefficient of 80S (Taylor et al. 1967). In
all organisms, ribosome consists of two ribonucleoproteins subunits (Tissieres and
Watson 1958) (Fig. 3.1). The prokaryotic subunits are smaller and named as 30S
and 50S whereas the eukaryotic ribosome subunits are termed as 40S and 60S
respectively. Each subunit comprises of ribosomal RNA (16S for small and 23S for
large subunits in bacteria) and 18S for small and 28S for large subunits (in
eukaryotes) and ribosomal proteins (54 in bacteria and 80 in eukaryotes—Melnikov
et al. 2012 and references herein) (Figs. 3.1 and 3.2).

The small subunit (SSU) of the ribosome binds the mRNA that contains the
coded information of a protein to synthesise it. This step is followed by the
formation of the ribosome/mRNA complex. The mRNA moves on the ribosome
between the small and large subunit (LSU) where it is decoded (translated) with the
assistance of different ribosomal factors into a sequence of amino acids. The SSU
carries out one of the main ribosomal function such as decoding the mRNA and
monitoring translation reliability. LSU operates a peptidyl transferase centre (PTC),
where the polymerisation of amino acid into a new polypeptide chain takes place.
Then the chain leaves the ribosome through the protein-exit tunnel. The data
acquired by different studies revealed that the main steps of protein translation and
formation of a polypeptide chain are profoundly conserved.

Due to the complexity of eukaryotic ribosomes and challenges in their purifi-
cation from eukaryotic sources, bacterial ribosomes proved to be a good model

Fig. 3.1 Ribosome architecture. a—Bacterial ribosome (shown in grey) is composed of two P
subunits. The small subunit (SSU) is shown in gold, the large subunit (LSU) is shown in blue.
Characteristic domains are labelled. b—the inter-subunit bridge points in SSU and LSU are shown
(Liu and Frederick, 2016). c—components of ribosomal subunits located on the inner surface.
d—components of the ribosome located on the outer surface of the ribosome. rRNA is shown in
yellow (in SSU) or blue and dark blue (in LSU), and ribosomal proteins are shown in orange
(SSU) or magenta (LSU)
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Fig. 3.2 Comparison of ribosomes from different organisms. a—E. coli 70S ribosome (PDB
4YBB) is shown with LSU in blue and SSU in yellow. The B.subtilis 70S ribosome (PDB 3J9M),
very similar in structure to E. coli ribosome is shown with its LSU in cyan and SSU in pale yellow.
b—The more divergent prokaryotic ribosomes are shown; ribosome structure from S.aureus (PDB
SNGM) and ribosome from M.smegmatis (PDB 5061) shows rRNA extensions (circled and
highlighted in blue or green). c—Eukaryotic ribosomes from human (PDB 4UGO) and
mitochondrial 55S ribosome (PDB 3J9M). Human LSU rRNA is in dark blue and proteins in
magenta whilst SSU rRNA is shown in pale yellow and proteins in orange. Mitochondrial LSU
(39S) subunit rRNA is in blue and proteins in purple whilst SSU (28S) rRNA is shown in yellow
and proteins in red. Scale bar is 100 A
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system to study ribosome structure and function and have contributed to a wealth of
our existing knowledge of this complex nanomachine. Moreover, an extremely
large number of diseases in mammals are caused by pathogenic bacteria. The
leading tactic has been finding means to suppress these pathogenic microorganisms.
Currently, usage of ribosome-specific antibiotics that will block translation in
pathogenic ribosomes is the most efficient approach. The differences between
prokaryotic and eukaryotic ribosome permits to use the antibiotics to block the
activity of the bacterial ribosomes but allows mammalian ribosomes to function as
normal. Furthermore, bacteria evolve much faster compared to the development of
new specific drugs, leading to prevalent antibiotic resistance. Therefore, improve-
ment in understanding structure-function relationship within ribosomes, particularly
pathogenic prokaryotic ribosomes, became essential both in the sense of revealing
crucial factors in the activity of these nanomachines and understanding specific
mechanisms by which ribosome’s activities are regulated.

Methods Used in Studies of Ribosome Structure/Function
Relationship

The large size and complexity of the ribosome represented significant challenges for
understanding their structural organisation, therefore a number of structural tech-
niques were utilised to study the function of ribosomes. Ribosomes were discovered
in the middle of the 1950s. Images of Palade particles were obtained by electron
microscopy of stained thin sections of the rat pancreas where an unusual pattern of
grains on the outer surface of the endoplasmic reticulum was reported (Palade
1955). Later these ‘grains’ were identified and renamed as ribosomes. Morphology
and dimensions of these particles and individual subunits were assessed using
negative stain EM (NS EM). The fully assembled ribosome particles have sizes
~250 A for the 70S and ~250-300 A for the 80S (Lake 1978; Bernabeu and Lake
1982). Then, the substantial impact for understanding their function came via
extensive biochemical approaches that yielded illuminating insights into the essence
of the ribosome function. Comparative DNA sequence analysis, sedimentation and
SAXS methods have shown that the ribosome is a complex of ribosomal RNA
(rRNA) with the well-ordered organisation and a number of globular proteins
(r-proteins; Moore et al. 1968; Delius et al 1968; Noller and Herr 1974; Herr and
Noller 1975; Brosius et al. 1978).

NS EM images of bacterial ribosomes revealed the basic structural features of
the ribosome. These include the early description of ribosomal subunits. The SSU
has four major structural domains: the “head” domain containing the major domain
of TRNA, the “platform” with the RNA central domain, the “shoulder”, and “foot”
containing TRNA domain. Shoulder, foot and platform together form the “body”
which is connected by the “neck” with the SSU head domain (Fig. 3.1a, left panel).
The LSU of the prokaryotic ribosomes has been described as having a crown shape
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characterised by three protuberances: “ridge”, “central” formed by 5S RNA and
more elongated “stalks” on each side of the LSU: uLL1, and bL12 stalks (Fig. 3.1a,
right panel) (Frank and Agrawal 1998; Stark et al. 1997; Matadeen et al. 1999).
Sample preparation by negative staining (NS) imaging, however, resulted in flat-
tened molecular complexes (Orlova 2000; Frank 2006—and references herein),
preventing to get reliable structural information on the ribosome, and the NS does
not allow to see the details of the inner structure of the complex.

Studies on the individual components of the ribosome provided details of the
overall organisation of this nano-machine. Neutron scattering studies of the indi-
vidual subunits of bacterial ribosomes determined the relative positions of the
ribosomal proteins (r-proteins) (Moore and Engelman 1975). Antibodies raised
against the r-proteins located on the outer surface together with imaging using
NS EM (immuno-electron microscopy) further localised some ribosomal proteins
on both subunits on the surface (Tischendorf et al. 1974a, b). These observations
were confirmed by chemical cross-linking studies on E. coli ribosome subunits,
which provided details of r-protein-rRNA contacts (Moller and Brimacombe 1975).

Development of methods of bacterial ribosome purification commenced the
quest for determination of a detailed architecture of this macromolecular machine
by many research groups. X-ray crystallography has been known by that time as a
routine technique for structural analysis of proteins at atomic resolution. Yet, ri-
bosome represented an immense challenge for usage of this technique. A crucial
prerequisite to have this method successful is the necessity of high-quality crystals
and the size of the unit cell in these crystals. It took significant efforts and time until
the first ribosome crystals were obtained for X-ray crystallography (Yonath et al.
1987). And, the process of obtaining a structure of the ribosome at an atomic
resolution was not a well-paved road. It took nearly one third of the century to
obtain atomic structures of ribosomes, with the help of other approaches.

Cryo-EM (cryo-electron microscopy at liquid nitrogen temperatures) is a
fast-developing powerful tool used zealously in structural studies of macromolec-
ular assemblies with molecular masses ranging from hundred KDa to MDa.
Computational and technological advances extend boundaries of achievements by
cryo-EM in structural studies of large bio-complexes and provide a wealth of
information on the atomic level, assisting our understanding of functional
mechanics and dynamics (Henderson 2015). Rapid freezing of thin layers of
samples in liquid nitrogen enabled researchers to capture ribosomes in a near-native
environment (Dubochet et al. 1988; Frank et al. 1991; Orlova 2000). The first
structure of the bacterial 70S ribosome at nearly native conditions was obtained by
cryo-EM in 1991 by Frank and colleagues. Electron crystallography of crystals of
the chick embryo ribosome, and later low-resolution X-ray studies of Bacillus
stearothermophilus 50S subunit indicated that there is a putative opening within the
LSU for the exit of newly synthesised nascent polypeptide chains (NC) (Bernabeu
and Lake 1982; Milligan and Unwin 1986; Yonath et al. 1987). The position of IgG
antibody bound to the P—galactosidase NC in the NS EM images of the 80S
translating ribosomes suggested that there is a channel through which the NC
emerges from the ribosome (Bernabeu and Lake 1982). Further studies confirmed
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the existence of the exit channel for the newly synthesized polypeptide chain (Frank
et al. 1995; Beckmann et al. 1997; Ban et al. 2000; Gabashvili et al. 2000, 2001).
The next step in functional studies of the ribosomes was provided by the revelation
of structural conformations in ribosomes using computational methods in the
analysis of cryo-EM images. This helped to analyse the intrinsic dynamics of the
ribosome complexes (Gabashvili et al. 2000; Elad et al. 2008). Due to the versatility
of cryo-EM, it became the major tool for structural analysis of ribosome complexes
allowing to understand their structural dynamics.

Combined studies of the ribosome by X-ray crystallography and cryo-EM
represented an amazing example where this complementation provided one of the
most significant breakthroughs in understanding the function of the ribosome
bio-machine. The first 9 A structure of the LSU ribosome (H50S) was obtained for
the ribosome of Haloarcula marismortui, where the X-ray data were phased using
the intermediate resolution EM map of the ribosome (Frank et al. 1995; Ban et al.
1998). Later, the refined structure at 2.4 A of the LSU provided atomic details of
23S and 5S ribosomal RNA, revealed locations of ribosomal proteins and suggested
the structural basis behind the catalytic peptide bond synthesis at the PTC (Ban
et al. 2000). The structure of the SSU from the eubacteria Thermus thermophilus
subsequently demonstrated the loci of the mRNA and tRNA binding sites,
previously indicated by low-resolution cryo-EM maps, that allowed to propose a
mechanism of mRNA decoding (Gabashvili et al. 2000; Wimberly et al. 2000). At
the same time, studies of the complete Thermus thermophilus 70S ribosomes at
high-resolution of 5.5 A provided insights on the mRNA-tRNA binding interface
between subunits, elucidating a key role for the inter-subunit RNA bridges in
keeping the LSU and SSU together during protein translation (Yusupov et al.
2001).

NMR spectroscopy is another method used to study the dynamic regions of the
ribosome, enabling us to both undertake structural studies of complexes with a
relatively small mass (less than ~40 KDa; Clore and Gronenborn 1998), and to
study protein folding and dynamics of large biocomplexes. Using site-specific
isotope labelling, this method helped to study the mobility of ribosome components
such as ribosome stalk component bL.12 (Fig. 3.1a, left panel) (Christodoulou et al.
2004) and ribosome-bound nascent polypeptide chains (Cabrita et al. 2016).

Novel approaches to decipher the ribosome structure and its dynamics are
emerging and are used to expand our understanding of this complex molecular
machinery (Fig. 3.1). Single-molecule fluorescence (smFRET) studies of the ri-
bosome have provided details on movements of the ribosome elements during
protein translation (Petrov et al. 2012) or spontaneous ribosome ratcheting as a
result of higher temperatures (Cornish et al. 2008). Ribosome profiling is another
powerful tool, proving successful to discern which proteins are translated when
inside a cell (Ingolia et al., 2019). Combination of these methods is enabling us to
reach deeper knowledge of the intricacies of ribosome structure and function.
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General Organisation of Ribosomes in Prokaryotes

Genetic studies demonstrated that bacterial and eukaryotic ribosomes share a
common structural core having two subunits SSU and LSU (Figs. 3.1 and 3.2).
The SSU consists of 16S rRNA with 1458 nucleotides and 15 conserved proteins.
The LSU has 19 conserved proteins, 5S rRNA and 23S rRNA, and ~4400 RNA
bases related to the decoding site, PTC and tRNA-binding sites, which represent the
major functional regions of the ribosomes. 16S and 23S rRNA form part of the
mRNA channel on the small subunit and the exit channel on the large subunit,
respectively (Schmeing and Ramakrishnan 2009; Melnikov et al. 2012). However,
there are important differences in structural details, sizes and regulation of protein
translation between ribosomes from prokaryotes and eukaryotes, and they vary
between species. The differences between the ribosomes are defined by the presence
of specific elements such as domain-specific proteins, insertions and extensions
within the conserved proteins, and expansion segments of rRNAs that are defined
by species and environment in which they exist (Melnikov et al. 2018). The 70S
ribosome contains 20 bacteria-specific proteins (6 in the 30S subunit, 14 in the 50S
subunit) and ribosomal RNA (Fig. 3.1). Most of these rRNA and proteins cover the
main core from the solvent side and are accessible for interactions with translation
factors and chaperones. The surface of the inter-subunit interface is composed
predominantly of rRNA and, in the assembled ribosome, all functional sites are
located close to this interface (Fig. 3.1).

Insights into the organisation of ribosomes from both Gram-negative and
Gram-positive species have shown that the core of ribosome structure is highly
conserved (Melnikov et al. 2018; Khusainov et al. 2016; Schmeing and
Ramakrishnan 2009; Sohmen et al. 2015). At the same time, comparison of the
pathogenic bacterial ribosomes demonstrated that there are varieties of the equiv-
alent r-proteins, which apparently have evolved distinct functions due to specific
adaptability of ribosomes (Fig. 3.2). For instance, r-protein bS1 on the SSU, which
in E. coli is essential for translation initiation of canonical mRNAs comprises six
RNA binding domains in E. coli; but its equivalent in Sappylococcus. aureus
(S. aureus) (Fig. 3.2b, left panel) and other Gram-positive bacteria with low-GC
nucleotide content have only four domains (Eyal et al. 2015; Khusainov et al.
2016). Moreover, there are indications that bacterial ribosomes may change their
components according to the environmental alterations (Vesper et al. 2011). Across
bacterial ribosomes, both 16S and 23S rRNA contain insertions (varying from
E. coli ribosomes), which typically protrude from the ribosome to different extents
(Fig. 3.2). For example, rRNA helices h6, h10, h26 and h44 in the SSU, and H28
and H68 in the LSU have different lengths or adopt different folds and orientations,
as revealed when comparing the structures of 70S ribosomes from E. coli and B.
subtilis (Fig. 3.2a, Noeske et al. 2015; Sohmen et al. 2015) and the structure of the
50S from Staphylococcus aureus (Eyal et al. 2015). Such variations in peripheral
extensions suggest involvement in translation regulation at one or several stages of
the process. Recently, a structure of the 70S ribosome of Mycobacterium smegmatis
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(Fig. 3.2b, right panel), which is a close relative to the human pathogen
Mycobacterium tuberculosis was solved by cryo-EM at 3.3 A resolution (Hentschel
et al. 2017). The structure has revealed two Mycobacterium specific ribosomal
proteins in the vicinity of two drug-target sites in the catalytic centre (on the LSU)
and the decoding site (on the SSU) (Hentschel et al. 2017). The bS22 protein is
located on the 30S subunit between 16S and rRNA helices h27, h44, and h45
beneath the mRNA channel. The bL.37 protein is sandwiched on the 50S between
23S and rRNA domain II (helices H39 and H40) and domain V (helices H72 and
H89), which contains the universally conserved PTC and harbors the essential
tRNA binding loops (A and P loops) (Ban et al. 2000; Hentschel et al. 2017). The
structure of a pathogenic bacterial ribosome enabled differences to be discerned in
the antibiotic binding sites on the ribosome that will eventually aid in designing
mycobacterium specific antibiotics.

tRNAs are the non-ribosomal substrates that decode the genetic information and
bring the amino acids that match to a codon in mRNA and should be incorporated
in the growing protein. Ribosomal subunits have three binding sites for tRNA
substrates: The A site where incoming aminoacyl-tRNA (A-tRNA) is bound, the P
site holds the peptidyl tRNA (p-tRNA) corresponding to the codon and amino acid
became attached to a nascent polypeptide chain during elongation, and the E site, at
which the deacylated P-site tRNA, after peptide formation, became released from
the (Schmeing and Ramakrishnan 2009). Analysis of the ribosome conformations
through classification of EM structures helped to unveil key functional regions on
the ribosome including the mRNA channel on the SSU, binding sites for A-, P- and
E-tRNAs and their movement along the 70S ribosome during translation (Fig. 3.1b)
(Frank et al. 1995; Agrawal et al. 1996, 2000). At each elongation cycle, both
subunits participate dynamically in translocating the mRNA and the tRNA mole-
cules by a single codon (Bashan and Yonath 2008). Consequently, cryo-EM has
demonstrated one of the characteristic ribosome motions known as the “ratcheting”
of the subunits, as such movement ensures shifts along the mRNA transcript during
translation (Frank and Agrawal 2000).

Structural Basis of Protein Synthesis by the Ribosome

The main function of the ribosome is to decode mRNA and synthesise proteins.
Four main steps were distinguished in the process of protein synthesis by the
ribosome: initiation, elongation, termination and recycling. The SSU mediates
base-pairing interactions between the mRNAs and tRNA that define the amino acid
sequence of the nascent polypeptide chain while the LSU catalyses peptide bond
formation at the peptidyl transferase centre (PTC) between the amino acids cova-
lently attached to tRNA during elongation (Schmeing and Ramakrishnan 2009;
Steitz 2008; Moore 2009). Structures of ribosome complexes captured at various
stages of translation solved by cryo-EM and X-ray crystallography provided much
of our understanding of how this translational machinery works.
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Translation initiation is an important cellular checkpoint that ensures the timely
production of proteins. In bacteria, this step involves the consecutive formation of
three intermediate complexes that differ both in composition and conformation. In
essence, the SSU binds the mRNA close to the translation start site (Fig. 3.3). The
initial fMet-tRNA binds to the first codon of the mRNA at the P-site and the next
tRNA, which enters the ribosome at the dynamic bL12 stalk, attaches to the next
codon at the A-site. As soon as a peptide bond is formed, the A-site tRNA is
translocated to the P-site and the deacylated tRNA moves from the P-site to the
E-site on its way out of the ribosome through the mobile uLl stalk (Fig. 3.3).
Several structures of translation initiation intermediates have been determined by
X-ray crystallography and cryo-EM (Fig. 3.3—McCutecheon et al. 1999; Carter
et al. 2000; Myasnikov et al. 2005; Marzi et al. 2007; Simonetti et al. 2008; Julian
et al. 2011; Lopez-Alonso et al. 2017), providing key insights on how this
important step that commences protein translation.

The first step is the formation of “30S pre-initiation complex” (30S PIC) that is
composed of mRNA, fMet-tRNA and three initiation factors (Fig. 3.3a, b). X-ray
structure of T. thermophilus 30S bound to mRNA mimic (containing
Shine-Dalgarno (SD) sequence at the 5’ end of mRNA) provided details on how the
SD sequence of mRNA docks at the 30S during initiation located between the
‘head’ and ‘platform’ domains of the SSU (Fig. 3.3b; Kaminishi et al. 2007). This
interaction fixes the SD sequence of mRNA on SSU positioning the AUG start site
at the P-tRNA binding site (Fig. 3.3c, d). Structural snapshots captured using
single-particle cryo-EM, visualised mRNA structures in its folded and unfolded
forms on the SSU and provided details on how SSU recruits the correct mRNA
sequence during initiation (Marzi et al. 2007).

The 30S subunit has to bind mRNA and fMet tRNA at a correct ‘match’ that
transforms the pre-initiation complex into the initiation complex (Fig. 3.3b). There
are three non-ribosomal factors that participate in this process: initiation factor 1
(IF1), IF2, and IF3. IF3 and IF1 are involved in the mRNA adjustment process,
ensuring the correct mRNA codon is selected before the ribosome enters the
elongation phase (Fig. 3.3c). IF2 takes care of recruitment of fMet-tRNA to the
ribosome in the “30S initiation complex” (30S-IC) (Fig. 3.3d), correct positioning
of fMet-tRNA at the P-site in 70S-IC, and dissociation of IFs from 70S initiation
complex (70S-IC) (Fig. 3.3e), using energy from GTP hydrolysis. A recent
cryo-EM structure of an antibiotic (GE81112) stalled SSU pre-initiation complex
with IF1, IF2 and IF3 and f-Met tRNA bound to 30S was reported (Lopez-Alonso
et al. 2017). The study revealed conformational changes that occur on the SSU,
binding of IF1, IF2, and IF3 on three distinct sites on the SSU and the changes in
positions of fMet-tRNA, critical to start active 70S ribosome assembly and protein
translation (Fig. 3.3d; Lopez-Alonso et al. 2017).
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Fig. 3.3 Ribosome translation initiation. A schematic representation of bacterial translation
initiation. a—The process begins with SSU (in yellow) coupled to mRNA synthesis by RNA
polymerase (shown in blue) (Demo et al. 2017a, b). b—mRNA entry and exit on the SSU head are
shown in red and the structure of mRNA with SSU shows the path mRNA takes on the SSU
(Yusupov et al. 2001). Shine Dalgarno (SD) site on mRNA is indicated in the insert and AUG
codon (start site) is shown in light blue on the mRNA. e—Initiation involves initiation factors: IF1
(in dark green), IF2 (purple) and IF3 (in light green) which bind the SSU to form pre-initiation
complexes. d—The components that form these complexes are indicated: SSU in orange with fMet
tRNA in red, and IF1 in blue and IF2 in green (Marzi et al. 2003); SSU in blue with IF1 in
turquoise, IF2 in magenta and IF3 in yellow (Lopez-Alonso et al. 2017). e—Recently solved
cryo-EM structure revealed how the last step of IF2 dissociation occurs (Sprink et al. 2016).
f—Once LSU binds, the initiation factors dissociate to form the active 70S complex

Cryo-EM structure of 30S IC complex, comprising SSU, mRNA, fMet-tRNA
and the three IF proteins shed light on how this conformational switch takes place,
depending on the positioning of initiation substrates on the SSU (Julian et al. 2011).
This was complemented by the structure of 30S-IC (lacking IF3), comprising 30S
subunit, fMet-tRNA, IF1, IF2 and 27 nucleotide long mRNA. The structure
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demonstrated the organisation of 30S-IC, showing how the tRNA is stabilised by
IF2 and provides details on the interaction between the SSU and initiation factors
(Simonetti et al. 2008). The results reveal that the 30S IC complex has IF2 bound
close to mRNA channel and blocking A tRNA binding site on SSU; IF2 has
contacts with IF1 (bound closer to P tRNA binding site), the 30S subunit shoulder,
and the CCA end of fMet-tRNA, which occupies an intermediate (P/I) tRNA
binding position (Fig. 3.3d). The N-terminal domain of IF3 contacts the tRNA,
whereas the C-terminal domain is bound to the platform of the 30S subunit (Julian
et al. 2011). Interactions of IFs with SSU ensure the accurate position of the tRNA
anticodon to AUG start site on the mRNA at the SSU P-site (Simonetti et al. 2008;
Julian et al. 2011).

Consequently, the LSU (505) is attached to the 30S-IC leading to the formation
of the 70S-IC, which is ready to enter elongation phase (Schmeing and
Ramakrishnan 2009) (Fig. 3.3e, f). IF2 plays a key role in this structural transition
from 30S-IC to 70S-IC, leading to dissociation of IF1 and IF3. The cryo-EM
structure of 70S-IC-IF2-GDP (Fig. 3.3e) has disclosed how IF2 induces IF disso-
ciation from 70S-IC upon GTP hydrolysis (Myasnikov et al. 2005). This structure
demonstrates that in the GTP-analog bound state, IF2 interacts with SSU and
initiator tRNA at the P-site inducing structural changes in IFs and the ribosome,
leading then to the dissociation and release of IF dissociation and formation of
active 70S-IC (Myasnikov et al. 2005). IF3, which regulates the correct mRNA and
tRNA match was also found to remain bound to 70S-IC, even after subunit joining.
The high dissociation rates measured biochemically measured implicated the fac-
tors involvement in alternative (non-SD led) pathways that possibly exist in
translation initiation (Goyal et al. 2017).

The interaction between the SSU and LSU takes place via 12 bridges between
the subunits, made by RNA-RNA, RNA—protein, and protein—protein interactions
(Yusupov et al. 2001; Selmer et al. 2006; Korostelev et al. 2006; Harms et al. 2001;
Shaikh et al. 2014; Noeske et al. 2015) (Fig. 3.1b). Bridge B2a is particularly
important because it connects the elements of the LSU and SSU at the decoding
centre of the SSU and the region that forms the PTC on LSU. The B2a bridge has
the ability to adopt several conformations, depending on the functional state of the
ribosome (Ban et al. 2000; Bashan et al. 2003). At the end of the initiation process,
an active 70S-IC is formed which can start peptide bond formation (Fig. 3.3f).

Elongation

After initiation, ribosome begins protein synthesis in a process called elongation
that consists of well-defined cyclical steps (Fig. 3.4). The elongation cycle includes
decoding, movement of tRNA to the P-site to form peptide-bond, amino acid
polymerisation, detachment of the P-site tRNA from the growing polypeptide chain
and release of the deacylated tRNA (Fig. 3.4). These actions are governed by the
successive coordinated movements of the mRNA, associated tRNAs between the
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SSU and LSUs from A-site to the P-site and then to the E-site, one codon at a time
(in a 3’ to 5' direction), and interactions between amino acids forming a nascent
polypeptide chain (NC). Upon peptide bond formation, the ribosome fluctuates
between two major conformations: from a non-rotated to a rotated state (the SSU
rotates counterclockwise with respect to the LSU on~ 10° between two positions).
The non-rotated state has the two tRNAs bound to P and A sites on both SSU and
LSU whereas the rotated state has tRNAs bound in hybrid P/E and A/P conformers
(LSU/SSU).

Decoding

The ribosome nanomachine operates with high precision to ensure correct
matching of the tRNA anticodon with the mRNA codon on the A-site. This process
is assisted by Elongation Factor-Tu (EF-Tu) that delivers aminoacyl-tRNAs to the
ribosome. EF-Tu is bound to GTP and has a high affinity for aminoacyl-tRNA;
together these three components form the ternary complex (Fig. 3.4a). Binding of
the ternary complex to the A-site tRNA and the ribosome involves the flexible bL.12
stalk on the ribosome, tethering a charged tRNA close to the ribosomal A site. This
step is codon-independent (Kothe et al. 2004; Diaconu et al. 2005). Then the
aminoacyl-tRNA bound to EF-Tu and A-site at the ribosome undergoes verification
via correspondence of its anticodon with the mRNA codon. Once the correct match
is found between the mRNA and A-site tRNA, EF-Tu hydrolyses GTP, reducing
the affinity to aminoacyl-tRNA and enabling EF-Tu to dissociate from the ribosome
(Fig. 3.4b). Cryo-EM studies of EF-Tu on the ribosome show that it contacts the
shoulder domain of the SSU. The closure of the shoulder domain of the SSU moves
it towards the ternary complex stabilizing the transition state for GTP hydrolysis by
EF-Tu and leading to activation of the GTPase if the matching with codon was
correct (Ogle et al. 2002; Ogle and Ramakrishnan 2005; Stark et al. 2002; Valle
et al. 2003). X-ray structure of the 70S ribosome-EF-Tu-A-tRNA complex further
highlighted distortions introduced in A-site tRNA that permit aminoacyl-tRNA to
interact with both the decoding centre of the SSU and EF-Tu at the factor-binding
site (Schmeing et al. 2009). This distortion is necessary for the tRNA to be accu-
rately positioned at the PTC, close to the P-site tRNA (Fig. 3.4b) (Schmeing et al.
2009). Latest developments in cryo-EM image analysis methods enabled
researchers to distinguish micro-heterogeneity in ribosome complexes captured
during decoding. In particular, intermediate structures of 70S-EF-Tu-Asite tRNA
complex were solved by cryo-EM revealing the link between codon recognition and
the activation of translational GTPases steps on ribosomes (Loveland et al. 2017).
Classification of large datasets (between 500,000 and 1 million particles) has shown
a series of short living states reflecting the differences during the selection of
cognate and near-cognate tRNA matches at the A-site. These structures demon-
strated that at the correct codon match, the SSU undergoes a conformational change
and binds tightly EF-Tu. Structures of near-cognate complex fail to induce con-
formational changes in the SSU required for anchoring of the aminoacyl-tRNA on
the ribosome (Loveland et al. 2017).



66 A. Javed and E. V. Orlova

Initiation

Peptide bond
formation

Translocation

Fig. 3.4 Elongation cycle. The elongation starts as soon the 70S-fMet-tRNA complex is formed.
a—The first step involves EF-Tu (in blue) bringing and binding the A-site amino-acid (magenta)
for mRNA code recognition and selection—an insert shows structural details of the decoding and
selection mechanism on the ribosome (adopted from Schmeing and Ramakrishnan 2009). b—
Once the correct amino acid is selected, peptide bond formation occurs. The insert shows the P-site
(green) and A-site tRNA (red) arrangement within the peptidyl transferase centre, surrounded by
catalytic water molecules (W1-3) (Polikanov et al. 2014). ¢—EF-G (in red) then binds to catalyse
the movement of tRNA and mRNA along the ribosome. d—The SSU physically moves
(‘ratcheting’) with respect to the LSU. The insert shows non-rotated and rotated states of the 70S
ribosome—the rotated SSU movement in head, shoulder and body domains (Ling and Ermolenko
2016). e—To allow E-site tRNA to exit, uLl stalk (insert panel—Ling and Ermolenko 2016)
moves inwards (highlighted as magenta to red). Upon GTP hydrolysis, EF-G dissociates (zoom in
panel highlighting motions of EF-G in red and blue, after translocation and GTP hydrolysis),
enabling the cycle to repeat and producing a nascent chain, emerging through the ribosome exit
tunnel on the large subunit (zoom in panel—NC in green; Seidelt et al. 2009)
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Peptide Bond Step

After the release of EF-Tu, the aminoacyl-tRNA moves form A-site to the active
site of protein synthesis on the LSU known as the peptidyl transferase centre (PTC).
The peptidyl tRNA (P-site tRNA) and aminoacyl-tRNA (A-site tRNA) react to
form a peptide bond. The active site is located on nucleotides (domain V) from 23S
rRNA. Several research groups during the early 90s undertook experiments to
characterise the role of rRNA in the functioning of the PTC using biochemical and
genetic screening. Mutational, footprinting, and crosslinking studies suggested the
central loop of domain V 23S rRNA is involved in ribosome’s peptidyl transferase
activity (Polacek et al. 2001; Green and Noller 1997). These were subsequently
verified by the high-resolution structures of the LSU.

Crystal structure of the archaea ribosome LSU confirmed that the PTC consists
of nucleotides from domain V of 23S rRNA (Ban et al. 2000; Polacek and Mankin
2005). These structures of the ribosome indicated that the PTC active site is located
at the bottom of a large cleft the LSU below the central protuberance (Ban et al.
2000; Harms et al. 2001; Noeske et al. 2015). The PTC cavity is formed by
nucleotides of the central loop of domain V of 23S rRNA, and no ribosomal
proteins were found in contact with the active site, confirming the suggestion that
ribosomal enzyme activity is performed exclusively by rRNA. However, loops and
long “tails” of ribosomal proteins ul.2, uL.3 and ul4 protrudes into the core of the
ribosome (Nissen et al. 2000; Ban et al. 2000). It was proposed that ribosomal
proteins located close to the PTC and tunnel entrance are essential for catalytic and
regulatory rRNA activity. The structures also indicated that water molecules play an
important role in interactions of the rRNA, tRNA and amino acid chemical groups
within the active site during peptide bond formation (Polacek and Mankin 2005;
Rodnina 2018).

During peptide synthesis at the PTC, carbonyl and amino groups from the amino
acids attached on the ends of A- and P-site tRNA are positioned within the active
site of the PTC at the LSU interface, where their universally conserved CCA ends
are oriented and held in place by interactions with 23S rRNA (Fig. 3.4b; Yusupov
et al. 2001). Peptide bond between the A-site amino acid and P-site amino acid is
made when the o-amino group of the A-site aminoacyl-tRNA attacks the carbonyl
group of P-site bound peptidyl tRNA (Fig. 3.4b). This chemical reaction at the
PTC, producing the de-acylated tRNA at the P-site consisting of the de-acylated
tRNA at the P-site and peptidyl-tRNA carrying an additional amino acid (+1 aa) at
the A-site of the LSU (Fig. 3.4; Polacek and Mankin 2005).

mRNA and tRNA Translocation

Upon peptide bond formation and deacylation of P-site tRNA, ribosome
participates in the translocation of tRNAs and mRNA between two subunits. This
translocation requires the ribosome machinery to be adaptable enough to make the
movement of tRNAs and mRNA smooth. Elongation factor G (EF-G) participates
actively in this process providing energy for translocation. Several structures have
revealed details on how mRNA, tRNA, and the ribosome interact to ensure
re-adjustment of the components during translocation and preparing the whole
complex for another round of elongation cycle (Schmeing and Ramakrishnan 2009;
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Rodnina 2018). Translocation of the tRNAs and the mRNA on the ribosome is a
multi-step process representing a great challenge to discern the intermediates states
when tRNAs and mRNA move relative to the subunits of the ribosome. Current
structural models complemented by results from an ensemble and single-molecule
kinetic studies using a large variety of fluorescence reporters and fluorescence
resonance energy transfer (FRET) pairs distinguished up to eight discrete steps
(Guo and Noller 2012; Adio et al. 2015; Belardinelli et al. 2016; Wasserman et al.
2016). Contrary to the view that EF-G is essential for the movement of mRNA and
tRNA, a recent crystal structure of ribosome in complex with mRNA and two
tRNAs shows a spontanecous movement of mMRNA and tRNAs from
pre-translocation to post-translocation state, without the presence of EF-G (Zhou
et al. 2019). This suggests that the movement of mRNA and tRNAs is facilitated by
the ribosome itself.

During translocation, the SSU and LSU move relative to each other in the
motion now known as ‘ratcheting’ where subunits rotate forward and reverse in a
cyclical manner in a plane parallel to the inter-subunit interface. Furthermore, the
‘head” domain of SSU carries out forward- and back-swivelling motions with
respect to the body of the SSU around the axis is perpendicular to the inter-subunit
plain (Fig. 3.4). These movements are essential to power movement of mRNA and
tRNAs between the SSU and LSU. The ribosome ratchet motion was first visualised
and described in the low-resolution cryo-EM structures of the ribosome translo-
cation complex, providing the first evidence that interactions with the ribosome
drive the substrate movements during elongation (Frank and Agrawal 2000).
Subsequent high-resolution structures of the elongation pre-translocation and
post-translocation complexes provided a visual picture of how elongation takes
place (Rodnina 2018).

After EF-G binding to the ribosome, the SSU head and body domains move in
the counter-clockwise direction relative to the large-subunit, which corresponds to
the direction of translocation and accompanied by hydrolysis of GTP (Guo and
Noller 2012; Belardinelli et al. 2016; Wasserman et al. 2016). Subsequently, the
SSU body begins moving backwards in the clockwise direction, whereas the head
remains in the forward-swivelled state (Guo and Noller 2012; Belardinelli et al.
2016; Wasserman et al. 2016) (Fig. 3.4c, d). This opens the decoding region
allowing to uncouple the tRNAs from the interactions with the ribosome elements
that hold the mRNA and the tRNA anticodons in the A and P site, respectively.
Disconnection of the codon—anticodon complexes from the SSU moves 30S head
domain to the non-rotated state (Guo and Noller 2012; Belardinelli et al. 2016;
Wasserman et al. 2016). The tRNAs are then precisely positioned at the P and E
sites and the EF-G is released (Fig. 3.4e; Savelsbergh et al. 2003).

Structures of post-translocation 70S ribosome demonstrate movements of the
ul1 stalk, which acts as a sensor towards deacylated P-tRNA and moves by nearly
40 A to help tRNA to exit from E-site and out from the ribosome (Schmeing and
Ramakrishnan 2009; Rodnina 2018). Movements of both subunits, together with
EF-G, display the mechanism of the ribosome that allows mRNA and tRNA to
reposition and proceed to the next elongation cycle.
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Termination

Once the ribosome reaches a stop codon on the mRNA, elongation (synthesis of the
nascent chain) is completed. In bacteria, stop codons are recognized by the ter-
mination (or release) factors RF1 and RF2, which read the codons UAG/UAA and
UGA/UAA, respectively (Fig. 3.5a). The third termination factor, RF3, regulates
activities of RF1 and RF2 but is not required for peptidyl-tRNA hydrolysis. The
process of termination consists of three main steps: recognition of the stop codon,
hydrolysis of the ester bond of the peptidyl-tRNA (with the assistance of RF1 or
RF2), and dissociation of RF1/RF2 with the help of RF3 (Fig. 3.5b). RF1 and RF2
select the respective stop codons by conserved recognition peptide motifs: “P-V-T”
in RF1 or “S-P-F” in RF2 (Schmeing and Ramakrishnan 2009; Rodnina 2018).

Structures of ribosome termination complexes were determined by X-ray and
cryo-EM that show that there are conformational changes in RF which trigger the
termination of translation (Fig. 3.5; Schmeing and Ramakrishnan 2009). It was
found that domain 1 of RF2 interacts with the uL11 stalk of the 70S ribosome
(Korostelev et al. 2008; Weixlbaumer et al. 2008); however, this interaction is
broken in complexes with RF1 bound (Fig. 3.5b, inserts) (Korostelev et al. 2008;
Laurberg et al. 2008). This finding indicates that recognition of the stop codon is
distinct for each RF. The sm-FRET studies also supported the fact that RF1 and
RF2 stabilise the ribosome in the non-rotated state (Rawat et al. 2003, 2006;
Korostelev et al. 2008, 2010; Laurberg et al. 2008; Weixlbaumer et al. 2008; Santos
et al. 2013), whereas RF3 alone stabilizes the rotated state (Gao et al. 2007; Jin
et al. 2011).

X-ray structure of a mutated RF1 bound to 70S suggested a mechanism of RF1
activation upon ribosome binding (Svidritskiy and Korostelev 2018). In the
structure, RF1 catalytic domain was bound outside the PTC whilst the codon-
recognition domain of RF1 was bound to the stop codon, accompanied with
structural re-arrangements in the SSU decoding centre (Svidritskiy and Korostelev
2018). This suggests that RF1 recognises stop codon which induces conformational
changes in SSU that cause the release of mRNA and tRNA.

In instances where ribosomes are stalled on a non-stop encoded mRNA (or
truncated mRNA) caused by in-complete transcription or cellular stress, bacterial
cells rescue these ribosomes by encoding ArfA factor (James et al. 2016; Huter
et al. 2017a, b; Demo et al. 2017a, b). Cryo-EM studies of ribosomes in complex
with ArfA, RF2, mRNA and tRNAs provided an insight on how ArfA, together
with RF2, rescue stalled ribosomes. ArfA is able to identify ribosomes that have no
mRNA in the 30S mRNA channel and recruits RF2 to mediate NC release from the
ribosome, resulting in stalled ribosomes to terminate translation and to be recycled
(Fig. 3.5a, left panel—Demo et al. 2017a, b).

Upon the release of NC, RF3 (with GTP hydrolysis) facilitates dissociation of
remaining substrates: RF1 and RF2 from the ribosome, leaving tRNA in a hybrid
P/E state and mRNA on the ribosome (Figs. 3.5b, c¢). Cryo-EM structures of
70S-RF1-RF3 complexes provided information on how RF3 activates release factor
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Fig. 3.5 Scheme of translation termination. Once a STOP codon is reached on the mRNA, the
ribosome enters translation termination. a—Two factors: RF1 (in red) and RF2 (in blue) catalyse
translation termination. For ribosomes that are stalled by non-stop codon mRNA (or truncated
mRNA) for termination, an additional factor called ArfA (in orange) binds, together with RF2 to
assist the ribosome termination. Left and right insert panels show recently solved cryo-EM
strutures of 70S ribosomes with RF2 and ArfA (Demo et al. 2017a, b) and 70S with RF1
(Svidritskiy and Korostelev 2018). b—RF3 (in light orange) then binds the ribosome in either RF1
or RF2 bound states to catalyse the release of NC (red), as well as the RF1/RF2 bound to the
ribosome. Cryo-EM structures of these complexes are shown in inserts: on the right is 70S bound
with RF1-RF3 (Graf et al. 2018). c—Factors RF1 and RF3 dissociate from the ribosome, leaving
hybrid P/E tRNA and mRNA on the ribosome followed by recycling
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dissociation. The structures show that RF3 is recruited via bL12 stalk of the
ribosome (Fig. 3.5¢; Pallesen et al. 2013). Intermediate structures captured by
cryo-EM show that binding of RF3 to the ribosome results in SSU head rotation and
swivelling that shift the P-tRNA to hybrid P/E-site (Fig. 3.5c, right insert panel)
(Graf et al. 2018). RF3 also induces rotation of the SSU that enables release of RF1
from its binding site. GTP hydrolysis of RF3 then enables RF3 to be released from
the ribosome and for the subunits to be recycled (Fig. 3.5d) (Graf et al. 2018).

Recycling

In order for the ribosome to start a new round of protein synthesis, the
post-termination 70S ribosome needs to be recycled: split into the individual sub-
units and be disassociated from mRNA and tRNA. In bacteria, the ribosome subunit
separation is catalysed by the ribosome recycling factor (RRF) and EF-G. RRF
binds to the A site of the ribosome (Gao et al. 2005) and stabilizes the SSU rotated
with respect to the LSU in which the P-site tRNA in the hybrid P/E binding state
(Dunkle et al. 2011). RRF consists of two domains ( I and II), which interact with
the LSU and SSU (Fig. 3.6; Fu et al. 2016).

Once EF-G and RRF dissociate the ribosome into subunits, binding of IF3 to the
SSU prevents re-association of the SSU and LSUs (Peske et al. 2005; Zavialov
et al. 2005). The mechanism by which both EF-G and RRF cooperate to induce
ribosome recycling has remained less well-understood for a long time. Using
time-resolved cryo-EM Fu et al. (2016) were able to obtain structural snapshots of
short-lived intermediate states of ribosome recycling (Fig. 3.6a, b; Fu et al. 2016).
The authors pre-incubated 70S post-termination ribosomes with RRF and then
rapidly mixed them with EF-G, IF3, and GTP before spraying the sample onto a
cryo-EM grid. Using classification of particle images several structures of ribosome
recycling complexes were obtained at medium resolution, ranging between 7 and
20 A. The 70S-EF-G-RRF complex provided information on how domain 4 of
EF-G contacts domain 2 of RRF inducing separation of subunits (Fig. 3.6b). In the
absence of EF-G, RRF moves closer to inter-subunit rRNA disrupting the bridge
B2a (Fig. 3.6c). These experiments enabled authors to capture the post-termination
complex of the LSU-EF-G-RRF complex, after dissociation from the SSU. The
structure obtained shows RRF domain 1 in close proximity to H69 domain of 23S
rRNA, in comparison to 70S-EF-G-RRF complex (Fu et al. 2016). Altogether, the
structural snapshots illuminate a mechanism by which bacterial ribosomes undergo
subunit splitting and recycling, ready until the next translation cycle begins.



72 A. Javed and E. V. Orlova

Recycling
|

— FIE tRNA

RRF Domain |
RRF Domain Il

RRF Elbo

a-sarcin-fici

70S-RRF

70S-RRF-EFG

EF-G

70S-RRF-EFG 308 T 508

Fig. 3.6 Schematic diagram of ribosome recycling. a—Ribosome recycling factor (RRF—in red)
recognise 70S ribosome with tRNA and mRNA followed by termination. b—Together with EF-G
(blue) it catalyses the dissociation of the two subunits. ¢—Cryo-EM structures identifying
structural intermediates during this process are shown in inserts: Top right panel shows structures
of the 70S bound to RRF only (Fu et al. 2016) and the bottom panel shows the subunits
dissociation in the last step of recycling, as the RRF, EFG, tRNA and mRNA leave the ribosome
(Fu et al. 2016)

Regulatory Co-translational Events at the Ribosome
Exit Tunnel

The ribosome has the ability to monitor the progress of translation and modulate
nascent peptide chain (NC) folding by coupling with the speed of translation.
During elongation, the NC moves through the exit tunnel of the ribosome. The exit
tunnel is about 100 A long with an average diameter of 15 A that can accommodate
a chain of ~ 30 amino acids before the NC emerges from the ribosome. The NC can
start folding within the tunnel during elongation, accommodating secondary
structure elements or even from small domains (Nilsson et al. 2015, 2017; Tian
et al. 2018). Recent cryo-EM structures of the NC small domains on stalled
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ribosomes showed that folding of immunoglobulin domains can begin at the
vestibule and close to tunnel exit (Nilsson et al. 2017; Tian et al. 2018; Javed et al.
2019 and references herein). NMR results confirm the fact that large domains fold
primarily close to or outside the ribosome tunnel, during translation (Cabrita et al.
2016). The rate of the NC folding depends on interactions between the peptide
emerging from the exit tunnel and the surface of the ribosome (Deckert et al. 2016).
There is a link between sequence, number of rare codons in the mRNA, the rate of
translation and the NC folding. These factors affect translation, alters the kinetics of
co-translational folding, and changes the distribution of protein conformations in
the resulting mature protein pool (Clarke and Clark 2008; Tsai et al. 2008; Zhang
et al. 2009; Siller et al. 2010; Spencer et al. 2012; Yu et al. 2015; Buhr et al. 2016).
Computational experiments modelling a process of folding on the ribosome suggest
that the translation rate affects local folding rates and may induce or prevent
mis-folding (O’Brien et al. 2014). The ribosome also acts as a hub during elon-
gation coordinating co-translational events such as the NC folding with the
recruitment of chaperones, and NC-modifying enzymes (Javed et al. 2017 and
references herein).

To analyse interactions between the ribosome and NC during translation, one
has to have the ribosome in a fixed, “semi” translational, state. Such a state is
named as a stalled state of the ribosome. Cells have devised ways to achieve this by
having non-stop mRNA sequence (or truncated mRNA) or by encoding short
peptide sequences that interact with the exit tunnel and stall ribosomes (Javed et al.
2017; Wilson et al. 2016). One of the structurally characterised stalling peptides is
the 17 residue SecM from bacterial secretion monitor protein, which regulates the
expression of SecA translocon protein. Cryo-EM structures of SecM stalled ribo-
somes show specific points of interaction between the nascent peptide and the
tunnel elements (rRNA and proteins) that define the strength of stalling (Bhushan
et al. 2011). Small molecule drugs and antibiotics can stall the ribosome. EM
structures of such stalled complexes demonstrated that these small molecules bound
to the ribosome at the beginning of the tunnel close to PTC are triggering con-
formational changes blocking the channel (Li et al. 2018; Arenz et al. 2016). The
speed of translation can also be slowed down by short repeat sequences of proline
residues, translation of which stall the ribosome (Doerfel et al. 2015). To relieve
poly-proline stalled ribosomes, bacterial cells express a specialised elongation
factor (EF-P; Doerfel et al. 2015). Recent cryo-EM structures of EF-P bound ri-
bosomes show that EF-P enters the E site of the ribosome and acts by bringing the
P- and A-site substrates closer towards their catalytically productive orientation in
the peptidyl transferase centre (Huter et al. 2017a, b). Altogether, the exit tunnel
plays an important role during protein translation in monitoring events related to
ribosome function in order to perform smooth production of the nascent polypep-
tide chain.
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Future Prospects

Elucidation of the function of the ribosomes has come a long way due to the
complexity of the ribosome and multitude of the factors involved into its function.
The major accomplishments were made by amalgamation of biochemical and
structural methods: X-ray crystallography, cryo-EM and NMR spectroscopy
(Fig. 3.7). During the last decade, structural studies of bio-complexes progressed
tremendously due to advances in computational technology and software devel-
opment. That enabled us to gain a massive bulk of information on small details and
essential conformational changes within the ribosome itself and in its complexes
with assistant factors. The library of ribosomal structures determined using
cryo-EM and X-ray crystallography allowed us to derive functional/structural
relationship of this biological nanomachine (Fig. 3.7). Advances in automation of
data collection in cryo-EM and software in statistical analysis particle images
helped researchers to distinguish multiple states of ribosomes and extend charac-
terisation of these nanomachines from gram negative bacterial ribosomes such as
E. coli to gram positive and pathogenic bacterial, followed by analysis of eukaryotic
ribosomes (Eyal et al. 2015; Hentschel et al. 2017). Obtaining high-resolution
structures of non-characterised pathogenic bacterial ribosomes will help us map
regions within the ribosome where existing antibiotics can be assessed for efficacy
as well as the design of new effective antibiotics that can effectively block protein
translation more widely.

The progress in studies of prokaryotic ribosomes paved the road to more sys-
tematic and efficient studies of much larger ribosome complexes and eukaryotic
ribosomes, previously elusive or hypothesised based on biochemical studies. New
areas in the understanding of the protein synthesis machine include analysis of
properties, activity, and folding of the translation product, nascent polypeptide
chain. It was long known that bacteria couple mRNA synthesis (i.e. the activity of
RNA polymerase) to protein synthesis (i.e. ribosome protein translation). Yet the
details of how RNA polymerase interacts with ribosome remains to be fully
understood. Therefore, complexes of the RNA polymerase and the ribosome rep-
resent a special point of interest; how the RNA polymerase cooperates with ribo-
somes to couple bacterial transcription-translation and where is the link that makes
such complex efficient in bacteria. Recent cryo-EM structures shed some light on
this partnership between RNA polymerase and the ribosome (Demo et al. 2017a, b;
Kohler et al. 2018). Nevertheless, how this coupling functions inside the cell
remains to be seen. Particularly when ribosomes translate proteins inside a cell in
polysomes (multiple ribosomes on a single mRNA) rather than as single ribosomes,
many aspects of ribosome activity will require analysis of ribosomes and ribosome
complexes in a cellular context.

Latest cryo-EM structures highlight the role of the ribosome also during
co-translational folding of polypeptide chains as they emerge from the exit tunnel.
Further structural analysis of ribosome-nascent chain complexes within cells will
illuminate aspects related to the tuning of co-translational protein folding to
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Fig. 3.7 Analysis of structure-function of the ribosome. Central panel (outlined in blue) shows
the four major steps of translational (ribosomal subunits shown in yellow for 30S and blue for 50S,
together with a variety of translation factors). Usage of different techniques (outlined as panels)
illuminate the ribosome function as a nanomachine

activities of the ribosome. Both X-ray crystallography and cryo-EM can provide
structures of intermediates of ribosomes, revealing many aspects of ribosome
function. These intermediates however have to be artificially trapped, either by
using antibiotics or peptides (Wilson et al. 2016). Undertaking structural studies in
a time-resolved fashion without the use of antibiotics or non-hydrolysable GTP
analogues will enable us to follow ribosome motions as they happen in real-time.
A forthcoming method in this respect is time-resolved cryo-EM (Frank 2017), that
is able to capture transient intermediates of ribosome complexes. For instance,
analysis of molecular dynamics of ribosome machinery by time-resolved cryo-EM
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captured intermediate states of elongating ribosome (Fischer et al. 2010; Chen et al.
2015), particularly short-lived intermediates that give rise to ribosome subunit
dissociation during ribosome recycling (Fu et al. 2016). An improvement of the
time resolution of single-molecule techniques may yield additional, yet uncharac-
terized transient intermediates, as recently demonstrated by (Fu et al. 2016). We
envisage the combination of these methods mentioned above will come into force
revealing many important intermediate states of the ribosome complexes during
protein translation.
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Chapter 4 M)
Functions and Mechanisms et
of the Human Ribosome-Translocon

Complex

Sven Lang, Duy Nguyen, Stefan Pfeffer, Friedrich Forster,
Volkhard Helms and Richard Zimmermann

Abstract The membrane of the endoplasmic reticulum (ER) in human cells har-
bors the protein translocon, which facilitates membrane insertion and translocation
of almost every newly synthesized polypeptide targeted to organelles of the
secretory pathway. The translocon comprises the polypeptide-conducting Sec61
channel and several additional proteins, which are associated with the hetero-
trimeric Sec61 complex. This ensemble of proteins facilitates ER targeting of
precursor polypeptides, Sec61 channel opening and closing, and modification of
precursor polypeptides in transit through the Sec61 complex. Recently, cryoelec-
tron tomography of translocons in native ER membranes has given unprecedented
insights into the architecture and dynamics of the native, ribosome-associated
translocon and the Sec61 channel. These structural data are discussed in light of
different Sec61 channel activities including ribosome receptor function, membrane
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insertion or translocation of newly synthesized polypeptides as well as the possible
roles of the Sec61 channel as a passive ER calcium leak channel and regulator of
ATP/ADP exchange between cytosol and ER.

Keywords Endoplasmic reticulum - Membrane protein biogenesis - Protein
secretion - Protein targeting - Protein translocation - Sec61 channel

Introduction: Structure, Function, Dynamics
and Connectivity of the Mammalian Endoplasmic
Reticulum (ER)

A fascinating hallmark of nucleated human cells is their complex compartmental-
ization, separating the cellular interior into different organelles. While some orga-
nelles like mitochondria occur in a multicopy fashion others such as the
endoplasmic reticulum (ER) are usually present in one copy under steady-state
conditions. Like other organelles the ER fulfills a plethora of functions many of
which are interwoven with its morphological heterogeneity. Despite the fact that the
ER represents a continuous single-membrane network within nucleated cells, dif-
ferent structural variations are known (Baumann and Walz 2001; Schwarz and
Blower 2016; Voeltz et al. 2002). From the perspective of localization, the ER
radiates as the outer membrane of the nuclear envelope to the perinuclear space and
peripheral regions all the way to the plasma membrane, where it is considered as
cortical ER (Westrate et al. 2015). Not strictly correlated to this spatial distribution,
the ER can morph between different shapes often referred to as sheets (or cisternae),
tubules and tubular-matrices (Nixon-Abell et al. 2016). In addition, near the
nucleus, where the height of a cell is usually much greater than in the periphery,
another structural peculiarity of the ER can be formed, Terasaki ramps (Terasaki
et al. 2013). This structure is based on helicoidal ramps connecting adjacent stacks
of ER sheets in a “parking garage” like fashion (Guven et al. 2014). From the
6000 um® (6 pl) total cell volume of a COS-7 cell the ER occupies 1500 um® (1.5
pl), nine times the volume occupied by mitochondria (Valm et al. 2017). The
dynamics of the mesh-like shaped ER are further underscored by its intracellular
mobility allowing the ER to scan and explore the majority of the cytosolic volume
within minutes. With such mobility rates it is not surprising that the ER is the
organelle with the highest contact rate to other organelles (Valm et al. 2017; Shim
2017). This interconnectivity between different organelles and extended cellular
structures such as the cytoskeleton usually relying on proteinaceous tethers were
elegantly reviewed previously and are not further discussed here (Csordas et al.
2018; Phillips and Voeltz 2016; Zhang and Hu 2016; Gatta and Levine 2017). In
their landmark papers sixty years ago, Palade and colleagues also distinguished
different ER morphologies. From their electron microscopic images they concluded,
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spot on, that the ER represents a “continuous, tridimensional reticulum” consisting
of “cisternae [the term is used to designate a flat element of large size and irregular
outline] which appear to communicate freely with the tubules”. Furthermore, they
wrote “although such cisternae may assume considerable breadth they seem to
retain, in general, a depth of ~50 um” and “the surface of the latter appears to be
dotted with small, dense granules that cover them in part or in entirety” (Palade and
Porter 1954). Nowadays, those original observations are coined by the key phrase
rough sheets and smooth tubules, where rough and smooth refers to the presence or
absence of the dense granules observed by Palade et al., i.e. ribosomes or poly-
somes attached to the cytosolic surface of the ER (Friedman and Voeltz 2011;
Shibata et al. 2006; Pfeffer et al. 2012). Besides other factors, ribosome binding to
the ER membrane is considered a major driving force for sheet formation (Shibata
et al. 2010; Puhka et al. 2007). However, cells differ widely in the fraction of
ER-bound ribosomes, from secretory cells in which almost all ribosomes are found
at the ER to mature leukocytes in which the ER is barely detectable (Reid et al.
2014; Palade 1956). On average, half of all ribosomes and a third of all messenger
RNAs are associated with the ER membrane of a typical mammalian cell (Reid
et al. 2014). Important to note, the ratio of ER sheets to tubules is actively regulated
by a cell and varies for example with cell type, cellular demands, and cell cycle
stage (Puhka et al. 2007, 2012).

Similarly complex and versatile as the structural design of the mammalian ER is
its function. With ribosomes bound to the membrane ER sheets are usually con-
sidered the primary domain for processes related to protein maturation including
protein synthesis, membrane translocation or insertion, post-translational modifi-
cation, folding, assembly as well as quality control and degradation. On the other
hand, ER tubules with their higher surface-to-lumen ratio might be better suited for
membrane-surface related ER functions such as lipid and steroid synthesis or
inter-organelle signaling (Westrate et al. 2015). In addition, the ER represents the
major intracellular calcium reservoir of mammalian cells (Brostrom and Brostrom
2003; Sammels et al. 2010). Under resting conditions the free calcium concentra-
tion of the ER lumen (>100 pM) exceeds the cytosolic counterpart (~50 nM) by
several orders of magnitude, thus, generating a massive calcium gradient as pre-
requisite for efficient signaling purposes (Clapham 2007; Mogami et al. 1998;
Suzuki et al. 2016). Hence, the ER is intimately linked to calcium signaling and
related aspects such as muscle contraction, neuronal excitability, mitochondrial
respiration or apoptosis (Berridge 2002; Berridge et al. 2003). Also, prominent, i.e.
abundant, chaperones of the ER including BiP and calreticulin serve a dual function
as calcium buffering protein on the one hand and folding chaperone on the other
hand (Coe and Michalak 2009; Michalak et al. 2002). Common for ubiquitous
calcium buffering chaperones is (i) a low affinity (kg in mM range) paired with a
high capacity (up to 50 calcium binding sites per molecule) for calcium binding and
(ii) their folding activity relying on the ER calcium content (Lievremont et al. 1997,
Meldolesi and Pozzan 1998; Ashby and Tepikin 2001). Given the continuous
nature of both the membrane and the lumen between ER cisternae and tubules it is
unclear to what extend different functions of the ER are spatially restricted or
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domain specific. Upcoming high-resolution live cell imaging approaches will cer-
tainly find an answer to this question.

At the crossroad of ER structure and function appears the protein translocase
where the tasks of ribosome binding, protein transport, and calcium signaling
coalesce. This heteromultimeric protein complex of the ER membrane has gained
much attention over the past decades starting from the biochemical identification to
evolutionary conservation and functional characterization all the way to its struc-
tural organization. From a biochemist’s point of view, the protein translocase could
be considered as an enzyme catalyzing the membrane passage of otherwise
impermeable substrates such as the roughly 3000 presecretory proteins (Rychkova
and Warshel 2013), which are encoded by the human genome (https://www.
proteinatlas.org/humanproteome/tissue/secretome#plasma). In order to allow
membrane passage, the precursors of secretory proteins are characterized by a
cleavable N-terminal signal peptide with its tripartite structure (a positively charged
N-terminal region, termed N-region, a central region containing hydrophobic
residues, termed H-region, and a slightly polar C-terminal region, C-region). In the
case of membrane proteins without a cleavable signal peptide, the most N-terminal
transmembrane helix typically serves as an ER targeting and membrane insertion
signal. To handle this wide range of different soluble and membrane protein sub-
strates (Fig. 4.1), the active center of the protein translocase is designed with a lack
of substrate specificity. Notably, the translocon of higher eukaryotes is even more
promiscuous than the translocons of lower eukaryotes, archaea, and bacteria
(Gonsberg et al. 2017). Therefore, multiple accessory cofactors support the active
center to solve the issue of substrate specificity (Table 4.1). Following the idea of
Koshland’s induced-fit theory of specificity, insufficient compatibility between the
substrate and the active center of the translocase might also explain the imperfect
sealing of the translocase observed for small molecules including calcium ions
(Koshland 1958; Harsman et al. 2011c).

In the following sections we will summarize our current knowledge and con-
cepts about the functions and mechanisms of the eukaryotic protein translocon
starting with the active center, the Sec61 complex (Fig. 4.2), followed by different
cofactors and how these components affect the enzyme’s kinetic for membrane
permeability of proteins or small molecules.

Structures and Functions of Isolated and Native Sec61
Complexes

Structural Esthetics of the Sec61 Complex

As stated earlier, the protein translocon of the ER represents a complex machinery
with a variable structural architecture and dynamic stoichiometry. In the past, major
emphasis was usually given to the Sec61 complex, which is considered the pivotal
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Fig. 4.1 Topologies of membrane proteins in the ER membrane. The cartoon depicts the
membrane proteins of the ER membrane, together with their type, mechanism of membrane
insertion, and targeting and insertion pathway. See text for details. We note that (i) bitopic and
polytopic proteins can also have the opposite orientation, (ii) the shown bitopic protein is
alternatively named double-spanning membrane protein, (iii) the shown polytopic protein is
alternatively named tetra-spanning membrane protein, (iv) type I membrane proteins as well as
bitopic and polytopic proteins with their N-terminus facing the ER lumen can be targeted to and
inserted into the membrane via N-terminal signal peptides that are subsequently cleaved by ER
luminal signal peptidase, (v) in case the shown type I membrane was not targeted by a cleavable
signal peptide it is also defined as signal anchor protein, (vi) positively charged amino acid
residues (+) play an important role in membrane protein orientation, i.e. typically, follow the
positive inside rule. In the case of membrane proteins without N-terminal signal peptides,
membrane insertion appears to involve the same components and mechanisms, which deliver
secretory proteins and glycosylphosphatidylinositol (GPI)-anchored membrane proteins to the ER
lumen. Subsequent to ER import, GPI-anchored membrane proteins become membrane anchored
via their C-termini by GPI-attachment. N, N-terminus; C, C-terminus

subunit of the heteromultimeric translocon both structurally as its core subunit and
enzymatically as its active center lowering the activation barrier for the membrane
transport of polypeptides (Pfeffer et al. 2016; White and von Heijne 2008; Gorlich
and Rapoport 1993). Moreover, importance of the Sec61 complex as central
component of a protein translocon is probably fortified best by its evolutionary
conservation from bacteria and archaea to lower and higher eukaryotes (Calo and
Eichler 2011; du Plessis et al. 2011; Park and Rapoport 2012; Dalal and Duong
2009). In all three domains of life the corresponding Sec61 complex is usually
organized as a heterotrimeric protein ensemble consisting of a pore-forming o
subunit accompanied by two smaller subunits, called f and y (Fig. 4.3). Yet,
nomenclature of the three Sec61 subunits is somewhat inconsistent. While we will
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Table 4.1 Protein transport components/complexes/networks and associated proteins in HeLa

cells

Component/subunit Abundance | Location |Linked diseases

Calmodulin 9428 C

Cytosolic

chaperone network

— Hsc70 (HSPAS) 3559

— Hdj2 (DNAJAL) 660

— Bagl (HAP, RAP46) 46

#NAC C

— NACua 1412

- NACB

#SRP C

— SRP72 355 Aplasia, Myelodysplasia

— SRP68 197

— SRP54 228

— SRP19 33

— SRP14 4295

— SRP9 3436

— 7SL RNA

SRP receptor ERM

— SRa (docking protein) 249

- SR 173

hSnd1 ?

Snd receptor

— hSnd2 (TMEM208) 81 ERM

— hSnd3 ?

#Bag6 complex C

— TRC35 (Get4) 171

— Ub4A 177

— Bag6 (Bat3) 133

SGTA 549 C

TRC40 (Asnal, Get3) 381 C

TA receptor ERM

— CAML (CAMLG, Get2) 5

— WRB (CHDS, Getl) 4 Congenital heart disease, down
syndrome

ERM protein complex ERM

- EMC1 124

- EMC2 300

- EMC3 270

- EMC4 70

- EMC5 (MMGT1) 35

(continued)
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Table 4.1 (continued)

Component/subunit Abundance | Location | Linked diseases

— EMC6 (TMEM93) 5

- EMC7 247

— EMCS8 209

- EMC9 1

- EMCI10 3

#TMCO1 2013 ERM Glaucoma, cerebrofaciothoracic
dysplasia

PEX19 80 C Zellweger syndrome

PEX3 103 ERM Zellweger syndrome

#Sec62 (TLOCI) 26 ERM Prostate cancer, lung cancer

#Sec61 complex ERM

— Sec61al 139 Diabetes**, CVID, TKD

— Sec61p 456 Polycystic liver disease (PLD)

— Sec6ly 400 Glioblastoma

Alternative Sec61 complex

— Sec6102 ?

— Sec61p 456

— Sec6ly 400

ER chaperone network

— Sec63 (ER;j2) 168 ERM Polycystic liver disease (PLD)

— #ERj1 (DNAIC1) 8 ERM

— ERj3 (DNAIJBI11) 1001 ERL Polycystic kidney disease (PKD)

- ERj4 (DNAJB9) 12 ERL

— ERj5 (DNAIC10) 43 ERL

— ERj6 (DNAJC3, p58™%) | 237 ERL Diabetes

— ERj7 (DNAIJC25) 10 ERM

— ERj8 (DNAIJC16) 24 ERM

— BiP (Grp78, HSPAS) 8253 ERL Hemolytic uremic syndrome
(HUS)

— Grpl70 (HYOU1) 923 ERL

- Sill (BAP) 149 ERL Marinesco-Sjogren-syndrome
(MSS)

#Calnexinpymitoylated 7278 ERM

#TRAM1 26 ERM

TRAM2 40 ERM

PAT-10 ?

#TRAP complex ERM

— TRAPa (SSR1) 568

— TRAPP (SSR2)

— TRAPy (SSR3) 1701 Congenital disorder of

glycosylation (CDG),
hepatocellular carcinoma

(continued)
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Table 4.1 (continued)

Component/subunit Abundance | Location | Linked diseases

— TRAPS (SSR4) 3212 Congenital disorder of
glycosylation (CDG)

#RAMP4 (SERP1) ERM

#Oligosaccharyltransferase ERM

— Ribophorinl (Rpnl) 1956

— RibophorinIl (Rpn2) 527

— OST48 273 Congenital disorder of
glycosylation (CDG)

— OST4

— TMEM258

- DADI1 464

— Stt3A* 430 Congenital disorder of
glycosylation (CDG)

— Stt3B* 150 Congenital disorder of
glycosylation (CDG)

— Kcep2

- DC2

— TUSC3 Congenital disorder of
glycosylation (CDG)

— MagT1 33

Signal peptidase (SPC) ERM

- SPC12 2733

— SPC18*

— SPC21*

— SPC22/23 334

— SPC25 94

GPI transamidase (GPI-T) ERM

— GPAAL 9

- PIG-K 38

- PIG-S 86

- PIG-T 20

- PIG-U 42

Signal peptide peptidase 424 ERM

#p34 (LRC59, LRRC59) 2480 ERM

#p180 (RRBP1) 135 ERM

Kinectin 1 (KTN1) 263 ERM

Alternative names of components/subunits are given in parentheses. We note that
oligosaccharyltransferase exists as two paralogs, comprising Stt3a or Stt3b. Abundance is given
in nM (Hein et al. 2015); 1 nM corresponds to roughly 1000 molecules/cell (Moran et al. 2010). C,
cytosol; CVID, common variable immune deficiency; ERL, ER lumen; ERM, ER membrane;
TKD, tubulo-interstitial kidney disease; *, catalytically active subunit; **, in mice; #, ribosome
associated; ?, uncharacterized
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Fig. 4.2 Architecture of the ribosome associated protein translocon of the mammalian ER
membrane. a In situ structure of the ER-associated mammalian ribosome after
subtomogram-averaging at a resolution of about 20 Angstrdm. The ribosome is present in rough
microsomes and was imaged by cryo-electron tomography, using a FEI Titan Krios TEM and a
FEI Falcon direct electron detector. The ER membrane was cut for better visibility of ER luminal
electron densities (shown in red), the Sec61 complex is hidden by the phospholipid bilayer and the
ribosome. An additional electron density (shown in red) was observed between 40S and 60S
ribosomal subunits and indicates that a translating ribosome was imaged. b Further developments
of cryo-EM instrumentation and computational algorithms allowed improvement of the ribosome-
translocon structure to about 10 Angstrom resolution, which enables resolving separate
transmembrane helices. Here, the membrane density was removed to highlight membrane integral
parts of the translocon. Transmembrane helices for Sec61 complex, TRAP (translocon-associated
protein), and OST (oligosaccharyl transferase) can be clearly distinguished under these conditions.
Helix 51 of an rRNA expansion segment (shown in yellow) and ribosomal protein eL.38 (shown in
magenta) represent the contact site to the TRAP y-subunit, but are partially hidden by other
ribosomal densities in this view

adhere to the mammalian Sec61a-B-y subunit terminology, these are referred to
SecY-G-E in bacteria, SecY-B-E in archaea and Sec61p-Sbhlp-Ssslp in yeast,
respectively (Auer et al. 1991; Hartmann et al. 1994; Kinch et al. 2002; Cao and
Saier 2003; Gorlich et al. 1992). Genetic studies in yeast and bacteria showed that
the two subunits with highest sequence conservation across kingdoms, Sec61o and
Sec61y, are essential for protein translocation and cell viability, whereas the f3
subunit with lower sequence homology seems dispensable, hence some bacteria
assemble only a dimeric SecYE complex (Nishiyama et al. 1994; Matlack et al.
1998; Tsukazaki et al. 2008). First structural insights for the arrangement of a
trimeric Sec61 complex came from X-ray crystallography depicting the archaean
SecY BE isolated from Methanocaldococcus jannaschii (Van den Berg et al. 2004).
Subsequent crystal structures and cryo-electron microscopic (EM) studies using
isolated pro- or eukaryotic Sec61 complexes confirmed the evolutionary conser-
vation of its architecture (Egea and Stroud 2010; Becker et al. 2009; Gogala et al.
2014; Voorhees et al. 2014; Zimmer et al. 2008; Tanaka et al. 2015). Congruent for
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Functional Sec61a1 motifs: Sec61 complex Drug resistance-causing

- Polar cluster: a B ¥ Sec61al1 mutations:

T86 (TM2), Q127 (TM3), - Apratoxin A:

N300 (TM7) T86M (TM2), Y131H (TM5)

- Pore ring: - Cotransin 8:

181 (TM2), V85 (TM2), a-N a-C R661/G (loop 1), G8OV (TM2),
1179 (TMS), N S82P (loop 1), M136T (TM3)

1183 (TM5), 1292 (TM7),
L449 (TM10)

- Hydrophobic patch: loop
V85 (TM2), L89 (TM2), 2
1179 (TMS), 1293 (TM7) §!\i
- Plug_(loopnt):

F62 - 582

- Lateral gate (TM2, TM7) ™1

Disease-associated

SEC61a1 mutations:

- TKD: V67G (loop 1, plug) V
- CVID: V85D (TM2, pore ring)

- TKD: T185A (TM5)

- Diabetes: Y344H (loop 7, BiP BS)

- Mycolactone:
R66G (loop 1), S82P (loop 1)

Cytosol

ER membrara

c ¢ ER lumen

Fig. 4.3 Topology and functionally relevant domains of the heterotrimeric Sec61 complex. The
membrane topology of the three subunits of the mammalian Sec61 complex is shown, highlighting
binding sites (BS) of Ca*-calmodulin (CaM), the ribosome (R), the translocon-associated protein
complex (TRAP), and immunoglobulin heavy-chain binding protein (BiP). Furthermore,
functional motifs, disease associated mutations, and drug resistance causing mutations of the
a-subunit are indicated, as are different targeting pathways (purple) to the Sec61 complex. The N-
and C-terminal halves of the Sec61 a-subunit are shown in green and blue, respectively (a-N, a-C).
Amino acid residues are given in single letter code; C, C-terminus; CVID, Common Variable
Immune Deficiency; N, N-terminus; TKD, Tubulo-Interstitial Kidney Disease; TM, transmem-
brane helix. Notably, recent 3D reconstructions after single particle cryo-electron microscopic
analysis of the yeast SEC complex, i.e. the Sec61 complex together with the Sec62/63/71/72
complex, suggested that in the post-translationally acting Sec61 complex, the Sec62/63
sub-complex interacts with the cytsoslic loops 6 and 8 on the cytosolic face of the Sec61
complex (i.e. clashes with ribosome binding), and that the ER luminal domain of Sec63 interacts
with ER luminal loop 5 (i.e. clashes with TRAP binding)

all structures is the central, hourglass-like shaped Sec61o subunit forming the actual
polypeptide-conducting channel. Its ten transmembrane helices are organized in a
pseudo-symmetrical fashion generating an N-terminal half encompassing the
cytosolic N-terminus and transmembrane helices 1-5 as well as a C-terminal half
encompassing transmembrane helices 6-10 and the cytosolic C-terminus (Figs. 4.3
and 4.4). Loops connecting the ten transmembrane helices are numbered consec-
utively from 1 to 9 with the odd numbered ones located in the luminal (eukaryotic
Sec61 complexes) or periplasmic (prokaryotic SecY complexes) space and even
numbered ones in the cytosol. Interestingly, the cytosolic loops 6 and 8 share a
functional conservation among all Sec61 homologs serving as universal docking
port for different interaction partners including the polypeptide-delivering ribosome
or SecA. Hence, loop 6 and 8 project in a lighthouse-like fashion into the cytosol
directing incoming shipments. In its three-dimensional fold the Sec6la subunit
forms in the plane of the membrane a central constriction called the pore ring. This
structural element consists of six bulky, hydrophobic residues facing inwards to
form a flexible gasket avoiding excessive membrane permeability of small
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molecules during the transport of polypeptides (Figs. 4.4 and 4.5). The six pore ring
residues are dispersed across the primary structure of Sec6la, yet, localized in
critical transmembrane helices 2, 5, 7 and 10 as will be discussed below. Fitting to
the hourglass analogy, the pore ring separates two opposing funnels. In the closed
conformation of the Sec61 channel the cytosolic funnel is “empty” (water-filled),
whereas the luminal/periplasmic facing funnel is occupied by a short helical domain
of loop 1, aptly named the plug domain (Rapoport et al. 2017; Junne et al. 2006).
However, it appears that plug domains of orthologous Sec61 complexes have dif-
ferent structures, consistent with the facts that this region is the least conserved in the
amino acid sequence of different homologs and has a subordinate role for function
and cell viability (Li et al. 2007; Junne et al. 2006; Li et al. 2016). In addition, to act
as a molecular switching device allowing membrane passage or insertion of
incoming precursor polypeptides the Sec6lo subunit has a lateral gate, formed
between the two sterically adjacent transmembrane helices 2 and 7. In the closed
state the lateral gate is stabilized by a polar cluster consisting of three conserved
polar residues residing in the helices 2, 3 and 7 (Voorhees and Hegde 2016a).
Structural and molecular dynamics studies demonstrated that transition from a closed
to an open state spreads the N- and C-terminal halves of Sec6la apart laterally
between helices 2 and 7, termed rigid body movement, thereby opening up the
lateral gate and permitting access to the lipid phase (Fig. 4.5) (Denks et al. 2014;
Egea and Stroud 2010; Park et al. 2014; Hizlan et al. 2012). Vis-a-vis to the lateral
gate the Sec6lo subunit is associated with the tail-anchored Sec61y protein
(Fig. 4.4a). It wraps transversely around the N- and C-terminal half like a U-shaped
clip, potentially restricting excessive mobility of the complex. The third subunit
Sec61p, another tail-anchored protein in eukaryotes (the bacterial SecG ortholog has
two transmembrane segments), contacts the N-terminal half of Sec61a in vicinity to
transmembrane helices 1 and 4, whereas its cytosolic domain might serve a regu-
latory function for the transport process, as described below (Figs. 4.4 and 4.5).

Structural Dynamics of the Sec61 Complex

Based on the multitude of structural data of Sec61 complexes gathered with X-ray
crystallography and cryo-EM three common themes emerge. First, opening of the
Sec61 complex requires some kind of ligand binding, ligands being the substrates as
well as allosteric effectors, which bind to other parts of the Sec61 complex as
compared to the substrates. Visualized ligands contributing in the transition from the
idle to an open Sec61 complex include the bacterial ATPase SecA, the translating
ribosome, the ER membrane protein Sec63, or even pseudo-ligands like a heterol-
ogous anti-Sec61a F,, fragment or an autologous copy of a second Sec61 molecule
arising from crystal packing (Li et al. 2016; Zimmer et al. 2008; Gogala et al. 2014;
Voorhees et al. 2014; Voorhees and Hegde 2016a; Itskanov and Park 2018; Wu et al.
2018; Egea and Stroud 2010; Braunger et al. 2018). Second, all of those ligands,
native or pseudo, interact with the cytosolic docking port (loops 6 and 8) of the
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Fig. 4.4 Atomic model PDB 3jc2 for the heterotrimeric Sec61 complex, fitted into the ribosome-
translocon structure, shown in Fig. 4.2b. a, b The laterally opened and translocating Sec61 channel
is shown in two orientations, as seen form the plane of the membrane. b, In b the Sec61 complex is
rotated counter clockwise in the plane of the membrane by 120° as compared to a. The N-terminal
signal peptide of the translocating polypeptide is shown at the open lateral gate in magenta. The N-
and C-terminal halves of the Sec61 a-subunit are shown in green and blue, respectively, the 8-
subunit in yellow, and the y-subunit in orange

Sec61 complex to initiate a conformational change (Figs. 4.2 and 4.5). Coming back
to the enzymatic concept of the translocase such ligands probably act as catalysts that
lower the activation energy (energy barrier) for the Sec61 channel gating reaction
(Fig. 4.6). And third, the pivotal structural elements of the Sec61 complex men-
tioned before such as the universal docking port, the pore ring residues, the plug
domain, the lateral gate helices, as well as the polar cluster stabilizing the latter seem
to work hand in hand during the cycle of opening and closing the channel. Recent

Fig. 4.5 Atomic model for the structural dynamics of gating of the heterotrimeric Sec61 complex, P
as seen from the cytsosol. a Atomic model for the laterally closed Sec61 complex (PDB 3j7q).
b Atomic model for the laterally opened Sec61 channel (PDB 3jc2). a, b N- and C-terminal halves
of the Sec61 a-subunit, are shown in green and blue, respectively, lateral gate helices 2 and 7 are
shown in red, and cytosolic loops are not shown for clarity. The B-subunit is depicted in yellow
and the vy-subunit in orange. At least three conformations of the Sec61 complex can be
distinguished, (i) the closed state (closed even to calcium ions), (ii) a structurally ill-characterized
primed state that is induced by interaction with either the ribosome or the Sec62/Sec63 complex,
and (iii) the open state, which is induced by interaction with a strong signal peptide or N-terminal
transmembrane helix of a precursor polypeptide or a weak signal peptide or N-terminal
transmembrane helix plus allosteric effectors, such as TRAP or Sec62/Sec63 + BiP (characterized
by an open lateral gate and permeable to calcium ions). During protein translocation, the lateral
gate is typically occupied by a signal peptide (Fig. 4.4b) and the central aqueous pore by the
polypeptide chain in transit. We note that efficient closing of the Sec61 channel can also involve
allosteric effectors, such as BiP with its ER luminal Hsp40-type co-chaperones ERj3 plus ERj6 or
calcium-bound Sec62 plus calcium-bound calmodulin (CaM)
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Fig. 4.6 Energetics and kinetics of Sec61 channel gating. The TRAP- or Sec63 + BiP-mediated
Sec61-channel gating is probably best considered in analogy to an enzyme-catalysed reaction.
Accordingly, TRAP, Sec63 or BiP reduce the energetic barrier for full channel opening, which can
apparently be reinforced by Sec61 channel inhibitors, such as cyclic heptadepsipeptides (e.g.
CAM?741) or certain eeyarestatins (e.g. ES1, ES24). At least in the case of ES1 and ES24, binding
of the inhibitor within the channel pore arrests the channel in a partially open state (termed ‘foot in
the door”), which maybe identical with the primed state and is compatible with Ca**-efflux but not
with full channel opening for protein translocation. TRAP and BiP contribute to full channel
opening by direct interaction with ER luminal loops 5 or 7 of Sec6la (Fig. 4.6). SEC61A1
mutations can increase the energy barrier (E,) for channel opening per se (V85D or V67G
mutation) or indirectly, such as by interfering with BiP binding (Y344H mutation). Notably, all
these effects are precursor specific because the N-terminal signal peptides are either efficient or
inefficient in driving Sec61 channel opening. Typical for an enzyme-catalysed reaction, BiP can
also support efficient gating of the Sec61 channel to the closed state, i.e. the reverse reaction

cryo-EM analyses of programmed and detergent extracted mammalian Sec61
complexes shed light on the orchestration of the opening process and its interme-
diary steps (Voorhees et al. 2014; Voorhees and Hegde 20164, b). The closed, i.e.
ligand-free, Sec61 complex is unable to conduct substrate transport due to a narrow
pore ring and stabilized lateral gate topology (Fig. 4.5). Following the induced-fit
model binding of a translating 80S ribosome to the cytosolic docking port of Sec61a
induces a conformational change in the loops 6 and 8 reminiscent of a transitional
state, also called the primed Sec61 complex. Specific interactions occur between the
ribosomal components ulL.23, e[.39, and 28S rRNA contacting conserved, basic
residues in loop 6, loop 8, as well as the N-terminal helix of Sec617y. As a result, the
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ribosomal exit tunnel with the nascent polypeptide aligns right on top of the
cytosolic funnel of the primed Sec61 complex. Conformational changes in the
docking port upon ligand binding propagate through associated transmembrane
helices and the rest of the Sec61 complex with two ramifications. Binding of a
translating ribosome causes destabilization of the polar cluster generating (i) a crack
in the cytosolic half of the lateral gate and (ii) exposing a hydrophobic patch in the
cytosolic funnel of the Sec61 complex. This single hydrophobic patch is ideally
positioned to attract the hydrophobic stretch encoded in the targeting signal
(cleavable signal peptide or transmembrane helix) of incoming precursor polypep-
tides and intercalates the targeting signal in the lateral gate (Fig. 4.4b). This inter-
calation displaces lateral gate helix 2 in a way that the targeting signal takes over the
space occupied by helix 2 in the closed state. The intercalation step supports a rigid
body movement of the N- and C-terminal halves of Sec61a and the channel is fully
open with the pore ring widened and the plug displaced (Fig. 4.5b). The open Sec61
complex than allows the substrate access axially across or laterally into the mem-
brane. Still, the pore ring residues surround placidly the polypeptide in transit to
preserve the permeability barrier for other small molecules and ions during the
transport process (Li et al. 2016; Park and Rapoport 2011). Strikingly, this two-stage
model of activation from a closed to a primed to an opened Sec61 complex was
observed for both prokaryotic and eukaryotic Sec61 complexes activated by a
substrate-engaged SecA or translating 80S ribosome using X-ray crystallography or
cryo-EM, respectively. Therefore, regardless of the organism or mode of substrate
delivery the fundamental principle of protein transport is conserved at both levels
component-wise (the Sec61 complex) and mechanistically (temporary intercalation
of a targeting signal at the lateral gate).

Functions of the Mammalian Sec61 Complex

The Sec61 complex is a great example how structural, biochemical, biophysical,
and cell biological methodologies can complement and guide one another to
unravel its structure-function relationship. Historically, the abbreviation “Sec” was
introduced to the eukaryotic system by Randy Schekman and coworkers to define
mutants in a yeast screen for hampered secretion of secretory enzymes (Spang
2015; Novick et al. 1980). A refined version of the screen searching for mutant
yeast cells that fail to translocate a secretory precursor protein into the lumen of the
ER identified Sec6lp (Deshaies and Schekman 1987; Schekman 2002).
Subsequently, Tom Rapoport’s research group cloned the mammalian ortholog of
Sec61p and demonstrated in a couple of landmark papers its association with
ribosomes and nascent chains, corroborating its central role in protein transport as
polypeptide-conducting channel (Gorlich et al. 1992; Gérlich and Rapoport 1993;
Hartmann et al. 1994; Kalies et al. 1994). Further crosslinking studies verified that
the Sec61 complex also handles transmembrane helices and that targeting signals
intercalate between the lateral gate helices 2 and 7, whose flexibility is a
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prerequisite for efficient translocation (High et al. 1993; Plath et al. 1998; du Plessis
et al. 2009; Spiess 2014). Also, the high affinity of the Sec61 complex for ribosome
binding was demonstrated under more physiological conditions using a fluores-
cence resonance energy transfer (FRET) based assay or directly after
siRNA-mediated depletion of the Sec61 complex in conjunction with electron
microscopy (Benedix et al. 2010; Lang et al. 2012). These data are in agreement
with structural biology showing ribosome binding and transport of incoming
polypeptides by the Sec61 complex. Actually, the phrase “incoming polypeptides”
covers two themes, the arrival of the polypeptide relative to its synthesis and the
topology of the polypeptide. Polypeptides arrive at the Sec61 complex either
co-translationally, i.e. as nascent chain emerging from the ribosomal exit tunnel
during their synthesis, or post-translationally, i.e. after completion of synthesis and
release from the ribosome. Both options are conserved across all organisms and the
polypeptides, fully synthesized or nascent, are transported by the Sec61 complex
before substantial folding occurs (Dudek et al. 2015). While the ribosome acts as
activating ligand for the Sec61 complex under co-translational conditions, structural
studies mentioned above as well as in vitro reconstitutions highlight the importance
of the Sec62/63 protein complex or the SecA ATPase for the post-translational
transport in eukaryotic and prokaryotic systems, respectively (Ha3denteufel et al.
2018; Lakkaraju et al. 2012b; Schlenstedt et al. 1990; Johnson et al. 2012; Panzner
et al. 1995; Akimaru et al. 1991; Brundage et al. 1990; Driessen and Nouwen
2008). Differentiating features driving the co- or post-translational transport mode
are manifold and encoded by the primary structure of the precursor polypeptide,
encompassing both the actual targeting signal as well as downstream located
stretches (Chatzi et al. 2017). For the second theme, topology, precursor
polypeptides can be classified as follows. Besides the complete translocation across
the membrane in case of secretory proteins and glycosylphosphatidylinositol (GPI)-
anchored proteins including cleavage of their N-terminally located signal peptide
multiple variations of membrane topology are reported and summarized together
with the mode of membrane insertion in Fig. 4.1. To facilitate transport,
polypeptides insert either in a horseshoe bend coordination, called loop insertion
(N-terminus of the targeting signal faces the cytosol), or head-first (N-terminus of
the targeting signal faces away from the cytosol) into the Sec61 complex. The loop
insertion corresponds nicely with structural data and can be envisioned as a result of
the targeting signal intercalation at the lateral gate with the downstream mature part
creating the horseshoe shaped loop (Li et al. 2016; Park et al. 2014; Voorhees and
Hegde 2016b). Loop insertion is considered the more productive mode for cleav-
able signal peptides and every other transmembrane helix of multi-spanning
membrane proteins whose N-terminus faces the cytosol. On the other hand, the
transmembrane helices of multi-spanning membrane proteins whose N-termini face
away from the cytosol are inserted head-first (Gogala et al. 2014). Interestingly,
head-first insertion seems to be the preferred mode of transport for the two groups
of inversely oriented type I and type II single-spanning membrane proteins
(Fig. 4.1). The transmembrane helix of type II membrane protein starts out with a
head-first, or a type I, orientation (the N-terminus translocates across the
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membrane) followed by an energetically unfavorable reaction of a 180° flip turn
reversing orientation of the transmembrane helix to the final type II topology with
the N-terminus now facing the cytosol (Devaraneni et al. 2011). This phenomenon
of delayed topology determination allowing reorientation of transmembrane helices
was also observed for an engineered poly-leucine model protein as well as a
polytopic membrane protein (Seppéld et al. 2010; Goder and Spiess 2003). Two
special cases of topology are represented by (i) monotopic hairpin proteins, whose
membrane domains only dip into a membrane leaflet without traversing it and
(i) tail-anchored (also called type IV) membrane proteins, whose single trans-
membrane helix is located at the C-terminal end (Pataki et al. 2018; Borgese et al.
2009). Both classes of proteins seem to insert into the ER membrane
Sec61-independently (Schrul and Kopito 2016; Yamamoto and Sakisaka 2012;
Wang et al. 2014).

In addition to the snapshots of the transport process, live cell imaging and
biophysical single-channel recordings from planar lipid bilayer experiments can
address dynamic properties of the Sec61 complex over an extended period of time.
As such, they can also shed light on the events during termination of polypeptide
transport and provide insights into how quickly structural elements of the Sec61
channel “re-shape” to make the transition from the open back to the closed state
(Figs. 4.5 and 4.6). The latter point is of particular interest given that the ER is
considered the major intracellular calcium store in nucleated mammalian cells and
the permeability of a powerful second messenger such as calcium across the ER
membrane has to be precisely controlled (Clapham 2007). Indeed, studies with
non-physiological molecules larger than a hydrated calcium ion show their per-
meation into the ER, likely via the Sec61 complex, and demonstrate the imperfect
sealing of the mammalian channel for small molecules (Heritage and Wonderlin
2001; Roy and Wonderlin 2003; Le Gall et al. 2004). More recently in yeast,
permeability of the physiological glutathione molecule was also shown to involve
the Sec61 complex and two ER luminal proteins, Kar2 and Erol (Ponsero et al.
2017). Planar lipid bilayer experiments addressing the ion conductance of purified
Sec61 complexes directly demonstrated its permeability for calcium with a main
and sub-conductance state for calcium of 165 £ 10 pS and 733 + 16 pS, which
correlate to opening diameters of the pore from 5-7 to 12—14 A, respectively (Lang
et al. 2011a; Harsman et al. 2011a). Additional work with presecretory polypeptides
and an inhibitor of protein synthesis showed the ion conductance of the Sec61
complex occurs at the end of protein translocation and the channel is fully closed
only after washing off non-translating ribosomes (Wirth et al. 2003; Simon and
Blobel 1991). The simultaneous use of ratiometric calcium sensitive dyes localized
in the cytosol (such as Fura-2) and ratiometric biosensors for calcium in the ER
lumen (such as DIER) in combination with RNAi mediated gene silencing also
demonstrated the calcium permeability of the vertebrate and invertebrate Sec61
complex in a cellular setting, under more physiological conditions (Lang et al.
2011a, b; Zhang et al. 2006; Gamayun et al. 2019).

Furthermore, work with dendritic cells showed that the Sec61 complex functions
as polypeptide dislocase from endosomes during cross-presentation of extracellular
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antigens via MHC-I molecules, extending the portfolio of possible Sec61 complex
functions and locations (Zehner et al. 2015). However, to restrict mobility of the
Sec61 complex (none of the subunits harbors a known ER retention signal) the
cytosolic N-terminus of the B-subunit interacts with microtubules allowing stable
ER-cytoskeleton interaction. The loss of Sec61p in Caenorhabditis elegans induced
ER stress, enhanced Sec61 complex mobility and reduced the amount of
membrane-attached ribosomes (Zhu et al. 2018). It becomes apparent that the Sec61
complex is a multi-functional player able to (i) bind ribosomes and other ligands,
(ii) transport structurally very different substrates, and (iii) represents a calcium
permeable channel of the mammalian ER membrane. How these functions are
concerted in situ and the different allosteric regulators supporting the Sec61 com-
plex will be discussed in the next sections.

Architecture of the Native Sec61 Complex, the Translocon

While the aforementioned structures of purified Sec61 complexes are informative
the situation in vivo within the native membrane might be more challenging. For
example, competing forces within a living cell influencing biochemical reactions
and transport processes arise from macromolecular crowding taking account of
specific and nonspecific interactions between macromolecules (Minton 2006; Ellis
2001; Zhou et al. 2008). The high protein and solute concentrations in both the
cytosol and the ER lumen as well as proteins and lipids of the membrane in the
immediate vicinity of the Sec61 complex might influence the channel and details of
the transport mechanism. Similarly, the plethora of transported clients (Fig. 4.1)
with varying amino acid sequences of their targeting signal or mature part requires
substrate-specific adjustments of the transport reaction. Advancements in the field
of cryo-electron tomography (CET) in conjunction with subtomogram analysis
enable this technology to address the heterogeneity of local, native environments
and address the structure of Sec61 complexes in situ (Koning et al. 2018; Luci¢
et al. 2013). So far, CET studies were conducted for eukaryotic Sec61 complexes
from intact HeLa cells or ER membrane vesicles derived from canine pancreatic
cells, human cell lines, primary fibroblasts, or green algae (Mahamid et al. 2016;
Pfeffer et al. 2012, 2014, 2015, 2017; Braunger et al. 2018). While CET structures
of the mammalian ribosome-associated Sec61 complex are in agreement with the
main conclusions drawn from cryo-EM and crystal structures, tomography adds an
important aspect. The native Sec61 complex is a team player and associates (at
least) with two membrane protein complexes to form the native ER protein
translocon (Fig. 4.2). The translocon-associated protein (TRAP) complex localizes
in a stoichiometric manner next to the C-terminal half of the ribosome-engaged
Sec61 complex and the oligosaccharyl-transferase (OST) complex approaches in a
substoichiometric manner (present only in 40-70% of complexes) the N-terminal
half (Pfeffer et al. 2016). Therefore, TRAP and OST are not occluding the lateral
gate and targeting signal intercalation. These data are further supported by cryo-EM
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studies of solubilized ribosome-bound translocon complexes (Ménétret et al. 2005,
2008; Braunger et al. 2018). Thus, the protein translocase seems dynamic by nature
(Fig. 4.5). Not only the active center is subject to structural flexibility, also stoi-
chiometry of subunits and partner components changes with different substrates or
cellular cues. The functional implication of structurally visualized and other bio-
chemically verified translocon components will be discussed next.

The Role of Allosteric Effectors of the Eukaryotic Sec61
Complex Previously Visualized by Structural Biology

In the living cell the Sec61 complex is continuously contacted and supported by an
alternating repertoire of associated proteins. Up to now, the ribosome and three
protein complexes were unequivocally identified by structural data and shown to
affect gating and, therefore, functionality of the Sec61 complex (Fig. 4.5).

The Ribosome

As stated before, the ribosome contacts the Sec61 complex via charged residues in
loop 6 and 8, the evolutionarily conserved docking port of the Sec61a subunit,
inducing a conformational change from the closed to the primed state (Figs. 4.4 and
4.5). Mutational studies in yeast showed a phenotypic differentiation between
mutants of Sec6la loop 6 and 8. While loop 8 mutants had a reduced binding
affinity for 80S ribosomes, mutations in loop 6 inhibited co-translational transport
without significantly affecting ribosome binding activity (Cheng et al. 2005).
Similar studies in yeast and bacteria also highlighted the importance of the cytosolic
C-terminus of Sec61a for both ribosome binding and viability. Positive charges in
the C-terminus may interact with ribosomal rRNA to support positioning of the
ribosome and protein translocation (Egea and Stroud 2010; Mandon et al. 2018).
The ribosome also affects calcium permeability of the Sec61 channel. Protein
synthesis inhibitors that arrest (e.g. emetine) or release (e.g. puromycin) the ribo-
some from the Sec61 complex can block or increase calcium efflux from the ER,
respectively (Lang et al. 2011a; Klein et al. 2018; Gamayun et al. 2019). Thus, the
ribosome acts as prominent modulator of the calcium leak from the ER opening an
interesting connection between Sec61-mediated calcium efflux and protein syn-
thesis by the ribosome. Furthermore, cryo-EM and CET studies have shown the
interaction between the Sec61 complex and translating ribosome is not hermetically
sealed. Instead, a considerable gap is visible between the N-terminal half of the
Sec61 complex and the ribosome exit tunnel (Ménétret et al. 2007; Park et al. 2014;
Voorhees et al. 2014; Pfeffer et al. 2015). This partially shielded
micro-compartment could provide a space for the release and folding of cytosolic
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domains of membrane proteins, or a location for quality control, repair and
de-clogging factors probing the transport process (Malsburg et al. 2015; Kayatekin
et al. 2018; Ast et al. 2016). A cryo-EM structure of the bacterial ribosome-
translocon complex (RTC) during synthesis of a polytopic membrane protein
showed electrostatic interactions between positively charged residues in the
cytosolic loop connecting the two transmembrane helices of the model precursor
and negative charges of the ribosomal tRNA helix 59 (H59). Thus, the ribosome
could be another player in decoding the positive-inside rule acting in concert with
the Sec61/SecY complex and the decoding being orchestrated in the gap volume
(von Heijne 1989; Bischoff et al. 2014). Alternatively, the calcium sensor
calmodulin can occupy this micro-compartment to monitor or minimize the calcium
flux associated with the transport process (Erdmann et al. 2011). However, elusion
of the nascent polypeptide into the gap demonstrates that the GTP-driven elonga-
tion process is not necessarily a driving force for translocation and opens up a space
and time-window for the recruitment of regulatory factors (Conti et al. 2015).

Aside from docking to the Sec61 complex, the ribosomal surface is an enormous
hub for the recruitment of other ligands. Ligands, cytosolic as well as
membrane-bound, allow the fine-tuning of protein transport in response to various
stimuli. A recent example addressing the plethora of ribosomal ligands, dubbed the
mammalian “ribo-interactome”, identified in addition to the 100 proteins consti-
tuting the canonical translation machinery 330 interactors with diverse functions.
For example, the combination of high-throughput sequencing after UV crosslinking
(iCLIP) and proximity-specific ribosome-profiling demonstrated that isoform 2 of
the pyruvate kinase of the muscle, Pkm?2, is enriched on ER-bound ribosomes near
the A-site and acts as translational activator of ER destined mRNAs. A SILAC
(stable isotope labeling by amino acids in cell culture) approach additionally ver-
ified that Pkm2-enriched ribosomes are contacting the Sec61 and OST complex,
whereas the gamma subunit of the TRAP complex was found as general ribosomal
interactor (Simsek et al. 2017). The cytosolic domain of the y-subunit of the TRAP
complex is in close proximity to the RNA expansion segments ES20L/ES26L and
ribosomal protein eL.38 of the 60S subunit (Pfeffer et al. 2016, 2017). Based on the
structure of the bacterial RTC, the tip of a nascent targeting signal interacting with
H59 and ul.24 might come in close contact with the neighboring e[.38 (Jomaa et al.
2016, 2017; Nguyen et al. 2018). Although not in conjunction with the translocon
or the targeting signal, e[.38 was shown to be a regulatory ribosomal protein that
can support translation of subset of mRNAs carrying a specialized regulon motif in
the 5” untranslated region (Xue et al. 2015). Analogous to a regulon motif, TRAP
could trigger the regulatory function of e[.38 to support translation in vicinity to the
Sec61 complex.

Recent structural data of the OST complex also provided striking insights into its
interaction with the ribosome (Bai et al. 2018; Wild et al. 2018; Braunger et al.
2018). The cytosolic C-terminus of Rpnl, one of the core subunits shared amongst
the two paralogous OST complexes containing either Stt3A or Stt3B as catalytic
subunit, interacts with the ribosome. Rpnl forms a quadruple-helix bundle aligning
in a cavity made from rRNA helices H19/H20, rRNA expansion segment ES7a and
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ribosomal protein eL28 (Braunger et al. 2018). Importance of this interaction for
efficient RTC formation was demonstrated by antibodies against the cytosolic Rpn1
segment which prevented ribosome targeting to and efficient protein translocation
by the translocon (Yu et al. 1990). Though, the Rpn1 interaction with the ribosome
is sterically hindered in case of the Stt3B-containging OST complex due to an
additional sequence extension in a cytosolic loop and the presence of a paralog
specific subunit (Braunger et al. 2018).

Besides the Sec61, TRAP, and OST complex the ribosome was shown to
interact with additional membrane proteins of the ER, including palmitoylated
Calnexin, ERjl, Sec62, or p180 (Table 4.1). These candidates support ribosome
anchoring at the ER or serve as transient, regulatory proteins of the RTC. Calnexin,
a type I membrane protein, is a lectin-like chaperone and assists maturation, folding
and oligomerization of glycoproteins (Hebert et al. 1996). Upon modification by the
ER palmitoyltransferase Dhhc6, palmitoylated calnexin associates with the RTC
(next to the TRAP complex) to catch transported client proteins as they emerge
from the Sec61 complex (Lakkaraju et al. 2012a; Wada et al. 1991; Chevet et al.
1999). Another single-pass type I membrane protein of the ER carrying a charac-
teristic luminal J-domain, ERj1, can directly associate with ribosomes in the intact
ER as was demonstrated by a FRET based assay employing antibody accessibility
as a readout or from analysis of ribosome-associated ER membrane proteins in
detergent extracts of canine pancreatic microsomes (Blau et al. 2005; Dudek et al.
2002; Benedix et al. 2010; Dudek et al. 2005). Using the same experimental
strategies as well as surface plasmon resonance spectroscopy the double-spanning
membrane protein Sec62 was shown to interact via two positively charged clusters
encoded in the cytosolic N-terminus of Sec62 with the ribosome close to the exit
tunnel (Miiller et al. 2010). In case of p180, a single-pass type I membrane protein
with a gigantic cytosolic coiled-coil domain, data are somewhat ambiguous with
regard to what entity it actually attracts to the ER membrane. Besides a direct
association of p180 to the ribosome as part of the RTC, some data highlight the
possibility of p180 acting as direct mRNA anchor (Savitz and Meyer 1990, 1993;
Cui et al. 2012, 2013; Dejgaard et al. 2010; Morrow and Brodsky 2001; Ueno et al.
2010, 2011). Regardless, both options would attract polysomes to the translocon to
enhance protein translocation, substrate-specific or not. Further, predominantly
cytosolic, ribosomal interactors supporting the substrate specific targeting of pre-
cursor polypeptides to the translocon will be discussed in the section “precursor
protein targeting factors”.

The TRAP Complex

The human TRAP complex consists of four consecutively named subunits TRAPa
to TRAPS (Hartmann et al. 1993). With the exception of TRAPy carrying four
transmembrane helices and negligible luminal mass, the other TRAP subunits are
single spanning type I membrane proteins with a cleavable targeting signal and a
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Iuminal domain of over 100 amino acids (Bano-Polo et al. 2017). A reasonable
cytosolic mass comprised of roughly 60 amino acids is found only in TRAPo and
TRAPy. Despite the often discussed compositional heterogeneity of the native
ribosome-associated translocon, TRAP seems to be a stoichiometric and permanent
component of it (Braunger et al. 2018; Pfeffer et al. 2015). Functionally, TRAP
supports protein translocation by the Sec61 complex in a substrate-specific manner.
TRAP-mediated assistance was observed for precursor proteins with cleavable
signal peptides or N-terminal transmembrane helices. Experiments based on bio-
chemical reconstitution demonstrated for a small subset of substrates that only
signal sequences with a strong translocon interaction and quick gating potential are
able to be transported independently of TRAP (Fons et al. 2003). Similarly, in vitro
studies testing mutations in the flanking charges of a type II signal anchor obscuring
the positive-inside rule demonstrated the importance of TRAP for proper topoge-
nesis of such a transmembrane helix handled by the Sec61 complex (Sommer et al.
2013; Baker et al. 2017; von Heijne 2006; von Heijne and Gavel 1988; Goder et al.
2004). Using quantitative proteomics to analyze changes of cellular protein abun-
dance upon TRAP depletion revealed that signal peptides of TRAP-dependent
clients exhibit a glycine-plus-proline content above and hydrophobicity below
average (Nguyen et al. 2018). As “helix-breaking” residues the pronounced
glycine-plus-proline content of TRAP-dependent signal peptides reduces their
propensity of helix formation and likely their ability to (i) intercalate at the lateral
gate of the Sec61 complex and (ii) displace the lateral gate helix 2 in order to
advance the channel from the primed to the open state (Figs. 4.5 and 4.6). The
reduced hydrophobicity of TRAP-dependent targeting signals probably reduces the
likelihood for efficient binding/interaction with the single hydrophobic patch that
opens up upon priming of the Sec61 complex by ribosome binding (Voorhees and
Hegde 2016a). In the end, both parameters of TRAP clients reduce their ability to
overcome the activation energy necessary to convert the primed state of the Sec61
complex into the open state in a reasonable dwell time (Figs. 4.5 and 4.6). CET
provided an interesting view on how the TRAP complex could help to overcome
this energetic deficit. To do so, a set of difference densities comparing the native
canine TRAP complex with algal (lacking TRAPy/8) and TRAPS-deficient human
TRAP complexes demonstrated proximity of the luminal mass (likely the TRAPo/3
subunits) to loop 5, the hinge region connecting the N- and C-terminal halves of
Sec61lo and permitting the rigid body movement (Pfeffer et al. 2017) (Figs. 4.5 and
4.7a). Different algorithms predicted for the luminal domains of both TRAPa and
TRAPP a beta-sandwich fold. This is a classical domain structure often found in
immunoglobulins or lectins, protein classes specialized in binding to other
polypeptide or carbohydrate moieties. Considering both proximity and domain fold,
we assume that TRAP acts as allosteric effector of the Sec61 complex in a chap-
erone-equivalent fashion and catalyzes a reduction of the energy barrier enabling
gating deficient signal peptides of TRAP-dependent substrates to open the Sec61
complex (Figs. 4.4, 4.5, 4.6 and 4.7). Alternatively, or additionally, TRAP could
work as a ratchet on the nascent precursor polypeptides in transit into the ER lumen
directly. Moreover, taking into consideration the vicinity between the cytosolic
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Fig. 4.7 Atomic model for the heterotrimeric Sec61 complex, fitted into the ribosome-translocon
structure, shown in Fig. 4.2b and highlighting the ER luminal contact sites of TRAP and BiP,
respectively. a, b The Sec61 channel is shown in two orientations, as seen from the plane of the
membrane (PDB 3jc2, EMD 3069). The N- and C-terminal halves of the Sec61 a-subunit are
shown in green and blue, respectively, and the y-subunit in orange. a The same view of the Sec61
complex is shown as in Fig. 4.4b. However, most of the N-terminal half of the o-subunit and the
complete B-subunit were clipped for better visibility of the TRAP interaction site. The ER luminal
domains of the TRAP a- and B-subunits interact with ER luminal loop 5 of the Sec61 o-subunit
(connecting transmembrane helices 5 and 6), which is shown with the surrounding electron
densities of the ribosome, TRAP, and OST. The primary structure of the TRAP binding site within
loop 5 is N-terminal to the so-called hinge helix (connecting the N- and C-terminal halves of the
Sec61 a-subunit; shown in grey) and is shown in magenta; the amino acid sequence C-terminal to
the hinge region is shown in red. There is no atomic structure of TRAP, but secondary structure
predictions for the ER luminal domains of the TRAP o- and B-subunits are consistent with a beta
sandwich fold. b In (b) the Sec61 complex is rotated counter clockwise in the plane of the
membrane by 90° as compared to (a). The substrate binding domain (SBD) of ER luminal
Hsp70-type molecular chaperone BiP interacts with ER luminal loop 7 of the Sec61 o-subunit
(connecting transmembrane helices 7 and 8), and is recruited to the Sec61 complex by ER
membrane resident Hsp40-type co-chaperone Sec63 via the J domain of the latter. The BiP
binding site within loop 7 includes the so-called minihelix (shown in grey) between the up-stream
lying oligopeptide (shown in purple) and the down-stream lying oligopeptide (shown in red)

domain of TRAPy and the ribosome (eL.38, ES20L/ES26L) mentioned before, the
TRAP complex acts as relay bridging incoming precursor information from the
cytosol across the ER membrane to the luminal side to support the conformational
switch of the Sec6lcomplex necessary to accommodate TRAP-dependent sub-
strates. This mechanism of action portraying TRAP as allosteric effector that sup-
ports opening of the Sec61 complex was further substantiated by two lines of
evidence. One, live cell calcium imaging measurements showed that depletion of
TRAP in human cells reduced the Sec61-mediated calcium efflux from the ER
(Nguyen et al. 2018). Two, comparing the evolutionary conservation of the
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Fig. 4.8 Due to the presence of TRAP, the mammalian Sec61 complex can handle signal peptides
with relatively high content of glycines and prolines, in contrast to the homologous complexes in
yeast and bacteria. Client specificity of human TRAP was revealed by a combination of
siRNA-mediated TRAP depletion in HeLa cells and quantitative proteomics plus differential
protein abundance analysis. The combination of siRNA-mediated gene silencing, using two
different siRNAs for each target and one non-targeting (control) siRNA, respectively with three
replicates for each siRNA and label-free quantitative proteomic analysis plus differential protein
abundance analysis was used to identify negatively affected proteins (i.e. TRAP clients).
Subsequently, we used custom scripts to compute the glycine/proline (GP) content of signal
peptide sequences of TRAP clients as the total fraction of glycine and proline in the respective
signal peptide sequences (data not shown). We also used custom scripts to extract protein
annotations for all human, E. coli and S. cerevisiae signal peptides from UniProtKB entries

glycine-plus-proline content of cleavable signal peptides encountered in
TRAP-carrying humans and TRAP-deficient organisms such as yeast and E. coli
showed a much higher glycine-plus-proline content in the former (Fig. 4.8). Thus,
enabled by TRAP, the mammalian Sec61 complex can manage signal peptides with
a higher content of glycines and prolines compared to its homologous ancestors in
yeast and bacteria.

The OST Complex

In contrast to the monomeric oligosaccharyl-transferase in bacteria (PgIB) and
archaea (AglB) the human OST complex is represented by two multimeric paralogs,
named after the catalytic core subunits Stt3A and Stt3B (Table 4.1). The latter two,
which show highest sequence homology amongst the OST subunits to the
prokaryotic monomers, catalyze the transfer of the lipid-linked glycan
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(GlcsMangGlcNAc,) onto the asparagine residue of a specific trimeric sequon motif
(Asn-X-Ser/Thr, where X # Pro) in the polypeptide chain (Larkin and Imperiali
2011). N-linked glycosylation in the mammalian ER can occur co-translationally,
while the polypeptide is in transit, or post-translocationally. While the former is
usually catalyzed by the Stt3A-containing OST complex skipped sequons are
complemented by the Stt3B paralog which can also act post-translocationally to
N-glycosylate C-terminally located sites within the polypeptide chain (Shrimal et al.
2015; Ruiz-Canada et al. 2009; Sato et al. 2012). Despite two paralogous OST
complexes complementing each other one-third of Asn in glycosylation sequons are
not modified (Petrescu et al. 2004; Kelleher and Gilmore 2006). Important for
glycosylation is a conserved sequon binding motif (Trp-Trp-Asp) in the substrate
binding groove of various Stt3 homologs, representing the active center of OST
complexes (Bai et al. 2018). Structural data and early in vitro based assays
demonstrated a distance of roughly 40-60 A (equivalent to a distance spanned by
15-20 amino acids) from the translocon exit to the active center of Stt3 (Nilsson
et al. 2003; Nilsson and von Heijne 1993; Wild et al. 2018; Bafi6-Polo et al. 2011;
Kowarik et al. 2002). The paralogous OST complexes in humans share a set of six
subunits Rpnl, Rpn2, DADI, OST4, OST48, and TMEM258. In the
Stt3B-containing OST this set is supplemented by the catalytic Stt3B, and MagT1
or TUSC3 subunit. In case of the Stt3A paralog the complex-specific subunits are
Stt3A, DC2 and Kcp2 (Cherepanova et al. 2016). The latter two, DC2 and Kcp2,
were shown biochemically and by structural analysis to connect the
Stt3A-containing OST to the Sec61 complex (Shrimal et al. 2017; Braunger et al.
2018). While the Stt3B-containing OST complex is a stand-alone unit, the
Stt3A-containing OST can associate with the RTC, including TRAP, to form a
co-translational super-complex as observed even in the native membrane (Wild
et al. 2018; Pfeffer et al. 2014; Ruiz-Canada et al. 2009). Tethering of the
Stt3A-containing OST to the RTC is ensured by two interfaces. The first interface
refers to the specific association between DC2 and Stt3A. This interaction is
mediated by cytosolic, membrane and luminal portions of both proteins including
transmembrane helices 10-13 and the last cytosolic loop of Stt3A. Due to sequence
variations between Stt3A and Stt3B in this contact area required for the DC2
association, DC2 binds selectively to the Stt3A paralog. Next, DC2 with the rest of
the Stt3A-containing OST in tow binds to the Sec61 complex. The luminal loop of
DC2 likely interacts with the N-terminal half of Sec61a as well as the C-termini of
Sec61f and Sec61y (Braunger et al. 2018). Put simply, the membrane-embedded
part of the Stt3A-containing OST complex flanks the hinge region of Sec6la
(Pfeffer et al. 2016). The second interface was mentioned earlier and refers to the
quadruple-helix bundle of the cytosolic Rpnl domain binding to the ribosome.
Thus, the dissimilar subunit composition between the two alternative OST com-
plexes explains both the paralog-specific association with the RTC and, by
extrapolation, the different modes of action (co-translational Stt3A versus
post-translocational Stt3B). The DC2 subunit is the bridging element that ties
exclusively the Stt3A-containing OST to the N-terminal half of the Sec61 complex
(Fig. 4.2). Further evidence showing the paralog-specific integration of the
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Stt3A-containing OST- complex into the RTC comes from CET of Stt3 knockout
cells. While the ratios of RTC populations carrying only TRAP or TRAP + OST
densities were identical for wildtype and Stt3B knockout cells, the RTC population
carrying TRAP + OST could not be observed at all in Stt3A knockout cells
(Braunger et al. 2018). Yet, it is currently unclear if and how the OST complex
might affect the Sec61-mediated calcium efflux. Although inhibitors of glycosyla-
tion such as tunicamycin trigger an elevated Sec61-mediated calcium efflux from
the ER, this effect cannot be assigned to the inactivity of OST complexes rather
than being a consequence of inaccurate protein maturation and subsequent BiP
sequestration (Schauble et al. 2012).

The Sec62/63 Complex

As discussed before, the Sec61 complex can handle incoming polypeptides either
co-translationally or post-translationally. However, reasonable structural data
depicting the organization of the post-translational eukaryotic Sec61 complex are
scarce. So far, three studies highlighted the assembly of the detergent extracted,
unoccupied, post-translational translocon complex from S. cerevisiae by cryo-EM
(Itskanov and Park 2018; Wu et al. 2018; Harada et al. 2011). In yeast, the fully
assembled post-translational translocon represents a heptameric protein ensemble
referred to as the SEC complex (Deshaies et al. 1991; Panzner et al. 1995; Jermy
et al. 2006). In the SEC assembly the trimeric Sec61 complex is accompanied by
the tetrameric Sec62/63 complex. The latter consist of two essential, evolutionarily
conserved membrane proteins, Sec62 and Sec63, and two dispensable subunits,
Sec71 and Sec72. All seven subunits of the SEC complex are bundled in a 1:1
stoichiometry (Harada et al. 2011). Additionally, in vitro reconstitutions demon-
strated that the functional SEC complex needs support from an ATP consuming
Hsp70 chaperone of the ER lumen, Kar2p in yeast or BiP in mammals, for efficient
post-translational transport (Panzner et al. 1995; Matlack et al. 1999; Brodsky et al.
1995; Brodsky and Scheckman 1993). Although the different cryo-EM structures
did not include any BiP density, the data provided first insights into how the SEC
complex is arranged to allow gating of the Sec61 complex and support transport of
post-translational substrates. Most striking was the extensive interaction between
Sec63 and the Sec61 complex including contacts in their cytosolic, membrane and
luminal domains. Similar to the ribosome or the bacterial SecA ATPase, the
cytosolic Brl domain of Sec63 interacts with loops 6 and 8 of Sec61a, the universal
docking port, thereby “reserving” the docking port and blocking ribosome binding.
Interestingly, as assumed for the interaction of the TRAPao/B subunits with the
Sec61 complex, the Brl domain of Sec63 shows a canonical beta-sandwich fold for
an antigen-antibody-like binding to loop 6. In the membrane, Sec63 (transmem-
brane helix 3) contacts all three subunits of the Sec61 complex in the hinge region
opposite to the lateral gate including transmembrane helices 5 and 1 of Sec61a as
well the membrane anchors of Sec61f and Sec61y. In addition, the short luminal
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N-terminus of Sec63 appears to intercalate on the luminal side of the channel
between the hinge loop (Sec61a loop 5) and Sec617y (Itskanov and Park 2018; Wu
et al. 2018). Yeast viability assays with single point mutations introduced in the
cytosolic or membrane contact area of Sec63 resulted in lethality, highlighting the
importance of those contacts. On the other hand, mutations in the luminal inter-
action site did not affect cell viability (Wu et al. 2018). The two nonessential
subunits, Sec71 and Sec72, sit on top of Sec63’s Brl domain. Structurally, binding
of the Sec62/63 complex to the Sec61 channel triggered opening of the lateral gate
much wider than observed in any previous cryo-EM structure (Van den Berg et al.
2004; Voorhees and Hegde 2016a; Li et al. 2016; Zimmer et al. 2008; Egea and
Stroud 2010). The functional implications for the translocon resulting from gating
by the Sec62/63 complex are exquisite. First, targeting signals of many
post-translational substrates are often less hydrophobic and therefore would have a
lower chance to intercalate at the lateral gate in the primed Sec61 complex and
drive further opening of the channel. However, in the post-translational SEC
complex binding of the Sec62/63 complex seems to induce a fully opened channel
that readily accommodates even “weak” or otherwise inefficient intercalating tar-
geting signals (Trueman et al. 2011, 2012; Ng et al. 1996). Fitting to the concept of
the Sec62/63 complex inducing wide opening of the lateral gate yeast Sec62 was
found to mediate topology of moderately hydrophobic signal anchor proteins, in
particular type II membrane proteins that undergo the energetically unfavorable
180° flip turn for reversing the initial type I orientation (Reithinger et al. 2013; Jung
et al. 2014). Second, association of the Sec62/63 complex opposite to the lateral
gate of the Sec61 complex might perturb binding of the co-translational acting
Stt3A-containing OST complex. Thus, Sec63 might block both ribosomal binding
and coordination of the Stt3A-containing OST complex found in most multicellular
plants and metazoans (Cherepanova et al. 2016). This could imply that
post-translational substrates are exclusively glycosylated post-translocationally and
that the appearance of the Sec62/63 complex, which is absent in bacteria, occurred
hand-in-hand with the gene duplications of specific OST complex subunits. Similar
to metazoans, also yeast has two paralogous OST complexes containing either Ost3
or Ost6, the yeast homologs of TUSC3 and MagT|1, respectively. Both variations of
the OST complexes in yeast share the catalytic Stt3 subunit, which is more similar
to the mammalian Stt3B subunit and explains why the OST complexes in yeast are
considered stand-alone units (Wild et al. 2018). Interestingly, recent CET data from
Stt3A depleted HEK cell microsomes observed a previously unidentified translocon
population devoid of TRAP and OST (Braunger et al. 2018). The unknown density
could represent the mammalian equivalent of the SEC complex with or without
BiP. Third, binding of the Sec62/63 complex to the luminal end of the Sec61
channel might also interfere with functionality of the TRAP complex. Both
accessory complexes Sec62/63 and TRAP appear on the luminal site of the channel
in proximity to loop 5, which connects the N- and C-terminal halves of Sec61o.
Interaction of the accessory complexes with loop 5 might support the rigid body
movement during opening of the Sec61 complex, eventually in a substrate specific
manner. Fourth, the extremely wide opening of the lateral gate triggered by binding
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of the Sec62/63 complex might also impact the Sec61-mediated calcium efflux from
the ER. While this issue can be tolerated in yeast, whose major intracellular calcium
store is the vacuole rather than the ER, in mammalian cells the excessive leakage of
calcium would need to be compensated by other factors. Work from our own group
suggests that Sec62 and BiP are efficient regulators of the ER calcium leakage
(Schauble et al. 2012; Greiner et al. 2011; Linxweiler et al. 2013).

Similar to the situation in yeast, studies of protein transport in mammalian cells
also show the substrate-specific involvement of Sec62 in ER import (Fig. 4.5).
Mammalian Sec62 is required for the efficient transport of small precursor proteins
(such as preproapelin), which are, due to their short length, transported
post-translationally (Lang et al. 2012; HaBBdenteufel et al. 2018; Johnson et al. 2013;
Lakkaraju et al. 2012b). However, in contrast to yeast, the mammalian Sec62
protein experienced a gain of function as it is able to interact with the ribosome near
the ribosomal exit tunnel and also supports the co-translational transport of certain
substrates, such as the precursors of ER;j3 and prion protein (Miiller et al. 2010;
Fumagalli et al. 2016; Ziska et al. 2019). Accordingly, cross-linking experiments
using different stalled precursor polypeptides in transit through the mammalian
translocon demonstrated the dynamic recruitment of allosteric regulators including
Sec62. The model precursor preprolactin recruited accessory factors like TRAP,
OST, and the translocating chain-associating membrane (TRAM) protein to the
Sec61 complex. Yet, when ERj3 or prion protein were used as precursor the Sec62/
63 complex instead of TRAP and TRAM was recruited to the channel to support
translocation of those substrates with a rather slowly or inefficiently gating targeting
signal (Conti et al. 2015; Fumagalli et al. 2016; Ziska et al. 2019). The gap between
the Sec61 complex and the ribosome exit tunnel providing a space for the elusion of
nascent polypeptides could be critical for the substrate-specific recruitment of
regulatory factors. Another dynamic transition of the translocon during specific
translocation events was observed for Sec62 and the SRP receptor, a protein tar-
geting complex that, as will be discussed in more detail later, is required for
co-translational targeting of precursor proteins to the Sec61 complex. To allow
co-translational targeting the SRP receptor apparently displaces Sec62 from the
SEC complex switching the Sec61 channel from Sec62- to SRP-dependent
translocation (Jadhav et al. 2015). However, according to above mentioned
experiments, SRP receptor and Sec62 can also act sequentially, i.e. after
SRP-dependent targeting of precursors of ERj3 and prion protein, Sec62 can dis-
place SRP receptor from the Sec61 channel and together with Sec63 support
channel gating. Furthermore, in this scenario Sec63 has to be expected to take over
loops 6 and 8 of Sec6la from the ribosome. Lastly, depletion of Sec63 from
mammalian cells, which is neither accompanied by a loss of Sec62 nor compen-
sated by increased levels of other major translocon components (Fig. 4.9), causes a
substrate specific defect in protein translocation of membrane and secretory pro-
teins, but is without effect on the Sec61-mediated calcium leakage (Lang et al.
2012; Mades et al. 2012; Hadenteufel et al. 2018; Schorr et al. 2015; Fedeles et al.
2011). To a certain extent even the cryo-EM structures of the post-translational SEC
complex reflect the idea of a dynamic transition and flexibility of the Sec62/63
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Fig. 4.9 Genetic interactions between ER targeting- or translocation-components, as revealed by
a combination of siRNA-mediated component depletion in HeLa cells and quantitative proteomics
plus differential protein abundance analysis. The combination of siRNA-mediated gene silencing,
using two different siRNAs for each of the indicated targets and one non-targeting (control)
siRNA, respectively with three replicates for each siRNA and label-free quantitative proteomic
analysis plus differential protein abundance analysis was also used to identify positively affected
proteins (i.e. compensatory mechanisms or genetic interactions, indicated as arrows)

complex. Both Sec62 and the characteristic luminal J-domain of Sec63 could not be
sufficiently resolved in the particle analysis which might be due to their structural
flexibility and dynamic integration into the translocon.

Additional Transport Components and Allosteric Effectors
of the Sec61 Channel

In addition to the multimeric complexes from the previous section many more
auxiliary transport components and allosteric effectors of the Sec6l channel,
respectively, have been experimentally detected to transiently interact with the
Sec61 complex. So far, these auxiliary components eluded structural visualization
in combination with the polypeptide-conducting channel. Yet, a few examples will
be named and summarized.



112 S. Lang et al.

BiP, an Additional Allosteric Sec61 Channel Effector

One of the most abundant and versatile proteins within the ER lumen is the
Hsp70-type molecular chaperone named BiP (Fig. 4.5). Originally identified as
protein that binds non-covalently to free immunoglobulin heavy-chains its reper-
toire of functions was steadily extended as was reviewed before (Haas and Wabl
1983; Zimmermann 2016; Otero et al. 2010; Dudek et al. 2009; Ni and Lee 2007;
Ma and Hendershot 2004). Consistent with its domain organization BiP reversibly
binds to hydrophobic oligopeptides of loosely folded polypeptides in an
ATP-regulated manner (Flynn et al. 1991). To do so, a flexible inter-domain linker
region connects the N-terminal nucleotide binding domain (NBD) and C-terminal
substrate-binding domain (SBD) of BiP (Kumar et al. 2011). Thus, binding and
release of a substrate are coupled to an ATPase cycle that triggers conformational
transition of BiP’s different sub-domains and supports productive folding of a
substrate (Smock et al. 2010; Marcinowski et al. 2011). For a complete and pro-
ductive ATPase cycle BiP is part of a tripartite system. Aside from BiP, this system
encompasses a J-domain carrying Hsp40-type co-chaperone and a nucleotide
exchange factor (Table 4.1). ATP-bound BiP has a low affinity for substrates given
that a sub-domain within the SBD called the lid is in the open conformation.
Association with the characteristic J-domain of one of the multiple ER luminal
Hsp40-type co-chaperones (e.g. Sec63) stimulates the ATPase activity of BiP and
coincides with both a closure of the lid in the SBD and a drastic increase in
substrate affinity. Reversal of this reaction is mediated by a nucleotide exchange
factor that helps to replace ADP by ATP and convert BiP back into the low-affinity
state with an open lid (Melnyk et al. 2015). The currently known repertoire of at
least eight Hsp40 co-chaperones and two nucleotide exchange factors in human
cells allows fine-tuning of the ATPase cycle of BiP and its function can be tailored
for various substrates and/or occasions. The combinatorial assembly of the tripartite
system with BiP at its center probably allows BiP to integrate its many known
functions. Those functions relate to the import, folding/assembly, export, and
degradation of polypeptides as well as regulation of folded proteins such as the UPR
sensors IRE1, PERK, and ATF6 or the translocon component Sec61o (Dudek et al.
2009; Hennessy et al. 2000, 2005; Wang and Kaufman 2012; Walter and Ron 2011;
Zhao and Ackerman 2006). For the latter, BiP was shown to support protein
transport into the ER in two different modi operandi. One, as molecular ratchet BiP
directly works on the incoming, unfolded precursor polypeptide in transit through
the Sec61 complex (Tyedmers et al. 2003). The ratcheting supports both co- as well
as post-translational translocating substrates (Liebermeister et al. 2001; Panzner
et al. 1995; Brodsky and Scheckman 1993; Brodsky et al. 1995). Two, BiP acts as
direct allosteric effector of the Sec61 complex for channel opening by binding to the
luminal loop 7 of Sec6la (Fig. 4.7b). Prohibiting the binding of BiP to luminal
loop 7 achieved either by BiP depletion or the introduction of a BiP repelling
mutation in loop 7 caused a substrate-specific defect in transport for the precursors
of ERj3 and prion protein as well as for the short, post-translationally transported
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preproapelin (Schéuble et al. 2012; Lloyd et al. 2010; HaBdenteufel et al. 2018).
Again, those are the precursors with a rather inefficiently gating targeting signal
plus inhibitory features in the mature part that require support for opening the
channel (Fig. 4.5) (HaBdenteufel et al. 2018). Given that both ERj3 and prion
protein were demonstrated to recruit the Sec62/63 complex to the translocon,
suggests that BiP together with the luminal J-domain of the Hsp40 co-chaperone
Sec63 forms a functional unit acting as allosteric effector of the Sec61 complex for
substrate-specific channel opening (Conti et al. 2015). Simultaneously, the activity
of BiP at the Sec61 complex is required for proper sealing of the Sec61 channel to
prevent excessive calcium leakage (Schéuble et al. 2012). Interestingly, studies of
the calcium permeability across the ER membrane provide an explanation of how
the different activities of BiP at the Sec61 complex (opening for protein substrates;
closing for calcium) might be connected to different co-chaperones. On the one
hand, depletion of the Sec63 co-chaperone, i.e. a membrane-bound J-domain,
caused a substrate-specific defect in protein transport without detectable impact on
the Sec61-mediated calcium leakage (Lang et al. 2012; Schorr et al. 2015). On the
other hand, depletion of the ER luminal, i.e. soluble, J-domain containing protein
ERj3 or ERj6 caused a calcium specific phenotype which was attributed to ineffi-
cient sealing of the Sec61 channel (Schorr et al. 2015). This idea of BiP closing the
Sec61 channel by direct interaction was further substantiated by single channel
recordings from planar lipid bilayer experiments. Addition of a loop 7 antibody,
binding as pseudo-ligand to loop 7, prevented ion currents through the translocon
by shifting the equilibrium of the Sec61 channel to the closed state (Schorr et al.
2015). Taken together, functionality of the abundant calcium buffering chaperone
BiP is linked to two metabolites, ATP and calcium. Therefore, BiP might be able to
supervise and orchestrate ER homeostasis by integrating proteostasis, calcium
balance, and, as will be discussed later, energy homeostasis of the ER (Lang et al.
2017).

Auxiliary Transport Components of the ER Membrane

Other auxiliary translocon components have been detected that reside in the ER
membrane and modify the translocating polypeptide or foster its transport. As such,
cleavable signal peptides from precursor proteins that intercalate at the lateral gate
can be cleaved off by an intramembrane protease called the signal peptidase
complex (Chen et al. 2001; Evans et al. 1986; Dalbey and von Heijne 1992). The
existence of two enzymatically active subunits in this complex may hint at the
possibility, in analogy to oligosaccharyltransferase, that there may actually be two
signal peptidase paralogs with either SPC18 or SPC21 (Table 4.1). Chemical
crosslinking suggested that the signal peptidase complex is transiently recruited to
the translocon via an interaction with the Sec61f subunit and recruitment depended
on the presence of membrane-bound ribosomes (Kalies et al. 1998). Signal peptides
can be further processed by the signal peptide peptidase and translocating nascent
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chains can be modified by the GPI transamidase attaching a mixed lipid/sugar
moiety called glycosylphosphatidylinositol (GPI) anchor to the C-terminus (Kapp
et al. 2009; Lemberg and Martoglio 2002; Weihofen et al. 2002; Kamariah et al.
2011). Recently, attention was drawn to another ER membrane protein complex
(EMC) that was first identified in yeast and later in human cells as heteromultimeric
protein complex with 6 and 10 subunits, respectively (Jonikas et al. 2009;
Christianson et al. 2011). Biochemical and cellular characterization of EMC
characterized it as both stand-alone insertase for tail-anchored membrane proteins
with a moderately hydrophobic transmembrane helix and as helper translocase
likely in synergy with the Sec61 complex for the insertion of critical transmembrane
helices of polytopic membrane proteins (Guna et al. 2017; Chitwood et al. 2018;
Shurtleff et al. 2018). Besides those multimeric protein complexes other monomeric
proteins have been shown to transiently contact or be in vicinity of the Sec61
complex (Table 4.1). Interestingly, it was deduced from sequence comparisons that
TMCOL is one of these proteins and, together with Getl and EMC3, represents a
remote Oxal/Alg3/YidC homolog in the ER membrane (Anghel et al. 2017). In
partial analogy with YidC, TMCO1 was found in association with both ribosomes
and the Sec61 complex. It addition, it was found to be able to reversibly tetramerize
and to restore calcium homeostasis upon calcium-overfilling of ER calcium stores
(Wang et al. 2016). Using reconstituted proteoliposomes, TRAM was one of the
first proteins found to provide substrate-specific assistance for the translocase
(Gorlich and Rapoport 1993). Follow-up studies demonstrated that precursor pro-
teins with short charged N-terminal domains in their signal peptide require TRAM
for efficient insertion into the lateral gate and that TRAM could regulate the
cytosolic elusion of nascent chain domains into the gap between ribosome and
translocon (Voigt et al. 1996; Hegde et al. 1998). Similar to Sec63 another
J-domain containing membrane protein named ERj1 was demonstrated to associate
with the Sec61 complex. ERjl binds to ribosomes close to the exit tunnel and
recruits BiP via the J-domain to both the Sec61 channel and incoming polypeptides
(Dudek et al. 2005; Blau et al. 2005). However, the precise role of ERj1 in protein
transport remains enigmatic. The dynamic recruitment of yet another auxiliary
translocon component, RAMP4, can be triggered by transmembrane helices still
buried within the ribosomal exit tunnel. Recruitment of RAMP4, also called
stress-associated endoplasmic reticulum protein 1 (SERP1), is mediated by ribo-
somal protein uL22 which spans from the tunnel wall to the ribosomal surface.
Thus, ul22 senses a transmembrane helix inside the ribosome and signals
recruitment of RAMP4 to the translocon to prime it for subsequent transmembrane
helix integration (Pool 2009; Yamaguchi et al. 1999). Also, bundles of trans-
membrane helices of certain polytopic membrane proteins were shown to reside in
vicinity of the Sec61 complex for their collective release into the membrane during
biogenesis (Cross and High 2009a, b; Sadlish et al. 2005; Ismail et al. 2008). In
some cases, PAT-10 (protein associated with the ER translocon of 10 kDa) was
found to interact in vicinity of the Sec61 complex and chaperone specific trans-
membrane helices of a polytopic membrane protein throughout its synthesis
(Meacock et al. 2002; Ismail et al. 2008). To monitor arising problems with protein
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folding or transport early and right at the translocon the UPR sensor Irel directly
interacts with the Sec61 complex generating a rendezvous point for surveillance,
signaling and processing endeavors (Plumb et al. 2015). Irel is a
membrane-anchored endonuclease that can cleave ribosome-engaged mRNAs after
it is activated by misfolded proteins in the ER. To initiate UPR signaling Irel
cleaves its key substrate XBP1u mRNA, which was targeted as ribosome-nascent
chain complex to the translocon. And, Irel cleaves other ER destined mRNAs in a
process identified as regulated Irel-dependent decay (RIDD) to reduce the folding
and synthesis burden of the ER under stress conditions (Sundaram et al. 2017,
Yanagitani et al. 2011; Hollien et al. 2009; Hollien and Weissman 2006). In
addition to the signaling and processing mode of Irel, its close interaction with the
RTC allows it to act in a surveillance mode to cleave mRNAs whose translation
products show signs of mis-folding in the ER (Acosta-Alvear et al. 2018).
Connection between the Sec61 complex and the Irel branch of the UPR was also
demonstrated on a genetic level using a multiplexed, genome scale CRISPR
screening showing a reciprocal feedback loop between the two. During ER stress,
subunits of the Sec61 complex were exclusively transcribed in response to acti-
vation of the Irel branch of the UPR. In turn, the loss of Sec61 complex subunits
was compensated by selective activation of Irel signaling (Adamson et al. 2016).

Additional Allosteric Effectors in the Cytosol Interacting
with the Sec61 Complex

Multiple cytosolically located proteins have been identified to interact with the
Sec61 complex. Many of those are part of coexisting targeting machineries that are
composed of cytosolic and membrane-bound components. These targeting path-
ways delivering precursor proteins to the translocon will be discussed later. Here,
we will focus on calmodulin (Fig. 4.5), the ubiquitous calcium binding protein of
the cytosol involved in different second messenger systems and the regulation of
ion channels and other pivotal proteins (Chin and Means 2000). Some binding
sites for calmodulin are called IQ-motifs to which calmodulin binds either in its
apo- (calcium-free) or holo-form (Bahler and Rhoads 2002; Tidow and Nissen
2013). Such an IQ-motif was identified in the cytosolic N-terminus of mammalian
Sec61la (Erdmann et al. 2011). A series of protein-protein interaction studies, planar
lipid bilayer recordings, molecular modeling and live cell calcium imaging
demonstrated the calcium-dependent binding of calmodulin to this IQ-motif to limit
the Sec61-mediated calcium efflux during protein translocation. The introduction of
charge deleting mutations masking the IQ-motif or the use of calmodulin inhibitors
caused dysregulated calcium permeability of the Sec61 complex (Erdmann et al.
2011; Harsman et al. 2011b; Lang et al. 2011b). Interestingly, binding of
calcium-calmodulin to the translocon seemed not to interfere with the protein
transport activity of the Sec61 complex and goes in line with the observed targeting
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function of calmodulin directing small precursors to the Sec61 complex (Shao and
Hegde 2011; Erdmann et al. 2011). Thus, the N-terminus of Se6lo serves as
calmodulin docking site for the transport of certain precursors and regulation of
calcium permeability without interference for the ribosome binding and formation
of the RTC.

Small Molecules Directly Interfering with the Sec61
Complex

As discussed above, the efficient gating of the Sec61 channel is of crucial impor-
tance for its role in ER protein import and its potentially harmful role for
calcium-homeostasis. In recent years a growing number of Sec61 channel inhibitors
was identified, which to us are best discussed in light of the energetics and kinetics
of Sec61 channel gating (Fig. 4.6). According to this point of view, inhibitor
selectivity is based on the distinct efficiencies of different signal peptides in
reducing the activation energy for Sec61 channel opening and the common prin-
ciple that the bound inhibitors or ions may increase the energy barrier for opening
of the Sec61 channel (Fig. 4.6). This view is supported by the observation that the
ER import of the BiP- and Sec63-dependent preproapelin is sensitive to CAM741
(Haf3denteufel et al. 2018).

This common principle is e.g. demonstrated by the effect of Lanthanum ions on
the channel. Binding of several Lanthanum ions to the Sec61 complex arrests the
channel in the open state, restricts the Sec61 channel dynamics, and inhibits
translocation of polypeptides. Molecular modeling indicated that Lanthanum
binding sites cluster at the lateral gate (Erdmann et al. 2009). In addition, several
structurally unrelated small molecules have non-identical binding sites in the Sec61
complex and also inhibit the Sec61 channel with respect to ER protein import
(Fig. 4.3). The first described class of Sec61 inhibitors were the cyclic heptadep-
sipeptides, i.e. CAM741 and cotransins (such as CT8), which inhibit translocation
of polypeptides in a precursor-specific manner (Garrison et al. 2005). Next, the
natural compounds Apratoxin A and Mycolactone were characterized as Sec61
inhibitors and shown to have selective (Mycolactone) or non-selective (Apratoxin
A) effects on ER protein import (Paatero et al. 2016; Baron et al. 2016). The
binding sites of these Sec61 channel inhibitors were identified by clever strategies,
which selected inhibitor resistant human cell lines. According to the analysis by
MacKinnon et al., who obtained five mutations that showed resistance to CT8, four
of which were in the plug and downstream region (R661, R66G, G80V, and S82P),
CTS8 interacts with the short plug helix in loop 1 and transmembrane domains 2 and
3 of Sec6la (Fig. 4.3) (MacKinnon et al. 2014). In case of Mycolactone, the
mutagenesis studies also identified the plug residues R66 and S82 in loop 1 as
interaction site (Fig. 4.3) (Baron et al. 2016; McKenna et al. 2017). In contrast, the
respective studies on Apratoxin A identified T86 and Y131 as binding site and
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indicated a distinct binding mode (Fig. 4.3) (Paatero et al. 2016). This is consistent
with the effects of yet another class of Sec61 channel inhibitors, i.e. the
Eeyarestatins (ES1, ES24), where there are no mutagenesis studies available as of
yet, on calcium permeability of the channel. Here, binding of the inhibitor within
the channel pore arrests the channel in a partially open state (termed ‘foot in the
door’), which may be identical with the primed state and is compatible with calcium
efflux but not with full channel opening for protein translocation (Gamayun et al.
2019). We note, however, that the Sec61 channel is also affected by a bacterial
protein toxin, Pseudomonas aeruginosa Exotoxin A, which enters human cells by
retrograde transport and inhibits ER export of immunogenic peptides. Exotoxin A
binds near the calcium-calmodulin binding site to the N-terminal tail of Sec61o and
arrests the channel in the closed state (Schiuble et al. 2014).

Modalities of Precursor Targeting Factors Delivering
Substrates to the Translocon

As outlined above, membrane proteins of the secretory pathway are integrated into
the ER membrane by either the Sec61-channel, the tail-anchored (TA) receptor, or
by PEX3, and, possibly also by TMCOL1 or the SND receptor (Table 4.1). Before a
precursor polypeptide can be membrane integrated or fully translocated by the
polypeptide conducting Sec61 channel, however, its respective mRNA or the
precursor itself has to be specifically delivered, i.e. targeted to the Sec61 complex in
the ER membrane (Fig. 4.3). Current knowledge about mRNA targeting to the ER
membrane is scarce (see below). In contrast, the following detailed concept
emerged for ER protein targeting: Apparently, a molecular triage operates for
ER-destined precursor polypeptides during their synthesis on ribosomes in the
cytosol, which determines the fates of nascent or fully synthesized but not yet
folded polypeptides by the complex network of targeting signals in nascent chains
or completed polypeptides and a whole variety of cytosolic factors (SND1, SRP,
TRC40) (Table 4.1), which recognize these signals and have overlapping speci-
ficities. In addition, these factors chaperone the precursors for staying in solution
and competent for ER targeting as well as subsequent membrane insertion into or
translocation across the ER membrane. The common principle seems to be that the
cytosolic factors in complex with their clients interact with heterodimeric receptors
on the ER surface, which are associated with or in the neighborhood of Sec61
complexes. The respective receptors are termed Snd receptor (comprising Snd2 and
Snd3), SRP receptor (comprising SRa and SR), or TA receptor (comprising WRB
and CAML) (Table 4.1). In addition, there may be direct targeting of fully syn-
thesized precursor polypeptides to the Sec62 protein in the ER membrane.
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Targeting of Precursor Polypeptides to the Sec61 Complex
in the ER Membrane

The original concept for targeting of precursor polypeptides to the ER was for-
mulated in 1971 by G. Blobel and colleagues in the signal hypothesis (Blobel
1980). Accordingly, the N-terminal signal peptide of a nascent presecretory protein
is recognized and bound by SRP at the ribosomal tunnel exit and mediates a
translational attenuation. Next, the respective ribosome-nascent chain-SRP complex
associates with the ER membrane via the heterodimeric SRP receptor (SR), which
is membrane-anchored via the B-subunit (Blobel and Dobberstein 1975a, b;
Gilmore et al. 1982a, b). Contact between SRP and SR drives the mutual hydrolysis
of bound GTP and leads to hand-over of the ribosome-nascent chain complex to the
Sec61 complex (Voorhees and Hegde 2015; Halic and Beckmann 2005; Egea et al.
2004; Halic et al. 2004; Jomaa et al. 2017). Thus, by definition, SRP also represents
a, albeit ribosome-dependent, mRNA targeting device. This latter concept of SRP
acting eventually as precursor-mRNA dependent particle was addressed in yeast by
a combination of ribosome profiling and biochemical fractionation of
membrane-attached and soluble ribosome populations. The genome-wide analysis
of ribosome footprints (mMRNA snippets protected by the ribosome during nuclease
treatment) showed that non-coding mRNA elements of the 3’ UTR promote
recruitment of SRP even before the encoded targeting signal is synthesized.
However, such SRP loading motifs of the 3' UTR alone were insufficient to direct
translocation of a substrate into the ER (Chartron et al. 2016; Ingolia 2016). Two
more studies employing comparative ribosome profiling strategies addressed
functionality of the bacterial and yeast SRP in vivo. They highlighted the strong
preference of SRP for transmembrane helices as “SRP recognon” regardless of their
position relative to the N-terminus and, most surprisingly, the efficient targeting of
precursors with just cleavable signal peptides in absence of SRP (Costa et al. 2018;
Schibich et al. 2016). Rather than being at odds with the current SRP targeting
dogma, in our eyes, those studies stretch the versatility of SRP and reconcile two
important considerations. First, the lower abundance of the SRP compared to
translating mono- or polysomes can be overcome by an mRNA dependent
pre-recruitment step, probably stretching the time-window for the target recognition
by SRP. Second, the crowded environment at the ribosomal tunnel exit sieged by
many factors with competing function (reviewed in Pfeffer et al. 2016) can be eased
by multiple iterations for SRP recognition not limited to recognition of the first
transmembrane helix. In the late 1980s, identification of precursor proteins with the
ability for SRP-independent ER targeting, such as small presecretory proteins in
mammalian cells (many of which act as hormones in intercellular signaling or as
antibacterial proteins in the immune sytem), TA-membrane proteins in mammalian
and yeasts cells, and, GPI-anchored membrane proteins in yeast, suggested alter-
native ER targeting machineries (Yabal et al. 2003; Shao and Hegde 2011;
Schlenstedt et al. 1990; Ast et al. 2013; Hann and Walter 1991). TA proteins are
defined as single spanning membrane proteins with a characteristic C-terminally
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located transmembrane helix (Fig. 4.1) (Kutay et al. 1993). Approximately 1% of
the human genome code for TA proteins. However, not all of these have their
functional locations in the secretory pathway (Kalbfleisch et al. 2007; Borgese and
Righi 2010). TA proteins of the secretory pathway, such as the y- and B-subunits of
the Sec61 complex, the redox protein Cytochrome bs, many apoptosis-associated
proteins (such as the Bcl family members) and many vesicular transport compo-
nents (such as Syntaxins and VAMPs), have to be targeted and inserted into the ER
membrane (Borgese and Fasana 2011). Similar to SRP-mediated targeting, TA
proteins are directed to the ER membrane via an ER membrane resident receptor
complex. The minimal targeting machinery for TA proteins was termed trans-
membrane domain recognition complex (TRC) in mammalian cells (Table 4.1).
The cytosolic ATPase TRC40 (also termed Asnal) with its hydrophobic binding
pocket binds the TA protein and the heterodimeric receptor complex facilitates
efficient ER targeting. The receptor may also facilitate the actual membrane
insertion (Stefanovic and Hegde 2007; Schuldiner et al. 2008; Vilardi et al. 2011;
Yamamoto and Sakisaka 2012). In addition, the TA targeting machinery involves a
ribosome binding heterotrimeric complex (comprising Bag6, Ubl4A, and TRC35),
which appears to act upstream of TRC40 (Mariappan et al. 2010).

Although about one dozen genes coding for yeast TA proteins were character-
ized as essential, knockout strains in the TA targeting pathway are viable, sug-
gesting at least one additional route (Schuldiner et al. 2008). Indeed, in 2016 a
high-throughput screening approach performed by the lab of Maya Schuldiner
identified a novel targeting pathway in yeast, termed SRP-independent
(SND) (Aviram et al. 2016). Three novel components were identified, character-
ized and termed Sndl, Snd2, and Snd3 (Table 4.1). Two hallmarks of the SND
targeting pathway were described. First, similar to the SRP and TA targeting
pathways, precursor polypeptides were targeted via the interplay of a cytosolic
factor (termed Sndl) and a heterodimeric receptor located at the ER membrane
(termed Snd2 and Snd3). Interestingly, Snd1 had previously been described as a
ribosome-binding protein. Second, the SND pathway showed a preference for
clients with a central transmembrane domain. In addition, the SND route was able
to provide an alternative targeting pathway for substrates with a transmembrane
helix at their extreme N- or C-terminus (Aviram et al. 2016). Sequence comparisons
identified the previously described ER membrane protein TMEM208 as putative
human Snd2 ortholog, which was termed hSnd2 (Zhao et al. 2013; Aviram et al.
2016). According to experiments, combining siRNA-mediated gene silencing and
protein transport into the ER of semi-permeabilized human cells in cell-free
transport assays, hSnd2 appears to have the same or at least a similar function as its
yeast ortholog (HaBdenteufel et al. 2017; Casson et al. 2017). The TA membrane
protein Cytochrome bs as well as some small presecretory proteins can be targeted
to the ER or even the Sec61 complex in the mammalian cell-free assay. In brief, the
human hormone precursor proteins preproapelin and prestatherin can use Sec62 as
well as SR for ER targeting in the cell-free assay, which does not necessarily mean
they actually do so in living cells (see below). Although smaller in overall size,
prestatherin preferred SRa over Sec62-mediated targeting, whereas preproapelin
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did the opposite, which may be related to the higher hydrophobicity of the pre-
statherin signal peptide (AGP™ —0.91 vs. —0.19). Taken together with our obser-
vation that C-terminal extension of preproapelin or prestatherin by the dihydrofolate
reductase (i.e. by 187 amino acid residues) leads to Sec62 independence, our data
support the hypothesis that small presecretory proteins use the SRP pathway for
Sec61 targeting in human cells less efficiently, simply because the corresponding
nascent chains are more likely released from ribosomes before SRP can efficiently
interact (HaBdenteufel et al. 2018; Lakkaraju et al. 2012b; Schlenstedt et al. 1990).
Therefore, these precursors have to use alternative targeting pathways. Notably, in
yeast, low hydrophobicity of signal peptides and C-terminal signals for the
attachment of GPI-anchors preclude effective use of SRP and, therefore, cause
Sec62p- and TA-dependence (Aviram and Schuldiner 2014). In addition to SR and
Sec62, co- and post-translational targeting of preproapelin and prestatherin can also
involve both the TRC system and the recently identified SND pathway, albeit to
different degrees for the two different precursors (Fig. 4.3) (HaBdenteufel et al.
2018). However, orthologs of Snd1 and Snd3 have not yet been characterized in the
mammalian system and are subject of our current research.

Furthermore, some small model presecretory proteins were shown to be targeted
to the mammalian ER membrane in an SRP-independent fashion by their interac-
tion with the cytosolic protein calcium-calmodulin and its putative association with
the calcium-calmodulin-binding site in the cytosolic N-terminus of the Sec6la
protein (Fig. 4.3) (Shao and Hegde 2011). In terms of interconnections between
pathways, it is interesting to note that calmodulin was found to inhibit rather than
stimulate targeting of TA proteins to the ER membrane (HaBdenteufel et al. 2011).

Targeting of mRNAs to the ER Membrane

Apparently, the synthesis of many polypeptides can be initiated on ribosomes or
large ribosomal subunits that are continuously attached to the ER-membrane (Potter
et al. 2001). In these cases, the above discussed targeting pathways for precursor
polypeptides may not be required for membrane insertion or translocation of the
translation products by the Sec61 channel. Instead, mRNA targeting was suggested
as an alternative ER targeting mechanism and the proteins RRBP1 (also termed
p180) and kinectin 1 (KTN1) were suggested as possible mRNA receptors in the
ER membrane (Table 4.1) (Savitz and Meyer 1990, 1993; Cui et al. 2012, 2013;
Dejgaard et al. 2010; Morrow and Brodsky 2001; Ueno et al. 2010, 2011). So far,
however, there is no clue about the possible specificity of this targeting reaction and
to the best of our knowledge there is only a single example of a precursor
polypeptide (Sec618), where mRNA targeting was found to be involved in sub-
sequent Sec61-independent membrane insertion (Voigt et al. 2017). In contrast,
polypeptides that lack a signal peptide for ER-targeting and whose synthesis was
initiated on ER-bound ribosomes or large ribosomal subunits were shown to be
recognized by the nascent chain associated complex (NAC). Apparently, this
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interaction leads to release of the respective ribosomes from the ER membrane and
completion of protein synthesis proceeds in the cytosol (Moller et al. 1998;
Gamerdinger et al. 2015).

Additional Putative Functions of the Human Sec61 Channel

The mammalian Sec61 complex forms a dynamic and precursor gated channel,
which can provide an aqueous path for polypeptides into the ER lumen and is
regulated by various allosteric effectors (Fig. 4.5). When the aqueous path is open,
it can apparently also provide a pore for efflux of calcium from the ER lumen into
the cytosol. We suggest that this Sec61 feature is physiologically linked to the
regulation of ATP import into the ER and the initiation of the intrinsic pathway to
apoptosis, respectively. Furthermore, it is pathophysiologically linked to various
human diseases, which we termed Sec61-channelopathies (Linxweiler et al. 2017,
Hafdenteufel et al. 2014).

As outlined above, the ER of nucleated mammalian cells depends on an
Hsp70-type molecular chaperone, termed BiP. BiP is present in the ER lumen in
millimolar concentration and requires ATP for its action. Moreover, ATP hydrol-
ysis by BiP results in ADP and, therefore, necessitates ADP removal from the ER.
Until recently, mammalian proteins catalyzing the ATP uptake and the concomitant
ADP release remained unknown on the molecular level. Screening databases for
solute carriers (SLCs) that are located in the ER membrane, drew our attention to
SLC35B1, which is predicted to have ten transmembrane domains (Fig. 4.10).
Heterologously expressed SLC35B1 was found to be highly specific for ATP and
ADP and to operate in antiport mode, to name just two of four characteristics it
shares with the ATP transport activity, present in rough ER membranes. In addition,
siRNA-mediated depletion of SLC35B1 from HeLa cells was found to reduce
ER ATP levels and, therefore, BiP activity. Together these findings implied that
SLC35B1 mediates ATP uptake into the ER plus ADP release from the ER in living
cells. Therefore, SLC35B1 was named AXER, ATP/ADP exchanger of the ER
membrane (Klein et al. 2018). According to a hypothetical structural model, human
AXER can be expected to catalyze the equimolar exchange of adenosine di- and
triphosphates by an alternating access mechanism, in which a single substrate
binding site is made available either to the cytosolic ER surface or the ER lumen
through conformational changes (Fig. 4.10). In human cells, AXER appears to be
part of a regulatory circuit and a calcium-dependent signaling pathway, termed low
energy response (lowER), acting in the vicinity of the ER and supplying sufficient
ATP to the ER (Fig. 4.10). We suggest the following scenario for lowER: High
ATP/ADP ratio in the ER allows BiP to limit calcium leakage from the ER via the
Sec61 channel. Low ATP/ADP ratio due to increased protein import and folding or
due to protein misfolding, leads to BiP dissociation from the Sec61 channel and,
therefore, induces calcium leakage from the ER. In the cytosol, calcium binds to
calmodulin (CaM) near the ER surface and activates AMP-activated protein kinase
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Fig. 410 ER low energy response (lowER) ensures a sufficient ATP supply of the mammalian
ER. The given atomic structures of AXER (systematically termed SLC35B1) and Sec61 complex
were derived from structure predictions. AXER, ATP/ADP exchanger in the ER membrane;
AMPK, AMP-activated protein kinase; CaM, Calmodulin; CaMKK?2, CaM kinase kinase 2; NBD,
nucleotide binding domain of BiP; PF2K, 6-phospho-fructo-2-kinase; P;, inorganic phosphate;
SBD, substrate binding domain of BiP. See text for details

(AMPK), which in turn activates calcium-CaM kinase kinase 2 (CAMKK?2) to
eventually activate 6-phospho-fructo-2-kinase (PF2K). Activated PF2K causes
increased ADP phosphorylation in glycolysis. The latter leads to ATP import into
the ER via AXER, which is also activated by calcium efflux from the ER.
Interestingly, mammalian AXER comprises an IQ motif in the cytosolic loop
between transmembrane domains 2 and 3 (Fig. 4.10) and, thus, may also be acti-
vated by calcium-CaM. Normalization of the ER ATP/ADP ratio causes BiP to
limit the calcium leakage and thus inactivates the signal transduction pathway.
Sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), which pumps
calcium back into the ER lumen, balances the passive calcium efflux and protein
phosphatase 2 (PP2) dephosphorylates AMPK. We note that activated AMPK was
shown previously to lead to reduced cap-dependent translation and therefore ties the
lowER to the unfolded protein response (UPR). While ADP is exported via AXER,
phosphate may leave the ER via the Sec61 channel. Thus, under non-physiological
or patho-physiological conditions, lowER can be expected to represent the first line
of defense of a cell against ER stress. However, the details of this novel
calcium-dependent signaling cascade from ER to cytosol remain to be worked out.
Furthermore, future work will have to address the question if the mammalian ER
membrane harbors additional ATP carriers. Additional open questions are discussed
next.
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Open Question

In all eukaryotic cells, nascent proteins, which are destined to membranes or the
lumen of organelles of the endo- and exocytotic pathways or even the extracellular
space, must be translocated across or integrated into the ER membrane. In mam-
mals, most proteins are translocated concomitantly with their synthesis by cytosolic
ribosomes (co-translationally), whereas many small presecretory proteins, which
are essential for intercellular communication or pathogen defense, are
post-translationally imported. A consensus on the major components of the
ER-translocation machinery, almost 100 different proteins, is established, but their
precise functions, as well as their spatial and temporal organization still remains
largely elusive (Table 4.1).

Therefore the authors of this review, are trying to characterize the mammalian
machinery for the co- and post-translational translocation of polypeptides into the
ER and their accompanying covalent modifications in terms of composition,
structure, as well as component functions and mechanisms. In addition, the
obtained structural and mechanistic insights into the ER-translocation machinery
are expected to provide a detailed understanding of the etiology of several human
diseases and may even guide us to novel therapeutic strategies.

Systematic Knock Down of ER-Protein Translocation
Machinery Components in Human Cells Combined

with Characterization of Substrate Precursor Proteins

and Compensatory Mechanisms by Quantitative Proteomic
Analysis

Traditionally, the substrate specificities of mammalian protein transport compo-
nents have been investigated in cell-free translation reactions in which a small set of
model precursor proteins is synthesized one-by-one in the presence of reconstituted-
or HeLa cell derived-ER membranes or in pulse/chase experiments in human cells
that overproduce the model precursor of interest (Sharma et al. 2010; Dudek et al.
2015). These traditional approaches are suitable for addressing whether a certain
component can stimulate ER import of a given precursor polypeptide. However,
due to the bias of these experimental strategies, they fail to clearly define the
characteristics of precursor polypeptides that lead to a certain dependence under
physiological conditions. Therefore, we established a novel unbiased approach,
which involves treatment of HeLa cells with either one of two different targeting
siRNAs or a non-targeting siRNA, label-free quantitative proteomic analysis, and
differential protein abundance analysis. As a proof of concept, HeLa cells were
depleted of the Sec61-complex using two different SEC61A [-targeting siRNAs. We
assessed the proteomic consequences of this knock-down via label-free quantitative
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proteomics and differential protein abundance analysis relative to cells treated with
non-targeting siRNA. Roughly, 50% of the HeLa cell proteome was quantified in
these experiments. Our experimental strategy was successfully used to analyze the
client spectrum of the Sec6l-complex, an essential transport component. These
results set the stage for subsequent analysis of precursor-specific auxiliary transport
components, such as the TRAP-complex. As discussed above, signal peptide
analysis of the TRAP clients revealed above-average glycine-plus-proline content
as the distinguishing feature for TRAP dependence and, thus, suggested a hitherto
undetected signal peptide feature and heterogeneity (Nguyen et al. 2018).
Therefore, we proposed that this signal peptide heterogeneity may provide an
opportunity for regulation of transport of a subset of precursor polypeptides and
may be linked to both TRAP mechanism and the etiology of TRAP-linked con-
genital disorder of glycosylation in human patients. Since TRAPa was found to be
subject to phosphorylation and calcium-binding, this phenomenon may also provide
a potential regulatory mechanism for the TRAP-dependent subset of precursors. At
present, we are analyzing the results from similar experiments on another auxiliary
transport component, i.e. the Sec62/Sec63-complex. Notably, this complex is also
affected by phosphorylation (the Sec63 subunit) and binding of calcium (the Sec62
subunit) and, therefore, may provide a similar opportunity for transport regulation
for another set of precursor polypeptides. As noted above, our novel approach also
identified several genetic interactions between targeting- and Sec6l channel
gating-pathways (Fig. 4.9), which may eventually pave the way towards under-
standing yet another layer of regulatory phenomena.

Integrative Determination of the Molecular Architecture
of the Native ER Translocon Core Complexes

Cryo-electron tomography (CET) in conjunction with subtomogram averaging
provided a three-dimensional map firstly of the core of the native co-translational
translocation machinery. Next, we want to explore Sec62/Sec63-dependent import
structurally in situ using CET. Here, our approach is based on the recent publication
by the Bill Skach lab (Conti et al. 2015). The respective publication had followed
our work on the import requirements of the precursors of ERj3 and prion protein
(Lang et al. 2012; Schiuble et al. 2012) and defined in a sophisticated combination
of nascent precursor polypeptide chains, cross-linking, and 2D gel electrophoresis,
when these precursor polypeptides recruit Sec62 and Sec63 to the Sec61-complex.
Apparently, they do so at a comparatively late stage of chain growth, possibly when
a polybasic motif within the mature part of the precursor enters the Sec61-channel.
We will use these particular nascent polypeptide chains for CET under the estab-
lished conditions.
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Chapter 5 )
The Structures of Eukaryotic Skl
Transcription Pre-initiation Complexes

and Their Functional Implications

Basil J. Greber and Eva Nogales

Abstract Transcription is a highly regulated process that supplies living cells with
coding and non-coding RNA molecules. Failure to properly regulate transcription is
associated with human pathologies, including cancers. RNA polymerase II is the
enzyme complex that synthesizes messenger RNAs that are then translated into
proteins. In spite of its complexity, RNA polymerase requires a plethora of general
transcription factors to be recruited to the transcription start site as part of a large
transcription pre-initiation complex, and to help it gain access to the transcribed
strand of the DNA. This chapter reviews the structure and function of these
eukaryotic transcription pre-initiation complexes, with a particular emphasis on two
of its constituents, the multisubunit complexes TFIID and TFIIH. We also compare
the overall architecture of the RNA polymerase II pre-initiation complex with those
of RNA polymerases I and III, involved in transcription of ribosomal RNA and
non-coding RNAs such as tRNAs and snRNAs, and discuss the general, conserved
features that are applicable to all eukaryotic RNA polymerase systems.
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Introduction to Transcription in Eukaryotes

Transcription is the synthesis of RNA based on a DNA template. While phage,
viral, and organellar gene expression systems generally use simple single-subunit
RNA polymerase enzymes, bacterial, archaeal, and eukaryotic RNA polymerases
are increasingly complex multisubunit enzymes. A 5-subunit core is conserved
from bacteria to humans, though archaeal and eukaryotic RNA polymerases harbor
up to 12 additional subunits (Fig. 5.1a—e). Eukaryotes use three structurally and
functionally distinct RNA polymerases (Roeder and Rutter 1969, 1970; Sklar et al.
1975), abbreviated Pol I, Pol II, and Pol III, each of them specialized for the
synthesis of certain classes of RNAs. Pol I synthesizes long ribosomal RNA
(rRNA) precursors in the nucleolus that are later processed into 25S/28S, 18S, and
5.8S rRNAs, Pol II synthesizes mostly messenger RNAs (mRNAs) that are later
translated into proteins, and Pol III synthesizes tRNAs, 5S rRNA, and other small
non-coding RNAs (Roeder and Rutter 1970; Weinmann and Roeder 1974).

The DNA core promoters that control expression of their corresponding genes
also differ substantially between the three eukaryotic polymerase systems. In the
Pol II system, several core promoter elements have been identified (Burke and
Kadonaga 1996, 1997; Chen and Struhl 1985; Deng and Roberts 2005; Gannon
et al. 1979; Juven-Gershon and Kadonaga 2010; Lagrange et al. 1998; Lenhard
et al. 2012; Lim et al. 2004; Roy and Singer 2015), and a synthetic promoter
combining a TATA-box, initiator (Inr), downstream promoter element (DPE), and
motif ten element (MTE), which provides a highly specific and high-affinity
binding site for the transcription machinery (Juven-Gershon et al. 2006) has been
used in structural analysis of promoter-bound human Pol II pre-initiation com-
plexes. However, not all of these elements are typically present in any natural
promoter. For example, most Pol II promoters lack a TATA box (Carninci et al.
2006; Sandelin et al. 2007), the canonical binding site of TATA-box binding
protein (TBP), which is a subunit of the general transcription factor IID (TFIID) and
also ubiquitously used in the Pol I and Pol III systems (see below). Nevertheless,
TBP still participates in assembly of the transcription machinery on Pol II pro-
moters lacking TATA boxes because the recognition of the other core promoter
motifs by TFIID allows TBP loading on the DNA (Burke and Kadonaga 1997;
Kutach and Kadonaga 2000; Lim et al. 2004; Pugh and Tjian 1991). Panels f-h of
Fig. 5.1 provide examples of the promoter elements typically found in eukaryotic
genes.

Transcription is commonly subdivided into three phases (Fig. 5.1i). After the
step-wise assembly of a pre-initiation complex (PIC) on the DNA (Buratowski et al.
1989), whereby general transcription factors and RNA polymerase are recruited to
the promoter, the transcription bubble opens, allowing the synthesis of the first
phosphodiester bond in the active site of the RNA polymerase. This step is referred
to as initiation of transcription. Subsequently, RNA polymerase needs to clear the
promoter and, in the case of Pol II, overcome a promoter-proximal pause, allowing
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Fig. 5.1 Architecture of multisubunit RNA polymerases across kingdoms and organization of
eukaryotic Pol II promoters. a—e Depictions of transcribing multisubunit RNA polymerases.
Subunits occurring only in eukaryotes or archaea are colored purple, subunits specific to
polymerase type are colored yellow. a Elongating bacterial RNA polymerase (Vassylyev et al.
2007). b Archaeal RNA polymerase (Korkhin et al. 2009), DNA superposed from (Vassylyev
et al. 2007). ¢ Elongating yeast Pol I (Tafur et al. 2016). d Elongating fungal Pol II (Ehara et al.
2017). d Elongating yeast Pol III (Hoffmann et al. 2015). f~h Organization of eukaryotic Pol II
core promoters. f Idealized Pol II core promoter elements. Abbreviations: TATA, TATA-box;
INR, initiator; TCT, initiator like element present in ribosomal protein coding genes; DCE,
downstream core element; DPE, downstream promoter element (Lenhard et al. 2012; Roy and
Singer 2015). g Modified super core promoter used for structural studies of the human Pol II-PIC
and TFIID. The upstream and downstream TFIIB-response elements BREu (Lagrange et al. 1998)
and BREd (Deng and Roberts 2005) were added to the super core promoter (Juven-Gershon et al.
2006), which comprises TATA-box (Gannon et al. 1979), Inr (Chen and Struhl 1985), MTE (Lim
et al. 2004), and DPE (Burke and Kadonaga 1996, 1997). h Many eukaryotic Pol II promoters lack
these distinct promoter elements and contain longer DNA segments harbouring CpG islands, ATG
deserts, or transcription initiation platforms (TIPs) instead (Roy and Singer 2015). i Simplified
schematic of the Pol II transcription cycle from PIC assembly to transcription termination
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it to enter the elongation phase. After synthesis of the product RNA, transcription
needs to be terminated during the termination phase of the transcription reaction.

The initiation of transcription is a highly regulated process. Together with the
subsequent regulation of RNA processing, RNA stability, and regulated translation
of mRNAs into proteins, transcription plays a major role in the control of gene
expression as a whole. Deregulation of transcription is implicated in human
pathologies, and elevated transcription levels by each of the three eukaryotic RNA
polymerases have been associated with cancer (Cabarcas and Schramm 2011;
Johnson et al. 2008; Lockwood et al. 2010).

The Pol II Pre-initiation Complex

Pol II and the General Transcription Factors

The enzymatic core of Pol II shows extensive structural homology to the 5-subunit
o, BP’® core of bacterial RNA polymerases (Cramer et al. 2000; Zhang et al. 1999)
(Fig. 5.1a, d) and the fundamental mechanism of phosphodiester bond synthesis is
highly conserved (Cramer et al. 2001; Gnatt et al. 2001; Kaplan 2013; Svetlov and
Nudler 2013; Wang et al. 2006; Westover et al. 2004). However, Pol II includes 7
additional subunits to form a 12-subunit complex (Figs. 5.1a, d and 5.2a, b).
Structural landmarks of Pol II (Fig. 5.2¢, d) include the stalk, two jaws that interact
with the incoming DNA substrate, the flexible clamp domain that closes over the
bound nucleic acids in initiation and elongating complexes, and two pores that
allow substrates to enter and product mRNAs to exit the catalytically active com-
plex (Fig. 5.2c, d) (Cramer et al. 2000, 2001; Gnatt et al. 2001). Behind the
unwound transcription bubble in the active site, a protein wall forces the DNA to
adopt a bend before exiting the polymerase (Fig. 5.2c). In the transcribing complex
(Fig. 5.2e, f), two fork loops from the Rpb2 subunit maintain the open transcription
bubble (Cramer et al. 2001; Gnatt et al. 2001). Motions of the bridge helix that
contacts the DNA-RNA hybrid in the active site are coupled to substrate translo-
cation, while opening and closing of the trigger loop is associated with catalysis,
which is mediated by two metal ions bound in the active site (Fig. 5.2f) (Gnatt et al.
2001; Wang et al. 2006; Westover et al. 2004).

Fig. 5.2 Architecture of eukaryotic RNA polymerase II. a, b Depiction of transcribing Pol II »
extracted from the structure of an elongation complex (Ehara et al. 2017), shown from the front
and back and colored by protein subunits. ¢, d Structural domains of the Pol II subunits Rpb1 and
Rpb2 are highlighted in color according to (Cramer et al. 2001). Additional structural landmarks
mentioned in the text are highlighted as well (protein names are indicated). e View of the
transcription bubble at the Pol II active site (Barnes et al. 2015). Key structural and functional
elements near the active site that are mentioned in the text are indicated. f Detailed view of the
Pol II active site (Barnes et al. 2015; Wang et al. 2006). Two conformations of the trigger loop are
shown in orange and yellow
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The initiation of mRNA synthesis requires Pol II and the general transcription
factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (Sainsbury et al. 2015) to
form a pre-initiation complex (PIC) on the promoter. Activated transcription
additionally depends on Mediator, a 1.2 MDa multiprotein complex, and the
activity of a number of cofactors and gene-specific activators and repressors. In
contrast to the smaller, oligomeric general transcription factors TFIIA, TFIIB,
TFIIE, and TFIIF, two general transcription factors are large multiprotein assem-
blies: TFIIH is a heterodecameric protein complex with a molecular weight of 0.5
MDa, and TFIID is a 1.3 MDa multiprotein assembly of TATA-box binding protein
(TBP) and 13 different TBP-associated factors (TAFs) in humans. We will discuss
the structures and functional mechanisms of these two general transcription factors
in more detail in the following sections, while the remaining general transcription
factors will be discussed in the context of the Pol II-PIC.

TFIID

Function of TFIID

The assembly of the PIC begins with the recognition of the core promoter DNA by
TFIID, with the help of TFIIA (Burke and Kadonaga 1997; Chalkley and Verrijzer
1999; Lee et al. 2005; Verrijzer et al. 1995). TBP then interacts with TFIIB, which
in turn interacts with Pol II, thereby nucleating the assembly of the full PIC
(Buratowski et al. 1989). In addition to TBP, direct interactions between TFIID
TAFs and other components of the general transcription machinery have also been
proposed (Dubrovskaya et al. 1996; Ruppert and Tjian 1995). Furthermore, TFIID,
together with Mediator and the multifunctional SAGA complex, integrates signals
from transcriptional activators and has been shown to be required for activated
transcription (Baek et al. 2002; Chen et al. 1993, 1994; Horikoshi et al. 1988; Pugh
and Tjian 1990; Stringer et al. 1990; Wu and Chiang 2001). Additionally, a number
of domains within the complex recognize specific histone modifications associated
with active genes (Jacobson et al. 2000; Vermeulen et al. 2007). Thus, TFIID is
important for nucleating PIC assembly at the promoter and also serves as a hub for
the integration of regulatory cues that are important for regulated transcription.

Conformational Complexity of TFIID

Due to the size and complexity of TFIID, structural efforts to characterize the full
complex have involved electron microscopy (EM) of natively purified samples.
Early studies of negatively stained human and budding yeast TFIID showed it to
have an overall horseshoe-shaped architecture of three major lobes, termed lobes A,
B and C (Andel et al. 1999; Brand et al. 1999; Leurent et al. 2002). Improving the
resolution by cryo-EM proved to be extremely challenging due to conformational
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heterogeneity (Elmlund et al. 2009; Grob et al. 2006; Papai et al. 2009). It was
ultimately shown that lobes B and C form a relatively stable core (the BC core),
while lobe A is flexibly attached and can undergo conformational rearrangements
on the scale of 100 A, from interacting with lobe C to interacting with lobe B
(Fig. 5.3a) (Cianfrocco et al. 2013). Free TFIID was found to occupy two preferred

Fig. 5.3 The structure of human TFIID. a Organization of human TFIID into three lobes. Early
cryo-EM maps (Cianfrocco et al. 2013) that revealed the tri-lobal overall structure of TFIID are
shown in the center, with recent coordinate models (Patel et al. 2018) shown next to them for
comparison. b Structure of TFIID bound to DNA and TFIIA (Patel et al. 2018) in side view
(top) and top view (bottom). Protein subunits are shown in colour and labelled; the TBP-induced
DNA bend and the location of the transcription start site (Inr) are labeled. ¢ Structure of TFIID in
the canonical state (Patel et al. 2018) shown in the same orientation as bottom panel in (b).
d Composition of lobes A and B. Left: lobe A. Center: lobe B. Right: Subunits shared between
lobes A and B are shown as grey surface to highlight the subunits in lobe A that distinguish
between lobes A and B
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conformational states, termed the canonical and rearranged states, with addition of
TFIIA and promoter DNA shifting this equilibrium towards the rearranged state
(Fig. 5.3a). In this conformation, lobe A interacts with lobe B and is positioned near
the TATA box, suggesting the presence of TBP within lobe A (Cianfrocco et al.
2013) (Fig. 5.3a).

The Structure of TFIID

Subsequent structural studies of human TFIID aimed to provide higher-resolution
analysis of both free and DNA-bound TFIID (Louder et al. 2016; Patel et al. 2018)
(Fig. 5.3b, c). While we will focus on the structure of human TFIID below, similar
work in yeast has also been reported recently, although promoter DNA could not be
clearly visualized in the cryo-EM structure of promoter-bound yeast TFIID
(Kolesnikova et al. 2018).

The structure of stably DNA-bound human TFIID (Fig. 5.3b), using the super
core promoter, and in complex with TFIIA, showed that lobe C includes TAFs 1, 2,
and 7, with a TAF1-TAF7 module binding the DPE and MTE downstream pro-
moter elements, while a small domain within TAF1 contacts the Inr motif (indicated
in Fig. 5.3b) that includes the transcription start site (TSS) (Louder et al. 2016).
Lobe C is connected to lobe B via a long helix in TAF8 that also interacts with a
centrally positioned dimer of HEAT repeats from the two copies of TAF6. The
TAF6 dimer connects to lobe B, which in turn contacts the TBP-TFIIA module, as
well as promoter sequences near the TATA box (Louder et al. 2016; Nogales et al.
2017a; Nogales et al. 2017c). The TATA box DNA in this structure is bent
(Fig. 5.3b, bottom), mirroring the structure of the isolated TBP-DNA complex
(Nikolov et al. 1996). By virtue of this arrangement, lobes B and C act as a
molecular ruler around the TSS, providing a platform for transcription pre-initiation
complex assembly (Louder et al. 2016; Nogales et al. 2017b).

The complete molecular architecture of all three lobes of human TFIID was
derived from the cryo-EM analysis of free TFIID (Patel et al. 2018) (Fig. 5.3c). Due
to the scarcity, structural heterogeneity, fragility, and preferred orientation of this
specimen on the cryo-EM grid, determination of this structure was a tour-de-force.
A striking structural feature of TFIID is that lobes A and B share a common core
architecture (Fig. 5.3d), with six TAFs being present in two copies, one in each
lobe (Bieniossek et al. 2013; Leurent et al. 2002; Patel et al. 2018; Sanders et al.
2002). In this common module, TAFS5, which contains a helical N-terminal domain
and a WD40 domain, binds to three dimers of TAFs that contain histone-fold
domains (HFDs) and themselves form a hexameric assembly that resembles the
overall architecture of the nucleosome core particle (Patel et al. 2018), in agreement
with earlier biochemical and structural data (Hoffmann et al. 1996; Xie et al. 1996).
TAF5 and five of the histone fold-containing TAFs, TAF10, and the pairs
TAF4-TAF12 and TAF6-TAF9, are present in both lobes A and B (Fig. 5.3d). The
TAF6 HFDs present in both lobes, A and B, are flexibly connected to their cor-
responding C-terminal HEAT repeat domains that exist as a dimer at the center of
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the complex, within lobe C (Fig. 5.3b). In spite of their shared core architecture,
lobes A and B are functionally and structurally unique because their common
TAF10 subunit associates with the HFD of TAF3 in lobe A but with the HFD of
TAF8 in lobe B (Fig. 5.3d). TAFS8 contributes to the lobe B-lobe C interaction,
while TAF3 recruits the TAF11-TAF13 HFD dimer to lobe A. Together with
N-terminal regions of TAF1 (Anandapadamanaban et al. 2013; Kokubo et al. 1993,
1994), the TAF11-TAF13 pair binds TBP, which consequently hangs peripherally
on this mobile lobe A within TFIID.

Mechanism of TBP Loading onto the Promoter

The extreme mobility of lobe A, along with its ability to carry TBP, suggests a role
for the dynamics of this lobe in the deposition of TBP onto the promoter
(Fig. 5.4a). An exhaustive classification of a cryo-EM dataset where TFIID, TFIIA
and core promoter DNA were mixed together revealed five distinct states, including
previously observed as well as new conformational and functional states of lobe A.
These states were termed canonical, extended, scanning, rearranged and engaged
states (Fig. 5.4a), with the first corresponding to lobe A positioned proximal to lobe
C, and consequent states being further from lobe C and ultimately contacting lobe B
(Patel et al. 2018). The model derived from the co-existence of these states proposes
that in the canonical state, where lobe A is far removed from the DNA, TBP is
bound by the TAF11-TAF13 HFD dimer, as well as the TAF1 TANDI1 and
TAND2 motifs (Figs. 5.3d, 5.4b), which have been implicated in inhibition of
DNA and TFIA binding by TBP (Fig. 5.4c) (Anandapadamanaban et al. 2013;
Kokubo et al. 1993, 1994). These inhibitory interactions are sequentially broken in
the scanning and rearranged states as they are replaced by interactions of TBP with
DNA and TFIIA (Fig. 5.4d), facilitated by the scaffolding role of TFIID and by
lobe A-lobe B interactions. Specifically, we have proposed that in the scanning
state TANDI is displaced as TBP loosely associates with the DNA, while in the
rearranged state TAND?2 is displaced as TBP binds to TFIIA that also interacts with
lobe B. In the final, engaged state, TBP binds tightly and bends the DNA, and it
releases from TAF11-TAF13. Displacement of TAFI11-TAF13 opens up the
binding site for TFIIB, enabling PIC assembly (Patel et al. 2018).

Notably, current data indicate that the overall architecture of TFIID is conserved
between promoters that do and do not contain TATA boxes (Cianfrocco et al. 2013;
Patel et al. 2018), in agreement with the observation that TBP also participates in
initiation on TATA-less promoters (Pugh and Tjian 1991). The intricate mechanism
of TBP loading onto the upstream promoter may ensure that even in the absence of a
TATA box, TBP engages with DNA in a defined, controlled, and productive fashion,
rather than binding DNA nonspecifically. Completion of TBP loading onto the core
promoter in such cases (reaching the engaged state) may depend on chromatin
marks, transcriptional activators, or co-activator complexes, because both structural
and biochemical analysis shows that TBP only weakly binds TATA-free promoters
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Fig. 5.4 Proposed conformational transitions of TFIID during DNA binding and mechanism of
TBP deposition. a Five different conformational states (canonical, extended, scanning, rearranged,
and engaged state) of TFIID as identified by cryo-EM analysis of a mixed dataset (Patel et al.
2018). For each state, a schematic depiction and the interaction environment of TBP, which is
initially bound to TFIID lobe A and eventually deposited onto upstream promoter DNA in a stably
bound manner, is provided. b TBP in lobe A is contacted by the TAF11-TAF13 dimer and the
TANDI1 and TAND2 domains of TAF1 (Anandapadamanaban et al. 2013; Patel et al. 2018). ¢
TAF11-TAF13 and the TAF1 TANDI1 and TAND2-domains block DNA- and transcription
factor-binding sites on TBP. d TBP bound to and bending the DNA in the context of the engaged
state of DNA-bound TFIID (Patel et al. 2018)

in reconstituted systems that contain TFIID and TFIIA (Cianfrocco et al. 2013) even
though transcription assays show transcription from such promoters (Juven-Gershon
et al. 2006; Lim et al. 2004).

TFIIH

Functional Roles of TFIIH in Transcription

TFIIH is a protein complex of ten different subunits organized into a core and a
CdK activating kinase (CAK) subcomplex (Fig. 5.5a). Both the core and the CAK
are required for TFIIH to function in transcription initiation, while only the TFIIH
core complex is required in DNA repair (Svejstrup et al. 1995). The TFIIH core
complex includes seven protein subunits: XPB, XPD, p62, p52, p44, p34, and p8
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Fig. 5.5 Structure and function of TFIIH. a Schematic of TFIIH architecture. Main enzymatic
subunits are shown in color (XPD and XPB, SF2-family DNA-dependent ATPases; CDK7,
Cyclin-dependent kinase). Core and CAK subcomplexes are indicated. b Model for the activity of
the TFIIH subunit XPB during promoter opening; depiction based on the structures in (He et al.
2016). ¢ Cryo-EM reconstruction of the human Pol II-PIC (He et al. 2016) with fitted coordinate
models. TFIIH subunits are highlighted in color. d, e Relocalization of the CAK kinase-cyclin
module in the Mediator-bound Pol II-PIC (Schilbach et al. 2017): The cryo-EM volume
corresponding to the CAK in the Mediator-containing PIC is shown in orange. The presumed
location of the CAK in the absence of Mediator is indicated by an orange ellipse. f Structure of the
TFIIH core complex with bound MAT1 (Greber et al. 2019). g Interactions of p62 with the ATP-
and DNA-binding sites of XPD. h Mapping of human disease mutations onto the structure of
TFIIH (Cleaver et al. 1999; Greber et al. 2019)

(Fig. 5.5a). Two of these, XPB and XPD, are SF2-family DNA-dependent
ATPases/helicases (Guzder et al. 1994; Sung et al. 1993; Weeda et al. 1990). While
the enzymatic function of XPD is dedicated to DNA repair (Kuper et al. 2014), only
XPB activity is required to help promoter opening during transcription initiation
(Fishburn et al. 2015; Griinberg et al. 2012; Kim et al. 2000). Originally thought to
act like a wrench to introduce torsion into downstream promoter DNA to enable
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opening of the transcription bubble (Kim et al. 2000), it was later proposed that
XPB acts as a DNA translocase that promotes the movement of downstream pro-
moter DNA towards the Pol II active site, thereby facilitating bubble opening
(Fig. 5.5b) (Fishburn et al. 2015; Griinberg et al. 2012; He et al. 2013).

The CAK subcomplex includes the CDK7, Cyclin H, and MATI1 subunits
(Devault et al. 1995; Fisher et al. 1995; Fisher and Morgan 1994; Shiekhattar et al.
1995) (Fig. 5.5a). CDK?7 is a cyclin dependent kinase that requires the presence of
Cyclin H for full activity, while MAT]1 aids formation of the CDK-cyclin complex
(Devault et al. 1995; Fisher et al. 1995) and anchors the CAK subcomplex to the
core complex via interactions with XPD and XPB (Abdulrahman et al. 2013; Busso
et al. 2000; Greber et al. 2017; Rossignol et al. 1997). The role of XPD in
recruitment of the CAK subcomplex (which is required only for transcription)
explains why its presence in TFIIH is important for transcription initiation, while its
enzymatic activity is not (Dubaele et al. 2003; Kuper et al. 2014). The CAK is able
to phosphorylate a number of targets, which include the C-terminal low-complexity
region of the Pol II subunit Rpbl, referred to as the Pol II CTD here, as well as
transcriptional activators, general transcription factors, and, in humans, cell-cycle
CDKs (Fisher and Morgan 1994; Shiekhattar et al. 1995).

TFIIH as a DNA Repair Complex

In addition to its role as a Pol II general transcription factor, TFIIH also serves as a
helicase complex in the nucleotide excision DNA repair pathway. This pathway is
responsible for removing a large number of bulky base alterations that result in
distortion of the DNA backbone, including 6-4 photoproducts, cyclobutane
pyrimidine dimers, and other large base adducts (Koch et al. 2016). In these path-
ways, TFIIH serves to open a DNA bubble around damaged nucleotides, which can
then be excised by the structure-specific endonucleases XPF-ERCC1 and XPG
(Marteijn et al. 2014). Initial recognition of the damage occurs independently of
TFIIH, either by a global genome surveillance pathway that depends on the
DDB1-DDB2 and XPC complexes, or via transcription-coupled repair (TCR), in
which Pol II stalled by DNA lesions acts as the initial damage sensor, leading to the
recruitment of specialized TCR factors such as CSA and CSB, and ultimaltely,
TFIIH (Compe and Egly 2012). Unlike in transcription initiation, the enzymatic
activity of both XPD and XPB is required during NER. XPD acts as a bona-fide
helicase to unwind the DNA double helix and scan for the DNA lesion (Kuper et al.
2014; Li et al. 2015), while the role of XPB has been described either as an
ATP-dependent conformational switch that anchors TFIIH to DNA (Coin et al.
2007), or as a weak helicase and DNA translocase that supports scanning of the
DNA for the lesion that originally triggered TFIIH recruitment (Li et al. 2015;
Sugasawa et al. 2009). Upon lesion recognition in a binding pocket in XPD
(Buechner et al. 2014; Mathieu et al. 2013), both helicase motors stall (Li et al. 2015;
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Naegeli et al. 1993), enabling assembly of the repair bubble, double incision, and
ultimately repair of the DNA lesion by DNA polymerases Pol & and Pol x (Compe
and Egly 2012; Marteijn et al. 2014).

The Structure of TFIIH

Due to its importance for two critical cellular processes, the structure of TFIIH has
been intensively investigated for almost two decades. Initial studies resulted in
low-resolution EM reconstructions that showed a ring- or horseshoe-shaped com-
plex (Chang and Kornberg 2000; Schultz et al. 2000) and allowed the approximate
assignment of the XPB and XPD ATPase subunits to the open ends of a horseshoe
(Gibbons et al. 2012). An integrative modelling approach provided a tentative
overall architecture for the complex, which was, however, complicated by the
horseshoe-shaped overall architecture of the complex that puts many subunits
within crosslinking distance of each other, and the high flexibility of the CAK
subcomplex (Luo et al. 2015). Sub-nanometer resolution structures of TFIIH in the
context of both human and yeast PICs (Fig. 5.5¢) confirmed the assignment of the
ATPase subunits to density at the open end of the horseshoe-shaped TFIIH complex
and revealed the locations of p44 near XPD and of the p52-p8 dimer near XPB
(Fig. 5.5¢) (He et al. 2013, 2016; Murakami et al. 2015), in agreement with reg-
ulatory roles of these subunits on the two ATPase subunits (Coin et al. 2007,
Dubaele et al. 2003; Jawhari et al. 2002; Kim et al. 2015). The interpretation of
these cryo-EM maps relied heavily on docking of crystal structures or homology
models. Structures of bacterial and archaeal homologs of XPB (Fan et al. 2006) and
XPD (Bienstock et al. 2003; Fan et al. 2008; Liu et al. 2008; Wolski et al. 2008)
provided structural templates for interpretation of the low-resolution cryo-EM
maps, and for modelling of human disease mutations.

The TFIIH-containing PIC structures (He et al. 2013, 2016; Tsai et al. 2017) also
suggested that in the absence of Mediator, the CAK subcomplex localizes close to
XPD and the C-terminal region of Rpbl, thus in proximity to its major substrate
(Greber et al. 2017; He et al. 2013; Tsai et al. 2017). However, later
Mediator-bound structures showed that in this context, which likely better resem-
bles the in vivo situation, CAK is found in a different location (Robinson et al.
2016; Schilbach et al. 2017) (Fig. 5.5d, e). Both in the absence and in the presence
of Mediator, the CAK subcomplex is poorly resolved, and in spite of the avail-
ability of high-resolution crystal structures for both CDK7 and Cyclin H (Andersen
et al. 1997; Kim et al. 1996; Lolli et al. 2004), the interaction with the third CAK
subunit, MAT1, and the mechanism of CAK regulation remain unresolved.

A more detailed and complete molecular model of the TFIIH core complex
resulted from the improved cryo-EM reconstructions of apo-TFIIH (Greber et al.
2017) and of the yeast Pol II-PIC (Schilbach et al. 2017). These studies revealed the
overall structure of additional TFIIH subunits, including p62, and the positioning of
the zinc-binding domains of p34, p44, and the CAK subunit MATI1. The latest
breakthrough came from the 3.7 A-resolution cryo-EM structure of human
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apo-TFIIH (Greber et al. 2019). This structure revealed the complete network of
interactions that governs the assembly of the TFIIH core complex (Fig. 5.5f, g),
allowed the mapping of numerous disease mutations in XPD and XPB (Fig. 5.5h
and see below), and showed that XPD is probably tightly regulated, not only by
MATI1 and p44, as demonstrated by previous biochemical and mutagenesis
experiments (Abdulrahman et al. 2013; Dubaele et al. 2003; Kim et al. 2015;
Sandrock and Egly 2001), but also by XPB and p62, which block access to known
XPD DNA- and ATP-binding sites (Fig. 5.5g) (Greber et al. 2019).

TFIIH in Health and Disease

Defects in TFIIH subunits are associated with xeroderma pigmentosum, Cockayne
syndrome, and trichothiodystrophy (Fig. 5.5h), human disease syndromes charac-
terized by high incidence of cancers, premature ageing, or transcriptional defects
(Cleaver et al. 1999; Rapin 2013). Mutations that cause xeroderma pigmentosum,
characterized by extreme sensitivity to sunlight and a high incidence of cancers,
interfere with the global genome NER pathway by impairing (i) detection of lesions
by the specialized damage recognition sensors (e.g. XPC), (ii) repair bubble
opening by interfering with the function of the TFIIH helicases XPB and XPD, or
(iii) excision of the damaged nucleotide by the XPF-ERCC1 or XPG endonucle-
ases. Cockayne syndrome is a premature ageing condition, which in the case of
mutations in the XPD subunit of TFIIH, occurs in combination with xeroderma
pigmentosum (Cleaver et al. 1999; Rapin 2013). Cockayne syndrome is thought to
be a disease induced by defects in TCR. However, recent data suggest that CS
mutations in XPD may lead to stalling of the helicase after initiation of the repair
process, which may interfere with completion of the repair reaction and with the
resumption of transcription (Herrera-Moyano et al. 2014; Moriel-Carretero et al.
2015; Theron et al. 2005). Mapping of XP and XP-CS mutations onto the structure
of human XPD (Greber et al. 2017, 2019) (Fig. 5.5h) or its archaeal and bacterial
homologs (Bienstock et al. 2003; Fan et al. 2008; Liu et al. 2008; Wolski et al.
2008) shows that they localize primarily to the enzymatic core of the helicase,
affecting either nucleotide binding and hydrolysis, or DNA binding and translo-
cation, in agreement with the enzymatic function of XPD in NER (Kuper et al.
2014), and the observation that these mutations primarily lead to NER defects.

In contrast, trichothiodystrophy (TTD) mutations in TFIIH mostly affect
peripheral regions of XPD (Fig. 5.5h) (Bienstock et al. 2003; Fan et al. 2008;
Greber et al. 2017; Liu et al. 2008; Wolski et al. 2008), where they structurally
destabilize the protein or its interactions within TFIIH, thereby disrupting TFIIH
assembly and impairing proper placement of the CAK during transcription initiation
(Coin et al. 1998; Dubaele et al. 2003). Additional TTD mutations in XPB and p8
have been shown to destabilize these proteins and reduce the overall levels of
properly assembled TFIIH (Botta et al. 2002; Dubaele et al. 2003; Giglia-Mari et al.
2004; Kainov et al. 2008). This lack of structurally intact TFIIH, either due to
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reduced protein levels or disrupted protein-protein interfaces, is what leads to a
general transcription defect in addition to DNA repair defects.

In addition to its association with these inherited disorders, TFIIH has also been
implicated in promoting cancer cell growth due to the transcription-promoting
activity of its CAK module and the requirement for elevated transcription in cancer
cells. Therefore, TFIIH is a possible drug target in cancer chemotherapy (Berico
and Coin 2017; Fisher 2018; Gervais et al. 2018).

Structural Insight into the Pol II-PIC

Visualization of the Step-Wise Assembly of the Human Pol II-PIC

Early crystallographic studies revealed the structures of promoter-bound TBP, alone
and in complex with TFIIA and TFIIB (Fig. 5.6a, b), as well as TFIIB bound to
Pol IT (Pol II-ITC with bound TFIIB shown in Fig. 5.6c). These studies showed that
TBP binding to the TATA-box induces an almost 90° bend in the overall trajectory
of the upstream promoter DNA (Fig. 5.6a), and how TFIIB interacts with TBP and
with the BRE promoter elements near the TATA-box (Fig. 5.6b) (Bleichenbacher
et al. 2003; Nikolov et al. 1992, 1995, 1996; Tan et al. 1996; Tsai and Sigler 2000).
Structures of TFIIB bound to Pol II (Bushnell et al. 2004; Kostrewa et al. 2009; Liu
et al. 2010; Sainsbury et al. 2013) showed how the cyclin domains of TFIIB bind
above the Pol II wall, while the N-terminal B-ribbon binds to the Pol II dock
(Fig. 5.6¢). The segment between the B-ribbon and the cyclin folds is seen inserted
into the Pol II cleft, approaching the active site, which led to the suggestion that this
B-reader aids in start site selection (Kostrewa et al. 2009; Liu et al. 2010).
A combination of these structures with the previously mentioned structure of the
TPB-TFIIB-DNA complex (Nikolov et al. 1995; Tsai and Sigler 2000) and the
structure of the Pol II elongation complex (Gnatt et al. 2001) suggested approximate
models for the closed and open Pol II-PIC, and the subsequent structure of the
TFIIB-bound Pol II-ITC (Fig. 5.6¢c), complete with substrate DNA and an RNA
product mimic, revealed that the TFIIB B-reader contacts the single stranded DNA
in the polymerase active site, leads to binding of one of the catalytic metals, and
stimulates RNA synthesis (Sainsbury et al. 2013).

The architecture of the complete Pol II-PIC and a structural characterization of
its assembly pathway have remained refractory to crystallographic approaches and
were finally obtained using cryo-EM analysis of in vitro reconstituted complexes
(Fig. 5.6d). In order to arrive at a more complete understanding of the complete Pol
II-PIC, and to map the location of all the individual general transcription factors, the
human Pol II-PIC was assembled in a step-wise fashion, following the generally
accepted model for PIC assembly (Buratowski et al. 1989), and analyzed by
cryo-EM (He et al. 2013). The system was simplified by substituting TFIID with
just TBP (a consensus TATA box was included in the promoter DNA), and
Mediator was not included in the reconstitution. Additionally, although TFIIF is
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Fig. 5.6 The structure of the Pol II-PIC and its components. a Structure of promoter DNA bound
to TBP and TFIIA (Bleichenbacher et al. 2003). TBP introduces a pronounced bend into the
TATA box (indicated by dotted black lines representing the upstream and downstream DNA helix
axes). b Structure of promoter DNA bound to TBP and TFIIB (Tsai and Sigler 2000). The TATA
box and regions corresponding to the BREd and BREu regions recognized by TFIIB are indicated
by light blue, green, and pink shading of the DNA bases. ¢ Structure of initially transcribing Pol II
bound to TFIIB (Sainsbury et al. 2013). d Stepwise assembly of the human Pol II-PIC: Pol
II-DNA-TBP-TFIIA-TFIIB-TFIIF (left), Pol II-DNA-TBP-TFIIA-TFIIB-TFIIF-TFIIE (middle),
and Pol II-DNA-TBP-TFIIA-TFIIB-TFIIF-TFIIE-TFIIH (right), the latter showing a bilobal
architecture. Depiction based on (He et al. 2013) with fitted coordinates from (Greber et al. 2019;
He et al. 2016). e The structure of the yeast Pol II-ITC lacking TFIIH, TFIIA, and TFIIE (Plaschka
et al. 2015) is in good agreement with the human Pol II-PIC core (compare e.g. to leftmost
complex in panel d). f Complete molecular structure of the human Pol II-PIC with TFIIH,
assembled from coordinates for the human core Pol II-PIC and the structure of human TFIIH
(Greber et al. 2019; He et al. 2016)

thought to join the growing PIC pre-bound to Pol II (Killeen and Greenblatt 1992;
Rani et al. 2004; Roeder 1996), the structure was determined for complexes with
and without TFIIF to allow mapping of the density corresponding to this tran-
scription factor.
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The cryo-EM density of the TBP-TFIIA-TFIIB-Pol II complex resulting from
these studies (He et al. 2013) could be fully accounted for by the crystallographic
structures of isolated sub-complexes (see above) and showed the general tran-
scription factors clustered on the upstream promoter DNA near the TATA box, with
density for the DNA approaching the Pol II cleft. The otherwise poorly ordered
downstream promoter DNA became stabilized upon addition of TFIIF, which binds
to the cluster of general transcription factors near the TATA box (Fig. 5.6d, left),
Pol II, and the upstream promoter DNA itself (He et al. 2013). The stabilization of
the DNA was induced by interactions of TFIIF with DNA near the BREd element
and the opening of the Pol II clamp, allowing DNA to access the Pol II cleft and
form interactions with the clamp head and RpbS5. These interactions are consistent
with roles of TFIIF in start site selection and transcription bubble opening (Ghazy
et al. 2004; Yan et al. 1999).

Addition of TFIE, which spans from TFIIF to the Pol II stalk (Fig. 5.6d,
middle), led to further stabilization of the core PIC (He et al. 2013). Winged-helix
domains in TFIIE connect the Pol II stalk region to the TFIIF subunit Rap30,
topologically trapping the DNA on the Pol II-PIC. The DNA in this complex is
slightly bent and contacted at either side of the initiator element by Pol II elements
near the clamp head and at the Rpb5 jaw (He et al. 2013, 2016).

Finally, TFIIH was seen to bind to this core-PIC (Fig. 5.6d, right) such that its
XPB subunit is in contact with the downstream promoter DNA near Rpb5
(Figs. 5.5¢c, 5.6d, right) (He et al. 2013, 2016), in support of its proposed function
as a double-stranded DNA translocase during promoter opening (Fishburn et al.
2015; Griinberg et al. 2012; Kim et al. 2000). During the closed-to-open transition,
mimicked in the studies of the human system by synthetic constructs that provide
single-stranded DNA at the side of the transcription bubble, the downstream pro-
moter DNA is bent around the RpbS5 contact for insertion of the template strand into
the active site, while the Pol II clamp domain closes and assumes a conformation
similar to that observed in elongation complexes (He et al. 2013, 2016).

The TFIIH-containing Pol II-PIC exhibits a bi-lobed overall appearance
(Figs. 5.5¢, 5.6d), with TFIIH forming one lobe and Pol II and the remaining GTFs
forming the other lobe (He et al. 2013, 2016). In addition to the interaction between
XPB and the downstream promoter DNA, TFIIH and the core PIC are connected by
two main protein-protein interfaces: (i) Mobile regions in the C-terminal half of
TFIIEa interact with the N-terminal PH domain of p62 (He et al. 2016; Okuda et al.
2008; Schilbach et al. 2017) and form additional contacts with the C-terminal
region of p62, and with XPB (Schilbach et al. 2017), with the latter interaction
explaining previous biochemical data that suggest a role of TFIIE in XPB regu-
lation (Drapkin et al. 1994; Ohkuma and Roeder 1994; Maxon et al. 1994); and
(ii) the N-terminal RING domain of MAT1 interacts with the Pol II stalk and TFIIE
(Schilbach et al. 2017).

In spite of initial claims to the contrary (Murakami et al. 2013), the model
derived from the sequential assembly of human proteins on promoter DNA (He
et al. 2013) is in good agreement with subsequent structures from both the human
(He et al. 2016) and the yeast Pol II system (Fig. 5.6d, e) (Murakami et al. 2015;
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Plaschka et al. 2015, 2016; Schilbach et al. 2017). However, slight differences
between the human and yeast systems were visualized in the higher-resolution
structures. For example, the promoter DNA in the human closed complex is con-
tacted by the Rpbl clamp and Rbp5, while the DNA is suspended further away
from Pol II in the yeast complexes, where such contacts are not present (Nogales
et al. 2017b) (for further discussion see next section).

High-Resolution Analysis of the Pol II Core-PIC and Mechanism
of Open Complex Formation

High-resolution cryo-EM analysis of human and yeast Pol II core-PICs (the lat-
ter excluding TFIIH) (Figs. 5.6f, 5.7a—) have revealed the intricate architecture of
closed, open, and initially transcribing complexes in near-atomic detail (He et al.
2016; Plaschka et al. 2016). In the human open Pol II-PIC, the B-reader and
B-linker elements of TFIIB contact the single stranded DNA of the open tran-
scription bubble (Fig. 5.7d—f), and all of these elements are resolved in the map (He
et al. 2016). In the yeast Pol II-PIC reconstructions (Plaschka et al. 2016), both the
single-stranded DNA and the interacting TFIIB elements are not visualized or
poorly resolved. The better definition of the open DNA bubble in the human system
might be linked to the scanning mode of start site selection in yeast (Nogales et al.
2017b).

The reverse is true for interactions of TFIIE (Fig. 5.7g—1), where the human PIC
lacks density for part of the TFIIE E-wing domain near the upstream end of the
open bubble, while an interaction between this domain and the DNA is visible in
the yeast structure (He et al. 2016; Plaschka et al. 2016). This might account for the
propensity of the yeast Pol II-PIC system to spontaneously open the transcription
bubble (Plaschka et al. 2016), while this has not been observed in the reconstituted
human complexes. Nearby, the WH1 domain of TFIIEf (Tfa2 in yeast) that
interacts with the TFIIFB (Rap30 in humans, Tfg2 in yeast) WH domain and in
particular with the additional helix of this domain in yeast is, accordingly, also in a
different position between the human and yeast systems. The WH2 domain of
TFIIEP (Tfa2) also has a slightly different position in the two systems.

The structure of the human Pol II-ITC is very similar to the open complex
(Fig. 5.7a, b, e, f), with the exception of an enlarged DNA bubble and the presence
of RNA, which had been introduced with the substrate DNA template (He et al.
2016).

The Mediator-Bound Pol II PIC

Mediator is a co-activator complex composed of more than 20 subunits and with a
molecular weight of approximately 1.2 MDa. Mediator integrates the signals from
transcriptional activators and repressors for regulated transcription initiation
(Borggrefe and Yue 2011; Brzovic et al. 2011; Flanagan et al. 1991; Jeronimo et al.
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Fig. 5.7 Structure of the open and initially transcribing human Pol II-PICs and comparison with
their yeast counterparts. a Structure of the open human Pol-II PIC (He et al. 2016). b Structure of
the human Pol II-ITC (He et al. 2016). RNA near the Pol II active site is shown in red. ¢
Comparison to the structure of the yeast open complex (Plaschka et al. 2016) reveals overall
conservation of PIC architecture. d—f DNA interactions of TFIIB in the human Pol II open
complex (e) and ITC (f) (He et al. 2016). g Interaction between the TFIIE E-wing domain and
bound promoter DNA in the yeast closed PIC (Plaschka et al. 2016). h In the human Pol II-PIC
(He et al. 2016), the closed promoter DNA is inserted more deeply into the Pol II cleft, and the
TFIIE-DNA interaction visualized in yeast is not present. i Human Pol IT open PIC (He et al. 2016)

2016; Lee et al. 1999; Natarajan et al. 1999; Soutourina 2018), a prerequisite for
cellular development and differentiation. Additionally, Mediator stimulates the
activity of CDK7 within the TFIIH CAK module towards the C-terminal,
low-complexity region of the Pol II subunit Rpbl (Kim et al. 1994). Mediator itself
includes the CDKS8-Cyclin C pair, which together with the Med12 and Medl13
subunits form a dissociable module (Borggrefe et al. 2002; Tsai et al. 2013) that
phosphorylates a range of targets, with broad implications for the mechanism of
transcription regulation and for cellular development and disease (e.g. (Bancerek
et al. 2013; Donner et al. 2010; Firestein et al. 2008; Knuesel et al. 2009)).
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The overall structure of Mediator can be subdivided into four modules, termed
head, middle, tail, and arm (Cai et al. 2009), as well as the dissociable kinase
module (Borggrefe et al. 2002; Tsai et al. 2013). Early low-resolution electron
microscopy analysis indicated that an open conformation of Mediator wraps around
one side of Pol II to form the holoenzyme (Asturias et al. 1999; Davis et al. 2002;
Dotson et al. 2000). Because of its size, complexity, conformational variability, and
low abundance in cells, structure determination of Mediator has been pursued by
X-ray crystal structures of subcomplexes, such as structures of its head and kinase
modules (Imasaki et al. 2011; Lariviere et al. 2012a; Robinson et al. 2012;
Schneider et al. 2011). These structures were then combined with chemical
crosslinking-mass spectrometry distance restraints and low-resolution cryo-EM
maps to arrive at structural models for the full complex (Lariviere et al. 2012b,
2013; Robinson et al. 2015, 2016; Tsai et al. 2014; Verger et al. 2019).

The most complete atomic model for any Mediator complex to date is that of the
Schizosaccharomyces pombe Mediator head and middle modules (or core
Mediator), determined by X-ray crystallography at 3.4 A resolution (Fig. 5.8a)
(Nozawa et al. 2017) and cryo-EM at 4.4 A resolution (Tsai et al. 2017). Even
though the architecture of the complex in these two structures is in overall agree-
ment, the higher-resolution X-ray crystallographic analysis resulted in a more
accurate and more complete model. The structure shows that the Med14 subunit
spans the entire middle module and serves as a scaffold for the assembly of the
remaining subunits of this module (Fig. 5.8a). The head and middle modules are
bridged by the Med17 and Med6 subunits (Fig. 5.8a), each of which contributes
folded domains to both modules, with flexible linkers connecting them (Nozawa
et al. 2017). The head module had been visualized previously in isolation (Imasaki
et al. 2011; Lariviere et al. 2012a; Robinson et al. 2012). Interestingly, one of these
structures had been solved in complex with a CTD peptide bound in a groove
formed by the Med6, Med8, and Medl17 subunits (Fig. 5.8b) (Robinson et al.
2012). The Mediator tail module is critical for interactions with transcriptional
activators, but in spite of the availability of partial X-ray crystal structures (e.g. for
the human Med23 and Med25 subunits (Monté et al. 2018; Vojnic et al. 2011)), it
has not been visualized in its entirety at high resolution. However, an approximate
subunit mapping has been obtained from an integrative modeling approach
(Robinson et al. 2015).

Detailed insight into the architecture of the Mediator-bound Pol II-PIC came
from cryo-EM analysis of reconstituted complexes of yeast core-PIC (without
TFIIH) or ITC complexes (Plaschka et al. 2015; Tsai et al. 2017) bound to a
core-Mediator complex (Fig. 5.8c). These cryo-EM reconstructions revealed
extensive density for the Mediator middle and head modules, and initially allowed
fitting of several sub-modules of the head module, aided by distance restraints from
chemical crosslinking-mass spectrometry (Plaschka et al. 2015). Subsequently, with
higher resolution cryo-EM structures and with the determination of the X-ray
crystal structure of the head and middle modules (Nozawa et al. 2017), the entire
core Mediator complex could be placed in the density of a TFIIH-containing and
Mediator-bound Pol II-PIC (Schilbach et al. 2017) (Fig. 5.8d). Core Mediator binds
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Fig. 5.8 The Mediator-bound Pol II-PIC. a Crystal structure of the Mediator head and middle
modules (core Mediator) (Nozawa et al. 2017). b Crystal structure of the Mediator head module
bound to a Pol II CTD peptide (Robinson et al. 2012). ¢ Low-resolution cryo-EM structure of the
core-Pol II-ITC bound to core Mediator (Plaschka et al. 2015). d Cryo-EM structure of the yeast
Pol 1I-PIC, including TFIIH, bound to core Mediator (Schilbach et al. 2017). e, f Contacts sites
between core Mediator and Pol II, according to the structure shown in (d). g, h Conformational
changes in Mediator upon binding to the PIC (g) and associated with conformational changes in
Med14 (Nozawa et al. 2017; Schilbach et al. 2017). h Low-resolution cryo-EM map of the yeast
Pol-1I PIC with Mediator (Robinson et al. 2016), including the Mediator tail module, fitted with
the coordinates of the most recent yeast Pol II-core Mediator structure (Schilbach et al. 2017)

to the PIC at three contact sites that are arranged near the Pol I Rpb4-Rpb7 stalk
(Fig. 5.8e, ). First, the so-called movable jaw (Med18-Med20) forms contacts with
the TFIIB B-ribbon, the Pol II dock, and the Pol II subunits Rpb3 and Rpbl1
(Fig. 5.8e). Second, the Mediator head module subunits Med8 and Med22 directly
contact the Rpb4-Rpb7 stalk (Fig. 5.8e). Finally, the plank domain of the middle
module forms transient contacts to the Pol II foot (Fig. 5.8f), as deduced from
different conformations observed in cryo-EM particle sub-classes (Plaschka et al.
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2015; Schilbach et al. 2017). While the Mediator head and middle modules
themselves assume a relatively constant conformation when associating with Pol II
—which also does not undergo any major conformational rearrangements upon
complex formation—the relative orientation of the two Mediator modules is
changed upon core-Mediator-Pol II complex formation due to conformational
rearrangements in the Med14 subunit (Schilbach et al. 2017; Tsai et al. 2017)
(Fig. 5.8g, h).

This structural model just described, together with a low-resolution cryo-EM
reconstruction of a complete Pol II-PIC, including TFIIH and the Mediator tail
module (Robinson et al. 2016), showed the Mediator tail module pointing towards
the upstream promoter DNA, where it may interact with bound transcriptional
activators, consistent with their function in Mediator recruitment (Fig. 5.8i)
(Borggrefe and Yue 2011; Brzovic et al. 2011; Jeronimo et al. 2016; Lee et al.
1999; Natarajan et al. 1999). The structures of TFIIH-containing PICs in complex
with Mediator or core Mediator suggest that the hook motif of the Mediator middle
module aids in positioning of the TFIIH CAK subcomplex, such that it is optimally
placed to phosphorylate the Pol II CTD, which runs inside a cradle formed by the
inner surface of the remainder of the Mediator middle module (Robinson et al.
2012, 2016; Schilbach et al. 2017) (Figs. 5.5d, e, 5.8b).

Possible Organization of a Complete Pol II-PIC Containing TFIID
and Mediator

The structure of the Pol II-PIC in the presence of full TFIID has not yet been
obtained. An approximate architecture can be deduced by superimposing the
components that are shared between the high-resolution Pol II-PIC reconstructions
and the structure of promoter-bound TFIID, specifically TBP, TFIIA, and the
upstream promoter DNA (Louder et al. 2016; Patel et al. 2018). Similarly, by
superposition of Pol II in the Mediator-containing Pol II-PIC reconstructions
(Plaschka et al. 2015; Robinson et al. 2016; Schilbach et al. 2017; Tsai et al. 2017)
allows approximate positioning of Mediator in this architectural model (Fig. 5.9).

This analysis shows that Mediator and TFIID would occupy opposite sides of
Pol 1T (Fig. 5.9), and thus would not clash with each other. However, structural
rearrangements may be necessary concerning the position of TAF contacts with the
DNA during PIC assembly. The region of TAF4 that, within lobe B, approaches
TFIIA and the upstream promoter DNA partially overlaps with the Rap30
winged-helix domain within TFIIF in the model (Louder et al. 2016; Patel et al.
2018). Furthermore, the downstream promoter contacts formed by TFIID lobe C
partially overlap with regions of Pol II and TFIIH that contact the DNA in the PIC,
and would, in any case, need to be released for Pol II to transcribe through the
downstream promoter region. Indeed, it has been proposed that an isomerization of
these contacts and release of TAF7, localized in the immediate vicinity of the
downstream promoter DNA, is required for transcription initiation (Gegonne et al.
2006; Zhang et al. 2015). Because this isomerization is apparently required only for
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Fig. 5.9 Architectural model of the holo-Pol II-PIC with TFIID and Mediator. Proposed model of
an entire Pol II-PIC, including Mediator and TFIID, generated by superimposing component
structures (Greber et al. 2019; He et al. 2016; Patel et al. 2018; Schilbach et al. 2017)

the first round of initiation, but not for subsequent re-initiation events (Zhang et al.
2015), it is possible that TFIID does not re-form these downstream promoter
contacts after it has functioned as a molecular ruler to load TBP for PIC
recruitment.

In spite of the release of downstream promoter contacts, TFIID may remain
bound to the promoter if the upstream TFIID architecture can rearrange such that
the sterical hindrance between the TFIID TAFs and the GTFs of the core Pol II-PIC
can be mitigated. It has been shown that transcription re-initiation can be up to
fourfold faster than the first round of initiation (Jiang and Gralla 1993) and
activator-independent (Joo et al. 2017), suggesting that a set of general transcription
factors remains bound at the promoter and allows incoming Pol II complexes to
re-initiate rapidly. Transcription re-initiation depends on ATP hydrolysis, impli-
cating the XPB or CDK7 subunits of TFIIH in the process (Yudkovsky et al. 2000).
Even though much remains to be elucidated to gain a full understanding of the
molecular details that distinguish the processes of initiation and re-initiation in
Pol II transcription, the recent detailed structures of the Pol II-PIC and its com-
ponents provide an architectural framework for future studies.
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The Pol I and Pol III Pre-initiation Complexes

Structure of the Pol I-PIC and Mechanism of Initiation
of rRNA Transcription

Pol I and Its General Transcription Factors

Pol I is responsible for synthesis of long rRNA precursors in the nucleolus, con-
tributing up to 60% of total RNA synthesis in yeast (Warner 1999). The X-ray
crystal structure of the 14-subunit Pol I was that of a transcription-incompetent
dimer (Fig. 5.10a) with a widened cleft that was blocked by inserted protein seg-
ments (Engel et al. 2013; Ferndndez-Tornero et al. 2013). In solution, Pol I exists in
an equilibrium of inactive dimers and functional monomers (Milkereit et al. 1997),
a situation that may parallel the physiological response to nutrient starvation
(Torreira et al. 2017). Binding of Rrn3, one of the Pol I transcription initiation
factors, renders Pol I monomeric (Fig. 5.10b) and with a widened cleft that can be
accessed by substrate DNA (Engel et al. 2016; Pilsl et al. 2016).

The Pol I initiation system differs substantially from that of Pol II. In yeast, the
Pol I-PIC comprises the general transcription factors TBP, Rrn3, upstream acti-
vating factor (UAF), and the heterotrimeric core factor (CF) (Fig. 5.10c) (Bedwell
et al. 2012; Hontz et al. 2008; Keener et al. 1998; Keys et al. 1996; Schneider 2012;
Steffan et al. 1998). Rrn3 and CF support basal Pol I initiation, while binding of
UAF and TBP precedes CF recruitment in vivo and is required for full activity
(Bordi et al. 2001; Hontz et al. 2008; Keys et al. 1996; Steffan et al. 1998).
Yeast CF is formed by Rr6, Rrn7, and Rrnl1 (Keys et al. 1994; Lalo et al. 1996;
Lin et al. 1996). Its mammalian counterpart, selectivity factor 1 (SL1), harbors three
subunits homologous to the yeast system and two additional mammalian-specific
factors (Comai et al. 1992; Denissov et al. 2007; Friedrich et al. 2005; Gorski et al.
2007; Learned et al. 1985; Naidu et al. 2011), suggesting a conserved core archi-
tecture with certain mammalian-specific features. The structure of CF (Fig. 5.10d),
determined independently by both X-ray crystallography and cryo-EM, shows a
bi-lobal assembly, with Rrnl1 and Rrn7 each forming the core of one lobe, and
with Rrn6 spanning across both lobes (Engel et al. 2017; Han et al. 2017; Sadian
et al. 2017). In spite of sequence and structural homology between Rrn7 and TFIIB
(Knutson and Hahn 2011), these two initiation factors are not functionally equiv-
alent because, due to its position in the Pol I-PIC, Rrn7 cannot bind to DNA in the
way TFIIB does (Fig. 5.10e) (Engel et al. 2017; Han et al. 2017; Sadian et al.
2017).

Structural Insight into RNA Polymerase I Pre-initiation Complexes

Three independent cryo-EM studies have provided detailed insights into the
structures of the Pol I-PIC and the promoter-free Pol I-Rrn3-CF complex to
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Fig. 5.10 The architecture of the RNA polymerase I PIC and ITC. a Structure of the Pol I-dimer
(Engel et al. 2013), with a widened active site cleft, as observed in Pol I crystals. b Structure of
Pol I bound with Rr3 (Engel et al. 2016), which blocks the Pol I dimerization interface. ¢
Schematic of the Pol I core promoter and general transcription factors in yeast. d Structure of yeast
core factor (CF) (Engel et al. 2017). e Structure of yeast core factor shown with DNA superposed
from a TFIIB-DNA structure (Tsai and Sigler 2000). The superposed DNA overlaps with CF,
indicating that Rrn7 in CF cannot bind to DNA by the same mechanism as TFIIB (also see
Fig. 5.15). f Structure of the Pol I-Rrn3-CF complex (Engel et al. 2017). Regions of Pol I that are
in contact with CF are indicated. g—i Depiction of the Pol I-ITC, with bound DNA, Rrn3, and CF
(Engel et al. 2017; Han et al. 2017). Contacts differ from the DNA-free complex (shown in f) and
corresponding regions on Pol I are indicated. Downstream promoter DNA is stabilized by contacts
from the Pol I clamp, lobe, and jaw domains and Rpb5

elucidate the mechanism of transcription initiation by Pol I (Engel et al. 2017; Han
et al. 2017; Sadian et al. 2017). In the Pol I-Rrn3-CF complex, lacking promoter
DNA (Fig. 5.10f), CF binds to the upstream end of the Pol I cleft, which is partially
widened (Engel et al. 2017). There are three contact sites between CF and the PIC
core (Fig. 5.10f): (i) The N-terminal zinc-ribbon domain of Rrn7 contacts the Pol I
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dock domain and a loop in Rrn3; (ii) the Rrn7 insertion domain contacts the Pol 1
wall; and (iii) Rrn11 contacts the Pol I clamp and protrusion via its TPR domain
(Engel et al. 2017). Notably, the N-terminal cyclin domain of Rr7 is embedded in
CF and therefore unable to form contacts equivalent to the TFIIB-Pol II wall
interactions present in the Pol II system (Engel et al. 2017; Han et al. 2017; Sadian
et al. 2017).

Upon binding of DNA and formation of an ITC, mimicked experimentally by
introduction of a mismatch bubble with bound RNA, the Pol I active site cleft
assumes a contracted conformation (Engel et al. 2017; Han et al. 2017; Sadian et al.
2017), similar to that observed for the elongation complex structures (Neyer et al.
2016; Tafur et al. 2016). The promoter DNA in the active site cleft of Pol I is
stabilized by the clamp head, cleft, and jaw of Pol I subunit A190, the lobe domain
of A135, and Rpb5 (Engel et al. 2017; Han et al. 2017; Sadian et al. 2017). Upon
DNA binding, CF is relocated to a different binding site on Pol I (Fig. 5.10g) (Engel
et al. 2017). Though CF uses the same binding motifs, its footprint on Pol I moves
to the protrusion, Rpb12, and a Pol I-specific structural element of the wall (Engel
et al. 2017) (Fig. 5.10g—i). Density for Rrn3 was absent in one of the Pol I-ITC
cryo-EM maps, indicating that it may dissociate under conditions that might mimic
a late initiation intermediate (Han et al. 2017), consistent with Rrn3 dissociation
after Pol I initiation (Bier et al. 2004; Milkereit and Tschochner 1998).

In all cryo-EM reconstructions of Pol I-ITCs, the upstream promoter DNA
appears bent (Engel et al. 2017; Han et al. 2017; Sadian et al. 2017). In one case,
two kinks, by 35° and 45°, are observed near nucleotide —16 (Han et al. 2017); in
the second, the DNA bends by approximately 30° between the CF binding site,
where it runs along Rrn11 (DNA nucleotides —35 to —25), and the entry point into
the Pol I cleft between the protrusion and the wall (DNA nucleotides —20 to —12)
(Engel et al. 2017); and in the third, the bend localizes to approximately nucleotide
—30 (Sadian et al. 2017). The ability of the DNA to bend and form these contacts is
likely important for promoter recognition, along with the ability of the region
around the transcription start site to melt and form the transcription bubble.

Interestingly, the DNA is suspended above the cleft in the closed Pol II-PIC (He
et al. 2013, 2016; Louder et al. 2016; Murakami et al. 2015; Plaschka et al. 2016),
while it is already sandwiched between the wall and the protrusion in the CF-bound
PIC within the Pol I system (Fig. 5.11a, b) (Engel et al. 2017; Han et al. 2017;
Sadian et al. 2017). This difference indicates that Pol I-DNA interactions in the Pol
I-PIC already assume an elongation complex-like state, while the Pol II-PIC
requires the DNA to shift by approx. 20 A between the PIC and the elongation
complex to reach this state (Fig. 5.11c).

Model for Initiation by RNA Polymerase I

The model for Pol I initiation that emerges from the structural studies just described
is that Rrn3 prepares Pol I for initiation by stabilizing it in a monomeric, open-cleft
conformation, while CF binds the upstream promoter DNA, and, after docking to
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Fig. 5.11 Comparison of DNA paths in the Pol I and Pol II ITCs. a Structure of the Pol I-ITC
(Han et al. 2017). b Structure of the Pol II-ITC (He et al. 2016). ¢ The path of the upstream
promoter DNA is different between the Pol I and Pol I ITCs because of differences in the mode of
binding of Rrn7 and TFIIB to the DNA. See also Fig. 5.15

Pol I, loads the DNA into the Pol I cleft. Contacts between proximal promoter
regions and Pol I specific structural elements likely contribute to promoter recog-
nition at this stage. DNA unwinding and open complex formation leads to initiation
of RNA synthesis and eventual displacement of Rrn7 and CF once the RNA reaches
a suitable length (Engel et al. 2017; Han et al. 2017; Sadian et al. 2017).

Structure of the Pol III-PIC and Similarities to the Pol I1
System

Pol 11T and Its Redox-Sensing General Transcription Factor TFIIIB

Pol III contains 17 subunits, 10 of which form the conserved core shared across
multisubunit RNA polymerases, whereas 2 form a stalk reminiscent of that in Pol II
(Fig. 5.1d, e). 5 Pol IlI-specific subunits, the C82-C34-C31 trimer and the C53-C37
dimer, appear to be homologous to general transcription factors in the Pol II system
(Fig. 5.12), but have become stably incorporated into Pol III (Khatter et al. 2017;
Vannini and Cramer 2012). Specifically, there is strong structural homology
between TFIIF and the Pol III C53-C37 dimer, which is involved in both tran-
scription initiation and termination (Arimbasseri and Maraia 2015; Kassavetis et al.
2010; Rijal and Maraia 2013; Wu et al. 2011) while the C82-C34-C31 trimer,
located on the Pol III C160 clamp, shows homology to TFIIE (Vannini and Cramer
2012) and appears to be a functional fusion of TFIIE and TFIIF (Vorlénder et al.
2018; Wu et al. 2012). C82 and C34 contain multiple winged-helix domains that
participate in interactions with the Pol III general transcription factors and facilitate
Pol II-PIC formation (Khoo et al. 2014, 2018).

Transcription initiation by Pol III requires the trimeric general transcription
factor TFIIIB (Fig. 5.13a—c), which is sufficient for Pol III transcription initiation
in vitro (Kassavetis et al. 1990, 1999). TFIIIB is formed by TBP, TFIIB-related
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Fig. 5.12 Transcription factor-like subunits of Pol III. a Structure of Pol I extracted from the
structure of a Pol I elongation complex in which the tandem winged helix domain of A49 is
resolved (Tafur et al. 2016). b Structure of the Pol II-PIC shown in the same orientation for
comparison (He et al. 2016). ¢ Structure of Pol III extracted from the structure of an open Pol
III-PIC (Abascal-Palacios et al. 2018) showing the locations of the C82-C34-C31 trimer and the
C53-C37 dimer. d Comparison of the overall architecture of the A34.5-A49 dimer (Pol I system,
left), TFIIE and TFIIF (Pol II system, middle), and the C82-C34-C31 trimer and C53-C37 dimer
(Pol III system, right). The Pol I A34.5-A49 and Pol III C53-C37 dimers are positioned similarly
to TFIIF, except that the A49 tandem-winged helix domain shows similarities with TFIIE, though
the binding site on the polymerase is not identical. Most of the Pol III C82-C34-C31 trimer is
positioned similarly to TFIIE, with the C82 cleft loop and TFIIE E-wing domain occupying similar
positions, juxtaposed to bound promoter DNA in closed PICs. The C34 winged-helix 1 domain is
positioned similarly to the winged-helix domain of the TFIIF subunit Rap30

factor 1 (Brfl), and the SANT-domain containing protein B-double prime 1 (Bdpl)
(Colbert and Hahn 1992; Ishiguro et al. 2002; Kassavetis et al. 1995; Lobo et al.
1992; Lopez-De-Leon et al. 1992; Schramm and Hernandez 2002; Schramm et al.
2000; Wang and Roeder 1995). In addition to Brfl, vertebrates encode a second
TFIIB-related subunit, termed Brf2 (Cabart and Murphy 2001; Mital et al. 1996;
Schramm et al. 2000; Teichmann et al. 2000), which acts at certain promoters,
including the U6 small nuclear RNA (snRNA) promoter, characterized by a strong
TATA-box and an upstream proximal sequence element (PSE) that is recognized by
the SNAPc complex (Henry et al. 1995; Sadowski et al. 1993). TFIIIB not only
functions in recruitment of Pol III to the promoter, but also supports initial promoter
melting and extension of the open bubble via its Bdpl and Brfl subunits, respec-
tively (Kassavetis et al. 2001).

The N-terminal halves of Brfl and Brf2 are structurally homologous to TFIIB
(Fig. 5.13a), contributing to the conservation of the overall architecture of the Pol IT
and Pol III-PICs (Lopez-De-Leon et al. 1992; Vannini and Cramer 2012; Wang and
Roeder 1995), while the C-terminal half includes a Brf-specific domain that forms
tight and specific interactions with TBP (Juo et al. 2003; Khoo et al. 1994).
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Fig. 5.13 The structure of TFIIIB. a Superposition of the structures of the DNA-bound TBP-Brf2
complex (Gouge et al. 2015) and the TBP-TFIIB-DNA complex (Tsai and Sigler 2000). TBP and
the Brf2 cyclin folds in TFIIIB occupy very similar positions as their Pol II-system counterparts
(TBP and TFIIB, respectively). The C-terminal domain of Brf2 comprises arch, molecular pin, and
TBP anchor regions (as indicated). b, ¢ Structure of DNA-bound TFIIIB (Gouge et al. 2017). The
Bdpl SANT domain binds to DNA at the side opposite to the Brf2 cyclin folds. d Structure of the
redox-sensitive molecular pin in the context of bound DNA and TBP (Gouge et al. 2017)

The crystal structure of a Brf2-TBP-DNA complex (Gouge et al. 2015) shows that
TBP engages DNA in the same way as in the TFIIB-TBP-DNA complex (Nikolov
et al. 1995; Tsai and Sigler 2000) and induces the same strong bend at the TATA
box (Gouge et al. 2015; Nikolov et al. 1996) (Fig. 5.13a). Even though details
differ, the interactions between DNA and the regions conserved between Brf2 and
TFIIB are similar overall, including contacts of the cyclin domains with the pro-
moter DNA immediately upstream and downstream of the TATA box (Gouge et al.
2015; Nikolov et al. 1995; Tsai and Sigler 2000). The Brf2 C-terminal region,
however, is unique, and contains three architectural regions, termed arch, anchor,
and molecular pin (Gouge et al. 2015) (Fig. 5.13a). The molecular pin harbors a
conserved LPPC-motif and binds to a ternary interface between the Brf2-cyclin
domain, TBP, and the DNA (Fig. 5.13d). Interestingly, the cysteine in the
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molecular pin allows Brf2 to serve as a redox-sensing transcription factor that links
oxidative stress to cellular responses, including apoptosis, because oxidation of the
cysteine impairs complex assembly and leads to down-regulation of
survival-promoting genes (Gouge et al. 2015).

The third component of TFIIIB, Bdpl, is specific to the Pol III system and
contributes to an extremely tight interaction of TFIIIB with promoter DNA
(Kassavetis et al. 1990, 2005; Shah et al. 1999). The crystal structure of a TFIIIB
(TBP-Brf2-Bdp1)-DNA complex (Fig. 5.13b, c) shows that the Bdpl SANT
domain plays a key role in association of the protein with the remainder of the
complex and binds to a location similar to that of TFIIA in the Pol II system
(Bleichenbacher et al. 2003; Gouge et al. 2017; Tan et al. 1996).

Once assembled on the promoter, TFIIIB binds very stably (Kassavetis et al.
1990) and remains bound even after Pol III starts elongating, allowing for efficient
Pol III recycling and high rates of transcription initiation on Pol III promoters (Dieci
et al. 2013; Dieci and Sentenac 1996). Indeed, the TFIIIB association is so stable
that it serves as a roadblock that impedes pervasive Pol II transcription and leads to
dissociation of lagging strand replicative polymerases (Roy et al. 2016; Smith and
Whitehouse 2012).

As detailed above, TFIIIB is the key transcription factor in the Pol III system.
Two additional transcription factors, TFIIIA and TFIIIC are assembly and speci-
ficity factors that aid in positioning of TFIIIB on the upstream promoter DNA
(Kassavetis et al. 1990; Roberts et al. 1995). TFIIIC a hexameric 0.5 MDa protein
complex that binds to intragenic promoter elements (Conesa et al. 1993; Ducrot
et al. 2006; Male et al. 2015; Stillman and Geiduschek 1984), but is dispensable
after TFIIIB binding and is displaced by transcribing Pol III (Bardeleben et al.
1994).

The Structure of the RNA Polymerase III Pre-initiation Complex

Three independent cryo-EM studies (Abascal-Palacios et al. 2018; Han et al. 2018;
Vorladnder et al. 2018) have revealed the mechanism of Pol III-PIC assembly and
promoter opening at high resolution. Two of these structures were determined on a
U6 snRNA promoter (Abascal-Palacios et al. 2018; Vorldnder et al. 2018), one of
them on the asparagine-tRNA promoter (Han et al. 2018). These studies used
promoter DNA substrates mimicking closed and open Pol III-PICs as well as Pol
III-ITCs (Abascal-Palacios et al. 2018; Han et al. 2018; Vorlander et al. 2018).
Interestingly, it was found that the open Pol III-PIC spontaneously forms even from
fully base-paired templates (Abascal-Palacios et al. 2018; Han et al. 2018;
Vorldnder et al. 2018) and even in presence of mutants deficient in promoter
melting (Abascal-Palacios et al. 2018; Han et al. 2018). The RNA substrate was lost
from the Pol II-ITC under some conditions, either due to washing or nucleolytic
cleavage aided by the Pol III subunit C11 (Han et al. 2018; Vorlénder et al. 2018),
and the Pol III-OC and ITC complexes exhibited similar architecture (Han et al.
2018).
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The cryo-EM reconstructions comprise Pol III, TFIIIB, and promoter DNA, and
show TFIIIB tightly bound to and wrapped around the upstream DNA (Fig. 5.14a).
Similarly to the Brf2-containing structure (Gouge et al. 2015, 2017), the cyclin
folds of Brfl, present in the cryo-EM sample as a Brfl-TBP fusion protein
(Kassavetis et al. 2005), bind to TBP and promoter DNA upstream and downstream
of TBP (Figs. 5.13a, 5.14b). The SANT domain of Bdpl binds TBP, DNA, and
Brfl, leading to a highly stable assembly of TFIIIB on the upstream promoter DNA,
suitable for supporting multiple rounds of initiation by Pol III (Dieci et al. 2013;
Dieci and Sentenac 1996).

SANT
domain

Bdp1
Long

am r

CB2-C34-

Fig. 5.14 The structure of the Pol III-ITC. a Overview of the structure of the yeast Pol III-ITC
(Vorlander et al. 2018). Compared to the structure of isolated TFIIIB, additional elements reaching
towards the polymerase are visualized in the complete PIC and ITC structures. b TFIIIB encloses
the upstream promoter. Structural elements of Bdpl (green) contact the transcription-factor like
subunits of Pol III (pink and brown), thereby contributing to a stable platform for ordering of some
of these factors. ¢, d The B-ribbon domains of Brfl (¢) and TFIIB (d) occupy similar positions and
interact with nucleic acids
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In the open Pol III-PIC, Pol III itself exhibits a closed clamp conformation and
tightly stabilizes the open DNA bubble (Abascal-Palacios et al. 2018; Han et al.
2018; Vorlédnder et al. 2018). Pol III subunits C37, C34 and C31, all of them part of
the “built-in transcription factors” of Pol III are flexible in the structure of tran-
scribing Pol III (Hoffmann et al. 2015), but ordered in the open PIC (Fig. 5.14a).
Bound to the upstream promoter DNA, TFIIIB sits above the Pol III cleft, where its
Bdpl and Brfl subunits form several contacts with Pol III. Due to these contacts,
parts of the general transcription factor subunits that are not visualized in the crystal
structures (Gouge et al. 2015, 2017) are visible in the cryo-EM reconstructions
(Abascal-Palacios et al. 2018; Han et al. 2018; Vorldnder et al. 2018).

In Brfl, the N-terminal zinc-ribbon and the cyclin folds contact the Pol IIT dock,
wall, and protrusion, similar to the TFIIB contacts observed in the Pol II system
(Fig. 5.14c¢, d) (He et al. 2016; Murakami et al. 2015; Nikolov et al. 1995; Plaschka
et al. 2016; Tsai and Sigler 2000). The zinc-ribbon is inserted through the active site
cleft and contacts the Pol III dock domain (Fig. 5.14c), and an adjacent linker
region interacts with the template DNA strand (Abascal-Palacios et al. 2018; Han
et al. 2018; Vorlander et al. 2018). The zinc-ribbon interaction is also found in the
Pol I system (Engel et al. 2017; Han et al. 2017; Sadian et al. 2017), while the
interaction of the N-terminal cyclin fold with the wall and protrusion (Fig. 5.14c, d)
is restricted to Pol II and Pol III.

Notably, Brfl includes a structural element termed the helical pin, structurally
homologous to the Brf2 molecular pin and occupying the same site at the interface
between TBP, DNA, and the Brfl cyclin folds (Gouge et al. 2017), but without the
redox-sensing activity of its Brf2 counterpart (Abascal-Palacios et al. 2018; Han
et al. 2018).

The extended SANT domain and a linker of Bdp1 bind to the major and minor
grooves of the DNA, as visualized previously (Gouge et al. 2017). Additionally,
several long helices of Bdpl are seen in the cryo-EM maps (Fig. 5.14a), reaching
across the Pol III C34 subunit (part of the TFIIE/TFIIF-like Pol III subunits), and
together with C37 (part of the TFIIF-like Pol III subunits) form a platform that
stabilizes C34 (Abascal-Palacios et al. 2018; Han et al. 2018; Vorldnder et al.
2018). Notably, these interactions between Bdpl and C34-C37 also lead to the
stabilization of the initiation/termination loop of C37 (C37 residues 211-224)
(Kassavetis et al. 2010; Rijal and Maraia 2013; Wu et al. 2011) by interactions with
part of a Bdpl region termed the “tether” (Bdpl residues 360-398). After stabi-
lization by the C37-Bdpl platform, winged-helix domain 2 in C34 contacts the
open transcription bubble near its upstream edge (Fig. 5.14b), implicating C34 in
promoter melting or stabilization of the open bubble (Abascal-Palacios et al. 2018;
Brun et al. 1997; Han et al. 2018; Vorldnder et al. 2018). Bdpl mutants that are
defective in open complex formation (Kassavetis et al. 2001) map to this platform
region, underscoring the importance of the molecular arrangement in this region for
promoter opening (Abascal-Palacios et al. 2018).

The cryo-EM maps visualized the interactions that contribute to melting and
stabilization of the transcription bubble at the active site. In the Pol III-PIC, the
active site assumes a conformation that is reminiscent of elongating Pol III
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(Hoffmann et al. 2015), with a disordered trigger loop and rudder, and a bent bridge
helix. Upon transition to the ITC, the upstream bubble edge is stabilized mostly by
contacts from Pol III subunits, including the C34 and C82 winged helix domains
and the C160 clamp, as well as the N-terminal Brfl cyclin fold (Abascal-Palacios
et al. 2018; Han et al. 2018; Vorldnder et al. 2018). The arrangement of TFIIIB
elements, with the Brfl N-terminal zinc-ribbon, the adjacent linker, and the
N-terminal cyclin fold close to the transcription bubble, and with Bdpl stabilizing
C34 (Abascal-Palacios et al. 2018; Han et al. 2018; Vorlénder et al. 2018), explains
the dual function of TFIIIB in promoter melting (Kassavetis et al. 2001).

Model for Transcription Initiation by RNA Polymerase II1
and Transition to Elongation

The structural results on the Pol III-PIC described in the previous section, combined
with structures of apo-Pol III and transcribing Pol III (Hoffmann et al. 2015),
suggest a model for Pol III transcription initiation. Initially, Pol III has a closed
clamp, as visualized in the closed Pol III-PIC complex, with disordered downstream
DNA projecting away from the polymerase (Vorlidnder et al. 2018). This is in
contrast to e.g. the closed Pol II-PIC, where the DNA runs along the length of the
Pol II active site cleft and interacts with the jaws at the downstream end (He et al.
2013, 2016; Murakami et al. 2015). The transcription factor-like modules of Pol III
that later become stabilized, as well as TFIIIB elements interacting with them, are
initially partially disordered in closed Pol III-PIC (Vorldnder et al. 2018). Upon
insertion of promoter DNA into the cleft by TFIIIB and the consequent Pol III cleft
closure, TFIIIB stabilizes the winged-helix domains of C34 above the cleft, leading
to entrapment of the promoter DNA and initial promoter melting. Subsequently, the
Brfl zinc-ribbon and an adjacent linker region become stabilized, with the linker
region contacting the opening bubble and facilitating bubble extension, leading to
an ITC and eventually an elongating state (Abascal-Palacios et al. 2018; Han et al.
2018; Vorldnder et al. 2018).

As detailed above, TFIIIB interacts with promoter DNA very stably and may
participate in the Pol III transcription re-initiation pathway (Dieci et al. 2013; Dieci
and Sentenac 1996; Kassavetis et al. 1990). An interesting and unexpected finding
was the visualization of a transcribing Pol III complex that is still attached to
promoter-bound TFIIIB, with up to 33 bp of melted DNA accommodated by Pol III
(Han et al. 2018). Based on these findings, and the fact that most Pol III-transcribed
genes are short, it was proposed that Pol III may stay associated with TFIIIB
throughout the entire transcription cycle (Han et al. 2018).
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Comparison of PIC Architectures

Conserved and Divergent Features of Eukaryotic
Pre-initiation Complex Architectures

Now that detailed structures of pre-initiation complexes of Pol I, II, and III have
been determined, it is possibly to compare the shared and unique features of these
three polymerase systems on an architectural level.

Universality of TFIIB-like Factors and Positioning of the Promoter
DNA in the PIC

TFIIB-like factors play a critical role in all three eukaryotic RNA polymerase
systems discussed in this chapter (see e.g. Figures 5.6, 5.7, 5.10, 5.11, 5.13, 5.14).
While Pol IT employs TFIIB itself, the Pol I core factor harbours the TFIIB homolog
Rm7, and the Pol III initiation factor TFIIIB contains the TFIIB-related factors Brfl
or Brf2 (Fig. 5.15a—). The structures of the Pol II and Pol III-PICs
(Abascal-Palacios et al. 2018; Han et al. 2018; He et al. 2016; Plaschka et al.
2016; Vorlander et al. 2018) have revealed that in spite of the presence of additional
domains in the Pol III initiation factors Brf1/Brf2, the general architecture and role
of TFIIB and Brf1/Brf2 are conserved, with all of them forming similar interactions
with the upstream promoter DNA and the polymerase, including interactions of the
cyclin domains with the polymerase wall and the positioning of the zinc-ribbon
domain at the polymerase dock and the adjacent linker in proximity of the tran-
scription bubble (Figs. 5.14c, d, 5.15b, ¢). The structure of the Pol I-PIC revealed
that the zinc-ribbon of Rrn7 assumes a similar position as its TFIIB and Brfl/Brf2
counterparts. However, in spite of the conservation of the two cyclin folds that lie at
the core of all TFIIB-related initiation factors, the Rrm7 cyclin folds interact dif-
ferently with both the upstream promoter DNA (Fig. 5.15a—c) and the RNA
polymerase, as compared to TFIIB and Brfl/Brf2 (Fig. 5.15d-f).

As a consequence of this difference in PIC architecture, the path of the DNA
differs between the Pol I-PIC on the one hand and the Pol II- and Pol III-PICs on the
other (Engel et al. 2017, 2018; Han et al. 2017; Sadian et al. 2017). In the Pol I-ITC,
the promoter DNA is accommodated in the active site cleft very similarly as in the
Pol I elongation complex, likely assuming such a conformation as early as during
closed complex formation. In contrast, in both the Pol II- and Pol III-PICs, the
upstream promoter DNA in the closed complex is suspended high above the active
site cleft, remains in this conformation during ITC formation, and rearranges to its
final trajectory only in the elongation complex (Fig. 5.11c) (Abascal-Palacios et al.
2018; Han et al. 2018; He et al. 2016; Plaschka et al. 2016; Vorldnder et al. 2018).
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Fig. 5.15 Comparison of DNA-bound structures of TFIIB-like initiation factors. a—c Structure of
the Pol I (a), Pol II (b), and Pol I1I (¢) ITCs (Han et al. 2017; He et al. 2016; Vorladnder et al. 2018).
TFIIB-related factors are colored dark blue, other transcription factors orange. d—f Conformation
of upstream promoter DNA bound to the cyclin folds of Rm7 (d), TFIIB (e), and Brfl (f)

Built-in General Transcription Factor-like Subunits in Pol I and Pol III

Pol Il is a 12-subunit enzyme, while Pol I has 14 subunits, and Pol III comprises 17
subunits (see Fig. 5.1). As noted above, the supernumerary subunits in Pol I and
Pol III share structural and functional similarity to general transcription factors of
the Pol II system. Specifically, the location of the Pol I A49-A34.5 and Pol III
C53-C37 heterodimers is highly similar to the binding site of TFIIF on the Rpb2
lobe in the Pol II-PIC (Fig. 5.12). This suggests structural and functional overlap
with TFIIF, even though A49 in the Pol I system also contains a tandem winged
helix domain reminiscent of TFIIE in terms of its DNA interactions (Khatter et al.
2017; Tafur et al. 2016; Vannini and Cramer 2012). Notably, TFIIF is thought to
arrive to the Pol II-PIC pre-bound to Pol II (Killeen and Greenblatt 1992; Rani et al.
2004; Roeder 1996), suggesting a relatively straightforward evolutionary path to
how its Pol I and Pol IIT equivalents became incorporated into the multisubunit
polymerase (Khatter et al. 2017). In spite of these similarities, there are also dif-
ferences. The C53-C37 dimer in Pol III is involved not only in initiation, but also in
termination, enabling Pol III to terminate autonomously upon encountering the
poly-thymidine stretch that serves as the termination signal in this system (Khatter
et al. 2017; Landrieux et al. 2006; Rijal and Maraia 2013).

The second polymerase subassembly that shows similarity to Pol II transcription
factors is the Pol III C82-C34-C31 trimer. Similarly to TFIIE, the C82-C34-C31
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trimer binds to the clamp head (Fig. 5.12b—d) and may contact and stabilize the
transcription bubble (Vorldnder et al. 2018). At the same time, the C34 winged
helix domains 1 and 2 bind in a location that is highly similar to the TFIIFf (yeast
Tfg2) winged helix domain (Fig. 5.7g, h), indicating that the C82-C34-C31 may be
a functional fusion of TFIIE and TFIIF (Vorldnder et al. 2018).

Pausing of elongating Pol II can lead to backtracking, at which stage the 3’-end
of the nascent mRNA leaves the active site and is extruded through a tunnel in the
enzyme (Cramer et al. 2000; Gnatt et al. 2001). At this point, critical elements of the
Pol II active centre are trapped in inactive conformations and the nascent RNA can
no longer be elongated (Cheung and Cramer 2011; Kettenberger et al. 2003), unless
the polymerase either advances to place the 3'-end in the active site again, or the
transcript is cleaved. In the Pol II-system, TFIIS aids in transcript cleavage and
permits resumption of elongation (Izban and Luse 1992; Reines 1992; Wang and
Hawley 1993). While the intrinsic Pol II nuclease activity is weak and requires
enhancement by TFIIS, the Pol I and Pol III systems harbour strong intrinsic
nuclease activity, residing in a TFIIS-like extension domain of their A12.2 and C11
subunits (Ruan et al. 2011; Vannini and Cramer 2012), which for the Pol III system
has also been implicated in the Pol III re-initiation pathway (Iben et al. 2011;
Khatter et al. 2017). Lacking or unexpectedly weak density for the product RNA in
some cryo-EM reconstructions of Pol I and Pol III complexes that were formed with
a synthetic DNA bubble scaffold and bound RNA may be due to cleavage of
initially bound RNA by intrinsic nuclease activity (Han et al. 2018; Sadian et al.
2017; Vorlédnder et al. 2018).

Opening of the Transcription Bubble

The Pol II system is unique in its ability to exploit the activity of a DNA-dependent
ATPase, XPB within TFIIH, for opening of the transcription bubble. Bacterial RNA
polymerases and eukaryotic Pol I and Pol III are able to independently melt the
promoter to form open PICs, as strikingly illustrated by structural studies in which
attempted structure determination of closed complexes resulted in the formation of
open complexes (Abascal-Palacios et al. 2018; Engel et al. 2017; Han et al. 2018;
Vorldnder et al. 2018). Recent structural, biochemical, and computational analyses
(Alekseev et al. 2017; Dienemann et al. 2018; Plaschka et al. 2016) suggest that at
least under some circumstances, Pol II is also able to spontaneously melt the
promoter, suggesting a universally conserved mechanism of promoter opening in
multi-subunit RNA polymerases.

Open Complex Formation in Yeast

For the yeast Pol II transcription initiation system, a reconstitution of the yeast
Pol II core-PIC using double stranded DNA for cryo-EM analysis resulted in an
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open complex (Plaschka et al. 2016). A subsequent study showed that in yeast,
there are two distinct promoter classes concerning the requirement for TFIIH; one
promoter class can be melted spontaneously without contribution from TFIIH,
while the second class benefits more strongly from the presence of TFIIH
(Dienemann et al. 2018). The two promoter classes seem to be distinguished by
subtle differences in their free energy of melting. Interestingly, the HIS4 promoter
used for the structural analysis that resulted in spontaneous open-complex forma-
tion (Plaschka et al. 2016) belongs to the first, spontaneously melting class.
A follow-up experiment using the more highly TFIIH-responsive GAT1 promoter
resulted in structure determination of both open and closed core-PICs, indicating
that indeed, promoter melting is less energetically favorable compared to HIS4
(Dienemann et al. 2018). The DNA in one of these closed complexes assumes a
different, more highly distorted and more deeply inserted conformation compared to
previously determined closed PICs (Dienemann et al. 2018) and may represent an
initiation intermediate. This DNA conformation is observed both in the presence
and absence of TFIIH.

The Mammalian RNA Polymerase System

Whether these findings can be applied to the human Pol II system is not fully
established. Critically, the closed Pol II-PIC could be successfully reconstituted and
structurally characterized using human proteins (He et al. 2016). However,
experiments in human cells where XPB was depleted using spironolactone indicate
that XPB depletion predominantly affects DNA repair, while global transcription is
less affected. In contrast, when XPB is present, but its enzymatic activity is
inhibited by triptolide, global transcription is reduced (Alekseev et al. 2017).
A hypothesis that is consistent with these observation is that XPB may, at least in
some cases, act in a checkpoint-like manner. According to this model, inactive XPB
binds to the downstream promoter DNA and prevents its insertion into the Pol II
active site. Activation of the enzymatic DNA translocase activity of XPB—or
alternatively, its depletion—would allow the downstream promoter DNA to reach
the active site of Pol II and promoter melting would occur driven by binding energy
alone (Alekseev et al. 2017).

Further analysis will be required to establish whether spontaneous melting of
Pol II promoters is a general feature and occurs in vivo, consistent with a univer-
sally applicable mechanism for melting of promoters by multisubunit polymerases,
or if higher eukaryotes have indeed evolved a unique, TFIIH-dependent solution,
possibly to allow for more precise regulation of gene expression.
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Conclusion

Recent breakthroughs in the structure determination of transcriptional assemblies
have revealed the detailed structures of the PICs of Pol I, Pol II, and Pol III. These
structures uncovered the intricate architecture of these molecular machines in
atomic detail, and have provided valuable mechanistic insight into the process of
PIC assembly, transcription bubble opening, and initiation of transcription. This
progress has been critically enabled by technical advances in cryo-EM, which
allowed the study of highly complex but low-abundance and conformationally
heterogeneous molecular assemblies at ever-higher resolution.

Future progress will likely involve the reconstitution and visualization of even
larger complexes, in the presence of gene-specific transcription factors, and in the
context of chromatin.
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Chapter 6 )
Regulation of Antiviral Innate Immunity ki
Through APOBEC Ribonucleoprotein

Complexes

Jason D. Salter, Bogdan Polevoda, Ryan P. Bennett
and Harold C. Smith

Abstract The DNA mutagenic enzyme known as APOBEC3G (A3G) plays a
critical role in innate immunity to Human Immunodeficiency Virus-1 (HIV-1). A3G
is a zinc-dependent enzyme that mutates select deoxycytidines (dC) to deoxyuridine
(dU) through deamination within nascent single stranded DNA (ssDNA) during
HIV reverse transcription. This activity requires that the enzyme be delivered to
viral replication complexes by redistributing from the cytoplasm of infected cells to
budding virions through what appears to be an RNA-dependent process. Once
inside infected cells, A3G must bind to nascent ssDNA reverse transcripts for dC to
dU base modification gene editing. In this chapter we will discuss data indicating
that ssDNA deaminase activity of A3G is regulated by RNA binding to A3G and
ribonucleoprotein complex formation along with evidence suggesting that RNA-
selective interactions with A3G are temporally and mechanistically important in
this process.
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Abbreviations

A3 Collectively all APOBEC3 proteins, A3A, A3B, A3C, A3D, A3F,
A3G, A3H

AID Activation induced deaminase

APOBEC Apolipoprotein B editing catalytic unit

CD1 N-terminal domain of dual domain APOBEC proteins

CD2 C-terminal domain of dual domain APOBEC proteins

CLIP-Seq Crosslinking immunoprecipitation and sequencing of RNA bound to
proteins

gRNA HIV genomic RNA

HIV Human immunodeficiency virus

hY Human Y ncRNA

NC Nucleocapsid portion of HIV Gag

ncRNA Noncoding RNA

RNP Ribonucleoprotein particle

RT Reverse transcriptase

RNA-Seq RNA sequencing
ssDNA Single stranded DNA
7ZBD Zinc binding domain

The APOBEC3 Proteins in Innate Antiviral Immunity

There are eleven APOBEC/AID proteins encoded in the human genome (Salter
et al. 2016). With the exception of APOBEC2 and APOBEC4, the other nine
APOBEC proteins have cytidine or deoxycytidine deaminase activity on nucleic
acids. Cytidine to uridine transition involves hydrolytic deamination of cytidine
within a nucleic acid substrate with demonstrable nearest neighbor dinucleotide
preferences for each APOBEC (Salter et al. 2016). There are four APOBEC3 (A3)
deaminases (A3D, A3F, A3G and A3H) that can restrict HIV infection in T cells,
macrophages and dendritic cells (Salter and Smith 2018). The present-day antiviral
requirement for A3 proteins may have evolved from their role in restricting
retroviral and endogenous retroviral-like elements (Sawyer et al. 2004; Zhang and
Webb 2004; Esnault et al. 2005; Bulliard et al. 2009; Munk et al. 2012; Krupp et al.
2013). Evolutionary models predict that A3 proteins have served a significant role
as antiviral vanguards for many species for millions of years by mutating retroviral
genomes and impairing their productive replication. These predictions are based on
paleo DNA database analyses identifying deoxyguanine (dG) to deoxyadenosine
(dA) changes that arose with nearest neighbor preferences of the A3 family, fore-
most and notably within integrated endogenous retrovirus-like sequences (Sawyer
et al. 2004; Conticello et al. 2005; Munk et al. 2012).
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The antiviral mechanism of action of A3 proteins has been demonstrated through
in vitro studies (Harris and Dudley 2015; Pery et al. 2015; Bennett et al. 2016), in
humanized mice infected with HIV (Krisko et al. 2013; Sato et al. 2010) and
suggested in long-term, nonprogressing, HIV infected patients who have enhanced
A3G expression (Jin et al. 2005; Refsland et al. 2010; De Pasquale et al. 2013;
Kikuchi et al. 2015). A3G, the focus of this review, is the most abundant and active
A3 protein in lymphoid tissues (Refsland et al. 2010; Aydin et al. 2014) responsible
for dG to dA hypermutations within the coding strand of HIV.

APOBEC3 Antiviral Mechanism

A3 antiviral deaminase activity occurs on ssDNA during reverse transcription of the
viral RNA genome (Harris and Dudley 2015; Salter et al. 2016). This requires that
A3 proteins are packaged and delivered into cells as cargo within virions during
infection as A3 proteins preexisting in cells do not access HIV replication com-
plexes (Svarovskaia et al. 2004; Soros et al. 2007; Xu et al. 2007; Thangavelu et al.
2014). The ssDNA deaminase activity of A3 proteins therefore appears to be
limited temporally to when nascent reverse transcripts are being made and within
the spatial confines of virions that are ‘unpacking’ within the cell’s cytoplasm
(pre-integration complexes).

The amount of A3 protein already present in a cell being infected however can
be an important determinant of the number of A3 proteins that will be packaged in
virions during the late viral life cycle (Soros et al. 2007; Xu et al. 2007; Thangavelu
et al. 2014). As a case supporting this point, two to five percent of the HIV positive,
treatment-naive individuals remain asymptomatic for many years while maintaining
high CD4+T cell counts and low plasma HIV RNA levels (Poropatich et al. 2011).
Although the scientific basis for low replicative virus in these elite controller
patients may be due to multiple factors, in several of these patients there was a
direct correlation between increased A3G mRNA and protein expression and lower
viremia/higher CD4+T cell counts (Jin et al. 2005; Peng et al. 2007; Poropatich
et al. 2011; Kourteva et al. 2012; De Pasquale et al. 2013; Kikuchi et al. 2015). It is
worth noting that the HIV accessory protein known as Viral Infectivity Factor or
Vif has a primary function, to reduce the abundance of A3 proteins in infected
cells by binding to them and mediating their polyubiquitination and proteosomal
degradation (Sova and Volsky 1993; von Schwedler et al. 1993; Sheehy et al. 2002;
Guo et al. 2014; Salter et al. 2014b; Kouno et al. 2015). However, in vitro studies in
which A3G was over expressed or knocked down in virus producing cells sug-
gested that the abundance of A3G in a cell was unlikely to be the primary deter-
minant of resistance to HIV in elite controller patients (Sato et al. 2010; MacMillan
et al. 2013; Stavrou et al. 2014).

Several reports suggested that A3G can restrict HIV by a deaminase-independent
mechanism that most probably involves inhibition of reverse transcriptase (Iwatani
et al. 2007; Adolf et al. 2013; Belanger et al. 2013). It was proposed that A3G binds
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to HIV ssDNA as a monomer and subsequently forms catalytically inactive dimers
that block reverse transcriptase from elongating viral ssDNA (Chaurasiya et al.
2014; Morse et al. 2017).

HIV Vif-Dependent Proteosomal Degradation of A3 Reduces
Innate Antiviral Immunity

The significance of the interaction between HIV Vif and antiviral A3 proteins in
controlling A3 antiviral activity was first discovered by Anne Sheehy et al. (2002)
and confirmed in studies using mouse models infected with virus expressing a wild
type or lacking a functional Vif gene (Okeoma et al. 2007; Sato et al. 2010; Krisko
et al. 2013; Stavrou et al. 2014; Cadena et al. 2016). In the absence of Vif, A3
antiviral activity was sufficient to neutralize a viral infection but virus expressing
Vif was resistant to A3 proteins. Effective A3 antiviral activity has been seen in
clinical data from patients whose virus expressed Vif polymorphisms with reduced
efficacy in promoting A3 degradation (Simon et al. 2005; Ooms et al. 2013; Aydin
et al. 2014; Reddy et al. 2016). Both animal and clinical data suggest that A3
hypermutations can lead to catastrophic failure of viral genome functions (Zhang
and Webb 2004; Simon et al. 2005; Okeoma et al. 2007; Rangel et al. 2009;
Kourteva et al. 2012; Stavrou et al. 2014; Cadena et al. 2016; Reddy et al. 2016).
Studies such as these have led to a consensus that Vif protects HIV from accu-
mulating A3-dependent dG to dA hypermutations.

Until Vif antagonists can be tested in clinical trials (Bennett et al. 2016), we can
only speculate what the threshold for a catastrophic level of mutation in HIV is and
the conditions under which A3 proteins will achieve this level of activity. The
in vivo mutation frequency of reverse transcriptase (RT) is 1.8 x 10~%bp/cycle
(Mansky et al. 1995). The current estimate is that the mutation frequency need only
to increase 3- to 4-fold for mutational events to reach a distribution in proviral DNA
to neutralize HIV (Drake et al. 1999). Each viral particle may contain 6-8 A3G
proteins associated with HIV RNAs in the virion core (Burnett and Spearman 2007,
Xu et al. 2007). However it has been estimated that only 1-2 A3G per virion may
be sufficient for hypermutation activity and HIV restriction (Thangavelu et al.
2014). Taken together these data suggest that even small changes in the availability
of catalytically active A3 deaminases may have a significant impact on A3G an-
tiviral efficacy.

RNA Binding to A3G Can Inhibit Deaminase Activity

Other than enhanced A3 gene expression or alternative mRNA splicing to produce
more active A3 protein haplotypes (Ooms et al. 2013; Reddy et al. 2016), regulatory
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mechanisms for A3 antiviral capacity in cells are not understood. There is no known
protein co-factor required for A3 binding to ssDNA and dC deaminase activity. Most
proteins identified in complex with A3 proteins in co-immunoprecipitates are
bridged to A3 proteins via RNase-sensitive linkers (Kozak et al. 2006;
Gallois-Montbrun et al. 2007; Gallois-Montbrun et al. 2008; Friew et al. 2009).
While some APOBECs can edit RNA (Salter et al. 2016), the function of RNA
binding to A3 proteins is less well understood (Smith 2016). Both ssDNA and RNA
binding induce homo oligomerization of A3G (Chelico et al. 2008; Feng and
Chelico 2011; McDougall et al. 2011; McDougall and Smith 2011; Polevoda et al.
2015). A3G binds with high affinity to both RNA and ssDNA oligonucleotides
(McDougall et al. 2011; McDougall and Smith 2011; Polevoda et al. 2015); DNA
can be displaced from A3G in vitro and deaminase activity on ssDNA can be
inhibited when RNA oligos bind to A3G (McDougall and Smith 2011; McDougall
etal. 2011; Polevoda et al. 2015). In this regard, A3G deaminase activity in vitro (as
well as that of other antiviral homologs A3F, A3D and A3H) requires activation by
RNase digestion when they are isolated from mammalian cells (Kreisberg et al.
2006; Wichroski et al. 2006; Gallois-Montbrun et al. 2007; Khan et al. 2007; Shaban
et al. 2018) or HIV virions (Soros et al. 2007), and when expressed as recombinant
protein in E. coli (Shaban et al. 2018) or insect cells (Wedekind et al. 2006).

RNase digestion of A3H isolated from mammalian cells is also required for its
in vitro deaminase activity. However, structural and functional studies of purified
A3H reveal that a small RNase-insensitve RNA duplex remains bound to A3H after
RNase treatment. The presence of this RNA duplex not only maintains an RNA-
dependent A3H dimer but also supports A3H deaminase activity on DNA (Shaban
et al. 2018; Ito et al. 2018; Feng et al. 2018); A3H RNA-mediated dimers from
pig-tailed macaque (Bohn et al. 2017) and chimpanzee (Matsuoka et al. 2018)
displayed similar characteristics.

A variety of RNA sequences and secondary structure and viral genomic RNA
(gRNA) bind to A3G to form megadalton sized RNP complexes evident by size
exclusion chromatography, electrophoretic mobility gel shift assay or glycerol
gradient sedimentation (Opi et al. 2006; McDougall et al. 2011; McDougall and
Smith 2011). A3 RNP may become sequestered within cellular P-bodies (Wichroski
et al. 2006; Gallois-Montbrun et al. 2007 and reviewed in Smith 2011) which
is particularly apparent in proliferating cells (Kreisberg et al. 20006).
P-body-localized A3 does not associate with HIV virions nor contribute to antiviral
activity. A3 that becomes localized in viral particle assembly centers is bound to
HIV-1 gRNA and cellular RNAs (Khan et al. 2005; Wichroski et al. 2006;
Gallois-Montbrun et al. 2007; Bach et al. 2008; Wang et al. 2007, 2008a, b; Zhang
et al. 2010; Keene and Telesnitsky 2012). The regulatory mechanism governing this
functional dichotomy of A3 RNP localization is not understood. Although A3H
forms large cytoplasmic catalytically inactive RNPs, the catalytically active A3H
RNA-duplex dimer form may hint at a mechanism for selecting viral encapsidation
over cellular localization. It is notable that the most frequent HIV gRNA sites
bound by A3H by CLIP-Seq are predicted to form RNA duplexes of 7 nt or greater
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(Shaban et al. 2018). Whether A3H is an anomaly among A3s or if other A3s are
capable of selecting structured RNAs for viral encapsidation remains an open
question.

The combined effect of Vif-dependent degradation of A3 proteins and RNA-
dependent inactivation of A3 deaminase activity may contribute to why the level of
A3 expressed in most people is not robust enough to protect them against an HIV
infection. The mechanisms that regulate suppression of A3 antiviral activity are not
understood but are believed to determine HIV infectivity and may influence the
success of antiviral therapies that seek to enable A3 antiviral activity. Suppression
of A3 antiviral activity also raises concern that suboptimal A3 mutagenic activity
may serve in facilitating viral evolution and mechanistically contribute to the
emergence of drug resistance (Fourati et al. 2010; Kim et al. 2010; Sadler et al.
2010; Smith 2011 and reviewed in Smith 2011; Simon and Landau 2015;
Venkatesan et al. 2018).

Biochemical Analysis of A3 Interactions with Nucleic Acids

The cytidine deaminase domains within the N- and C-termini of A3G (CD1 and
CD2, respectively) contain zinc binding domains (ZBD) (reviewed in (Aydin et al.
2014; Salter and Smith 2018) (Fig. 6.2a). The ZBD in CD2 of A3G is indispensable
in carrying out deamination of dC to dU (Fig. 6.2b). In isolation, CD2 has low or
no catalytic activity and requires CD1 of A3G for robust catalytic activity (Navarro
et al. 2005). The ZBD in CD1 is catalytically inactive and the mechanistic basis
for the requirement of full length A3G for robust deaminase activity has not been
determined but may be as structural support of CD2 and its binding to nucleic acids
(Salter et al. 2014a; Salter and Smith 2018) and protein dimerization (Huthoff et al.
2009).

Historically all RNA binding to A3G and RNA-dependent inhibition of A3G
deaminase activity was presumed to be through CD1 [(Navarro et al. 2005) and
reviewed in (Strebel and Khan 2008; Smith 2011, 2016)]. This ‘one domain’
perspective of RNA binding led to a focused search of CDI residues that are
involved in binding RNA. Only a few of the residues predicted to have hydrophobic
and hydrophilic R-groups capable of binding to the bases or phosphate backbone of
RNA, respectively, actually were required for A3G binding to RNA and RNP
formation (Opi et al. 2006; Huthoff and Malim 2007; Wang et al. 2007; Zhang et al.
2007; Friew et al. 2009; Huthoff et al. 2009; Chelico et al. 2010; Bélanger and
Langlois 2015). From these studies, residues C97, R122, F126, W127 and D128
(Opi et al. 2006; Huthoff and Malim 2007; Wang et al. 2007; Friew et al. 2009;
Huthoff et al. 2009; Khan et al. 2009; Chelico et al. 2010; Bélanger and Langlois
2015) and W94, Y124 and W127 (Bulliard et al. 2009; Bélanger et al. 2013) were
implicated in RNA-dependent A3G homo oligomerization and assembly with
virions. Also, R24 and R30 may be indirectly involved in RNA binding by sta-
bilizing A3G (Bulliard et al. 2009). Based on the previously published NMR
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solution structure snapshots of a soluble mutant A3G-CD1 (1-200 aa) Fukuda et al.
(2019) generated in silico docking models to stimulate the RNA-binding propen-
sity of A3G-CD1 and found a novel amino acid residue, 126 that may contact
RNA.

Mutational analyses also suggested that W94, C97, R122, F126, W127 and
D128 may be required to bind cellular 7SL1, hY1,3-5 and HIV gRNA (Huthoff and
Malim 2007; Wang et al. 2007; Huthoff et al. 2009; Chelico et al. 2010; Bélanger
and Langlois 2015). Mutation of A3F at amino acid residues highly conserved
among A3 proteins (W126A, A3G WI127A and A3H WI115A) significantly
decreased A3 affinity for RNA, reduced the amount of A3 packaged in virions and
reduced antiviral activity (Wang et al. 2008a, b; Bach et al. 2008; Zheng et al. 2012;
Bélanger and Langlois 2015). A3H W126A mutation specifically affected protein
interaction with 7SL.1 ncRNA (and partially with tRNALys3) but not with HIV-1
gRNA or 5S RNA (Wang et al. 2008a, b). A similar reduction in A3G and A3H
antiviral activity was observed when 7SL1 ncRNA was depleted by overexpressing
the 7SL1 ncRNA interacting partner SRP19 invovled in forming the signal
recognition particle required for endoplasmic reticulum-bound protein translation
(Wang et al. 2008a, b). While A3G mutants W94A and W127A were unable to
bind to RNA, S28E and Y124A mutants retained their ability to bind to 7SL1 and
Alu RNAs though they had significantly diminished binding to hY1,Y3 RNAs
(Bulliard et al. 2009). In contrast, an F126L. mutant was defective in binding 7SL1,
Alu and hY1 RNAs but only slightly defective in hY3 RNA binding. It is possible
that the A3G motif YYFWD at positions 124—128, in addition to its suggested roles
in protein oligomerization and assembly with virions, serves as an RNA-specificity
box, similar to the proposed DNA-nucleotide specificity box in homologous
C-terminal domains of A3 proteins (A3F, YYFWD and A3G, YDDQG, positions
307-311 and 315-319, respectively) (Siu et al. 2013).

EMSA and fluorescence anisotropy analyses (McDougall et al. 2011; Polevoda
et al. 2015) and atomic force microscopy (AFM) (Pan et al. 2016) suggested that
titration of A3G with increasing amounts of RNAs 15-100 nt in primary sequence
length achieved saturation of multiple binding sites. The aggregate size of RNP
assembled with A3G was dependent on the stoichiometry of A3G to RNA (or
ssDNA) in the reaction (Opi et al. 2006; McDougall et al. 2011; Polevoda et al.
2015; Polevoda et al. 2016). Interestingly, RNAs > 25 nt were sufficient to inhibit
25 nt to 99 nt ssDNA substrate binding to A3G and inhibit dC to dU deaminase
activity in an RNA concentration-dependent manner (McDougall and Smith 2011;
McDougall et al. 2011; Polevoda et al. 2015).

Emergence of the Dual RNA-Binding Domain Hypothesis

A major challenge to the ‘one domain nucleic acid binding model’ was made
through mass spectrometry studies of A3G crosslinked to bound RNA which
showed for the first time that RNA can bind to distinct amino acid residues of the
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catalytically active CD2 of A3G as well as to residues within CD1 (Polevoda et al.
2016, 2017). The data suggested that with multiple binding sites, there may be
multiple RNA interactions along the length of an A3 protein and that more than one
RNA molecule may be bound to A3G simultaneously (Smith 2016). Multiple RNA
binding domains with A3G CDI1 has been corroborated through in silco RNA
docking studies Fukuda et al. (2019). Support for the two RNA binding
domain hypotheses was provided by AFM experiments which showed that A3G
could bind two short RNA oligos (one each within CD1 and CD2) or a ssDNA
oligo and an RNA oligo at opposite ends (Pan et al. 2016). Taken together the
studies suggested that the requirement of CD1 for robust CD2 deaminase activity
may be to facilitate or stabilize nucleic acid binding. Mass spectrometry analyses of
native A3G that was UV crosslinked to RNAs identified multiple tryptic peptides
covalently bound to nucleotides and provided evidence that tyrosine 181, 182 and
315 were in direct contact with RNA and ssDNA (Polevoda et al. 2017).

These data led to the dual domain hypothesis that RNA-binding A3G amino
acids are dispersed along the surface of both domains and that different RNA
binding preferences of these residues contribute to the underlying structural
diversity of A3G nucleic acid complexes (Fig. 6.1 and Table 6.1). A critical con-
cept in the identification of RNA binding to CD2 was the identification of tyrosine
315 as critical for both high molecular mass RNP formation and ssDNA binding
and deaminase activity (Polevoda et al. 2017). The data provided a mechanistic
explanation for how RNA binding to A3G can competitively inhibit the antiviral
deaminase activity both in P-bodies and within viral particles. Conversely, the RNA
duplex that bound and mediated dimerization of the A3H catalytic domain does not
inhibit DNA binding or catalytic deamination, supporting a model wherein A3s
may simultaneously bind multiple nucleic acids at unique locations with different
functional outcomes.

The Functional Significance of the RNA Binding Partner
for A3G

An open question for nearly two decades has been which A3G-binding RNA(s) has
the most significant impact on A3G antiviral function and A3G/A3F/A3D/A3H
packaging into virions (Strebel and Khan 2008; Smith 2011, 2016). Numerous
reports suggested that 7SL1 ncRNA and not HIV gRNA may play a more signifi-
cant role in helping A3 proteins to assemble with virions (Wang et al. 2008a, b;
Bach et al. 2008; Zheng et al. 2012). A3G appears to be unique among A3 proteins in
binding to the Alu region of 7SL1 RNA (Zhang et al. 2010; York et al. 2016). A3G
also bound preferentially to the conserved stem-loop structures 1 and 3 within HIV
gRNA, and A3G interaction with SL1 enhanced the recovery of A3G with virions
(Khan et al. 2005). A3G has greater than an order of magnitude higher affinity for
the Alu domain of 7SL.1 RNA in vitro as compared to bulk cellular RNAs binding
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Fig. 6.1 Models Depicting the Single-Domain and Two-Domain RNA Binding Hypotheses. The
cartoon depicts ssDNA or RNA binding to A3G (shown as a monomer for clarity of discussion) in
the single RNA-binding domain model (a and top half of b) and the two domain RNA-binding
model (bottom of b and ¢). For N-terminal half of the A3G monomer is shaded. The general
locations of the zinc-dependent cytidine deaminase domains are shown in the N-terminus ‘N’ and
C-terminus ‘C’ corresponding to CD1 and CD2 respectively. (a), The single-domain RNA binding
model depicts ssDNA only binds to CD2 (c) which deaminates dC to dU in HIV reverse
transcripts with an anticipated antiviral outcome. (b, top) All RNAs, regardless of sequence of
secondary structure, only bind to CD1 which enabled A3G to assemble with newly forming HIV
virions but also may sequester A3G within cellular RNP for localization within cytoplasmic
P-bodies. The outcome of N-terminal RNA binding in this model is uncertain and could either
have antiviral activity or prevent antiviral activity. (b, bottom) The two-domain RNA-binding
model is depicted wherein different RNA sequences or secondary structures within one or multiple
RNA molecules may bind selectively or nonspecifically to residues with the N- and C-termini of
A3G. The anticipated outcome is that nonspecific RNA interactions such as with mRNAs would
lead to RNP that largely sequester in P-bodies and therefore do not promote antiviral activity.
RNAs that bind selectively to A3G within either domain may promote assembly of A3G with HIV
virions. (¢) The two-domain RNA binding model predicts that post infection, A3G in
preintegration replication complexes will displace HIV genomic RNAs from CD2, enable nascent
ssDNA HIV reverse transcripts to bind and become deaminated. RNAs bound to CD1 may be
retained and promote A3G oligomerization which may augment the catalytic activity and/or
processivity of A3G hypermutation on proviral DNA

regardless of whether they contain Alu repeats (Wang et al. 2007; Chelico et al.
2010). However, comparative studies of cellular RNP complexes associated with
A3F and A3G found that in contrast to A3G, A3F complexes did not contain 7SL1
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Table 6.1 Summary of RNAs Crosslinked to A3G Tryptic Peptides Determine by Mass
Spectrometry

Peptide, aa ApoB HIV 7SL tRNAM*
N 15-29 Y N N N
1] 70-76 N Y Y N
100-113 Y N N N
o 123-136 N N N Y
cDA1 151-163 Y N N N
100 169-180 Y Y N N
181-194 Y Y Y Y
195-213 N N N Y
103 257-270 Y Y Y Y
T 279-297 Y Y Y Y
194 314-320 % Y N N
321-326 Y Y N N
257 327-334 Y Y Y N
CD2 345-374 Y Y Y Y
291
384 ||
C

Affinity purified recombinant A3G produced in insect cells (Wedekind et al. 2006) was incubated
with the RNAs listed across the top of the table, then irradiated with short wavelength ultraviolet
light to crosslink protein RNA complexes which were SDS-PAGE purified, digested with
RNase A+T1, followed by digestion with trypsin and analyzed by mass spectrometry (Polevoda
et al. 2016, 2017). Tryptic peptides identified as bound to ribonucleotides from the various RNAs
tested are listed in the left column. Cartoon of A3G (right) shows CD1 and CD2 domains with the
deaminase domains marked with a red line.

and Y1-4 RNAs and contained only minor proportion of Alu RNA
(Gallois-Montbrun et al. 2008). Further research is needed to determine whether the
other antiviral A3 have binding preferences for HIV gRNA and ncRNAs.

The RNA Binding Preference of A3G Changes Following
HIV Infection

A3G RNA-Seq of RNAs crosslinked to A3G in uninfected and infected cells, or
recovered with virions, suggested that A3G RNA binding preferences changed
upon infection from predominantly random bulk mRNAs with a weak complement
of ncRNAs in uninfected cells to largely 7SL1 ncRNA and HIV gRNA in HIV
virions (York et al. 2016; Kutluay et al. 2014) (Fig. 6.2a—). During viral
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maturation, we and others have observed that A3 binding specificity for 7SL1 RNA
may increase 10-fold on a molar basis relative to that for HIV gRNA (Eckwahl
etal. 2015, 2016; York et al. 2016) (Fig. 6.1c). A3G bound preferentially to the Alu
secondary structure domain of 7SL1 RNA in vitro but not to the linker RNA or
adjoining secondary structure known as the S domain (Bach et al. 2008). Other
ncRNAs and a variety of incompletely processed cytoplasmic RNAs also were
enriched in the viral particle relative to cytoplasmic mRNAs (Eckwahl et al. 2016;
York et al. 2016) (Fig. 6.2¢).

A critical future milestone will be to establish which RNA binding residues
affect RNA binding preferences and to determine their roles in A3G oligomeriza-
tion and RNP formation. It is intriguing to consider that either post-translation
modifications of A3 proteins or post-transcriptional modifications of gRNA and
7SL1 ncRNA could be involved in determining the alterations in A3 RNA binding
preferences. These data highlight the need to understand the mechanism whereby
A3G alters its preference for mRNAs in uninfected cells to ncRNAs and gRNA in
virus producing cells and virions.

Despite these details, the functional role that various RNAs might have when
they bind to A3 proteins remains under determined (Smith 2016). There is
conflicting evidence in that several studies suggested that A3G sites required to
bind 7SL1 and HIV gRNA during viral particle assembly were also involved in
A3G binding to bulk cellular RNAs and inhibition of A3G antiviral activity through
sequestration of A3G RNP within cytoplasmic P-bodies and stress granules (Kozak
et al. 2006; Wichroski et al. 2006; Gallois-Montbrun et al. 2007; Soros et al. 2007;
Gallois-Montbrun et al. 2008; Wang et al. 2008a, b; Friew et al. 2009).

RNA Binding of A3G Paradoxically May Both Inhibit
and Promote Antiviral Deaminase Activity

For A3G to be positioned proximal to nascent cDNA emanating from HIV reverse
transcription complexes, A3G must minimally bind to viral genomic RNA (gRNA).
As described above, A3G recovered from virions is also bound to cellular RNAs,
such as 7SL1 ncRNA (Khan et al. 2007; Wang et al. 2007, 2008a, b; Refsland et al.
2010; Smith 2011; Keene and Telesnitsky 2012). An important open question is
whether 7SL1 ncRNA or HIV gRNA differentially regulate A3G deaminase activity
during viral reverse transcription. A3G must disengage from HIV gRNA and bind
to nascent ssDNA reverse transcripts (Chelico et al. 2008; McDougall et al. 2011)
as substrates for cytidine deamination. RNase H-dependent degradation of the
gRNA template during reverse transcription, exposes viral ssDNA for A3G bind-
ing. This necessitates gRNA removal from CD2 by RNase H. However, binding of
RNAs to both the N- and C-terminal domains of A3G (Fig. 6.1c) may regulate A3G
deaminase activity through RNA binding sites that interact with cellular RNAs.
When bound to these RNAs certain residues may facilitate A3G assembly with
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«Fig. 6.2 RNA binding Preference of A3G is Altered by HIV Infection and Localization within
Virions. Classes of RNA species associated with A3G in uninfected cells (a), HIV-infected cells
(b) and within HIV virions (¢). 6XHis-A3G proteins and associated RNA were purified from cells
or virions with use of Ni-NTA resin, RNA was isolated by using RNeasy Plus Mini and RNeasy
MinElute columns (Qiagen) and combined for each sample RNA was subjected for RNA
sequencing procedure based on Illumina technology. Illumina compatible library construction was
performed using the TruSeq Total Stranded RNA Sample Preparation Kit. Single end reads were
mapped to the human and HIV-1 genomes and proportions of each RNA class (in colors, as
indicated on the figure) associated with A3G in each sample were presented in pie charts

virions but not inhibit A3G ssDNA binding and deamination during reverse tran-
scription. Which RNA might have this regulatory role is not understood, but given
the enrichment of 7SL1 ncRNA bound to A3G in virions compared with A3G
recovered from the cytoplasm of uninfected cells, one might speculate that A3G
binding to 7SL1 ncRNA has a unique purpose.

For example, 7SL.1 ncRNA does not form duplexes with nascent viral cDNA
and is not degraded by RNase H. Is the catalytic domain (CD2) of A3G active on
proviral ssDNA when 7SL1 ncRNA is bound to CD1? Interestingly, RNA bridging
of A3G through CDI to form oligomers may serve in promoting robust and pro-
cessive ssDNA deaminase activity (Huthoff et al. 2009; Feng and Chelico 2011).
This suggests a paradox in that while RNA binding to A3G is essential for assembly
of A3G with virions, antiviral DNA mutagenic deaminase activity is inhibited by
RNA binding to A3G. The structural basis for this dicotomy of
RNA interactions with A3, their functional consequence(s) and importantly the
regulatory mechanisms responsible for A3G changing RNA binding preferences are
poorly understood.

Noteworthy, Itano et al. (2018) demonstrated that 7SL1 RNA is recruited to the
plasma membrane (the site of virion formation) during the time of assembly of the
Gag HIV polyprotein but separately from HIV gRNA. 7SL1 RNA interaction with
Gag likely occurs before Gag protein oligomerization at the plasma membrane and
could be initiated in the cytoplasm since Gag-7SL1 complexes were immunopre-
cipitated from the fractions of both of these cell compartments (Itano et al. 2018).
A3G binding to 7SL1, Alu and gRNA also requires the nucleocapsid (NC) portion
of the HIV Gag but this interaction may be independent from Gag gRNA inter-
action during which NC provides a critical RNA chaperoning functions and gRNA
dimerization for viral particle assembly (Muriaux and Darlix 2010).
Immunoprecipitation data demonstrated that Gag and NC either associated directly
with A3G or interacted via an RNA bridge (Cen et al. 2004; Friew et al. 2009).
Both NC and A3G exhibited very similar RNA binding patterns to HIV gRNA and
7SL1 with a strong preference for A- or G-rich sequences in both immature and
mature virions (Kultuay et al. 2014; York et al. 2016). Due to the large molar excess
of Gag over A3G that assemble with virions (~2000:7) (Xu et al. 2007) A3G
must face vigorous competition for gRNA and 7SL1 binding. A possibility is that
A3G binding to those RNAs may be facilitated by Gag remodeling of RNAs within
HIV SL1-SL3 and 7SL1 Alu-regions. As described above, in HIV infected cells
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A3G showed selective preference for binding to 7SL1 RNA(York et al. 2016).
Therefore, it is reasonable to suggest that 7SL1 ncRNA plays a major role in the
virion assembly pathway that A3G utilizes or shares with NC-Gag.

It is of interest that in the preparation of RNA-depleted full-length A3G for small
angle X-ray scattering analysis, we monitored the removal of RNA from affinity
purified A3G by silver staining of the RNA retained bound to A3G and resolved by
denaturing PAGE (Fig. 6.3). We noted that while increasing amounts of RNase A
or micrococcal nuclease (MNase) digestion markedly diminished the recovery of
A260 absorbing material and activated in vitro deaminase activity (Wedekind et al.
2006), an RNase-resistant fragment of RNA of ~ 35 nt appeared to be protected by
A3G (Fig. 6.3) (Bennett 2007). RNase A resistant RNAs were significantly shorter,
suggesting greater nuclease access to RNAs bound to A3G (Fig. 6.3). Despite the
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Fig. 6.3 RNA of specific size protected from RNase degradation by A3GRNA was analyzed by
silver stained denaturing RNA PAGE. The length of RNA standards (lane 1 and 18) are identified
by number of bases. Following extensively washing with 1M NaCl, 1M urea and 125 mM
imidazole RNA that has been co-purified with A3G by Ni-NTA IMAC (lane 2 from the left) was
digested at 4 °C with increasing amounts of MNase (lanes 3—8) and RNase A (lanes 9-17). Total
cellular RNA (lane 21) purified from Sf9 insect cells without A3G overexpression was not
protected from digestion when incubated with either RNase A (lane 19) or MNase (lane 20). Red
arrowheads point to silver stained RNAs whose MNase-dependent reduction in abundance (~ 90
nt) and resistance to MNase digestion (~35 nt) suggest A3G protection of bound RNA.
Additional RNA fragments that appeared to be relatively refractory to RNase A digest are visible
with average sizes of ~90, ~70, ~35 and ~17 nt
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presence of residual fragments of RNA, the specific activity of RNase A digested
A3G was 1.2 fmol C to U/ug A3G/min compared to 0.25 fmol C to U/pug A3G/min
of the pre-digested A3G (Wedekind et al. 2006; Polevoda et al. 2015). An
RNase-protected fragment of RNA has also been demonstrated for A3H RNP
(discussed further below). The detection of RNase-protected fragments of RNA
bound to A3G and A3H suggested that a conformational pocket may sequester
RNA through intimate contacts between amino acids and ribonucleotides but
this does not rule out A3 protein surface exposed interactions with RNA that could
also have important functions. The discoveries to date underscore the need to
determine the characteristics of RNA bound to A3G that may promote deaminase
activity, enable A3G assembly with viral particles or inhibit A3G antiviral
activities.

Structural Models of APOBECs Suggest Mechanisms
for Nucleic Acid Binding

Recent co-crystal structural models of APOBECs with nucleic acid (Xiao et al.
2016; Bohn et al. 2017; Kouno et al. 2017; Shi et al. 2017b; Fang et al. 2018;
Matsuoka et al. 2018; Shaban et al. 2018) or nucleotides (Shi et al. 2015; Qiao et al.
2017; Ziegler et al. 2018) have begun to shed light on how APOBECsS select and
bind substrate and regulatory nucleic acids alike. There is likely a great diversity of
macromolecular complexes that APOBECs form with nucleic acid. X-ray crystal-
lographic structures of the A3G C-terminal domain (Maiti et al. 2018), A3A
(Kouno et al. 2017; Shi et al. 2017a) and of an A3A-Loop 1 substituted A3B
C-terminal domain (Shi et al. 2017b) have been solved with short single-stranded
deoxynucleic acids bound in catalytically relevant manners at the respective active
sites. A structure of Activation Induced Deaminase (AID) with deoxynucleotides
bound at the active site revealed unique positively charged surface grooves prox-
imal to the catalytic site (Qiao et al. 2017). This structure supported a model
wherein AID specifically selects G4-structured DNA targets for deamination; in
contrast, A3A and A3G select for linear ssDNA. Together, these models suggest
mechanisms by which APOBECs select deamination targets with specific di- or
tri-nucleotide nearest neighbor sequences or within a specific structural context.
In addition to those of APOBEC-substrate complexes, structures of APOBECs
bound with non-substrate nucleic acid revealed potential mechanisms of action for
regulatory DNA and RNA binding. In particular, a structure of the A3F catalytic
C-terminal domain solved with ssDNA bound outside of the active site supported a
model wherein non-specific nucleic acid binding helps guide substrate to the active
site (Fang et al. 2018). Likewise, co-crystal structures of the single domain A3H
from a variety of primates (Bohn et al. 2017; Matsuoka et al. 2018; Shaban et al.
2018) with endogenous RNA suggested how an RNA-mediated dimer of an
antiretroviral APOBEC may promote packaging within nascent virions and inhibit
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DNA editing. Although A3H is the only APOBEC to be co-crystallized with RNA,
these structures may provide insight into how other APOBECs form ribonucleo-
protein complexes and the mechanism by which RNA binding can regulate enzy-
matic activity on DNA.

Nearest Neighbor Base Sequence Determines APOBEC
Target Specificity

The co-crystal structures of catalytically inactivated mutants of A3A and the
C-terminal domain of A3G with short ssDNA comprising either a dT.;dC, or
dC_,dC_;dCy hotspot motif for A3A and A3G catalytic activity respectively,
revealed that DNA binds within a deep surface channels formed between loops L1,
L3, and L7 that coalesce adjacent to the Zn-centered active site (Fig. 6.4a). In each
case, DNA binding was centered around a conserved L1 histidine residue (H29 and
H216 for A3A and A3G C-term respectively) which underwent extensive rear-
rangement upon binding. Several other differences in conformation of L1 and L7
residues observed between structures of DNA-bound and -unbound A3A and A3G
CD2 suggested an induced fit mechanism controls APOBEC substrate selection.
The targeted dC, bases were flipped into the deep active site pockets where the base
was stabilized by stacking interactions with aromatic sidechains and through several
hydrogen bonds (Fig. 6.4a). A3A and A3G have strong preferences for substrate
with specific base identity at the —1 position (dT for A3A and dC for A3G). This
specificity was born out through multiple hydrogen bonds between specific L7
residues of either A3A or A3G CD2 and the WC face of the preferred base at
position —1 (Fig. 6.4a). A3G formed additional water-mediated hydrogen bonds
with the WC face of the base at the —2 position which supported a mechanism for
its preference of dC at the —2 position. Non-specific base stacking interactions were
also observed between aromatic sidechains of either A3A or the CD2 of A3G and
the base at the +1 position. For A3G CD2, base stacking occurred at the —3 position
as well. The lack of base specific interactions with substrate other than with the —1
(or —2 for A3G) through +1 positions provided a rationale for the relative lack of
sequence specificity other than the two nearest neighbors of the target dC,
nucleotide. Whether other APOBECs form enzyme-substrate complexes compa-
rable to that observed for A3A and A3G remains to be determined.

AID Selects Structured DNA Substrates

In contrast to the linear DNA binding preference of A3A and A3G, AID has been
shown to preferentially bind G4 quadruplex (G4) structured DNA (Qiao et al.
2017). AID targets dC at the third position in a 5’ overhang adjacent to the G4
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(a)

RNA-bound A3H

(b) i_\:’ (C) __ apo-A3H

Fig. 6.4 Structural models illustrate the diversity of APOBEC-nucleic acid interactions. (a) The
co-crystal  structure of A3G CD2 with the 9 nt ssDNA substrate (5'-
dA_5dA 4dT 3dC.,dC_;dCydA ;dA >,dA,3-3") where dC, is the substrate cytidine bound within
the active site of this catalytically inactive variant. The A3G CD2 molecular surface is colored gray
with residues of L1, L3 and L7 colored yellow, pink and blue respectively. DNA is shown as sticks
and atoms of carbon, phosphate, oxygen, and nitrogen are colored green, orange, red, and blue
respectively binds. (b) The co-crystal structure of dimeric A3H in complex with an 8-mer RNA
duplex (PDB 6BOB) (top panel). A3H molecules are depicted as cartoons with gray o-helices and
bluep-strands while RNA molecules are depicted as sticks and colored as in (a). A3H molecules
form significant interactions with each RNA molecule but protein-protein interactions are absent.
Extensive interactions between arginine residues (sidechains depicted as blue sticks) of a6-helices
and the RNA backbone are shown in the bottom panel. (¢) The same cocrystal structure from (b) is
depicted as a light gray cartoon with loops colored blue and the RNA has been removed for clarity.
The crystal structure of human apoA3H (PDB 5W45) (dark gray loops) is superposed to illustrate
changes in A3H loop conformation upon RNA binding. The conformation of L1 and L7 are shifted
apart to accommodate the RNA duplex interaction compared with those from apoA3H
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structured core during class-switch recombination (CSR). The X-ray crystallo-
graphic structure of AID revealed a positively charged surface groove that is
bifurcated to form two channels and may explain how AID selects dC specifically
associated with G4-structured DNA for deamination. One channel, termed the
substrate binding channel, was formed by L1, L3, and L7 and centers on the active
site. The second channel, or ‘assistant patch’, was located between the L7 and o6.
These channels deviated from one another at a negatively charged region of L7
called the ‘separation wedge’. The use of such positively charged grooves bifur-
cated by a separation wedge for binding branched DNA structures has been
observed for macromolecular complexes involving Cas9 (Jiang et al. 2016) and T4
RNase H (Devos et al. 2007), but this substrate binding mode may be unique to
AID among the APOBECs as it is the only family member hypothesized to bind
structured DNA substrate.

DNA Binding Sites Distal to the APOBEC Active Site May
Assist Substrate Selection

Single-stranded DNA binding to the catalytic domains of A3A and A3G has been
clearly demonstrated by the previously described crystal structures. Although
APOBEC binding of DNA at sites distal to the active site or at the non-catalytically
active domains of the dual-domain A3 s has been demonstrated (Polevoda et al.
2015, 2017), little is known how binding at such sites regulates deamination of
substrate at the active site. A co-crystal structure of the A3F C-terminal domain
with a poly-dT;q nucleic acid revealed how a large positively charged surface patch
binds a deoxyribonucleic acid in a non-sequence specific manner (Fang et al. 2018).
This positively charged surface patch is unique among the A3 family and comprised
five surface exposed lysine residues within o-5 and a-6 helices and L10 (K334,
K337, K352, K355, and K358) that formed the bulk of an extensive electrostatic
interaction network with the negatively charged poly-dT backbone. Two conserved
tyrosine residues (Y333 and Y359) within the path contributed additional
pi-stacking interactions with two bases. A mechanism for substrate selection has
been proposed in which nucleic acids were first bound non-specifically by the
positive surface patch. Once bound, nucleic acids of specific sequence could be
selected and guided towards the active site for deamination. However, the mech-
anism for sequence selection is unknown and it is unknown if other APOBECs may
utilize a similar mechanism for capture of nucleic acid substrates.
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RNP Formation with APOBECs Regulate Enzymatic Activity

RNA mediated regulation of DNA binding (McDougall and Smith 2011;
McDougall et al. 2011), enzymatic activity (Iwatani et al. 2006; McDougall et al.
2011) and localization of APOBEC proteins has been extensively documented
(Salter and Smith 2018). RNA binds A3G CDI1 and CD2 at several sites and RNA
competition with ssDNA, specifically at tyrosine 315, has been shown to diminish
binding and editing of DNA (Polevoda et al. 2015, 2017). Likewise, A3B CDI
non-catalytic domain attenuates the DNA editing rate at the CD2 catalytic domain
(Caval et al. 2015) through RNA binding by a positively charged surface patch
(Xiao et al. 2017). Localization of the antiretroviral A3s (A3D, F, G and H) to
budding virions is partially dependent upon interaction with cellular and viral
RNAs (Khan et al. 2005; Wang et al. 2007). The structure of human A3H haplotype
II (Shaban et al. 2018) and those from both a pigtailed macaque polymorphic
variant (Bohn et al. 2017) and chimpanzee (Matsuoka et al. 2018) show A3H forms
a dimer, mediated entirely by a cell-derived RNA duplex (Fig. 6.4b). The A3H
molecules within each co-crystal structure form extensive electrostatic interactions
with the backbone of both RNA strands through a positively charged surface patch
localized to o-6 helix arginine residues (Shaban et al. 2018). Several tyrosine
residues found in A3H-specific motifs of L1 and L7 add non-sequence specific
base-stacking interactions (Shaban et al. 2018). The arginine residues within the
patch are conserved in A3H across species and have been shown to be required for
A3H localization to virions (Shaban et al. 2018).

What is most intriguing about this structure is that it reveals two potential
mechanisms for RNA mediated regulation of A3H. First, a mutational analysis of
the residues that interact with the duplex RNA were shown to be required for virion
packaging and antiretroviral restriction suggesting that an RNA-mediated dimer
may be a necessary step for antiretroviral activity (Shaban et al. 2018). Second, the
RNA does not bind within the active site (Fig. 6.4b) and the RNA mediated dimer
of A3H is catalytically active. It is thus implicit that the A3H dimer is capable of
binding DNA at the active site while also bound due to RNA. Notably, monomeric
A3H without RNA bound is also catalytically active (Ito et al. 2018).
A comparision of monomeric and RNA-bound structures of A3H reveals the cat-
alytic site loops L1 and L7 are further displaced from one another in the RNA-
bound structure (Fig. 6.4c) suggesting that the RNA duplex may allosterically
modulate the catalytic rate and that structural rearrangement may be necessary for
DNA binding (Feng et al. 2018). While the RNA binding motifs of L1 and L7 that
stabilize the RNA duplex interaction are specific to A3H it is unlikely that RNA
specifically regulates other APOBECS in this manner. However, positively charged
patches are common among APOBECs and may be directly involved in RNA-
regulation of A3B and A3G. In particular, it has been demonstrated that A3G
dimers are bridged by RNA-bound CD1 domains which led to a model wherein
RNA-linked dimers of A3G are required for the processivity of A3G antiretroviral
catalytic activity on HIV during reverse transcription (Feng and Chelico 2011).
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Concluding Remarks

In this review the role of RNA binding to A3G has been emphasized and used as a
platform for introducing the concept of regulatory RNAs and the diversity of
protein RNA interactions that may take place A3 family members. The discussion
has embraced a historical perspective of discoveries in the APOBEC field over the
past 30+ years; pointing out leading hypotheses and open questions when
appropriate.

The APOBEC field has at its origin the discovery of psoriasis-upregulated and
phorbol ester-induced group of proteins known as the phorbolins which are cur-
rently understood to be in the APOBECS3 class of proteins (Gene ID 9582), but have
no known functional or enzymatic activities such as those described for A3 pro-
teins. However, the functional role of RNP assembly and RNA binding to
APOBECs did not come into focus until APOBEC1 (A1) was discovered as the
enzyme responsible for C to U editing of cytidine 6666 in apolipoprotein B mRNA
(Salter et al. 2016). In the following years the role of RNA binding to APOBECs
became more difficult to understand as the discovery of AID and the A3 family
ushered in the understanding that although these proteins bind RNA, the natural
substrate for their deaminase activities was deoxycytidines within sSDNA stretches
of genomic DNA.

Structural studies of both apo and nucleic acid bound APOBECs are beginning
to reveal there are a variety of mechanisms at play for both substrate selection and
RNA-mediated regulation of activity. Models of substrate-bound APOBECs have
revealed structural details for di- or trinucleotide sequence motifs. Protein surface
features such as grooves, and hydrophobic and charged patches for binding nucleic
acids both at and away from the active site suggest mechanisms for differentiating
between linear and structured nucleic acid substrate. Likewise, an unexpected role
for a structured RNA in the regulation of A3H antiretroviral activity has been
proposed based upon an RNP crystallographic model comprising an A3H dimer
and a short RNA duplex. The implicit ability of the A3H RNP to simultaneously
bind and deaminate DNA may have a tremendous impact on the direction of future
investigations into how RNA regulates the other antiretroviral APOBECs, in par-
ticular the dual domain A3G which comprises numerous predicted RNA binding
sites on both domains.

The field has advanced in its focus not only on the RNAs that bind to APOBEC
proteins, but the APOBEC protein residues required for RNA binding and the effect
that select APOBEC RNP formation has on DNA deaminase and antiviral activities.
Specifically, the open question in the field is whether there are unique RNA
recognition motifs in APOBEC that determine selective binding to RNAs of dif-
ferent sequence or secondary structures. Moreover, can RNP formation functionally
differentiate APOBEC structures for substrate specific binding and gene editing
acivity?

The enzymatic activities of APOBECs on RNA and in gene editing suggest that
they may be attractive targets of therapeutics. Key areas for future therapeutic
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development are (i) determining if Vif inhibition will enable sufficient A3 antiviral
activity for a catastrophic level of HIV genomic hypermutation, (ii) identifying
selective inhibitors of AID and A3 proteins as potential interventions in the pro-
gression of lymphatic and solid tumors and (iii) harnessing the APOBEC proteins
as Cas3/9 chimeras for CRISPR targeting of base modification gene editing to
either restore gene function or disrupt disease causing alleles. We anticipate
that RNA binding to APOBECs and RNA-dependent regulation of their deoxy-
cytidine deaminase activity will modulate gene editing activity within the
microenvironment of the cells and tissues and determine the success of the thera-
peutic approaches.
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Chapter 7 )
Structure and Function of the AAA+ et
ATPase p97, a Key Player in Protein
Homeostasis

Petra Hianzelmann, Carolina Galgenmiiller and Hermann Schindelin

Abstract p97 belongs to the functional diverse superfamily of AAA+ (ATPases
Associated with diverse cellular Activities) ATPases and is characterized by an
N-terminal regulatory domain and two stacked hexameric ATPase domains forming
a central protein conducting channel. p97 is highly versatile and has key functions
in maintaining protein homeostasis including protein quality control mechanisms
like the ubiquitin proteasome system (UPS) and autophagy to disassemble poly-
ubiquitylated proteins from chromatin, membranes, macromolecular protein com-
plexes and aggregates which are either degraded by the proteasome or recycled. p97
can use energy derived from ATP hydrolysis to catalyze substrate unfolding and
threading through its central channel. The function of p97 in a large variety of
different cellular contexts is reflected by its simultaneous association with different
cofactors, which are involved in substrate recognition and processing, thus leading
to the formation of transient multi-protein complexes. Dysregulation in protein
homeostasis and proteotoxic stress are often involved in the development of cancer
and neurological diseases and targeting the UPS including p97 in cancer is a
well-established pharmacological strategy. In this chapter we will describe struc-
tural and functional aspects of the p97 interactome in regulating diverse cellular
processes and will discuss the role of p97 in targeted cancer therapy.
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Introduction

p97 (also referred to as VCP), which is called Cdc48 in yeast, archaeca and
Caenorhabditis elegans as well as TER94 in drosophila, is a member of the large
AAA+ (ATPases Associated with diverse cellular Activities) superfamily of
ATPases (for reviews see Erzberger and Berger 2006; Miller and Enemark 2016;
Wendler et al. 2012). AAA+ proteins are found in all kingdoms of life and are
functionally diverse. For example, in humans they are involved in protein degra-
dation processes, in the biogenesis and maturation of organelles and multi-protein
complexes, in replication, in transcriptional activation, in the dynamics of micro-
tubules and in membrane fusion. In many different processes they serve as
unfolding and/or proteolytic systems and they are involved in the remodeling of
protein-DNA complexes, protein-protein complexes as well as of protein aggre-
gates (for reviews see Abid Ali and Costa 2016; Mogk et al. 2015; Yedidi et al.
2017; Zhao and Brunger 2016). To fulfill their functions, they use ATP hydrolysis
to generate mechanical forces to act on their respective substrates.

Typically, AAA+ proteins form hexameric ring structures with their ATPase
modules as common features (for reviews see Miller and Enemark 2016; Wendler
et al. 2012). Mg**-ATP is bound at the interface between adjacent monomers and is
stabilized by residues from both monomers. Classical Walker A (P-loop, consensus
Gx4GKS/T; x, any residue) and Walker B motifs (consensus hyDE; h, hydrophobic
residue), involved in ATP-binding and catalysis as well as Mg”* coordination,
respectively, together with so-called sensors 1 (asparagine/threonine) and 2 (argi-
nine) residues, which sense nucleotide binding/hydrolysis acting in cis, whereas a
conserved so-called arginine-finger acts in trans. AAA+ proteins can be divided
into two classes: (i) Type I with one hexameric ATPase module; (ii) Type II with
two hexameric ATPase modules stacked on top of each other. Both classes may
harbor additional domains or insertions, for example an N-terminal
substrate-binding/recognition domain. Common to both families is a central cav-
ity formed by the hexameric assembly, which features two substrate-binding loops.
Especially the pore loop 1 with its conserved aromatic residues is involved in
coupling ATP hydrolysis to substrate-binding. Typically, a specific AAA+ protein
has a distinct function in a specific pathway like the motor protein dynein in
transporting cellular cargo along microtubules (for a review see Kato et al. 2018) or
the AAA+ ring of the regulatory particle of the proteasome (for a review see Bard
et al. 2018), which is involved in substrate unfolding and translocation into the
proteolytic chamber. However, p97 is involved in a large variety of functionally
divergent cellular processes, which include both degradative and non-degradative
pathways (for a review see e.g. Meyer and Weihl 2014).

p97 is an essential and highly abundant protein found in the cytoplasm and
nucleus. p97 plays a key role in maintaining protein homeostasis and is involved in
protein quality control (PQC) mechanisms such as the ubiquitin proteasome system
(UPS) and autophagy by disassembling polyubiquitylated proteins from chromatin,
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membranes, macromolecular protein complexes and aggregates including endo-
plasmic reticulum associated degradation (ERAD), mitochondria associated
degradation (MAD), ribosome quality control (RQC), lysophagy and mitophagy as
well as the clearance of stress granules (SGs) (for reviews see Bug and Meyer 2012;
Franz et al. 2016a; Meyer et al. 2012; Meyer and Weihl 2014; Stach and Freemont
2017; Xia et al. 2016; Ye et al. 2017). The fate of the segregated protein can be
either proteasomal degradation or recycling. p97 further acts in many
chromatin-associated processes like transcription, replication and DNA repair.
Nondegradative functions include endosomal trafficking, Golgi and nuclear
envelope reassembly after mitosis as well as NF-xB (nuclear factor
kappa-light-chain-enhancer of activated B cells) activation. Targeting p97 to all
these diverse cellular pathways is regulated through the assembly with a large
variety of different so-called cofactors that are involved in substrate recognition and
processing (for reviews see Buchberger et al. 2015; Hanzelmann and Schindelin
2017).

Due to the participation of p97 and its associated cofactors in many different
cellular pathways p97 has been linked to several neurological diseases, aging and
cancer (for reviews see Chapman et al. 2011; Fessart et al. 2013; Franz et al. 2014;
Haines 2010). These diseases are mainly characterized by an imbalance of protein
homeostasis causing the accumulation of aberrant proteins and the formation of
protein aggregates under cellular stress conditions (for a review see Alberti et al.
2017), which need to be handled by PQC mechanisms. However, proteotoxic stress
can also lead to the formation of SGs, which are highly dynamic cytoplasmic dense
aggregates composed of RNA derived from stalled pre-initiation complexes and a
large number of proteins (for a review see Protter and Parker 2016). SGs have been
implicated in age-related neurodegenerative diseases including amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) (for reviews see Alberti et al.
2017; Ramaswami et al. 2013; Taylor et al. 2016). Furthermore, several
heterozygous missense mutations have been identified in p97 which are responsible
for rare autosomal dominant disorders: Multisystem proteinopathy 1 (MSP1), also
referred to as Inclusion Body Myopathy associated with Paget’s disease of the bone
and Frontotemporal Dementia (IBMPFD), Familial Amyotrophic Lateral Sclerosis
(FALS) and Charcot-Marie-Tooth Disease Type 2Y (CMT2Y) (for a review see
Tang and Xia 2016).

Structure and Conformational Changes of p97

As a type I AAA+ ATPase p97 harbors two stacked hexameric ATPase rings
called the D1 and D2 domains (Davies et al. 2008; DeL.aBarre and Brunger 2003;
Huyton et al. 2003) (Fig. 7.1a). In addition, p97 contains an N-terminal domain as
well as an unstructured C-terminal tail, which are both involved in
cofactor-binding. In addition, the C-terminus participates in the regulation of the
ATPase activity (Niwa et al. 2012) and phosphorylation of the penultimate tyrosine
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regulates cofactor interactions (for a review see Ewens et al. 2010) (Li et al. 2008;
Zhao et al. 2007). The N, D1 and D2 domains are connected via flexible linkers.
Although p97 harbors two ATPase rings, p97 only features substrate-binding loops
in the central channel of the D2 domain (Fig. 7.1b). This central pore has a
restriction formed by six histidine residues located in the D1 domain (the so-called
His-gate). In the D2 domain the smaller pore loop 1 features the conserved AAA+
tripeptide ¢-h-G (aromatic-hydrophobic-Gly) and the larger, less conserved pore
loop 2 harbors positively and negatively charged residues. During the ATPase cycle
p97 undergoes only minor conformational changes in its two ATPase rings (for a
review see Xia et al. 2016) (Banerjee et al. 2016; Schuller et al. 2016). Structural
studies revealed slight rotational movements of the ATPase rings and a widening of
the central pore within the D2 domain. The most striking changes are associated
with the N domains, which, in the ADP-bound structure, are co-planar with the D1
ring (down-conformation) and show an up-movement (up-conformation) upon
ATP-binding (Fig. 7.1c). The down-movement is driven by ATP hydrolysis in the
D1 domain. Movements of pore loops 1 and 2 leads to a more open D2 pore with
flexible loops for substrate engagement. However, these rather small conforma-
tional changes where the ATPase rings stay in a co-planar conformation are in
contrast with most other AAA+ proteins, which show an asymmetric spiral archi-
tecture of their ATPase domain including both open and closed spiral conforma-
tions (e.g. (Deville et al. 2017; Lander et al. 2012)) but are similar to the
peroxisome biogenesis proteins PEX1/PEX6, the closest p97 homolog (for a review
see Saffert et al. 2017). Conformational changes induced by ATP-binding and
hydrolysis in AAA+ ATPases are commonly transmitted via a complex network of
intra- and intersubunit signaling mechanisms (Hanzelmann and Schindelin 2016b;
Huang et al. 2012; Li et al. 2012). In intrasubunit signaling changes are transmitted
via the flexible linkers connecting N-D1-D2 (Fig. 7.1d). A so-called intersubunit
signaling network (ISS) is responsible for signal transmission between two adjacent
monomers and coordinates ATP hydrolysis (Hdnzelmann and Schindelin 2016b)
(Fig. 7.1e). Via the ISS, the ATP-binding site located at the interface of two
monomers is coupled to the central cavity with its substrate-binding loops.
ATP-binding to the cis-site is sensed by residues in trans, including the arginine
finger. In contrast to other AAA+ ATPases, p97 features two arginine fingers as
well as a third arginine located in the unstructured C-terminus which inserts into the
nucleotide-binding pocket of the trans monomer and coordinates the y-phosphate of
ATP, thus also contributing to inter-domain communication (Hidnzelmann and
Schindelin 2016b) (Fig. 7.1e inset). Both inter- and intrasubunit signaling are
interconnected via Gly480 to the D1D2 linker of the same monomer, which is
involved in the coordination of the adenine and via Gly610 to the D1D2 linker of
the adjacent monomer, which is in contact with the ISS motif. Interestingly, a low
resolution cryo-EM study revealed that the small flexible N-terminal extension of
24 aa of the p97 N domain undergoes conformational changes upon ATP-binding
and inserts into the D2 domain (Schuller et al. 2016).
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Fig. 7.1 Structure of p97. a Domain architecture and cartoon representation of p97 in the
ADP-bound state viewed from the top and side colored according to its domains (pdb: 3cf3). ADP
is shown as green spheres. b Surface representation of the central pore of p97 in the ADP-bound
state (pdb: 5ftk). The restriction in the D1 domain formed by the His-gate (colored in purple) and
residues in pore loops 1 and 2 (colored in orange and cyan, respectively) are shown as sticks. ¢
Surface representation of p97 in the ADP- and ATP-bound state colored as in (a) (pdb: 5ftk and
5ftn). The ND1 and D1D2 linkers are shown in red. d Transparent surface representation of p97
with intersubunit signaling elements in the ATP-bound state in red (pdb: 5ftn). The signal traverses
from the D2 ATP binding site via the D1D2 linker to the D1 ATP binding site and further via the
NDI1 linker to the N domain. ATPYS is shown in stick representation and the ND1 and D1D2
linkers in red. e Intrasubunit signaling in the ATP-bound state (pdb: 5ftn). Transparent surface
representation of p97 at the height of the ATP-binding site in the D2 domain; the pore is indicated.
Structural elements involved in signal transmission from the D2 ATP binding site to the central
pore with monomers colored alternating in white (cis-subunit) and dark-gray (trans-subunit) are
shown in cartoon representation while ATPyS and participating residues are shown in stick
representation. The D1D2 linker is shown in red. Glycine residues involved in the interconnection
of inter- and intrasubunit signaling are shown as green spheres. The inset shows a zoom in of
ATPyS and residues involved in ISS in a stick representation



226 P. Hidnzelmann et al.

Macromolecular p97-Cofactor Complexes

p97 Cofactor Interaction Modes

p97 fulfills its many functions with the help of a large variety of cofactors (for
recent reviews see Buchberger et al. 2015; Hénzelmann and Schindelin 2017).
Cofactors are multi-domain proteins, which harbor, besides specific p97 interacting
domains/motifs, further structural modules that can be involved in substrate
recognition like ubiquitin-binding domains (U