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This volume is number 21 of Protein Reviews, which is a book series published
by Springer as a sub series of Advances in Experimental Medicine and Biology
(https://www.springer.com/series/14330). The authors are selected from active
leading experts in academic or industrial organizations. The manuscripts are
each reviewed by expert workers in the field. Before they are published in print,
the manuscripts are first published online to enhance their availability and
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The first chapter by Ngee Kiat Chua and Andrew J. Brown deals with the
“Degron Architecture of Squalene Monooxygenase and how Specific Lipids
Calibrate Levels of This Key Cholesterol Synthesis Enzyme.” Squalene
monooxygenase (SM) is a highly tuned enzyme, which catalyzes a rate-limiting
step in the pathway. A well-characterized mechanism is the cholesterol-mediated
degradation of SM. The mechanisms and modes of inhibition by well-known SM
inhibitors, some of which have been effective in lowering cholesterol levels in
animal models. Certain human cancers have been linked to dysregulation of SM
levels and activity emphasizing the relevance of SM in health and disease. The
second chapter is by Stephen J. Fairweather, Nishank Shah, and Stefan
Broer, entitled “Heteromeric Solute Carriers: Function, Structure, Pathol-
ogy and Pharmacology.” In this chapter the authors present a systematic
analysis of the structural and functional aspects of heteromeric solute carriers
and conclude with common principles of their functional roles and structural
architecture. The third chapter by Sergey V. Ivanov, Ryan Bauer, Elena
N. Pokidysheva, and Sergei P. Boudko deals with “Collagen IV Exploits a
Cl- Step Gradient for Scaffold Assembly.” Within the scaffold, the structural
integrity of collagen continues to depend on Cl concentration. The authors review
recent findings and set future directions for studies on the role of Cl in type IV
collagen assembly, function, and disease. The fourth chapter by Tomoaki
Niimi deals with the “Roles of Slit Ligands and Their Roundabout (Robo)
Family of Receptors in Bone Remodeling.” Slit guidance ligands (Slits) and
their roundabout (Robo) family of receptors are well- known axon guidance
molecules that were originally identified in Drosophila mutants with commissural
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axon pathfinding defects. The fifth chapter by Fredrik Noborn and Goran
Larson, entitled ‘“Characterization of C. elegans Chondroitin Proteoglycans
and Their Large Functional and Structural Heterogeneity: Evolutionary
Aspects on Structural Differences Between Humans and the Nematode,”
discusses their recent data in relation to previous knowledge of core proteins and
GAGe-attachment sites in Chn and CS proteoglycans of C.elegans and humans,
and point out both converging and diverging aspects of proteoglycan evolution.
In the sixth chapter, Mitsunori Shiroishi reviews the ‘‘Structural Basis of a
Conventional Recognition Mode of IGHV1-69 Rheumatoid Factors.” The
author summarizes the immunochemical character of the IGHV 1-69-derived RFs
and then focuses on the recognition mechanism of the IGHV 1- 69-derived RFs,
referring the structural features of the IGHV 1-69-derived neutralizing antibodies.
The seventh chapter by Jin Ye is entitled “Regulated Alternative Transloca-
tion: A Mechanism Regulating Transmembrane Proteins Through Topo-
logical Inversion.” These observations suggest that topological inversion
through RAT could be an emerging mechanism to regulate transmembrane
proteins. The final chapter is by Li Zhou and Viktor Todorovic. In this
chapter, current progress on IL-36 protein and biology is reviewed with a
discussion on investigative tools for this novel target.

I want to convey special thanks to the authors of this volume for their special
effort in these hard times imposed by the coronavirus pandemic. I hope that this
volume will offer the scientific communities a valuable source for dissemina-
tion of essential contemporary discoveries on protein molecules and their
diverse biological activities.

Houston, TX, USA M. Zouhair Atassi

Preface
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Ngee Kiat Chua and Andrew J. Brown

Abstract

Cholesterol synthesis is a fundamental process
that contributes to cellular cholesterol homeo-
stasis. Cells execute transcriptional and post-
translational mechanisms to control the abun-
dance of enzymes of the cholesterol synthesis
pathway, consequently affecting cholesterol
production. One such highly tuned enzyme is
squalene monooxygenase (SM), which
catalyzes a rate-limiting step in the pathway.
A well-characterized mechanism is the choles-
terol-mediated degradation of SM. Notably,
lipids (cholesterol, plasmalogens, squalene,
and unsaturated fatty acids) can act as cellular
signals that either promote or reduce SM degra-
dation. The N-terminal region of SM consists of
the shortest known cholesterol-responsive
degron, characterized by atypical membrane
anchoring structures, namely a re-entrant loop
and an amphipathic helix. SM also undergoes
non-canonical ubiquitination on serine, a
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relatively uncommon attachment site for
ubiquitination. The structure of the catalytic
domain of SM has been solved, providing
insights into the catalytic mechanisms and
modes of inhibition by well-known SM
inhibitors, some of which have been effective
in lowering cholesterol levels in animal models.
Certain human cancers have been linked to
dysregulation of SM levels and activity, further
emphasizing the relevance of SM in health and
disease.
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1 Introduction

The mevalonate pathway leads to the formation
of essential metabolites, including ubiquinone,
dolichol and cholesterol (Brown and Sharpe
2016). Cellular regulation of enzymes within the
pathway is achieved by control of gene expres-
sion and protein turnover; this allows the
mevalonate pathway to be less or more active,
depending on the metabolic needs of the cell
(Brown and Sharpe 2016).
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In addition, the pathway is of clinical impor-
tance in cardiovascular disease; statins (a class of
cholesterol-lowering drugs) inhibit this pathway
by inhibiting 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase (HMGCR), the first rate-
limiting enzyme of the pathway (Buhaescu and
Izzedine 2007; Goldstein and Brown 2015). The
pathway is also of significant interest for research
related to cancers, immunity and Alzheimer’s
disease (Buhaescu and Izzedine 2007; Mullen
et al. 2016).

Genes encoding the enzymes of the mevalonate
pathway are transcriptionally controlled by tran-
scription factors known as the Sterol Regulatory
Element Binding Proteins (Brown and Sharpe
2016; Shimano and Sato 2017). However, post-
translational regulation mechanisms for these
enzymes can differ substantially. Sterols which
accelerate the degradation of one enzyme may
not do so for another enzyme (Brown and Sharpe
2016; Chen et al. 2019). Also, how these enzymes
sense sterols are determined by unique intrinsic
protein domains (Sever et al. 2003; Howe et al.
2016; Luo et al. 2020). Finally, the protein
effectors which mediate the degradation of these
enzymes are quite distinct, adding another layer of
complexity to the regulation of their half-lives
(Zelcer et al. 2014; Menzies et al. 2018).

Here, we focus on squalene monooxygenase
(SM, UniProt ID:Q14534, EC 1.14.14.17), a sec-
ond rate-limiting enzyme located in the endoplas-
mic reticulum (ER) (Gill et al. 2011). This
enzyme has gained increasing attention over the
past decade given its link to human diseases
[reviewed in (Chua et al. 2020)], including
cancers (Stopsack et al. 2017; Cirmena et al.
2018; Garcia-Bermudez et al. 2019), cardiovas-
cular disease (Belter et al. 2011), and Rett Syn-
drome (Buchovecky et al. 2013). Here, our
specific focus is on the unique homeostatic
mechanisms employed by cells to regulate SM
levels and activity in response to diverse lipids.
Thus, the main goal of our review is to describe
post-translational mechanisms that regulate SM,
encompassing endoplasmic reticulum-associated
degradation (ERAD), protein quality control
mechanisms, ubiquitination and lipid-regulated
protein stability.

N. K. Chua and A. J. Brown

2 Advances in Squalene
Monooxygenase Research

Inhibitor Development and Protein
Structure In the 1990s when mammalian SM
was first cloned (Sakakibara et al. 1995), natural
and synthetic mammalian SM inhibitors were
examined in cell models, enzyme assays, and
animals (Belter et al. 2011). These exploratory
studies were aimed at lowering cholesterol levels
by inhibiting SM, but none of these inhibitors
have yet to be tested in humans (Belter et al.
2011; Padyana et al. 2019). Around the same
time, terbinafine was developed to inhibit the
yeast homolog of SM, known as Erglp (Ryder
1992). Terbinafine is still used clinically to treat
fungal infections. In 2019, the structure of the
catalytic domain of SM was finally solved,
providing insights into catalytic mechanisms of
enzyme-substrate and enzyme-inhibitor interac-
tion (Padyana et al. 2019).

Gene Regulation Transcription of the gene
encoding SM, SQLE, is controlled by the tran-
scription factors, Sterol Regulatory Element
Binding Protein-2, Spl and NF-Y (Howe et al.
2017). Independent studies since the early 2000s
have mapped the sterol response elements within
SQOLE, identifying which nucleotide positions in
the proximal promoter are responsible for the
sterol-responsiveness of the SOLE gene (Nagai
et al. 2002; Howe et al. 2017).

Regulation by Protein Degradation Although
there were some suggestions of SM being another
rate-limiting enzyme in the 1970s (Gonzalez et al.
1979), it was only in 2011 that SM was formally
shown to be regulated post-translationally (Gill
et al. 2011). Excess cholesterol accelerates the
proteasomal degradation of SM, accumulating
the substrate, squalene (Gill et al. 2011), which
notably is downstream from the classic rate-
limiting enzyme HMGCR (DeBose-Boyd 2008;
Goldstein and Brown 2015). Thus, SM positions
itself as another rate-limiting step of the pathway,
with cholesterol feeding back on its own de novo
synthesis by signaling the destruction of a later
enzyme in the pathway than HMGCR. This
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feedback process requires the first 100 amino
acids of SM (termed SM N100) (Gill et al.
2011). Unlike mammalian SM, the yeast counter-
part, Erglp, undergoes accelerated degradation
by lanosterol and lacks the mammalian SM
N100 region (Gill et al. 2011; Foresti et al.
2013). Subsequently, several proteins of the
ERAD pathway which facilitate the degradation
of SM have been identified, including the E3
ubiquitin ligase MARCHF6 (Foresti et al. 2013;
Zelcer et al. 2014), the ubiquitin-conjugating
enzyme Ube2J2 (Stefanovic-Barrett et al. 2018;
Chua et al. 2019a; Tan et al. 2019), and the
ATPase valosin-containing protein (VCP)/p97
which assists the unfolding of ER proteins
destined for degradation (Chua et al. 2019b).

3 Architecture of the Squalene
Monooxygenase Protein

Broadly, SM is divided into two parts; the first
part is the N-terminal region encompassing a
regulatory domain (the SM N100 degron), with
the second part being the C-terminal catalytic
domain constituting the bulk of the protein
(Brown et al. 2019; Padyana et al. 2019) (Fig. 1).

The SM NI100 degron is found in many
eukaryotic organisms such as humans and other
mammals (Gill et al. 2011). However, it is absent
in plants (such as Panax ginseng and Arabidopsis
thaliana) and lower organisms such as Saccharo-
myces cerevisiae (Gill et al. 2011; Chua et al.
2020). Interestingly, although chicken, zebrafish
and lamprey SM contain the SM N100 degron,
the ability of the SM N100 degron to be degraded
in response to excess cholesterol differs between
these species (Chua et al. 2017), which suggests
that sequence-specific properties enable this
response in mammals, like humans and hamsters
(Gill et al. 2011).

The C-terminal catalytic domain contains the
binding pocket for FAD (a co-factor), squalene
(the substrate) and SM inhibitors (NB-598 and
Compound-4") (Brown et al. 2019; Padyana
et al. 2019) (Fig. 1). This entire domain is well-
conserved across organisms functionally, but

displays subtle amino acid differences that affect
inhibitor binding (discussed in Sect. 3.1)
(Padyana et al. 2019).

3.1 The Catalytic Domain

of Squalene Monooxygenase

SM catalyzes the conversion of squalene to 2,3
(S)-monooxidosqualene, which can then act again
to introduce a second epoxide group, forming 2,3
(8);22(5),23-dioxidosqualene, ultimately
generating the oxysterol 24,25(S)-epoxycho-
lesterol (Fig. 2). Synthesis of cholesterol and
24,25(S)-epoxycholesterol occur in parallel
(Fig. 2), and the flux down these two branches
is determined by the accumulation of 2,3(S)-
monooxidosqualene (Gill et al. 2008). Typically,
the majority of 2,3(S)-monooxidosqualene is
converted to lanosterol by lanosterol synthase,
directing the pathway towards cholesterol synthe-
sis (Fig. 2). Levels of 24,25(S5)-epoxycholesterol
are usually very low, ranging from 0.1% to 1%
with respect to cholesterol, depending on tissue
and cell type (Brown 2009). Upon partial inhibi-
tion of lanosterol synthase, the reaction catalyzed
by SM converting 2,3(S)-monooxidosqualene to
2,3(5);22(S),23-dioxidosqualene is favoured,
resulting in greater flux down the shunt pathway
to produce 24,25(S5)-epoxycholesterol (Gill et al.
2008).

To date, no SM recombinant proteins have
been successfully co-crystalized with the squa-
lene substrate, but there are structural and bio-
chemical data showing the non-competitive
binding mechanism of mammalian SM inhibitors,
NB-598 and Compound-4” (Padyana et al. 2019).
Molecular docking analyses of the SM catalytic
domain structure demonstrated that squalene
binds to the same pocket as these inhibitors
(Padyana et al. 2019).

Despite the high conservation of the catalytic
domain between mammals and fungal species,
terbinafine has more potent inhibitory effects on
fungal Erglp than mammalian SM (Padyana et al.
2019). As reported, this is a consequence of spe-
cific amino acid differences within the catalytic
domain that are not conserved (Padyana et al.
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Fig. 1 Primary sequence and illustration of the squa-
lene monooxygenase domains. (a) The regulatory
domain comprises an amphipathic helix (orange) and a
re-entrant loop (red) capable of sensing cholesterol. Cata-
lytically important residues are those involved in the inter-
action with the squalene monooxygenase inhibitor,
NB-598 (purple), and also those that permit FAD binding
(green). Two putative transmembrane regions are shown
in the C-terminal end of the protein (brown). (b) Sche-
matic of the primary sequence in (a) in the context of the
endoplasmic reticulum membrane. The cholesterol-
sensing membrane bound structures of the regulatory

2019). Three human SM amino acids (Phe-166,
Tle-197 and Leu-324) are not conserved with fun-
gal Erglp, which affects the interaction of the
binding pocket with the aromatic structure of
terbinafine (Padyana et al. 2019). Smaller

domain, the re-entrant loop and amphipathic helix, are
facing the cytosol. The C-terminal region make up the
bulk of the protein and have the soluble FAD co-factor
binding site and a substrate binding domain. (a) was
reprinted with slight modifications from Progress in
Lipid Research, volume 79, Chua et al., Squalene
monooxygenase: a journey to the heart of cholesterol
synthesis (volume 79), 2020, with permission from
Elsevier. Content of (b) was originally sourced from an
article licensed under a Creative Commons Attribution 4.0
International License published by Brown and colleagues
(Brown et al. 2019)

hydrophobic valine residues of Erglp replace
two human SM amino acids, Ile-197 and
Leu-324, enabling optimal interactions between
terbinafine and the Erglp binding pocket
(Padyana et al. 2019). Towards the C-terminal
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Fig. 2 Simplified schematic of the cholesterol synthesis
pathway.  Squalene  monooxygenase  undergoes
accelerated degradation upon cholesterol excess in cells.
In addition to its role as a substrate of squalene
monooxygenase, squalene (shaded green) can allosteri-
cally stabilize squalene monooxygenase. The pathway

end of the catalytic domain are two putative trans-
membrane domains which have yet to be
validated for anchoring SM to ER membranes
(Brown et al. 2019; Padyana et al. 2019) (Fig. 1).

3.2 Cholesterol Induces Structural
Changes in the Degron

of Squalene Monooxygenase

The only validated ER-embedded structures of
SM are the re-entrant loop (spanning amino
acids Thr-11 to Ser-43) (Howe et al. 2015) and
amphipathic helix (amino acids GIn-62 to
Leu-73) (Chua et al. 2017) located within the
SM NI100 degron (Fig. 1). Notably, the
hydrophobicity of the SM N100 degron has ham-
pered the expression of recombinant full-length
SM in multiple studies (Sakakibara et al. 1995;
Gill et al. 2011), including the structural

highlights the conversion of 2,3(S)-monooxidosqualene
to either lanosterol or 2,3(5);22(S),23-dioxidosqualene
which represents a divergence of the pathway to produce
either cholesterol (shaded red) or 24(S),25-epoxycho-
lesterol as the end product

elucidation of the catalytic domain of SM
(Padyana et al. 2019).

Both the re-entrant loop and amphipathic helix
of SM NI100 undergo structural changes upon
cholesterol excess (Howe et al. 2015; Chua et al.
2017). The borders of the SM N100 re-entrant
loop appear to be more buried in the membrane
with cholesterol excess (Howe et al. 2015; Howe
and Brown 2017). In comparison, the current
model for the amphipathic helix is that it deforms
with cholesterol excess, with the helix
transitioning into a cytosolically exposed hydro-
phobic patch that increases protein disorder
(Chua et al. 2017). These cholesterol-induced
structural changes of the re-entrant loop and the
amphipathic helix facilitate the degradation of
SM by the ERAD machinery (Fig. 3, further
discussed in Sect. 5), representing an example of
allosteric misfolding (also termed ‘“‘mallostery”)
(Chua and Brown 2018; Wangeline and Hampton
2018).
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Fig. 3 Model highlighting mechanisms underlying the
cholesterol-responsive degron in the endoplasmic
reticulum-associated  degradation of squalene
monooxygenase. Squalene monooxygenase
(SM) degradation relies on the cholesterol-responsive
SM NI100 degron. As cholesterol accumulates, this
triggers conformational changes around the borders of
the re-entrant loop and deforms the amphipathic helix of
the SM N100 degron. This facilitates ubiquitination of
serine amino acids near the deformed helix, catalyzed by

3.3 Squalene Monooxygenase
Senses Cellular Lipid Levels

Evidence supporting direct binding of SM to cho-
lesterol came from photoclickable cholesterol
cross-linking experiments, although the precise
binding location is still not known (Hulce et al.
2013). This binding likely occurs within the SM
N100 degron as this region confers cholesterol-
responsiveness to SM. Besides cholesterol, SM
protein levels are also post-translationally
regulated by other lipids (Honsho et al. 2015;
Yoshioka et al. 2020).

Increasing plasmalogen levels in cells reduce
cholesterol ~ synthesis by promoting the

Ube2J2 ”MARCHF6
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the E3 ubiquitin ligase MARCHF6 and the E2 ubiquitin
conjugating enzyme Ube2J2. Valosin-containing protein
(VCP)/p97 acts as an extractor to enable the proteasomal
degradation of squalene monooxygenase in the cytosolic
compartment. A deubiquitinase (DUB) that could directly
deubiquitinate the SM NI100 degron and reduce
cholesterol-mediated degradation of SM has not yet been
identified. In addition, chaperones may also be involved to
bind hydrophobic exposed regions of the degron

degradation of SM (Honsho et al. 2015). This
phenomenon is observed in vivo; mice deficient
in plasmalogen synthesis in the cerebellum show
higher SM levels (Honsho et al. 2019). These
findings provide a link between plasmalogen
and cholesterol homeostasis.

Unsaturated fatty acids such as oleate stabilize
SM N100-GFP (SM N100 fused to green fluores-
cent protein as a model cholesterol-responsive
degron) and reduces the cholesterol-accelerated
degradation of the fusion protein (Stevenson
et al. 2014). The substrate of SM, squalene,
stabilizes SM and reduces the cholesterol-
accelerated degradation of SM (Yoshioka et al.
2020).
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How do these lipids exert their effects on SM?
This may perhaps occur through membrane
effects. For example, cholesterol can thicken the
ER membrane (Hung et al. 2007) and induce
conformational changes in the SM N100 degron
as part of a stepwise process to enable accelerated
degradation (Howe et al. 2015; Chua et al. 2017).
Another possibility is that cholesterol induces
conformational changes by binding directly to
the SM N100 degron at a site yet to be deter-
mined, which might occur within the membrane
embedded re-entrant loop (Howe et al. 2016).
Whether the partially ER embedded amphipathic
helix can bind cholesterol is still uncertain (Prinz
2017). An enantiomer of the natural form of cho-
lesterol also elicits SM degradation, suggesting
that membrane effects are in play (Kristiana
et al. 2012).

Squalene binds to both the catalytic domain
(Padyana et al. 2019) and the SM N100 degron
(Yoshioka et al. 2020). While squalene binding at
the catalytic domain permits epoxidation, binding
at the membrane bound N-terminal SM N100
degron stabilizes the SM protein, introducing
another scarce example of allosteric-mediated sta-
bilization. Squalene excess stabilizes SM by
blunting the interaction between the SM N100
degron and the E3 ubiquitin ligase MARCHF®6,
which reduces overall ubiquitination of SM, hin-
dering SM degradation. It is possible the
squalene-bound form may prevent exposure of
degradation signals like the misfolded amphi-
pathic helix (Nathan 2020). A plausible rationale
for the evolution of squalene-mediated stabiliza-
tion is that increased SM stability promotes cho-
lesterol synthesis when the demand for cellular
cholesterol is high. Thus, SM can be carefully
tuned as the SM NI100 degron constantly
monitors fluctuating levels of lipids, notably the
substrate (squalene) and the end-product of the
pathway (cholesterol).

4 Non-canonical Ubiquitination
of Squalene Monooxygenase

Most proteins that undergo degradation by the
proteasome are post-translationally modified by
ubiquitin (Hershko and Ciechanover 1998).

Conjugated ubiquitin can act as a signal that
facilitates proteolytic processing of the protein
by the proteasome (Hershko and Ciechanover
1998). Ubiquitin is typically covalently attached
to lysine amino acids on substrate proteins, a
process catalyzed by E3 ubiquitin ligases
(Hershko and Ciechanover 1998; McClellan
et al. 2019). However, there are examples where
ubiquitin can be conjugated to other amino acids
such as serine, cysteine, and threonine
(McClellan et al. 2019).

SM is ubiquitinated by MARCHF6, an E3
ubiquitin ligase which is stabilized by cholesterol
(Sharpe et al. 2019). This is an efficient mecha-
nism whereby the same lipid, cholesterol, reduces
cholesterol synthesis through dual actions.
Firstly, cholesterol favors a more unstable form
of SM that is prone to degradation by ERAD
(Chua et al. 2017), and secondly a cholesterol-
stabilized form of MARCHF6 likely enables
increased SM ubiquitination and subsequent deg-
radation (Sharpe et al. 2019).

The SM NI100 degron contains five lysine
residues (Lys-15, Lys-16, Lys-82, Lys-90 and
Lys-100) that could act as ubiquitination sites,
but the degron still enables cholesterol-
accelerated degradation despite having all lysines
replaced with arginines (Gill et al. 2011). An
alternative site for ubiquitination is the free
N-terminus (McDowell and Philpott 2013), but
blocking the N-terminus of the native SM N100
degron with a bulky mCherry reporter did not
stabilize the SM NI100 degron (Chua et al.
2019a).

From a series of systematic mutageneses, four
serine residues (Ser-59, Ser-61, Ser-83 and
Ser-87) were identified as essential for
cholesterol-mediated degradation of the SM
N100 degron, suggesting a possible role for
non-canonical ubiquitination in the cholesterol-
responsiveness of SM. Mass spectrometry con-
firmed serine 83 is ubiquitinated (Chua et al.
2019a). Interestingly, three of the four serines
(Ser-59, Ser-61 and Ser-87) are not conserved in
the chicken SM N100 degron. Introducing these
human residues into the chicken SM N100
degron destabilized the protein, further
supporting the involvement of non-canonical
ubiquitination in SM degradation (Chua et al.



2019a). A number of other proteins also appear to
be ubiquitinated on multiple amino acids
(McDowell and Philpott 2013; McClellan et al.
2019), reflecting the versatility of E3 ubiquitin
ligases to carry out their function (Mattiroli and
Sixma 2014).

MARCHF6 and its yeast homolog, DoalOp,
have been implicated in serine and threonine
ubiquitination of substrate proteins (Weber et al.
2016; Chua et al. 2019a; McClellan et al. 2019).
Furthermore, the E2 ubiquitin conjugating enzymes
associated with MARCHF6 and DoalOp function,
Ube2J2 and Ubcbp, are also linked to
non-canonical ubiquitination of ERAD substrates,
including SM (Wang et al. 2009; Weber et al. 2016;
Chua et al. 2019a; McClellan et al. 2019) (Fig. 3).

Non-canonical ubiquitination examples are
still limited and the list continues to expand
slowly (McDowell and Philpott 2013; McClellan
et al. 2019). Interestingly, the current examples
are mostly represented by ERAD substrates
(McClellan et al. 2019). Whether this indicates
that non-canonical ubiquitination is common for
ERAD substrates remains to be determined. Are
other cholesterol synthesis enzymes ubiquitinated
on serine and threonine residues? And if so, does
this involve the MARCHF6/Ube2J2 pair, given
its frequent involvement reported in other studies
(McClellan et al. 2019)?

To date, it is unclear why the thermodynamically
unfavorable process of serine and threonine
ubiquitination occurs instead of lysine ubiquitination
(McClellan et al. 2019). On the other hand, it is well
known that serine and threonine residues can be
phosphorylation sites. Further structural and bio-
chemical studies are necessary to examine this
aspect. The SM N100 degron represents a well-
defined region targeted by MARCHF6 and
Ube2J2, which could serve as a useful tool for
studying non-canonical ubiquitination.

5 Protein Effectors
in the Degradation of Squalene
Monooxygenase

Like many other proteins in the ER, SM degrada-
tion by ERAD is carefully coordinated by a
sequence of processes. A central process of

N. K. Chua and A. J. Brown

ERAD is ubiquitination (Ruggiano et al. 2014;
Christianson and Ye 2014). As discussed, SM
ubiquitination requires MARCHF6 and Ube2]2
(Sect. 4). Additional proteins other than the
ubiquitination machinery are needed to act on
SM to drive ERAD as ubiquitination itself does
not suffice to remove SM from the ER. VCP/p97
is a protein that forms a part of the ERAD pro-
cess, specifically extraction, which dislocates SM
from the ER (Chua et al. 2019b) (Fig. 3).
VCP/p97 has the capacity to bind to ubiquitin
on ERAD substrates via co-factors such as Ufd1
and Npl4 (Stach and Freemont 2017). Previous
observations showed that these co-factors can
bind Lys48-linked polyubiquitin chains (van den
Boom and Meyer 2018). While not all ubiquitin-
proteasome system substrates require VCP/p97 as
part of their degradation, this requirement seems
to stem from the fact that some substrates (like
ERAD substrates) are embedded in organelles
like the ER membrane (van den Boom and
Meyer 2018).

An unexplored mechanism is whether there is
an intermediate stage between SM ubiquitination
by MARCHF6 and extraction by VCP/p97. The
SM N100 degron is relatively hydrophobic, hav-
ing a propensity to aggregate. The current idea is
that cholesterol promotes ubiquitination by induc-
ing conformational changes in SM N100 at the
re-entrant loop and the amphipathic helix (Howe
et al. 2015; Chua et al. 2017) (Fig. 3). This
facilitates ubiquitination of accessible serine
residues adjacent to the misfolded amphipathic
helix (Chua et al. 2019a; Fig. 3). How are
misfolded hydrophobic patches shielded from
the aqueous cytosol in the interim? Yeast studies
demonstrated that hydrophobic misfolded regions
of ERAD substrates are shielded by a Hsp70
chaperone, prior  to DoalOp-mediated
ubiquitination and extraction by Cdc48p (yeast
homolog of VCP) (Nakatsukasa et al. 2008;
Needham et al. 2019). Perhaps such a
chaperoning mechanism occurs during the
ERAD of SM but has yet to be tested.

Finally, deubiquitination is one of the most
unexplored processes of ubiquitin biology, and
the general role for deubiquitinases in ERAD
remain understudied (Sowa et al. 2009; Zhang
et al. 2013; Christianson and Ye 2014). Protein
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levels for SM and the degron fusion protein, SM
N100-GFP, increased upon treatment of cells by
independent deubiquitinase inhibitors, PR-619
(broad-spectrum deubiquitinase inhibitor) or
WP-1130 (targets five deubiquitinases) (Chua
et al. 2019b). Inhibiting deubiquitinases should
preserve ubiquitination and promote degradation,
but SM showed the opposite effect whereby its
levels decreased (Chua et al. 2019b). Such
findings are difficult to explain given the
inhibitors themselves likely perturb
ubiquitination and degradation of the proteins
mediating the ERAD of SM, such as MARCHF®,
which also undergoes autoubiquitination and
deubiquitination, thus affecting MARCHFG6 sta-
bility (Hassink et al. 2005; Nakamura et al. 2014;
Zattas et al. 2016).

6 Conclusions and Perspective
for the Future

The past decade has seen major advances in our
understanding of SM [as reviewed in (Chua et al.
2020)], but challenging questions remain.

How exactly does the SM N100 degron oper-
ate in three-dimensions? Does it associate with
the putative transmembrane domains of the cata-
lytic domain? Current improved structural biol-
ogy methods may reveal new mechanisms
underlying the regulatory actions of the SM
NI100 degron in the context of the full-length
protein.

How can we map the interaction sites between
the cholesterol-responsive SM N100 degron with
cholesterol, or with other lipids that regulate it?
Even if a structure of the SM N100 degron is
obtained, there is no guarantee that lipid binding
can be observed directly. Perhaps molecular
dynamics would be necessary, as in the case of
the crystal structure study where squalene binding
to the catalytic domain of SM had to be modeled
(Padyana et al. 2019).

Uncovering the in-depth mechanisms of how
SM is degraded may offer strategies to degrade
SM where it is implicated in diseases (Cirmena
et al. 2018; Chua et al. 2020). The idea of
degrading proteins for therapeutic purposes has

been on the rise in recent years (Schapira et al.
2019). In the context of controlling cholesterol
levels, this proposition has been tested with
HMGCR, whereby a sterol-analog could potently
induce HMGCR degradation, preventing athero-
sclerosis and lowering cholesterol levels in mice
(Jiang et al. 2018).

Given that ubiquitination is reversible, what
are the DUBs that deubiquitinate SM? And do
they counteract or promote the cholesterol-
mediated degradation of SM? While the role of
ubiquitination in cholesterol homeostasis is
already appreciated (Sharpe et al. 2014;
Stevenson et al. 2016; van den Boomen et al.
2020), the fine balance between making or break-
ing ubiquitin chains in the context of cholesterol
homeostasis remains largely unknown. This
could form a complex mode of regulation to
control cholesterol levels as exemplified by the
regulation of low-density lipoprotein uptake
which involves regulation of the low-density lipo-
protein receptor by the DUB, USP2 and the E3
ubiquitin ligase, IDOL (Nelson et al. 2016).

With the advent of CRISPR screens, cryogenic
electron microscopy and chemical biology tools
as discovery frameworks, we anticipate answers
to these challenging unanswered questions. We
look forward to a wealth of further discoveries
that will deepen our understanding of SM, an
enzyme of cholesterol biosynthesis with
far-reaching impacts in biotechnology and
human health and disease.
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Abstiact detailed, including analysis of the first com-

Solute carriers form one of three major plete heteromer structures, the SLC7-SLC3

superfamilies of membrane transporters in
humans, and include uniporters, exchangers
and symporters. Following several decades of
molecular characterisation, multiple solute

family transporters LATI1-4F2hc, b**AT-
rBAT and the SLC6 family heteromer
BPATI-ACE2. We present a systematic analy-
sis of the structural and functional aspects of

heteromeric solute carriers and conclude with
common principles of their functional roles
and structural architecture.

carriers that form obligatory heteromers with
unrelated subunits are emerging as a distinc-
tive principle of membrane transporter assem-
bly. Here we comprehensively review
experimentally established heteromeric solute
carriers: SLC3-SLC7 amino acid exchangers,
SLC16 monocarboxylate/H" symporters and
basigin/embigin, SLC4Al1 (AEl) and
glycophorin A exchanger, SLC51 heteromer
Ost a-Ost B uniporter, and SLC6 heteromeric
symporters. The review covers the history of
the heteromer discovery, transporter physiol-
ogy, structure, disease associations and
pharmacology — all with a focus on the
heteromeric assembly. The cellular locations,
requirements for complex formation, and the
functional role of dimerization are extensively
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TCDB Transporter Classification Database
™ Transmembrane

T3 Triiodothyronine

Ty Thyroxine

TEM Transmission Electron Microscopy
VDW Van der Waals

YFP Yellow Fluorescent Protein

1 Introduction

Membrane transporters are the primary mediators
of metabolite flux across cell membranes and
are ubiquitous to all kingdoms of life (Hoglund
et al. 2011). Human transporters are divided into
three superfamilies, which reflect their separate
evolutionary origin and thermodynamic basis
for translocation of substrates across biological
membranes. One superfamily comprises ATP-
Binding Cassette (ABC) transporters, which uti-
lise ATP hydrolysis to drive substrate efflux and
intra-cellular organelle uptake and consists of
51 members in humans (ter Beek et al. 2014;
Rees et al. 2009; Dean and Annilo 2005; Dean
et al. 2001a, b; Dassa and Bouige 2001; Darby
et al. 2011). The second superfamily are P-type
ATPases, which mediate the transport of ions and
phospholipids across membranes (Bublitz et al.
2011). The third superfamily is known collec-
tively as Solute Carriers (Hediger et al
2013a, b; Saier 2016) including passive and sec-
ondary active transporters, which are classified as
either uniporters, symporters or antiporters. They
utilise substrate and ion gradients to drive sub-
strate transport (Hediger et al. 2013a, b; Chen and
Lui 2019). In this review solute carriers will be
referred to by their Human Genome (HUGO)/
Solute Carrier (SLC) nomenclature (http://slc.
bioparadigms.org/) (Wain et al. 2002) and their
common names, as both are in frequent usage.
Currently, there are 65 classified SLC families
containing approximately 430 transporter genes
(Perland and Fredriksson 2017). Several other
common classification systems for membrane
transporters include the Transporter Classification
Database (TCDB) and Pfam (Saier et al. 2014,
2016; Chiang et al. 2015; Perland and
Fredriksson 2017).


http://slc.bioparadigms.org/
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Heteromeric Solute Carriers

Since the 1980s the function, pharmacology,
and, more recently, structural biology of numer-
ous mammalian solute carrier families have been
extensively studied (reviewed in (Hediger et al.
2013a, b; Quistgaard et al. 2016; Drew and
Boudker 2016; Bai et al. 2017, 2018; Garibsingh
and Schlessinger 2019)). To date, approximately
85% of genome annotated putative solute carriers
in humans have been functionally characterised.
Traditionally, the focus of solute carrier research
has been on SLC families that underlie human
pathophysiologies. For example, the Neurotrans-
mitter Sodium Symporters (NSS) of the SLC6
family have been intensively studied due to their
role in synaptic neurotransmitter clearance and as
targets of numerous psychostimulants, neuropsy-
chiatric and analgesic drugs (reviewed in (Broer
and Gether 2012; Hog et al. 2006; Clausen et al.
2006; Kristensen et al. 2011; Gether et al. 2006;
Iversen 2006; Vandenberg et al. 2014)). Notwith-
standing such well-characterised examples, large
numbers of solute carrier families and significant
aspects of their biology have received much less
attention (Cesar-Razquin et al. 2015). This
neglect is often unwarranted given that at least
25% of human solute carriers have known roles in
human genetic diseases (reviewed in (Rives et al.
2017; Cesar-Razquin et al. 2015; Lin et al. 2015;
Bhutia and Ganapathy 2015; Broer and Palacin
2011; Broer 2011; Kampen 2011; Bosshart and
Fotiadis 2019; Yahyaoui and Pérez-Frias 2019;
Schumann et al. 2020; Wagner et al. 2019)).
Moreover, they are over-represented as essential
genes and potential drug targets in species para-
sitic to humans such as apicomplexans,
trypanosomes and invertebrate disease vectors
(Bushell et al. 2017; Meier et al. 2018; Schmidt
et al. 2018; Zhang et al. 2018; Pereira et al. 2014;
Cowell et al. 2018; Boudko 2012).

Before reviewing heteromeric solute carriers it
is important to define what is meant by this term
and what sort of protein complexes we do not
define as such. Heteromeric solute carriers are
formed by two independently encoded cistrons.
They are composed, in all examples to date, of
two subunits, namely a translocating subunit,
encoded by a multi-pass, SLC transporter gene,
and an often smaller, single-pass, a-helical
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ancillary subunit (Fig. 1 and Table 1). In some
cases the ancillary subunits are also given an SLC
classification, but universally they belong to dif-
ferent membrane protein families. This definition
excludes interactions with universal elements of
secretory apparatus such as the SNARE, COPI
and II machinery, Rab GTPases, or proteins
required for secretory and transient post-
translational modifications (PTMs). The over-
arching qualification criterion is the demonstra-
tion that carrier-ancillary interaction is sufficient
and necessary or vitally important for physiologi-
cally relevant function. However, by necessity of
space, we must also exclude some well-
established translocator-ancillary interactions
that are mediate by membrane-attached rather
than integral membrane proteins. For example,
the well-characterised interaction between Na*/
H* exchanger (NHE) and calcineurin B homolo-
gous proteins (CHPs) is excluded despite the fact
it fits all other biochemical criteria as an obliga-
tory modulator of translocator function and
expression (Allman et al. 2016; Wakabayashi
et al. 2013; Pedersen and Counillon 2019).
There is no known biological or phylogenetic
pattern with which to predict the identity and for-
mation of unknown heteromeric solute carriers.
This is illustrated by the diversity of research
approaches that have led to the discovery of
novel complexes. Heteromers have been variously
identified through systematic exploration of gene
expression libraries (Wang et al. 2001), by
uncovering heteromer roles in medical phenomena
(reviewed (Cordat and Reithmeier 2014; Poole
2000; Bruce and Tanner 1996; Tanner 1993;
Shayakul and Alper 2004)), or through the discov-
ery that ancillaries could induce membrane trans-
port where the translocator partner was already
endogenously expressed (Wells et al. 1992;
Wells and Hediger 1992; Tate et al. 1992; Bertran
et al. 1992a, b, c¢; Kanai et al. 1998;
Mastroberardino et al. 1998). Whatever the
approach, the discovery of heteromeric solute
carriers has been non-systematic. As a result, the
underlying principles for complex formation and
function are not well understood. Only now, fol-
lowing significant molecular characterisation cou-
pled with the widespread availability of large
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protein databases, bioinformatics tools, and the
first elucidated human structures (Yan et al.
2019, 2020a, c; Lee et al. 2019) are we in a
position to understand some underlying principles
governing heteromeric solute carrier biology.
Interactions of secondary active transporters
with other proteins can serve several purposes:

1. Tissue-specific distribution.
2. Trafficking of the transporter to the final mem-

brane compartment (apical, basolateral,
organellar).

3. Folding and quality control of the transporter
complex.

4. Tethering of the transporter and formation of
larger complexes.
5. Catalytic modulation.

The individual sections of this review give an
overview of the biology and physiology of the
most well-established heteromeric solute carriers,
with a focus on the role of ancillary proteins in the
five functions listed above.

<

2 Heteromeric Solute Carriers:
Function and Structure

2.1 Heteromeric Amino Acid
Transporters Formed by
the SLC3 and SLC7 Families

2.1.1 General Properties

The most well characterised heteromeric solute
carriers are the amino acid transporters of the
SLC3 and SLC7 families (reviewed in (Palacin
et al. 2016; Fotiadis et al. 2013; Broer and Palacin
2011; Verrey et al. 2009; Scalise et al. 2018;
Kandasamy et al. 2018)). These heteromeric sol-
ute carriers represent one example where both
subunits are supplied with an SLC designation.
Each heteromeric transporter consists of a SLC7
substrate-translocating ‘light’ subunit, and a
SLC3 ancillary ‘heavy’ subunit, covalently linked
by a disulfide bridge. There are two heavy
subunits, namely rBAT (SLC3A1l) and 4F2hc
(SLC3A2). The 4F2hc subunit is also commonly

Y

Fig. 1 (continued) III (green) IV (purple), the neck, linker
and TM domains (cartoon). Zinc (pink) and chloride (red)
ions show the approximate location of the ACE2 catalytic
site. 4F2hc domains: cytosolic-TM-linker domain (car-
toon), domain A (p/x)8 TIM barrel (purple), domain C
anti-parallel 8 sandwich (green), C109, which forms a
disulfide bond with the holotransporters, is labelled red;
basigin: cytosolic-TM-linker domain (cartoon), domain
Igl (pink), domain Ig2 (cyan) and the Ig domain-TM
linker (cartoon). Rat syntaxin 1A (PDB ID 3C98, chain
A) cytosolic domains and human TM domain of human
glycophorin A (SEH4) have also been crystallised.
Syntaxin 1A domains include a 3 anti-parallel helix
N-terminal regulatory domain (green and grey), a coiled-
coil T-SNARE H3 domain (cyan), and a short intracellular
and TM domain (green). Glycophorin A is represented as a
homodimer, the TM domains (green, PDB ID SHE4) and
extracellular and cytosolic domains (cartoons). A compar-
ative model of human rBAT extracellular domain
structures were built using Phyre2 (Kelley et al. 2015)
using a-amylase/glucosidase family enzymes: cytosolic-
TM-linker domain (cartoon), domain A (f/o)g TIM barrel
(purple), domain B an a2f33 loop (orange), domain C anti-
parallel 8 sandwich (green); domain B lies between B3

and a3 of domain A. C114, which forms a disulfide bond
with the holotransporters, is labelled red. A homology
model of human embigin (isoform 1) using human basigin
(isoform 2) as a template (3B5SH) was constructed using
the HHPred server. The boundaries between TM domains
and water-soluble domains are indicated by a black line
and the position numbered in red. Other experimentally
verified post-translation modifications (PTMs) are
coloured and labelled according to the key. References
for verified PTMs are as follows: collectrin (Huttlin et al.
2010), ACE2 (Towler et al. 2004; Kristiansen et al. 2004;
Shulla et al. 2011; Yan et al. 2020b, d), syntaxin 1A (Tian
et al. 2003; Craig et al. 2015; DeGiorgis et al. 2005), Ost §
(Huttlin et al. 2010), 4F2hc (Rigbolt et al. 2011; Nguyen
et al. 2008; Zhou et al. 2013; Mayya et al. 2009; Impens
et al. 2014; Bienvenut et al. 2009), rBAT (Rius and
Chillaron 2012; Rius et al. 2016; Bartoccioni et al. 2008;
Peter et al. 2000), basigin (Redzic et al. 2011; Olsen et al.
2006, 2010; Yu et al. 2008; Luo et al. 2009; Wright et al.
2014; Rigbolt et al. 2011; Zhou et al. 2013; Bian et al.
2014), embigin (Wollscheid et al. 2009), Glycophorin A
(Tomita and Marchesi 1975; Pisano et al. 1993; Bian et al.
2014). The numbering for protease cleavage sites indicates
the peptide segment removed
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Table 1 Overview of mammalian heteromeric solute carriers: classification, physiology, and expression

Translocator | Translocator | Ancillary | Ancillary Transport
gene (SLC) | protein gene protein® Substrates and stoichiometry® mode®
SLC7A9 b>*AT SLC3A1 |rBAT Cystine, L-AA* (EC): L-AA° (IC) E, 1:1
SLC7A13 AGT1 Cystine, L-Asp, L-Glu E, 1:1
SLC7AS LATI1 SLC3A2 | 4F2hc, CD98 | Large L-AA°, L-DOPA, BCH, T;, Tj, E, 1:1
gabapentin, diverse AA analogues
SLC7AS8 LAT2 L-AA° L-DOPA, BCH, T3, Ty E, 1:1
SLC7A7 y*LATI L-AA%Na* (EC): L-AA* (IC) E, 1:1
SLC7A6 y*LAT2 L-AA%Na* (EC): L-AA* (IC) E, 1:1
SLC7A10 Asc-1 Small L- and D-AA°, p-ala, E, 1:1,
a-aminobutyrate: (preferred),
U
SLC7Al11 xCT Anionic Cystine (EC): L-Glu (IC) E, 1:1
SLC7AI2Y | Asc2 Unknown | Unknown Small L-AA° Unknown
SLC7A15¢ ArpAT Unknown | Unknown L-Tyr, L-DOPA, AA, L-Arg, Cystine E, 1:1
SLC6AI1 GATI STXI1A Syntaxin 1A GABA: 2Na™: CI™ S, 1:2:1
SLC6A2 NET Noradrenaline, dopamine: Na*: C1~ S, 1:1:1
SLC6A3 DAT Dopamine, noradrenaline: 2Na*: C1~ S, 1:2:1°¢
SLC6A4 SERT Serotonin: 2Na™: CI™: K* S, E (K"
1:2:1:1
SLC6AS GlyT2 Glycine: 3 Na*: C1™ S, 1:3:1
SLC6A9 GlyT1 Glycine/sarcosine: 2 Na*: C1™ S, 1:2:1
SLC6AI19 BUATI TMEM?27 | Collectrin AA% Na* S, 1:1
SLC6A18Y | B°AT3 Small AA%: 2Na*: CI~ S, 1:2:1
SLC6A19 B°AT1 ACE2 Angiotensin | AA%: Na* S, 1:1
SLC6A18Y | B°AT3 converting Small AA%: 2Na*: CI™ S, 1:2:1
SLC6A20 IMINO enzyme 2 Pro, OH-Pro: 2Na*: C1~ S, 1:2:1
SLC4A1 AEl GYPA Glycophorin A | HCO;: C1™ E, 1:1
SLC16A1 MCT1 BSG Basigin L-lactate, pyruvate, ketone bodies (L-D- | S, 1:1
enantiomers) y-hydroxybutyrate,
ketoacids, R-/S- chloropropionate,
3-bromopyruvate: H*
SLC16A8 MCT3 L-lactate'
SLACI16A3 MCT4 L-lactate, pyruvate, ketone bodies, S, 1:1
ketoacids®: H*
SLC16A11 | MCT11 Pyruvate: H* Unknown
SLC6A12 MCTI12 Creatine U
SLC16A7 MCT2 EMB Embigin L-lactate, pyruvate, ketone bodies, S
ketoacids
SLCS51A Ost a SLC51B | Ost B Bile salts U

Not including nomenclature no longer in common usage, see (Chillaron et al. 2001; Palacin et al. 1998a) for older names
*Transport Mode and stoichiometry: IC intracellular, EC extracellular (demonstrating asymmetric substrate specificity
for exchangers)

“Mode of transport: U uniporter, S symporter, E exchanger

“YNon-human protein interactions only — silenced genes or non-functional protein in humans/primates

°This transport stoichiometry is disputed, with an alternative 1:3:1 stoichiometry proposed, see (Eskandari et al. 2017,
Willford et al. 2015)

In vitro testing in yeast only

2Substrate affinities are much lower compared to MCT1 and 2

b>*AT (SLC7A9), and AGT1 (SLC7A13) in
humans (Feliubadalo et al. 1999; Nagamori
et al. 2016; Matsuo et al. 2002; Pfeiffer et al.

referred to by its Cluster of Differentiation
(CD) identifier CD98hc. The rBAT subunit
heterodimerises with SLC7 light subunits
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1999a; Fernandez et al. 2002). The 4F2hc subunit
heterodimerises with one of six SLC7 subunits:
LAT1 (SLC7AS5), LAT2 (SLC7AS8), y'LATI
(SLC7A7), y'LAT2 (SLC7A6), Asc-1
(SLC7A10), and xCT (SLC7A11) (Rossier et al.
1999; Mastroberardino et al. 1998; Pfeiffer et al.
1999a, b; Pineda et al. 1999; Palacin et al. 1998b;
Torrents et al. 1998; Estevez et al. 1998; Sato et al.
1999; Fukasawa et al. 2000; Napolitano et al.
2015). Two other SLC7 subunits, ArpAT
(SLC7A15) and Asc-2 (SLC7A12) have been
characterised in mice but are non-functional in
humans. Mouse ArpAT interacts with human
rBAT and 4F2hc in vitro, and is slightly active in
transfected HeLa cells without the heavy subunits
but the human and chimpanzee homologues are
pseudogenes (Fernandez et al. 2005; Casals et al.
2008). Heterologous expression of Asc-2 with
4F2hc or rBAT elicits no amino acid transport
activity, but chimeric fusion of Asc-2 with either
of these two does (Chairoungdua et al. 2001). To
explain these observations, it has been
hypothesised that Asc-2 forms a complex with an
unidentified disulfide-linked ancillary protein
(Chairoungdua et al. 2001).

The discovery of SLC3/SLC7 heteromers is
interesting as it was the ancillary proteins rBAT
and 4F2hc which first elicited amino acid transport
activity in heterologous systems, and hence were
given Solute Carrier (SLC) designations (Wells
et al. 1992; Wells and Hediger 1992; Tate et al.
1992; Bertran et al. 1992a, b, ¢, 1993; Broer et al.
1995; Kanai et al. 1992; Magagnin et al. 1992,
Furriols et al. 1993; Markovich et al. 1993). The
unlikelihood of a single TM-containing protein
transporting  substrate by themselves was
recognised immediately (Palacin 1994; Broer
et al. 1995, 1997). The involvement of a second
endogenous protein was deduced from
experiments in X. laevis oocytes using a C109S
mutant of 4F2hc (Estevez et al. 1998) and from
earlier work in immune cells using reducing and
non-reducing gels (Hemler and Strominger 1982).
A flurry of subsequent research confirmed the
identity of the various translocator partners for
4F2hc and rBAT (Bassi et al. 1999, 2001; Bridges
et al. 2001; Nakauchi et al. 2000; Fukasawa et al.
2000; Chairoungdua et al. 1999; Feliubadalo et al.
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1999; Rajan et al. 1999, 2000; Pfeiffer et al. 1999a;
Pineda et al. 1999; Rossier et al. 1999; Sato et al.
1999, 2000; Segawa et al. 1999; Fernandez et al.
2002, 2003, 2005; Kanai et al. 1998; Matsuo et al.
2002; Borsani et al. 1999), the substrate specificity
of heterodimers (Kanai et al. 1998, 2000a;
Mastroberardino et al. 1998; Pineda et al. 1999;
Rossier et al. 1999; Segawa et al. 1999; Fukasawa
et al. 2000; Nakauchi et al. 2000; Bassi et al. 2001;
Sato et al. 1999, 2000; Pfeiffer et al. 1999a, b;
Torrents et al. 1998; Chairoungdua et al. 1999;
Feliubadalo et al. 1999; Fernandez et al. 2002,
2003; Mizoguchi et al. 2001; Khunweeraphong
et al. 2012), their obligatory exchange activity
(Broer et al. 2000; Bassi et al. 2001;
Mastroberardino et al. 1998; Pfeiffer et al. 1999b;
Pineda et al. 1999; Sato et al. 2000; Segawa et al.
1999; Mizoguchi et al. 2001; Coady et al. 1994,
1996; Busch et al. 1994; Chillaron et al. 1996;
Matsuo et al. 2002) and the interaction specificity
of light chains with heavy chains both ir vitro and
in vivo (Pfeiffer et al. 1998, 1999b; Rossier et al.
1999; Mastroberardino et al. 1998; Prasad et al.
1999; Torrents et al. 1998; Nakamura et al. 1999;
Broer et al. 2001; Mannion et al. 1998; Nagamori
et al. 2016; Fukasawa et al. 2000; Nakauchi et al.
2000). Numerous older reviews comprehensively
detail the discovery and physiological
characterisation of SLC7-SLC3 heteromers
(Palacin et al. 2005; Verrey et al. 2004; Palacin
and Kanai 2004; Chillaron et al. 2001; Fotiadis
et al. 2013; Kanai et al. 2000b; Broer 2008a;
Broer and Wagner 2002; Wagner et al. 2001;
Verrey et al. 1999; Kanai and Endou 2001).
There is also an extensive literature outlining spe-
cific biological roles of SLC7-SLC3 heteromers
beyond the scope of this review (Table 2).
Functionally, SLC3/SLC7  heteromeric
transporters are amino acid exchangers, with the
exception of Asc-1-4F2hc which can function as
a uniporter, although the preferred transport mode
is also exchange (Fukasawa et al. 2000; Nakauchi
et al. 2000). Some display asymmetric ion depen-
dence and vary in their relative affinity for the
different classes of amino acids at extracellular
and intracellular faces (reviewed in (Fotiadis et al.
2013; Verrey et al. 2004; Chillaron et al. 2001;
Scalise et al. 2018), Table 1). A general trend
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Table 2 Summary of SLC3-SLC7 heteromeric solute carrier biological functions

Ancillary Translocator | Gene Biological function References
rBAT SLC3A1 |[b**AT SLC7A9 | Renal reuptake of cystine and Chairoungdua et al. (1999),
cationic amino acids in Feliubadalo et al. (1999),
proximal tubule S1 and S2 Palacin et al. (1998b) and
Calonge et al. (1994)
AGT1 SLC7A13 | Renal uptake of anionic amino | Nagamori et al. (2016)
acids and cystine in proximal
tubule S3
Unknown Tumorigenesis Jiang et al. (2017), Haraguchi
et al. (2006) and
Konstantinopoulos et al.
(2011)
4F2hc SLC3A2 |LATI SLC7AS5 | Thyroid hormone transport Hennemann et al. (2001),

Friesema et al. (2001), Kinne
et al. (2011), Braun et al.
(2011) and Ritchie and Taylor
(2001)

Immune, cardiomyocyte,
placental and cancer cell
growth, proliferation, migration
mediated by mTOR signalling

Weng et al. (2018), de la
Ballina et al. (2016), Cormerais
et al. (2016), Broer and Broer
(2017), Cantor and Ginsberg
(2012), Cantor et al. (2009),
Fogelstrand et al. (2009),
Baumer et al. (2017), Nicklin
et al. (2009), Ablack et al.
(2015), Cantor et al. (2011),
Yu et al. (2018), Rosario et al.
(2013), Uosaki et al. (2015),
Almutairi et al. (2019) and
Jensen et al. (2017)

Tumorigenesis, tumour growth
and tumour prognostics (breast,
lung, glioma, bile duct, tongue,
laryngeal, liver)

Broer and Palacin (2011),
Fotiadis et al. (2013), Scalise
et al. (2018), Chillaron et al.
(2001), Cormerais et al.
(2016), Parks et al. (2016), El
Ansari et al. (2018a, b), Furuya
et al. (2012), Kaira et al.
(2009), Imai et al. (2009),
Yanagisawa et al. (2014),
Nakada et al. (2014), Haining
et al. (2012), Toyoda et al.
(2014), Asano et al. (2007),
Nikkuni et al. (2015),
Kobayashi et al. (2008), Honjo
et al. (2016), Ohkame et al.
(2001), Tamai et al. (2001),
Kim et al. (2004) and Kaira

et al. (2018)

Small intestine, notochord, and
eye development

Ohno et al. (2009) and Katada
and Sakurai (2019)

Blood-brain barrier drug
exchange and CNS drug
delivery

Dickens et al. (2013), Tomi

et al. (2005), Zur et al. (2016),
Ylikangas et al. (2013, 2014),
Peura et al. (2011, 2013), Puris
et al. (2017) and Gynther et al.
(2008, 2010)

Tumour radiotherapy resistance

Digomann et al. (2019)

(continued)
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Table 2 (continued)

Ancillary Translocator | Gene Biological function References
LAT2 SLC7A8 | Thyroid hormone transport Kinne et al. (2011), Braun et al.

(2011), Kurayama et al.
(2011), Krause and Hinz
(2017) and Hinz et al. (2017)

Tertiary amino acid transporter | Broer and Broer (2017), de la

function with TAT1 Ballina et al. (2016), Knopfel

(SLC16A10) et al. (2019) and Vilches et al.
(2018)

y'LATI SLC7A7 |Renal and intestinal absorption | Brunini et al. (2003),
of cationic amino acids, nitric Arancibia-Garavilla et al.
oxide synthesis, macrophage- (2003), Rotoli et al. (2005),
induced inflammation Bodoy et al. (2019), Rotoli

et al. (2018), Rotoli et al.
(2004) and Kurko et al. 2015)
y"'LAT2 SLC7A6 | Brain ammonia toxicity and Milewski et al. (2017) and
nitric oxide synthesis Zielinska et al. (2011, 2012,
2015)

Acs-1 SLC7A10 | D-serine regulation of Xie et al. (2005), Rosenberg
glutamatergic/glycinergic et al. (2013), Sason et al.
synapses (2017) and Mesuret et al.

(2018)
xCT SLC7A11 |Redox balance and oxidative Bridges et al. (2001), Seib et al.
stress in non-neuronal tissue (2011), de la Ballina et al.
(2016), Mandal et al. (2010),
Lewerenz et al. (2013) and
Guo et al. (2011)
Cancer-related Toyoda et al. (2014), Kaira
neurodegeneration, metastasis et al. (2009), Nabeyama et al.
and diagnostics (2010), Suina et al. (2018),
Guo et al. (2011), Chen et al.
(2009b), Shin et al. (2018),
Lyons et al. (2007), Savaskan
et al. (2008), Tsuchihashi et al.
(2016) and Shen et al. (2018)
Protection from neuronal Savaskan et al. (2008),
degeneration via oxidative Nabeyama et al. (2010),
glutamate stress and role in Mandal et al. (2010), Massie
addiction, epilepsy and et al. (2015), Lewerenz et al.
cognitive ability (2009, 2012a, 2012b, 2013),
Albrecht et al. (2010),
Lewerenz and Maher (2009),
Baker et al. (2003), Albertini
et al. (2018), De Bundel et al.
(2011), Massie et al. (2011),
Moran et al. (2005), Melendez
et al. (2005), Kau et al. (2008),
Moussawi et al. (2009) and
McQueen et al. (2018)
Unknown B-integrin signalling and cell Estrach et al. (2014), Prager
adhesion et al. (2007), Feral et al. (2005,
2007), Ohgimoto et al. (1995);
Takesono et al. (2012),
Fenczik et al. (1997) and
Henderson et al. (2004)
Unknown ER stress response Liu et al. (2016, 2018) and
Kropski and Blackwell (2018)
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appears to be that substrate affinity of the cytosol
facing binding site is much lower than the outside
facing binding site in the transporters that were
tested e.g. LAT1-4F2hc, y*LAT2-4F2hc (Reig
et al. 2002; Lahoutte et al. 2004; Broer et al.
2000; Verrey 2003; Meier et al. 2002; Napolitano
et al. 2015; Errasti-Murugarren et al. 2019). For
example, LAT1-4F2hc affinity for extracellular
neutral L-amino acid varies from 12.7-47.2 pM
(Yanagida et al. 2001), while cytosolic affinities
are 100- to 1000-fold higher (Meier et al. 2002;
Napolitano et al. 2015, 2017). However, it must
be noted that affinity constants for the same sub-
strate on the same side of the membrane can also
vary between different expression systems
e.g. for leucine (Yan et al. 2019; Kim et al.
2002a; Kanai et al. 1998) and histidine
(Napolitano et al. 2015; Kanai et al. 1998). For
some exchangers, such as b0’+AT—rBAT, the
inward negative membrane potential contributes
to asymmetric behaviour, because the uptake of a
cationic amino acid can be coupled to the efflux
of a neutral amino acid (Pfeiffer et al. 1999a;
Chillaron et al. 1996; Busch et al. 1994). More-
over, the y'LATI-4F2hc and y'LAT2-4F2hc
heteromers display Na® dependence when
translocating neutral amino acids but not when
substrates are cationic amino acids (Broer et al.
2000; Torrents et al. 1998; Pfeiffer et al. 1999b;
Kanai et al. 2000a). Transporters of cystine
XCT-4F2hc  and b**AT-rBAT display a
pH-dependent asymmetry (Bassi et al. 2001;
Meier et al. 2002; Chillaron et al. 1996; Sato
et al. 2000; Pfeiffer et al. 1999a; Moschen et al.
2002). An elegant demonstration of the potential
molecular basis of this asymmetrical exchange
was demonstrated using BasC, a homologue of
all human SLC7 translocators (Errasti-
Murugarren et al. 2019; Bartoccioni et al. 2019).
The structure of BasC bound with a nanobody
(Nb74) specific to the cytoplasmic face was com-
bined with functional assays to identify a
conserved Lys residue, mutation to Ala of which
dramatically reduced extracellular affinity with-
out affecting intracellular affinity for alanine. This
Lys is conserved in all human translocators, with
the K191E mutation in y'LAT1 a cause of the
rare inheritable aminoaciduria Lysinuric Protein

S. J. Fairweather et al.

Intolerance (LPI) (Mauhin et al. 2017) (Sect.
2.1.6). The absence of an ancillary subunit in
BasC and the mutational analysis suggests that
asymmetric affinity resides in the translocator
subunit and is not a specific feature of
heteromeric transporters.

The SLC3 members rBAT and 4F2hc share
about 30% sequence identity, but both are type
II, N-glycoproteins with M.W.s of ~94 and
~85 kDa, respectively (Broer et al. 1995; Teixeira
et al. 1987; Parmacek et al. 1989; Quackenbush
et al. 1987; Palacin et al. 1998a; Zhang et al.
2003; Wollscheid et al. 2009; Yan et al. 2019;
Lee et al. 2019) (Fig. 1). They contain a short
intracellular N-terminal, a single a-helix TM
domain and a large extracellular domain (Fort
et al. 2007). The extracellular domains of human
rBAT and 4F2hc have ~20% homology to, and
share a common ancestry with, the bacterial
GH13 a-amylases and insect maltases (Wells
and Hediger 1992; Gabrisko and Janecek 2009).
Accordingly, structures of the human 4F2hc
extracellular domain in isolation (PDB ID
2DH2) and in complex with LAT1 (PDB ID
6IRS, 6IRT, 6JMQ, and 6JMR) show a (p/a)g
TIM barrel with an attached anti-parallel Bg sand-
wich characteristic of the a-amylase/glucosidase
fold (Yan et al. 2019; Fort et al. 2007; Lee et al.
2019), designated as domains A and C, respec-
tively, of the ancillary subunit (Fig. 1) (Gabrisko
and Janecek 2009; Fort et al. 2007). In addition,
rBAT features domain B between the 5 strand
and oz helix of domain A containing the
non-functional catalytic site for hexose hydrolysis
and a 31 residue C-terminal tail bearing no
homology to any known protein (Fort et al.
2007; Gabrisko and Janecek 2009; Yan et al.
2020a). 4F2hc lacks the glucosidase domain B
and C-terminal extension (Janecek 1997). These
significant structural changes have been traced to
a last common ancestor with basal metazoans
(cnidarian) (Gabrisko and Janecek 2009) and as
a result no enzymatic activity has been
demonstrated for either rBAT or 4F2hc EC
domains (Fort et al. 2007; Wells et al. 1992).
Four splice variants of human 4F2hc and seven
of human rBAT have been annotated in protein
databases (see UniProtKB entries PO8195 and
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Q07837). The sequence numbering for human
4F2hc splice variant 2 is used throughout this
review (except where noted) as this isoform has
predominated in the elucidation of ancillary roles
in SLC3-SLC7 solute carriers.'

2.1.2 Structural Aspects - Human

LAT1-4F2hc and b**AT-rBAT,

the First Complete Heteromeric

Transporter Structures
The first complete structures of a heteromeric
solute carrier, human LAT1-4F2hc, were solved
in an inward open conformation with the binding
site exposed to the cytosol using single-particle
cryo-EM (Yan et al. 2019; Lee et al. 2019). Two
structures of the human LATI1-4F2hc complex
are bound to the LAT1 inhibitors BCH (PDB ID
6IRT) and JPH203 (6IRS) with RMSDs of 3.3
and 3.5 A, respectively (Yan et al. 2019). Both
inhibitor-bound structures contain an unplanned
mutation A36E in LATI1, which appears not to
affect the transport function or overall structure.
Two further WT apo structures of LAT1-4F2hc
at the lower resolution of 4 A were also solved
with the ancillary stabilised by monoclonal
antibodies MEM108 (6JMQ, 3.44 A RMSD) or
HBJ127 (6JMR, 4.19 A RMSD) (Lee et al. 2019).
These antibodies have anti-tumour effects in cell
culture models (Hayes et al. 2015) and recognise
epitopes on 4F2hc without disrupting the
heteromeric interaction (Lee et al. 2019). The
isoform solved in all 4 complex structures was
the longer 4F2hc, the amino acid numbering of
which is used in the following structural
description.

The LAT]I translocation subunit contains the
LeuT/APC fold common to many functionally
and phylogenetically diverse solute carrier
proteins. The fold name is derived from the neutral
amino acid transporter of the SLC6-related family
from Aquifex aeolicus, which represented the epon-
ymous structure of the classification (Yamashita
etal. 2005). The LeuT fold is the common structure

! This distinction is important as numerous publications
use the residue numbering of either isoform 1 or 2 without
distinguishing between them. Isoform 2 (UniPROT
P08195-2) differs from isoform 1 (UniPROT P08195-1)
by having cytosolic, N-terminal residues 1-101 missing.
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of the Amino acid-Polyamine-organoCation
(APC) superfamily in the Pfam/TCDB nomencla-
ture, which contains 20 distinct families (https://
pfam.xfam.org/clan/APC#tabview=tab0) (http://
www.tcdb.org/superfamily.php) (Vastermark
et al. 2014; Wong et al. 2012b; Vastermark and
Saier 2014). To date over 200 crystal and cryo-EM
structures of numerous eukaryote and prokaryote
transporters containing the LeuT/APC fold have
been determined, including those representing
SLC4 (Huynh et al. 2018; Reithmeier et al. 2016;
Arakawa et al. 2015; Yu et al. 2017; Coudray et al.
2017; Wahlgren et al. 2018; Faham et al. 2008)
SLC5 (Faham et al. 2008; Watanabe et al. 2010),
SLC6 (Coleman et al. 2016; Wang et al. 2013a,
2015; Penmatsa et al. 2013; Wang and Gouaux
2012; Krishnamurthy and Gouaux 2012; Piscitelli
and Gouaux 2012; Piscitelli et al. 2010; Singh et al.
2007, 2008; Yamashita et al. 2005; Kantcheva et al.
2013; Malinauskaite et al. 2014, 2016; Quick et al.
2009; Forrest et al. 2007; Perez et al. 2012, 2014;
Ressl et al. 2009; Coleman and Gouaux 2018; Yan
et al. 2020a, b), SLC7 (Gao et al. 2010; Shaffer
etal. 2009; Jungnickel et al. 2018; Ilgu et al. 2016),
SLC11 (Ehrnstorfer et al. 2014, 2017; Bozzi et al.
2016, 2019; Lee et al. 2019; Yan et al. 2019,
2020a; Wu et al. 2020), SLC23 and 26 (Geertsma
et al. 2015, 2016; Yu et al. 2017; Lu et al. 2011)
families. Solved structures in  numerous
conformations of LeuT itself (Coleman et al.
2016; Krishnamurthy and Gouaux 2012;
Kantcheva et al. 2013; Singh et al. 2008; Piscitelli
and Gouaux 2012; Piscitelli et al. 2010), MhsT
from B. halodurans (Malinauskaite et al. 2014,
Quick and Javitch 2007), Mhpl from
M. ligquefaciens (Weyand et al. 2008, 2011;
Shimamura et al. 2010; Simmons et al. 2014),
BetP from C. glutmicum (Perez et al. 2012, 2014;
Ressl et al. 2009; Tsai et al. 2011), the
D. melanogaster dopamine (DAT) (Penmatsa
et al. 2013, 2015; Wang et al. 2015), human sero-
tonin (SERT) (Coleman et al. 2016; Coleman and
Gouaux 2018), prokaryotic SLC11 (NRAMP)
divalent cation transporters (Ehrnstorfer et al.
2014; Bozzi et al. 2016, 2019), and the AdiC bac-
terial arginine/agmatine exchanger (Kowalczyk
et al. 2011; Gao et al. 2009, 2010; Ilgu et al.
2016; Fang et al. 2009; Casagrande et al. 2008),
among others, have led to a proposed LeuT fold
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Fig. 2 Topology and quaternary structure of human
LAT1-4F2hc

The human LATI-4F2hc heterodimer structures
complexed with the inhibitor JPH203 (b) (PDB 6IRT) or
with the mAbs MEMI108 (c¢) (6JMQ) or MEM108/
HBJ127 (d) (6JMR) to the 4F2hc EC domain and solved
to an average of 3.3 A, 3.44 A, or 4.19 A RMSD, respec-
tively. (a) Upper: The membrane topology and orientation

HBJIZT mEm10s

of the LeuT/APC fold LAT1 subunit. Symmetric helices
are paired by colour: 1 and 6 (blue), 2 and 7 (grey), 3 and
8 (green), 4 and 9 (pink), 5 and 10 (maroon). Helices
11 and 12 do not form part of the pseudo twofold inverted
repeat motif. Helices 1 and 6 are separated into two halves
by short unwound regions in the middle of the membrane,
which forms part of the binding pocket in LeuT/APC fold
transporters. Helices 1, 6, 2, 7, and 5 form the ‘bundle’
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transport cycle (Malinauskaite et al. 2014, 2016;
Navratna and Gouaux 2019; Bozzi et al. 2019;
Fotiadis and Jeckelmann 2019; Simmons et al.
2014; Kazmier et al. 2017; Li et al. 2019). Like
all LeuT fold transporters, human LAT1 contains a
pseudo twofold inverted axis of symmetry
(Fig. 2a). The axis of symmetry demonstrates that
helices 1-5 and 6-10 represent a repeated fold,
which can be superimposed by inverting and
overlaying them. Helices 11 and 12 are not
included in the core 5 + 5 inverted-repeat architec-
ture due to variation in their number across LeuT
fold transporters (Navratna and Gouaux 2019; Bai
et al. 2017). The architecture of the LeuT fold is
characterised by two domains; the ‘bundle’
subdomain is made up of the first two helices of
each repeat motif (helices 1/6 and 2/7) (Fig. 2b, c).
A second ‘hash’ subdomain is formed by the third
and fourth helices in each inverted repeat (helices
3/8 and 4/9) and constitutes a rigid scaffold around
the bundle. Helices 5 and 10 are considered part of
these conserved sub-domains and are referred to as
the ‘arms’. The bundle bends at unwound regions
in the middle of TM helices 1 and 6 (Krishnamurthy
and Gouaux 2012; Navratna and Gouaux 2019;
Penmatsa and Gouaux 2014; Shimamura et al.
2010). This unwound part of TM 1 and TM6
binds the a-amino carboxyl moiety of the
substrates or competitive inhibitors of the LAT

<
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transporters as demonstrated in GkApcT for
L-Ala (187), BasC with 2-AIB substrate (137)
and LATI1-4F2hc with competitive inhibitors
(e.g., BCH) (66). The unwinding allows for a
‘rocking’ or hinge-bending movement of TM1
and 6 that occurs during the outward to inward
conformation transitions. The inner membrane
halves TMla and 6b move outwards into the
bilayer in a gap formed between TM helices
5 and 7 and allow for access to the cytosol at the
same time as the outer membrane halves TM1b and
6a significantly narrow the vestibular entry and,
with TM 3, 10, EL2 and EL4 close off extracellular
access to the binding sites (Forrest et al. 2011;
Forrest and Rudnick 2009; Krishnamurthy and
Gouaux 2012; Bracher et al. 2016; Shimamura
et al. 2010). The TM 5 and TMI10 arms are
involved in more subtle lateral movements in the
membrane (Shimamura et al. 2010). This proposed
transport cycle and the structural evidence
supporting it are outlined in recent reviews
(Navratna and Gouaux 2019; Drew and Boudker
2016). Indeed, twofold inverted-repeats seem to be
an almost universal topological design for all solute
carriers, despite displaying different structural
architectures and transport mechanisms (Fenollar-
Ferrer et al. 2014; Forrest 2013; Radestock and
Forrest 2011; Vergara-Jaque et al. 2015; Drew
and Boudker 2016; Bai et al. 2017; Saier 2016;

Fig. 2 (continued) subdomain, while helices 3, 8, 4, 9 and
10 form the ‘hash’ subdomain. Lower: The second repeat
motif (faded) is first rotated 180° about the membrane
plane (RHS) and then rotated 180° again about the axis
of symmetry (LHS) and overlaid on the first repeat motif to
demonstrate the pseudo twofold axis of asymmetry. The
dashed lines represent the two axis of symmetry about
which the two repeated 5 x 5 inverted halves of the
transporter are rotated. (b) The structural architecture of
the LAT1-4F2hc heteromer (6IRT) demonstrated through
2 x 90° rotations. LAT] is split into the bundle (pink), and
the hash (cyan) subdomains, while the 4F2hc ancillary
subunit (green) sits adjacent to TM4 of LAT1. Residues
1-61 are missing from 4F2hc, whereas LAT1 is missing
the cytosolic N-terminal residues 1-50. TM helices 11 and
12 have been deleted to assist visualisation of the core
structural folds. The bound inhibitor JPH203 is not shown.

The dashed grey line in both lateral views of LAT-4F2hc
represent the rotational centre of LAT1, demonstrating the
~20 A deviation from centre of the 4F2hc EC domain. (c)
The same structural architecture of the LATI1-4F2hc
heteromer (6JMQ) but with the mAb MEM108 (lemon)
bound to the top of the 4F2hc EC domain (green) through
a 135° rotation. The bundle and hash subdomains are
coloured as for panel B. The TM domain of 4F2hc
interacts at the same position as for the 6IRT structure.
The entire intracellular C-terminal of 4F2hc (1-179) is
missing, whereas LAT1 is missing the cytosolic
N-terminal residues 1-49. (d) The 4F2hc EC domain
(green) bound by the mAbs MEMI108 (lemon) and
HBJ127 (orange) at different epitopes of the EC domain.
The positions of the 4 N-linked glycan-attached
asparagines are shown as spheres
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Vastermark and Saier 2014; Abramson and Wright
2009; Shi 2013; Khafizov et al. 2010). The specific
sequence of substrate binding and release, variation
in the conserved S1 and ion binding sites, and the
link of these to transport cycle dynamics in LeuT/
APC transporters is a focus of intense research but
beyond the scope of this review (see Bosshart and
Fotiadis 2019; Bai et al. 2018; Carland et al. 2018;
Penmatsa and Gouaux 2014; Navratna and Gouaux
2019; Broer and Gether 2012; Errasti-Murugarren
etal. 2019; Bartoccioni et al. 2019; Jungnickel et al.
2018; Ilgu et al. 2016; Kowalczyk et al. 2011; Gao
et al. 2009, 2010; Newstead 2019; Fotiadis and
Jeckelmann 2019; LeVine et al. 2018, 2019;
Singh et al. 2008; LeVine and Weinstein 2014;
Khelashvili et al. 2015b; Razavi et al. 2017; Zhao
etal. 2011, 2012; Terry et al. 2018; Paz et al. 2018;
Wang et al. 2015; Li et al. 2019; Quick et al. 2018;
Ponzoni et al. 2018; Gur et al. 2015; Edwards et al.
2018; Kazmier et al. 2014a, b; Malinauskaite et al.
2014; Adelman et al. 2011). The LATI1-4F2hc
structure retains all of these fundamental structural
features of the LeuT fold, including the hash/bun-
dle subdomain structure and hinges at the centre
of TM1 and 6 (Fig. 2b, c). The inhibitor and
mAb-bound structures all exhibited strong conser-
vation of the amino acid binding site and gating
residues with its bacterial ancestors (Yan et al.
2019; Jungnickel et al. 2018; Faham et al. 2008;
Lee et al. 2019). Interestingly, an additional 4F2hc
EC domain structure demonstrated simultaneous
binding of the two mAbs MEM108 and HBJ127
to separate epitopes (Fig. 2d). Four previously
predicted N-glycan sites in 4F2hc were confirmed
in this structure, with all sites distal from the LAT1-
4F2hc interface (see also Fig. 1).

The structure confirmed extensive and dis-
persed interaction points between 4F2hc and
LATI, consistent with previous biochemical
research ((Rosell et al. 2014; Broer et al. 2001;
Jeckelmann and Fotiadis 2019; Fenczik et al.
2001) Sect. 2.1.5) (Fig. 3). They are restricted to
the scaffold domain of LATI, allowing the
rocker-switch motion of helix 1 and 6 to occur
without hindrance. The position of the
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intermolecular disulfide bond at C210 in 4F2hc?
with C164 of LATI1, and van der Waal
interactions between the TM domain of 4F2hc
and TM4 of LATI1 were also confirmed in
LATI1-4F2hc structures (Yan et al. 2019; Lee
et al. 2019) (Fig. 3). The pose of the ancillary
was predicted reasonably accurately by a previ-
ous LAT2-4F2hc model utilising negative-stain
TEM (21-13 A RMSD) of the 4F2hc ectodomain
(Rosell et al. 2014; Meury et al. 2014; Fort et al.
2007; Palacin et al. 2016) and low-resolution
cryo-EM structure of LAT2 (Gao et al. 2010;
Kowalczyk et al. 2011; Jeckelmann and Fotiadis
2019). In all structures the 4F2hc EC domain is
shifted a significant distance from the geometrical
centre of LATI1 e.g. 20 A in 6JMQ (Fig. 2b (Lee
et al. 2019)). Lee et al. (2019) have provided a
comprehensive analysis of the LATI1-4F2hc
interactions, identifying 4 main regions of contact
between the two subunits: TM4 of LATI1 to the
TM domain of 4F2hc and three separate regions
of the 4F2hc EC domain-LAT] interface (Fig. 3).
The 3 distinct interaction regions at the
heterodimer interface are between p2, B3,
B8 sheets/linker of 4F2hc domain C with EL2 of
LAT1; the a8 helix of 4F2hc domain A and EL4
of LAT1; and the al/a2 helices of 4F2hc domain
A and LAT1 EL3. The C2/CB3/C8-linker-EL.2
interface includes the C210-C164 disulfide bond,
an electrostatic-hydrogen bond between 4F2hc
R534 and LAT1 T163 and an interaction network
between LAT1 EL2 and 4F2hc residues D540,
P208 and Y628 (not shown). The Aa8-EL4 inter-
face forms an ionic and hydrogen bonding net-
work between R534/K532 on 4F2hc and E303/
Q304 on LAT1 EL4. The Aal/Aa2-EL3 inter-
face seems to be dominated by a K299 to D223

ZNote that the numbering used in both structure
publications are derived from UniPROT designated iso-
form 1 of human 4F2hc (P08195-1). However, there are
also minor mistakes in each manuscript: Nureki and
colleagues have mislabelled 4F2hc R434 as R511 when
describing the CP2/CPB3/Cp8-linker-EL?2 interaction net-
work, while Yan and colleagues have miss-assigned all
4F2hc residues by an increase of 1 in their manuscript.
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salt bridge but could also involve other ionic and
H-bond interactions with K255/K300 and other
charged residues on LATI1. This Aal/Aa2-EL3
interaction region was not noted by Yan et al.
(Yan et al. 2019), probably due to the poor reso-
Iution of this region in the published structures,
suggesting these interactions are less stable than
others at the LAT1-4F2hc EC interface and per-
haps involved in conformational dynamics during
the transport cycle. None of these extensive
interactions by themselves would confer heterodi-
merisation between LAT1 and 4F2hc (excepting
the disulfide bond) but many would yield signifi-
cant bond energy stabilisation at distances of
42 A (T163 hydroxyl to R534 guanidino),
6.2 A (Q304 amide oxygen to R534 guanidino),
4.7 and 5.9 A (E303 carboxylate oxygens to the
charged primary amine of K532), and 4.9 A
between the side chain amine of K299 and car-
boxylate oxygen of D223 in LAT1. Mutation to
K532E (4F2hc) and E303K (LAT1) separately
reduced transport activity by 35% and 60%,
respectively (Yan et al. 2019), which could be
restored using charge-swapped mutations. That
these 4F2hc charged residues may play a univer-
sal role in 4F2hc-mediated heteromer formation
with various translocators is supported by their
strict conservation in all species from humans to
zebrafish (Yan et al. 2019). In contrast, the LAT1
residues paired with these 4F2hc charged residues
are not as strictly conserved, although they do
conserve several predicted structural features.
For example, the EL2 loop of LAT1 which
contains the R534-T163 ionic-hydrogen bond is
predicted to maintain a 9 residue length in
homologues and begin with a pair of proline
residues (P159 and 167) at the protein-bilayer
interface (Lee et al. 2019). As the interacting
residues in LAT1 diverge widely in both
orthologs and paralogs, these locations may also
contribute towards the specificity in complex for-
mation between the various heteromer pairings.
Apart from the Cp2/CB3/Cp8-linker-EL2 interac-
tion network, direct contacts are actually quite
few over the bulk of the extracellular interface
surface area, leading to a substantial distance
between the two subunits extracellular domains
and a gap which encloses a volume of 8020 A®
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(Fig. 3a, lower panel). This would allow for the
passage of large neutral amino acids between the
two subunits to access the substrate binding site if
such a distance and volume is maintained at the
outward open conformation of the heteromer — a
verification which awaits further structural evi-
dence. A surface potential calculation of the
LATI1-4F2hc heterodimer shows an asymmetric
charge distribution at the extracellular interface,
with the 4F2hc EC domain displays a highly
negatively surface potential, while the LAT1 EC
interface shows less widespread regions of posi-
tive surface potential (Fig. 3b).

The 4F2hc TM domain tilts across TM4 of
LAT1 and forms extensive hydrophobic
interactions with this helix and the C-terminal
intracellular H4 domain (Fig. 3c, d). The 4F2hc
TM domain is also tilted with respect to the verti-
cal membrane axis such that its extracellular half
is in closer contact with LAT1 TM4 than its
intracellular half (Fig. 3c). As a result, contact
between the two helices at the inner membrane
leaflet is minimal and distance between the two
helices increases towards the cytosol, culminating
at 21.2 A (6IRS, Fig. 3d) to 18.6 A (6JMQ,
Fig. 3c) Ca distances between the last intracellu-
lar residues of the two TM helices, N186 of LAT1
TM4 and WI183 of 4F2hc. Nureki et al
hypothesise this is due to in-plane opposition of
hydrophobic side chains F189, W190 and W193
on 4F2hc to the side chains of L180 and L181
from LAT1 TM4 (Lee et al. 2019). This gap is
filled by an electron density modelled as a sterol
molecule in the 6JMQ structure (Lee et al. 2019)
or by large lipid molecules (probably
phosphatidic acids) in heteromer structure 6IRT
(Yan et al. 2019) (Fig. 3c, d). Rather than being
pushed apart by hydrophobic side chains it is
more plausible that 4F2hc TM and LAT1 TM4
form binding pockets for the lipids. The more
extensive structural analysis carried out see (Yan
etal. 2019) (Fig. 4) demonstrated the charge/polar
phosphate and ester phosphatidyl moieties of
the proposed lipids would bind into two cation-
rich pockets on the intracellular side of the mem-
brane (Fig. 3d). One lipid binding pocket is
formed by residues from the 4F2hc TM domain
along with residues from TM4, TM9, and



Fig. 3 Interactions of human LAT1 with 4F2hc

Overview and foci of LAT1 and 4F2hc contact points.
Upper (6IRT) and lower (6JMQ) left hand side panels
are overview cartoons: The two subunits are linked by a
conserved disulfide bridge between Cys210 (4F2hc) and

Cys164 (LATI), (sphere models, C atoms, grey; O atoms,
red; N atoms, blue; S atoms, yellow). The 4F2hc-ED is
divided into its two subdomains homologous to bacterial
a-glycosidases: a TIM-barrel (f/a)g domain A (dark
green) and the eight antiparallel f-sheets domain C
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the C-terminal intracellular helix H4 of LATI.
Residue R182 from the TM domain of 4F2hc
interacts with the lipid head-group. A second
sterol binding pocket is formed by the intracellu-
lar ends of LAT1 TM 8 and 12 along with the
ILg ¢ and the N-terminal end of the TM4. The
functional relevance of the first lipid binding
site was demonstrated by mutation to R182 and
deletion of the H4 helix, which almost entirely
abolished transport activity. The two sites exten-
sively overlap such that the modelled sterol
hydroxyl moiety of the second binding pocket
is interacting with the same R182 that forms
the binding pocket for the phospholipid head
group (Fig. 3c). These results together strongly
suggests that polar head-groups and moieties
of stably bound lipid molecules mediate the TM
domain interactions of the heteromer.

Recently the structure of a second SLC7-SLC3
heteromeric amino acid transporter b>*AT-rBAT
was also solved by cryo-EM (Yan et al. 2020a;
Wau et al. 2020). Unlike LAT1-4F2hc but similar
to the structure of B°’AT1-ACE2 (Sect. 2.5.4) the
b>*AT-rBAT structures have been solved as a
dimer of heterodimers (Fig. 4a), two with empty
binding sites (PDB ID 6LID, 2.7 A RMSD and
6YUP, 2.8 A RMSD) and another with arginine
substrate bound (6LI9, 2.3 A RMSD). As with
LAT1-4F2hc structures, b®*AT-rBAT displays
an inward open conformation in both apo- and
substrate-bound structures. Five or four N-linked

<
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glycosylation sites were identified at N261, N332,
N495, N513, N575, all facing outward to the
extracellular solution. Three major interaction
regions of the transporter with is ancillary rBAT
were identified in each heterodimer, reminiscent
with respect to both region and the extensive
nature of its bonding networks to those in
LATI1-4F2hc (Fig. 4b, c). Due to this similarity
the analysis of these interacting regions will not
be covered in detail but rather differences with
LATI1-4F2hc will be noted. The first interaction
region is focused on the EC domain (residues
116 to 685) of rBAT facing the EC loops of the
b AT subunit, which, in contrast to LATI1-
4F2hc, provides a smaller gap and intermolecular
volume for access by substrate (compare Fig. 4a
to Fig. 3b). Interactions in this region are
mediated by numerous polar intermolecular
bonds in close proximity the single b®*AT-
rBAT disulfide bond (C114 in rBAT, C144 in
bO’+AT) itself located at the intersection of the
linker and rBAT EC domains. This linker region,
shorter than the 4F2hc linker at 13 A, stretches
from residues 115 to 109. Considerable contacts
are made between the rBAT linker and EL2 of
b%*AT, along with an extension of rBAT a4/$5
into a cleft between EL2 and EL4 of b**AT (Yan
et al. 2020a; Wu et al. 2020). The second interac-
tion region is mediated by a network of hydro-
phobic interactions and lies at the interface of the
rBAT TM domain with TM4 and the extracellular
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Fig. 3 (continued) (magenta). The two contacting TM
spanning o-helices are coloured red (LAT1 TM4) and
green (4F2hc). The lipids mediating LAT1 TM4-4F2hc
TM interactions at the inner membrane leaflet are also
coloured green (stick models, C atoms, green; O atoms,
red; N atoms, blue). Insert a) Outlines the specific
interactions between 4F2hc-EC domain and the extracel-
lular face of LAT1 (upper). Direct salt-bridge or ionic-
dipole bonds are shown by dash lines (yellow), interacting
residues as stick models or as spheres for the disulfide
bond (oxygens red; nitrogen blue; sulfur atoms, yellow).
Certain regions of the secondary structure from both
subunits have been shown as dash lines for ease of view-
ing. A surface representation of the same cut-out (lower)
shows the considerable volume lying between the residues
of subunit extracellular domains. Residues from 4F2hc
with overlapping interactions with the EC surface of
LAT1 are labelled. Insert b) Surface representation with
surface formal charge potential of the same 4F2hc-LAT1
extracelullar interface as in (a) but from the structure

6JMQ, the bound mAb MEMI108 has been removed
from the top of the 4F2hc EC domain. Positive surface
potential is shown as red, negative as blue, neutral as white
(scale from +5 to —5 kT/e). Residues from 4F2hc with
overlapping interactions with the EC surface of LAT1 are
labelled. Inserts ¢) and d) shows the extensive interaction
network of residues from the 4F2hc TM helix (green), the
LAT1 TM4 (red) and adjacent TM 8 (grey), and the
predicted lipid molecule (orange) mediating interactions
between the helices at the membrane inner leaflet. Electron
density suggest a sterol in the mAb MEM108-bound struc-
ture (c), while the inhibitor JPH203 bound structure (d)
electron density suggests a phospholipid. A large distance
separates the ends of the interacting helices in both
structures. Individual residues are represented and
coloured according to the same scheme as in the overview
panels. LATI residues are numbered based on sequence
entry Q01650-1 isoform 1 (UniProt), while 4F2hc num-
bering is based on isoform 1 (entry PO8150-1)
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Fig. 4 Structure, interactions and cystinuria mutants
of b®*AT-rBAT

The human b>*AT-rBAT complex is formed by a dimer of
heterodimers with each dimer formed by one b**AT
translocator subunit and one rBAT ancillary subunit.
All structures show are bound by Arg in an inward
open conformation (PDB 6LI9) and solved to an average
of 2.3 A RMSD. (a) The subunit composition of the
b®*AT-rBAT dimer of heterodimers is shown with
subunits rendered as a surface (van der Waal) representa-
tion and coloured according to the key. N-linked glycosyl-
ation sites in rBAT are labelled. (b and ¢) The structural
architecture of the b**AT-rBAT heteromer (6IRT)
demonstrated through a single 180° rotation. The two
subunits are linked by a conserved disulfide bridge
between Cysl14 (b**AT) and Cysl44 (rBAT), (sphere
models, C atoms, grey; O atoms, red; N atoms, blue; S
atoms, yellow). The rBAT subunits are coloured green,
while the two contacting TM spanning o-helices are
coloured red (b®*AT, TM4) and green (rBAT). The lipids
mediating b**AT H4 and rBAT intracellular helix

side of TM3 from b**ATI. As with the 4F2hc
TM domain, the rBAT TM domain tilts away
from b®*AT TM4 at the intracellular side creating
a significant gap of 20.5 A. In addition, the head
groups of several phosphoslipid molecules medi-
ate interactions across this wide gap at the intra-
cellular side. A third interaction region is formed
at the intracellular membrane by the rBAT H4
domain, which interacts via multiple hydrogen

PEZL. 23R Cystinura Mutants
ATOV Y G259R a ? e eatfok
- ,
wizr 9 Busaly i stabiltytraficking [
T123M & B8 transport activity
& P L PW allosteric function [Jij
Raazw P42l

interactions at the inner membrane leaflet are coloured
orange. A calcium ion is located in each rBAT subunit in
the EC domain (red). The coloured boxes labelled 1 (red,
EC interface), 2 (cyan, b>*AT TM4-rBAT TM), and
3 (blue, b**AT intracellular H4 with rBAT intracellular
domain) outline the 3 regions of interaction between indi-
vidual heteromer subunits (c). The magenta box (b) shows
the interface between the two rBAT subunits which medi-
ate the formation of the dimer of heterodimers. Insert d)
The extensive network of polar interactions at interface
between the two rBAT subunits. Residues involved in
polar interactions are shown as sticks and coloured grey.
The domain B of rBAT (orange) is highlighted to contrast
it with the regions conserved with the other SLC3 ancillary
4F2hc and homologous to bacterial a-glycosidases. (e)
Common cystinuria causing mutations rendered as VDW
spheres and coloured (see key) according to their func-
tional role in the heteromeric solute carrier b®*AT-rBAT.
Residues are shown in both heterodimers but labelled only
in the right-hand. The Arg substrate is rendered as a stick
(blue)

and ionic-hydrogen bonds with C-terminal intra-
cellular helix of b>*AT. A fourth contact point in
the unique C-terminal of rBAT was noted in one
apo structure (6YUP) as making van der Waals
contacts with EL2 of b®*AT (Wu et al. 2020). In
contrast to LATI-4F2 structures, a second
phosphoslipid also interacts with the end of the
C-terminal helix closer to TM12 and does not
appear to be involved in stabilising the
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heteromeric complex. Interestingly, the -BAT EC
domains of heteromeric dimers bind or indicate
the presence a calcium ion. Although there is no
evidence for a role of calcium in any known
rBAT related function, the related GH13 glyco-
side hydrolase family also bind calcium ions in
the region homologous to the subdomain B of
rBAT. This raises the possibility that calcium
binding is a unique feature of rBAT heteromers
conferred by presence of subdomain B, which is
absent from 4F2hc (see Fig. 1).

The dimerization interface of the b**AT-
rBAT hertodimers is mediated through several
regions of contact in the EC domain of the
rBAT molecules (Fig. 4d). No interactions are
observed between the heterodimers in the mem-
brane or between the b>*AT subunits (Fig. 4a),
which is also reminiscent of another LeuT fold
heteromeric solute carrier B°AT1-ACE2 (Sect.
2.5.4). This interface and the dimerization of
heterodimers appears to be very stable, such that
mutations in these regions were unable to disrupt
the rBAT subunit interactions but only overall
complex expression. The specific interactions
which contribute most to the dimerization inter-
face are a cation-z stack of R326 between H324
and Y347, hydrogen bonding and salt bridge
between R326 and D349, polar bonds between
K323 and D391, hydrogen bond network D359
and R362 from both protomers, and a series of
hydrophobic interactions throughout the interface.
Most interestingly, these interactions occur in
regions of rBAT either in or significantly displaced
by domain B of rBAT, which is an inserted region
absent from the conserved a-glycosidase domains
in 4F2hc. This insertion gives a straightforward
explanation for the rBAT-mediated dimerization
that is absent in the LAT1-4F2hc structures. The
authors also provide a putative transport mecha-
nism based on the conservation among rBAT
orthologues and MD simulations of two binding
pockets observed in b®*AT. The second of these
binding pockets, so-called ‘pocket 2’, is occupied
by water and occluded in the Arg-bound inward
open structure (6LI9) but, interestingly, is not
formed in LAT1-4F2hc.

Four broad functions can be ascribed to the
role of rBAT and 4F2hc in heterodimer complex
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formation, which will be discussed in the
following sections: tissue specificity, trafficking,
quality control and stability, integration into
larger complexes. These diverse roles are likely
to be mediated by different domains of
ancillaries. When mapped onto models and
cryo-EM structures of LAT1-4F2hc (Yan et al.
2019; Lee et al. 2019), b**AT1-rBAT (Yan et al.
2020a; Wu et al. 2020), or LAT2-4F2hc extracel-
lular domains (Fort et al. 2007; Rosell et al. 2014)
the interactions between ancillaries and transloca-
tion subunits are dispersed over large regions of
the heteromers, with the TM and EC domains
seeming to always play a vital role. This is con-
sistent with accumulated biochemical evidence
which is outlined below (Sect. 2.1.4).

2.1.3 Tissue Distribution

Heteromeric amino acid transporters display a
distinct patterning in their tissue and cellular
distribution (Fig. 5). The 4F2hc-associated
heteromers are generally localised to the
basolateral membrane in epithelial cells but also
have a wider tissue expression, being vital amino
acid uptake systems in all human tissues (Fotiadis
et al. 2013). Reflective of this widespread distri-
bution, 4F2hc mRNA expression has been
detected in all tissues assayed (Fagerberg et al.
2014). However, this epithelial polarised expres-
sion is not observed in all cases, with LAT1 being
localised to both apical and basolateral membrane
at the blood-brain barrier (Duelli et al. 2000). The
rBAT heteromers are localised to the apical
membranes of the small intestine and renal epi-
thelium (Fernandez et al. 2002; Nagamori et al.
2016; Lee et al. 1993; Bertran et al. 1993). This
suggests, at least in these organs, the trafficking
destination of heteromers is likely to be specified
by ancillary subunits (Reig et al. 2002; Furriols
et al. 1993; Bertran et al. 1992b; Broer and
Palacin 2011). Tissue expression of the two
ancillaries overlaps closely with their SLC7
partners, with rBAT expression highest in renal
and small intestine epithelium, pancreas and liver
(Lee et al. 1993; Bertran et al. 1993; Fernandez
et al. 2002; Dave et al. 2004). Indeed, the princi-
ple that overlapping expression can be used to
identify tissue-specific heteromer pairings led to
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the discovery of AGT1-rBAT as the missing renal
brush border cystine:anion exchanger (Nagamori
et al. 2016; Fernandez et al. 2002). This explained
why rBAT is highly expressed in the late proxi-
mal tubules (S3 segment) (Kanai et al. 1992;
Furriols et al. 1993), whereas b AT expression
was highest in the early proximal tubules
(S1 segment) (Chairoungdua et al. 1999; Pfeiffer
et al. 1999a). As a result of this poorly
overlapping expression an unknown second part-
ner of rBAT was proposed to account for cystine
uptake in the S3 segment and the presence of
rBAT-containing heterodimers (Chairoungdua
et al. 2001; Feliubadalo et al. 2003; Chillaron
et al. 2001; Verrey et al. 2000; Fernandez et al.
2002), subsequently identified as AGTI1
(Nagamori et al. 2016).

As befits the ubiquitous expression of its trans-
location partners, 4F2hc has a wide distribution
and is found in most human tissues, including
major immuno-protective barriers and many
carcinomas as a partner to LAT1 (Quackenbush
et al. 1987; Lumadue et al. 1987; Gottesdiener
et al. 1988; Yanagida et al. 2001; Ritchie and
Taylor 2001; Okamoto et al. 2002; Arancibia-
Garavilla et al. 2003; Liu et al. 2003; Kim et al.
2006; Tomi et al. 2005; Nawashiro et al. 2006;
Dave et al. 2004; Helboe et al. 2003; Fukasawa
et al. 2000; Nakauchi et al. 2000; Bassi et al.
2001; Sato et al. 1999; Nakada et al. 2014)
(Fig. 5). Expression of the corresponding light
subunit partners correlate relatively well
(Fagerberg et al. 2014). For example, LATI
expression is high in testis, bone marrow, pla-
centa, and brain with highest 4F2hc expression
seen in testis, bone marrow, placenta and kidney
(Fagerberg et al. 2014). However, co-expression

<

33

levels have not been systematically quantified for
matching profiles.

2.1.4 Trafficking, Protein Folding,
Quality Control, and Catalytic
Modulation

Either rBAT or 4F2hc are essential for trafficking

of the SLC7 translocators to the plasma membrane

((Bassi et al. 2001; Mykkanen et al. 2000; Pineda

et al. 1999; Pfeiffer et al. 1998; Mastroberardino

et al. 1998; Nakamura et al. 1999; Broer et al.

2001), reviewed in (Palacin and Kanai 2004;

Verrey et al. 2004; Broer and Wagner 2002)),

and thus can be viewed as affecting both the

surface protein expression and its functional out-
come, namely the V. of the translocating light
subunits. A key interaction between subunits
occurs in the ER, where dimerization is concurrent
with their biogenesis and trafficking (Fig. 6). The

SLC3/SLC7 pairings are the only known

heteromeric solute carriers whose interaction is

mediated by a single disulphide linkage (Estevez
et al. 1998; Palacin et al. 2016; Wang and Tate

1995) (Figs. 3a and 4b). Despite the necessity of

the inter-molecular disulphide bond in all SLC3/

SLC7 heterodimers, it is not sufficient for correct

complex formation and plasma membrane traf-

ficking (Fotiadis et al. 2013; Deora et al. 1998;

Pfeiffer et al. 1998; Torrents et al. 1998). This

notion is supported by the role of other disulfide

bonds in the ER biogenesis of rBAT (see below)
and the important role of other domains from both
rBAT and 4F2hc in ER exit and trafficking of the

heteromer (Palacin et al. 2016).

Reconstitution of purified b%*AT alone results
in a fully functional transporter, suggesting that
rBAT has no apparent effect on catalytic activity

«

Fig. 5 (continued) demonstrated by RNA detection
methods (e.g. ESTs) and readers should consult RNA
and protein tissue expression databases Human Protein
Atlas (https://www.proteinatlas.org/), Bgee (https://bgee.
org/), Expression Atlas (https://www.ebi.ac.uk/gxa/home)
for a comprehensive overview. For expression levels in
human tumours see the depmap.org database. In addition
to the colour scheme the symbols inside boxes represent
the sub-cellular localisation within the tissue/organ

indicated, including apical or basolateral membranes for
epithelial cells. The localisation of MCTI in the small
intestine epithelium is disputed (Iwanaga and Kishimoto
2015). See text for details and specific references. All
GLYT]1 expression refers to the GLYT1A isoform except
where indicated by the symbol from the key. Abbrevia-
tion: RPE (Retinal Pigment Epithelium), CNS (Central
Nervous System)
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Fig. 6 Selected solute carrier heteromer actions in the
secretory pathway

Solute carrier heterodimer modes of action in the secretory
pathway are either necessary for trafficking from various
organelles to the plasma membrane, for catalytic activation
of transport or for both. The location of the heteromer in
the diagram represents a known mode of action between
the respective subunits. Dash arrows represent essential
interactions both before trafficking occurs (between
subunits) and for trafficking to the plasma membrane.
The question mark (?) next to arrows represents an
unknown interaction or biological processing. Heteromers
shown at the plasma membrane represent an interaction
required for activating or significantly modulating the
catalytic activity of the translocating subunit. (a) The
SLC3 (rBAT/4F2hc) requires a SLC7 heteromer partner
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for both stability and trafficking from the ER; otherwise it
is degraded by the proteasome. (b) In contrast, SLC16
transporter subunits require embigin and/or basigin for
Golgi exit (shown) as well as ER exit (not shown). The
7 TM containing transporter SLC51A (Ost ) requires its
ancillary SLC51B (Ost ) for both trafficking to the
plasma membrane (c) and for substrate translocation at
the plasma membrane (d). However, the point at which
SLCS51B controls trafficking is unknown (?). (e) AEL
(SLC4A1) does not require glycophorin A to traffic to
the membrane in erythrocytes but the reverse is not the
case. It is unknown if glycophorin A without AEl is
subject to proteasome degradation. Glycophorin A
modulates the kinetic properties of both monovalent and
divalent anion transport at the plasma membrane. The
ancillary is shown as a homodimer as it is
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of the translocating subunit (Bartoccioni et al.
2008). However, tBAT may play more subtle
functional roles in catalytic modulation as a
cystinuria-causing R365W mutant (Sect. 2.1.6)
causes an arginine efflux defect without altering
arginine substrate affinity or influx (Pineda et al.
2004). The translocator is also highly stable,
probably in the ER, without rBAT (Reig et al.
2002). In contrast, unassociated rBAT is
degraded by the proteasome due to the role of
b”*AT in the correct ER folding of the extracel-
lular domain of rBAT (Reig et al. 2002; Rius and
Chillaron 2012; Bartoccioni et al. 2008). This
b%*AT-dependent folding occurs with the con-
secutive formation of 3 intramolecular disulfide
bonds in human rBAT: C242-C273, C571-C666,
and C673-C685 — these oxidative links are located
in domain B, link domain C with the C-terminal, or
in the C-terminal loop, respectively (Rius and
Chillaron 2012) (Fig. 1). Mutation of the first two
disulphides leads to loss of stability and the inabil-
ity to leave the ER (Rius and Chillaron 2012; Peter
et al. 2000). A double mutant of the C673-C685
disulphide bond retained WT stability but single
mutants showed minor disruptions to stability and
trafficking (Rius and Chillaron 2012). Deletion of
residues C673 to C685, causes heteromer retention
and degradation in the ER (Rius et al. 2016).
Recent b*AT-rBAT structures implicated the
rBAT C-terminal region and EL2 of b%*AT in
heteromer formation (Yan et al. 2020a; Wu et al.
2020) thus providing a rationale for why this dele-
tion may be so disruptive (Sect. 2.1.2). The C242-
C273 bond is thought to be co-translationally
formed, while the other two are post-translationally
formed in the ER lumen (Rius and Chillaron 2012).
Once b**AT-mediated folding is correct, mem-
brane trafficking is rapid and the degradation of
rBAT prevented (Rius and Chillaron 2012;
Bartoccioni et al. 2008). Thus, in addition to

<
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trafficking, ancillary subunits appear to assist in
indirect quality control of the light subunit. Forma-
tion of the heteromeric complex only occurs if both
units are properly folded and exit from the ER only
occurs when the complex has formed.

The large extracellular and trans-membrane
domains of rBAT play a significant role in com-
plex formation with b®*AT beyond the intramo-
lecular disulfide bonds. Early studies using
systematic deletion of the glucosidase-like C-ter-
minal demonstrated rBAT extracellular domains
B and C were required for b®*AT-mediated
amino acid transport (Deora et al. 1998;
Miyamoto et al. 1996; Estevez et al. 1998). How-
ever, pre-dating the discovery of the mammalian
b®*AT, these findings could be alternatively
interpreted as demonstrating the domain specific-
ity for interaction with an unknown endogenous
X.laevis b>*AT subunit(s) (Chillaron et al. 2001).
As mutations in rBAT are the cause of most type I
cystinuria cases (Sect. 2.1.6) studying the molec-
ular effects of type I cystinuria mutations has
been instructive in understanding b>*AT-rBAT
heteromer formation (Chillaron et al. 2010;
Sumorok and Goldfarb 2013). The effects of
some frequent type I cystinuria-associated muta-
tion of rBAT, located in the TM and extracellular
domains, have been studied in some detail
(Bartoccioni et al. 2008; Chillaron et al. 1997)
including in the recent structure of b®*AT-rBAT
(Yan et al. 2020a) (Fig. 4e). Multiple rBAT extra-
cellular domain mutants, including two of the
three most common cystinuria-causing mutations,
M467T and T216M, will assemble with b**ATin
the ER but are not trafficked. In the b**AT-rBAT
structures these and another rBAT cystinuria
mutation V183A impaired the synthesis of pro-
tein (Yan et al. 2020a; Wu et al. 2020). By con-
trast, the rtBAT TM domain mutant L8P does not
assemble with b%*AT in the ER (Bartoccioni

Y

Fig. 6 (continued) constituted in vivo. (f) B°AT1 and
other SLC6 heteromers with collectrin, ACE2 or APN
are thought to form in the ER, although this has not been
established experimentally. Ancillaries are involved in
trafficking the translocation subunit to the plasma mem-
brane but are required, at least for collectrin, for catalytic

activation of the transporter. (g) More recently SLC7-
SLC3 heteromers (specifically LAT1-4F2hc) have been
shown to be re-directed by LAPTM4b to lysosomes to
facilitate leucine uptake for mTORC1 pathway activation.
It is not known if this interaction is obligatory for
heteromer activity or just for re-direction to lysosomes
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et al. 2008), consistent with evidence showing
that heterodimerisation requires the TM domain
(Franca et al. 2005). Moreover, it appears likely
that multiple extracellular domain residues are
involved in protein folding (Chillaron et al.
2010), which is consistent with the recovery of
heterodimer transport activity in the rBAT mutant
R365W when the growth temperature was
decreased from 37 °C to 33 °C (Pineda et al.
2004). Although b°*AT-rBAT and 4F2hc-
associated transporters are fully functional as
heterodimers, b**AT-rBAT  also  forms
heterotetramers of two  disulphide-linked
heterodimers held together by non-covalent asso-
vivo (Fernandez et al. 2006).
Heterotetramers are not required for translocation
of substrate, suggesting the larger oligomeric
structure of SLC7-SLC3 transporters may serve
other biological functions. For example, several
type I cystinuria-linked rBAT mutants demon-
strate ER retention independent of b®*AT-rBAT
heterodimer formation but correlated with
heterotetramer formation (Bartoccioni et al.
2008; Chillaron et al. 2010). Of five verified
N-linked glycosylation sites in human rBAT
(Fig. 4a) (Yan et al. 2020a), only N575 in the
ectodomain appears to be necessary and sufficient
for correct stability and trafficking of the
heterodimer by delaying the kinetics of protein
maturation but not overall protein synthesis effi-
ciency (Rius et al. 2016). It was hypothesised that
N575 interacts with residue N679 during matura-
tion; the two residues being in proximity due to
the C-terminal intramolecular disulfide bond
between C571 and C666 (Rius et al. 2016). A
second N-linked glycosylation site at N214 has
been speculated to impair folding of rBAT in the
ER due to its proximity to the cystinuria causing
mutant T216M (Rius et al. 2016), however
N-glycans were not detected at this site in cryo-
EM resolved structures of rBAT (Yan et al.
2020a). Degradation of the numerous cystinuria-
and intramolecular disulfide-associated mutants
of rBAT is at least in part mediated via the
ERAD pathway. Thus post-assembly proof
reading of correctly formed heteromers requires
the calnexin chaperone system (Bartoccioni et al.
2008; Rius and Chillaron 2012). There is also a

ciation in
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strong indication that b®*AT assists the correct
folding of rBAT following the initial contact
between the subunits (Rius et al. 2016; Rius and
Chillaron 2012; Bartoccioni et al. 2008). It is
tempting to speculate that the calnexin system
requires intensive contacts with the rBAT protein
and glycosylation sites, which is difficult to
achieve in the case of integral membrane proteins
with small inter-helical loops and lack of glyco-
sylation such as b®*AT. Assembly into larger
complexes with large ectodomains could facili-
tate quality control in the ER. Although it is
generally assumed that tBAT plays little role in
substrate translocation this has never been
investigated in context where the trafficking/
stabilisation of the complex has been isolated
from substrate transport.

In contrast to rBAT, the role of the extracellu-
lar domains of 4F2hc in heteromer formation is
less clear and may be partner specific. For LAT1
initial biochemical results were conflicting; dele-
tion of the 4F2hc extracellular domain has been
variously shown to slow light subunit trafficking
without affecting total membrane expression and
function (Broer et al. 2001), to be totally replace-
able and unnecessary (Franca et al. 2005) or be
required for LAT1 function (Fenczik et al. 2001;
Yan et al. 2019). These discrepancies have been
greatly clarified by the recent elucidation of sev-
eral single-particle cryo-EM structures of the
human LAT1-4F2hc complex (Lee et al. 2019;
Yan et al. 2019) where interactions between the
subunits seem to be necessary and extensive
between the 4F2hc EC domain and LAT1 EC
loops (Sect. 2.1.2). By contrast, the loss of even
small sections of the 4F2hc ectodomain results in
absolute loss of membrane expression and activ-
ity when co-expressed LAT2 and y*LAT2 (Broer
et al. 2001). Likewise, the disruption of the
4F2hc-light chain intermolecular disulfide bond
has shown translocator and species specific
results. A C109S mutation in human 4F2hc
results in the loss of y*'LAT1-4F2hc expression
and transport activity (Kolesnikova et al. 2001;
Torrents et al. 1998), while also reducing
N-glycosylation, protein maturation, and overall
expression of the ancillary (Fort et al. 2007). By
contrast, the equivalent mutant of rabbit 4F2hc
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has no effect on transporter activity of LATI1
(Boado et al. 2005). Where they have been stud-
ied, the N-terminal and TM domains of 4F2hc
were also found to be essential for interaction and
functioning of the translocation subunits, as, for
example, with LAT1 (Broer et al. 2001; Franca
et al. 2005). Human 4F2hc contains a second
cysteine at C330, the mutation of which has no
effect on heteromer activity (Boado et al. 2005).
4F2hc is, therefore, unlikely to show similar
dependence on intramolecular Cys-Cys oxidation
for biogenesis as rBAT (Rosell et al. 2014).

The primary role of 4F2hc is trafficking of the
translocator complex to the surface (e.g. see
(Scalise et al. 2018)). Limited information is
available whether it has additional function in
transport catalysis. Pfeiffer et al. (Pfeiffer et al.
1998) demonstrated that both human and
Schistosoma mansoni y'LAT2 homologues with
disrupted intermolecular disulfide bonds to
human 4F2hc have little reduction in plasma
membrane protein levels but 30-80% reductions
in maximal transport rates of leucine and argi-
Evidence from purified LATI1-4F2hc
heterodimers with the ancillary removed is con-
tradictory: when purified from HEK293F cells the
complex is entirely non-functional in the absence
of 4F2hc (Yan et al. 2019), yet in liposomes
reconstituted from SiHa squamous cell carcinoma
cells LAT1 alone displayed the same transport
properties as the heteromer (Napolitano et al.
2015). Further clarification of the role of 4F2hc
in LATI and other light chain transport activity is
therefore necessary, but one important difference
in these results is the lipid composition of the
reconstituted proteoliposomes. Yan et al. (2019)
reconstituted LAT1 from HEK293F cells into
liposomes with 10% (wt %) cholesterol, whereas
Nepolitano et al. (Napolitano et al. 2015; Scalise
et al. 2013) do not appear to have added choles-
terol to SiHa cell-derived purifications. The
potential importance of cholesterol as an alloste-
ric modulator of LATI1-4F2hc has been
demonstrated by depleting membrane cholesterol
using methyl-p-cyclodextrin which decreases the
Vmax (but not the K,;,) of L-DOPA uptake. Addi-
tion of 10% cholesterol increased the transport
activity of LAT1-4F2hc (Yan et al. 2019), while
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the cholesterol analogue cholesteryl
hemisuccinate (CHS) was required for stable
purification of LAT1 with 4F2hc (Dickens et al.
2017). Evidence from LAT2-4F2hc purified into
detergent micelles showed that functional recon-
stitution of human LAT2/4F2hc, but not of
human LAT?2 alone, was possible (Rosell et al.
2014). In these experiments LAT2/4F2hc but not
LAT?2 was incorporated into the liposomes. The
idea behind this experiment is that LAT2 alone
was too unstable to be incorporated in the
liposomes and suggests the ancillary subunit as
a whole, or its ectodomain, plays a role in LAT2
protein stability during biogenesis rather than
directly in functional modulation. This result
from LAT2-4F2hc raises the possibility that the
reconstitution of LAT1 in the absence of 4F2hc
by Yan et al. (2019) did not occur and that,
therefore, the authors’ interpretation that LAT1
alone was non-functional is not necessarily cor-
rect. The incorporation of LAT1 into liposomes in
experiments that showed no LATI1 transport
activity following reconstitution was not specifi-
cally confirmed and, therefore, the alternative
explanation cannot be ruled out.

Surprisingly little research has been conducted
on trafficking determinants of the translocating
subunits themselves, with investigations focused
on the effect of a few of the most frequent
cystinuria-causing mutations. Cystinuria (OMIM
220100) is caused by homozygous mutations in
either subunit of the b®*AT-rBAT heteromer
(Sect. 2.1.5). The most common -cystinuria-
causing mutation in b**AT (G105R) is located
at the boundary of TM1 and IL1 loop of the
transporter distal to any known heteromer
interacting regions (see Fig. 4c) (Yan et al.
2020a). The strong evolutionary conservation of
this residue through all known LeuT/APC
transporters and other related families (Shaffer
et al. 2009; Reig et al. 2002), suggests it has a
conserved role intrinsic to the translocation sub-
unit rather than heteromer formation. Function of
another common cystinuria-causing mutant
Al182T, can be recovered if bY*AT is
reconstituted into proteoliposomes, suggesting
defective trafficking and a possible role in
interacting with rBAT (Reig et al. 2002). Almost
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50% of b®*AT cystinuria-associated mutants
demonstrate no transport activity but normal
plasma membrane localisation (Chillaron et al.
2010). Based on the position of many of these
mutants within the highly conserved binding site
of the recently elucidated b®*AT1 structures it is
likely they represent functional mutants not
involved in heteromer formation (Yan et al.
2020a) (Fig. 4e). Cystinuria mutants T123M,
W230R, and A382T were located in the substrate
binding pockets or transport pathway of the
b%*AT subunit. Other b**AT cystinuria mutants
including A70V, VI170M, A182T, R333W,
A354T, and P482L were dispersed away from
the binding site/translocation pathway but
retained none or minimal functionality — implying
allosteric effects in heteromer transport activity.
A third class of b**AT cystinuria mutants P52L
and G259R are not stable, indicating these
residues are involved in heteromer biogenesis. A
novel V480-P-P482 C-terminal motif has been
discovered in b”*AT that was essential to traffic
the b**AT-rBAT heteromer from the ER to the
cis-Golgi (Ganapathy 2009; Sakamoto et al.
2009). Mutation of this motif did not affect
assembly of the complex in the ER. As this
C-terminal motif is entirely conserved across all
SLC7 translocators, the authors hypothesised it
may represent a universal quality control locus
for post-assembly trafficking. Indeed, these
residues are located in the IL loop between TM9
and 10 of b”*AT, in close proximity to the
truncated intracellular terminal of rBAT in the
cryo-EM structures of the complex (Yan et al.
2020a).

2.1.5 Integration into Larger Complexes
4F2hc sits at the centre of a regulatory nexus
integrating cellular metabolism via mTORCI sig-
nalling and cell growth due to its role as an
activator that potentiates Pl integrin signalling
upon ligand binding (Boulter et al. 2018; Bertero
et al. 2018; de 1a Ballina et al. 2016; Estrach et al.
2014; Rainero et al. 2015; Ata and Antonescu
2017; Feral et al. 2007; Kolesnikova et al. 2001;
Henderson et al. 2004). Activated lymphocytes
undergo clonal expansion to provide a large set of
cells that can combat specific pathogens. This

S. J. Fairweather et al.

clonal expansion critically depends on the ability
of 4F2hc to potentiate f1 and B3 integrin signal-
ling, and much less on the ability of 4F2hc to
associate with transporter light chains. Amplifica-
tion of integrin signalling via 4F2hc is also criti-
cal for cancer cell proliferation and metastasis
(Cantor and Ginsberg 2012). 4F2hc binding to
LATI1 is mainly via its extracellular domain,
while interaction with integrin p; and 5 is
mediated through the TM/cytosolic domains
(Fenczik et al. 2001; Henderson et al. 2004,
Prager et al. 2007). The 4F2hc protein is part of
an even larger metabolic activation complex,
which includes LATI, integrins, Na*,K*-ATPase,
CD147 and the monocarboxylate transporter
1 MCT1) (Xu and Hemler 2005). A 4F2hc-xCT
metabolon appears to be essential for the post-
entry stage of Kaposi’s sarcoma-associated her-
pesvirus (human herpesvirus 8) infection (OMIM
148000) (Veettil et al. 2008; Kaleeba and Berger
2006). The virus envelope glycoproteins gB and
gpK8.1A recognise a macromolecular complex
including both xCT and 4F2hc, along with multi-
ple integrin o/f dimers (Veettil et al. 2008). Inter-
estingly, mutation of 4F2hc disulfide bond
acceptor (C109S) causes a loss of P-integrin
association, suggesting the formation of
4F2hc-f-integrin metabolons are dependent on
full heteromeric transporter formation
(Kolesnikova et al. 2001). Ingeniously, the virus
induces xCT expression via microRNA-led sup-
pression of a transcriptional anti-oxidant control
and other cell-cycle networks to facilitate cell
entry, metastasis and tumour angiogenesis;
thereby simultaneously enhancing new infections
and virus survival to spread infected cells (Qin
et al. 2010; Dai et al. 2017; Li et al. 2017). A
LAT2-4F2hc-specific macromolecular complex
has been proposed which binds the cell adhesion
molecule ICAM-1 at the C-terminal of the
translocator (Yan et al. 2008; Liu et al. 2003).
The compact structure of the translocator domain
largely prevents complex interactions with more
soluble proteins, such as components of signal
transduction cascades. Thus, ancillary proteins
allow integration into larger complexes and
metabolons. Where they have been studied,
signalling-associated post-translational
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modification have been located largely in
ancillaries, such as serine phosphorylation in the
case of y"LAT1-4F2hc/y"LAT2-4F2hc and tyro-
sine phosphorylation of 4F2hc (Rotmann et al.
2007; D’ Agostino et al. 2018).

The quaternary structure of 4F2hc-containing
complexes may change depending on the specific
combination of light and heavy subunits but the
evidence for several transporters is complicated
by the methodology used to conclude larger com-
plex stoichiometry. When investigated using Blue
Native gel electrophoresis, xXCT-4F2hc appears to
be a single heteromer in contrast to b0’+AT-rBAT,
where the evidence supports that rBAT drives
the formation of dimers of heterodimers
(Fernandez et al. 2006). This suggested that
oligomerisation of SLC3-SLC7 into higher
complexes may be specified by the heavy chains —
a conclusion further supported by inducing hetero-
oligomerisation following the swap of the
biological partner of xCT (4F2hc) for rBAT in a
XCT-rBAT chimera (Fernandez et al. 2006). The
evidence from LAT1 and LAT?2 for this hypothesis
is, however, more ambiguous. The multiple recent
LAT2-4F2hc (Rosell et al. 2014) or LAT1-4F2hc
(Yan et al. 2019; Lee et al. 2019) structures solved
as single heteromers suggest LAT-composed
complexes are defined by interaction with 4F2hc.
However, functional homodimerisation of LAT1
occurs when the transporter is purified without
4F2hc co-expression from E. coli (Napolitano
et al. 2017). Similarly, homodimers of the recom-
binant EC domain of 4F2hc have been identified
from protein purified in mammalian HeLa cells
(Fort et al. 2007). A simple structural explanation
for whether SLC7-SLC3 heteromers formation is
ancillary subunit specified was provided by the
recent cryo-EM structure of b®*AT-rBAT as a
dimer of heterodimers in contrast to the single
heteromer  structures of  4F2hc-dependent
complexes (Yan et al. 2019, 2020a; Lee et al.
2019; Wu et al. 2020). The dimerization of
b**AT-rBAT heteromdimers was mediated
wholly by interactions between the two rBAT EC
domains, particularly in and close to domain B,
which is absent from 4F2hc.

More recently, additional ancillaries of LATI
have been uncovered, which appear to re-direct
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the LATI1-4F2hc heteromer to lysosomes
(Milkereit et al. 2015; Weng et al. 2018). The
4TM domain lysosomal LAPTM4b and actin-
associated protein Girdin both re-direct LAT1-
4F2hc from plasma membrane to lysosomes in
order to mediate amino acid flux and to regulate
mTOR signalling (Fig. 6). The interaction
appears to occur between TM3 of LAPTM4b
and 4F2hc and is facilitated by the sphingolipid
ceramide (Zhou et al. 2018). It is unknown to
what extent these ancillaries represent obligatory
ancillary subunits as part of a larger SLC7-SLC3
metabolon complex or represent a conditional
complex for re-direction to lysosomes when leu-
cine is needed for mTORCI activation. It is note-
worthy, however, that LAPTM4a has also been
shown to interact with and control the endosomal
recycling of additional solute carriers such as the
organic cation transporter OCT2 (SLC22A2)
(Grabner et al. 2011). This processing and
sub-cellular distribution of transporters more gen-
erally seems to be controlled by larger multi-
protein complexes involving multiple 4 TM
domain proteins or ‘tetraspanins’, perhaps giving
insight into wider protein complex networks that
control SLC7-SLC3 expression and recycling
(Schulze et al. 2017; Snieder et al. 2019).

2.1.6 Pathophysiological Aspects

Heteromer formation of SLC3/SLC7 transporters
is illustrated by the rare human disorder cystinuria
(Table 4). Cystinuria (OMIM 220100) is a disease
characterised by renal excretion of cystine, the
poor solubility of which typically results in the
formation of renal calculi (kidney stones) causing
obstruction, infection and, in severe cases,
chronic kidney disease (1-2% of all cases)
(Chillaron et al. 2010; Rosenberg et al. 1966).
The disease is caused by 176 single-point
mutations, deletions, insertions, splice variants
and exon duplications, in tBAT (over 600 mutant
alleles) and 114 in b**AT (over 500 alleles) with
mutations in both subunits estimated to present in
nearly 85% of patients ((Nagamori et al. 2016;
Rius et al. 2016; Pineda et al. 2004; Font et al.
2001; Mizoguchi et al. 2001; Palacin et al. 1998b,
2000; Pfeiffer et al. 1999a; Rajan et al. 1999;
Chairoungdua et al. 1999; Feliubadalo et al.
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1999; Chillaron et al. 1997; Gaildrat et al. 2017;
Wong et al. 2015; Bisceglia et al. 2010;
Bartoccioni et al. 2008; Font-Llitjos et al. 2005;
Calonge et al. 1994; Harnevik et al. 2001, 2003;
Barbosa et al. 2012; Eggermann et al. 2007; Dello
Strologo et al. 2002; Gasparini et al. 1995;
Shigeta et al. 2006; Skopkova et al. 2005;
Botzenhart et al. 2002; Gitomer et al. 2000;
Miyamoto et al. 1995; Pras et al. 1995; Mahdavi
et al. 2018; Markazi et al. 2016) reviewed in
(Chillaron et al. 2010; Sahota et al. 2019; Palacin
et al. 2005)). These mutations lead to defective
transport of cystine and dibasic amino acids
across the apical membrane of epithelial cells of
the renal proximal tubule and the small intestine
(Feliubadalo et al. 1999; Calonge et al. 1994).
Cystinuria is classified into two types, type A
(mutations in both rBAT alleles), type B (muta-
tion in both alleles of b®*AT). A mixed type A/B
can occur, but does not cause cystinuria when
heterozygous in both genes, instead mixed type
cystinuria is typically caused by AAB alleles or
ABB alleles (Chillaron et al. 2010; Feliubadalo
et al. 1999). Another nomenclature based on ami-
noaciduria in heterozygotes is still in use
designated as type I or non-type I (Dello Strologo
et al. 2002). The majority of type I individuals
have homozygous mutations in the SLC3A1 gene
encoding rBAT (<20% caused by SLC7A9
mutations) and heterozygotes display normal uri-
nary excretion of amino acids. In non-type I cys-
tinuria most mutations lie in the SLC7A9 gene
(<5% in SLC3A1), heterozygotes in this cohort
display hyper-excretion of cystine and dibasic
amino acids, and, occasionally, kidney stones. A
mysterious lack of mutations in either rBAT or
b%*AT of some cystinuria sufferers is not due to
mutations in the other renal cysteine transporter
light chain AGT1 and remains of unknown
molecular cause (Olschok et al. 2018).

Loss of function mutations in y*LATI
(SLC7A7) result in the rare, recessive disorder
Lysinuric Protein Intolerance (LPI, OMIM
222700) (Torrents et al. 1999; Bassi et al. 1999;
Borsani et al. 1999), which was first diagnosed in
1965 (Torrents et al. 1999; Perheentupa and
Visakorpi 1965). In y*"LAT1 59 mutations from
over 120 independent families (181 individuals)
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have been identified as causing LPI (Palacin et al.
2004; Mykkanen et al. 2000; Torrents et al. 1998,
1999; Sperandeo et al. 2008; Zhang and Cao
2017; Noguchi et al. 2016; Carpentieri et al.
2015; Ko et al. 2012; Font-Llitjos et al. 2009;
Shoji et al. 2002; Borsani et al. 1999). No
mutations associated with LPI are found in
4F2hc (SLC3A2), the heavy subunit associated
with y'LATI1. This can be explained by the
embryonic lethal phenotype of 4F2hc ko mice
and is probably due to the ancillary being the
obligatory partner for numerous SLC7
translocators (Tsumura et al. 2003). Numerous
other disorders are caused by mutations in the
SLC7 subunits of the SLC7-SLC3 heteromers
but these do not appear to disrupt complex forma-
tion (Table 4).

2.2  SLC16 Monocarboxylate/H"
Heteromeric Carriers
with Basigin and Embigin

2.2.1 General Properties and Structural

Aspects
The monocarboxylate transporter (MCT) family
comprises 14 members in humans and has been
identified in all eukaryotic species sequenced
(Halestrap 2013b; Price et al. 1998). All members
are part of the large Major Facilitator Superfamily
(MFS) and have 12 TM a-helical domains. Based
on solved MFS structures, MCTs undergo a
“rocking switch” type translocation cycle
suggested by the MFS fold and repeated twofold
pseudo-symmetry (Quistgaard et al. 2016;
Manoharan et al. 2006; Bai et al. 2018; Drew and
Boudker 2016; Bosshart and Fotiadis 2019; Yan
2015). Eight human members have physiological
substrate specificities and/or mechanisms reported:
MCT1 (SLC16A1) (Garcia et al. 1994; Carpenter
and Halestrap 1994; Broer et al. 1998; Poole and
Halestrap 1992, 1994), MCT2 (SLC16A7) (Garcia
et al. 1995; Broer et al. 1999), MCT3 (SLC16AS8)
(Grollman et al. 2000; Yoon et al. 1997; Price et al.
1998), MCT4 (SLC16A3) (Manning Fox et al.
2000; Dimmer et al. 2000; Price et al. 1998),
MCT8 (SLC16A2) (Friesema et al. 2003;
Lafreniere et al. 1994), MCTI0/TATI1
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(SLC16A10) (Friesema et al. 2003; Friesema et al.
2006), MCT11 (SLC16A11) (Rusuetal. 2017) and
MCTI12 (SLC16A12) (Abplanalp et al. 2013).
MCTs 1-4 are all proton-dependent
monocarboxylate symporters with a H': substrate
stoichiometry of 1:1 (see reviews (Halestrap
2013a, b; Halestrap and Wilson 2012; Halestrap
2012; Adijanto and Philp 2012) and Table 1).
MCTI11 has been reported as a pyruvate-H*
cotransporter based on a single indirect assay
(Rusu et al. 2017). The remaining transporters are
uniporters or remain ill-characterised: MCT12 is a
kidney basolateral membrane and retinal creatine
uniporter (Abplanalp et al. 2013); MCT8 is a high
affinity thyroid hormone uniporter (Visser et al.
2011; Schwartz and Stevenson 2007); and TAT1
(MCT10) is akidney and small intestine basolateral
uniporter for aromatic amino acids (Kim et al.
2002b). MCT6 has been shown to transport the
organic anions nateglinide, probenecid, and
bumentanide in a pH- and membrane potential-
dependent manner that has led to the speculation
it being a generic intestinal xenobiotic transporter
(Murakami et al. 2005; Kohyama et al. 2013; Jones
et al. 2017). In addition, zebrafish MCT7
(SLC16A6) has been implicated as a ketone body
transporter (Hugo et al. 2012), and MCT9
(SLC16A9) as a carnitine transporter based on
serum level changes in a single nucleotide
polymorphism (SNP) of the encoding gene
(Suhre et al. 2011). Some researchers have chosen
to divide MCT transporters into two subfamilies
(e.g. (Rusu et al. 2017)), namely H*-symporters
and uniporters. However, this classification is
based on transport mode and is not entirely consis-
tent with phylogenetic analysis of the MCT family
(Rusu et al. 2017; Halestrap 2013b; Liu et al.
2008). For example, MCT11 is phylogenetically
of equal distance to both MCT10/MCT8 and
MCTs1-4, while MCT6 is closer to the MCT1-4
grouping — yet in both cases the transporters have
been suggested to be H*-dependent.
Monocarboxylate transporters 1-4, 11 and
12 require either basigin (BSG, CD147,
EMMPRIN) or embigin (EMB) as ancillary
proteins for correct plasma membrane expression
((Halestrap 2013a; Rusu et al. 2017; Abplanalp
et al. 2013; Castorino et al. 2011b; Kirk et al.
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2000; Wilson et al. 2005; Poole and Halestrap
1997; Wilson et al. 2013), Fig. 6). Both embigin
and basigin are members of the Immunoglobulin
(Ig)-like or BSG family within the overall Immu-
noglobulin superfamily (Muramatsu 2016; Iacono
et al. 2007). A third member of the same family
neuroplastin has been identified in vitro as an
ancillary for MCT2 (Wilson et al. 2013).
Embigin, basigin and neuroplastin are all type I
single pass membrane proteins containing a
short intracellular C-terminal, a single TM
o-helix, and larger extracellular glycosylated
N-terminal domain with 2 or 3 immunoglobulin
folds depending on the proteins and their splice
variants (Muramatsu 2016; Halestrap 2013b,
2012; Tacono et al. 2007) (Fig. 1). Genomic anal-
ysis shows they are closely related genes of the
same immunoglobulin superfamily branch
(Tachikui et al. 1999; Ozawa et al. 1988). The
short isoform of basigin, known as basigin-2
(UniProt P35613-2), is ubiquitously expressed
and contains two immunoglobulin-like domains
Igl and Ig2. The long isoform basigin-1 (P35613-
1) is retina-specific and contains an additional Ig0
domain at the N-terminal more distal from the
membrane (Ochrietor and Linser 2004; Ochrietor
et al. 2003; Redzic et al. 2011). Basigin was
discovered through several, functionally indepen-
dent, research streams and, as a result, has been
known by numerous names, including gp42,
EMMPRIN, 0OX-47, HT7, neurothelin, M6,
HADI8G, and, as a leukocyte differentiating
antigen, by its cluster of differentiation
(CD) identifier, CD147. The human BSG gene
encodes the basigin protein on chromosome
19 p13.3 using 10 exons. Embigin also has two
expressed isoforms; isoform 1 (UniProt Q6PCBS8-
1) with 327 residues is longer than isoform 2 with
277 residues (Q6PCBS8-2). Both isoforms are
predicted to contain two Ig domains, and unlike
basigin, the longer isoform 1 does not contain an
additional Ig domain. Isoform 1 of embigin was
first identified from mouse teratocarcinoma and
early embryonic cell lines (Huang et al. 1993;
Ozawa et al. 1988; Tachikui et al. 1999). Genomic
analysis showed that the embigin ORF contains
9 exons located on chromosome 5 in humans and
chromosome 13 in mouse (Tachikui et al. 1999).
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Neuroplastin (NPTN, SDRI1) exists as two
major isoforms analogous to the basigin isoforms:
alonger 3-Ig domain isoform 2 (Q9Y639-2) and a
shorter 2-Ig domain isoform 1 (Q9Y639-1),
missing the N-terminal Ig domain (Langnaese
et al. 1997; Hill et al. 1988). Both neuroplastin
isoforms facilitate increased MCT2 surface
expression (Wilson et al. 2013). Several reviews
covering the discovery, functions, genetics, and
pathologies of basigin (Muramatsu 2016; Iacono
et al. 2007; Muramatsu 2012; Grass et al. 2014;
Muramatsu and Miyauchi 2003) and neuroplastin
(Beesley et al. 2014a; Owczarek and Berezin
2012) are available. Embigin has not been cov-
ered in depth by any recent reviews, although
older reviews covering the BSG family are avail-
able (Tacono et al. 2007).

2.2.2 Tissue-Specific Expression

Tissue expression of MCT]1 is ubiquitous and for
MCTs 2 and 4 is widespread. For MCT3 expres-
sion is restricted mainly to the retinal pigment
epithelium (RPE) and a few other tissues (Philp
et al. 2003b). The reader is referred to Fig. 5 and a
review comprehensively summarising human
MCT protein expression (Fisel et al. 2018). Sev-
eral hormones have been shown to increase sur-
face expression of MCT1 and MCT4 in rats.
Testosterone induces plasma membrane expres-
sion and lactate transport of MCT1 and MCT4 in
rat skeletal muscle in vivo, while Triiodothyro-
nine (T3) increased only MCT4 surface expres-
sion and transport rate (Enoki et al. 2006; Wang
et al. 2003b). Testosterone also increased rat heart
MCT1 and MCT4 transport activity despite the
absence of any concurrent increase of plasma
membrane expression (Enoki et al. 2006). This
increased activity without change of protein
expression points to either allosteric modulation
by testosterone directly or, possibly, testosterone-
dependent modulation via ancillary proteins.
Interestingly, MCT11 expression is very high in
numerous endocrinal glands (Fig. 5).

Basigin expression is ubiquitous, befitting its
wide-ranging functions in reproduction, develop-
ment, the survival of retinal photoreceptors
(long isoform), hippocampal/amygdala function,
synaptic  vesicle release, activation of
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T-lymphocytes, and enhancing the proliferation
and invasion properties of many cancer types
((Riethdorf et al. 2006; Le Floch et al. 2011;
Jiang et al. 2001; Marieb et al. 2004; Su et al.
2009) reviewed in (Muramatsu 2016; Iacono et al.
2007; Hanahan and Weinberg 2011; Weidle et al.
2010)). Many of these functional roles overlap
with the heavy reliance on MCTs (especially
MCT4), particularly in the release of lactate
from rapidly proliferating and glycolytic cells
(Baba et al. 2008; Le Floch et al. 2011). Embigin
expression is more restricted, being limited to
embryonic cells, prostate and mammary glands,
and various carcinomas (Fan et al. 1998; Guenette
et al. 1997; Huang et al. 1990, 1993).
Neuroplastin, is widely expressed at synapses
and is involved in cell-cell adhesion, neurite
growth (Owczarek et al. 2011) and long-term
synaptic plasticity (Smalla et al. 2000) in the
nervous system (reviewed in (Beesley et al.
2014b; Owczarek and Berezin 2012)). Thus
MCT?2 is likely to have different partners in dif-
ferent tissues. The expression of the longer
neuroplastin isoform 2 protein is restricted to the
brain cortex and cerebellum, whereas isoform
1 displays ubiquitous expression, although rodent
and human brains show significant differences in
tissue distribution of the two isoforms (Bernstein
et al. 2007; Kreutz et al. 2001; Marzban et al.
2003; Owczarek and Berezin 2012; Beesley et al.
2014a).

2.2.3 Trafficking, Protein Folding
and Quality Control

Embigin and basigin are essential for correct traf-
ficking to the plasma membrane but less likely for
protein stability as MCTs are expressed intracel-
lularly without ancillary association (Wilson et al.
2005; Kirk et al. 2000; Philp et al. 2003a; Poole
and Halestrap 1997). Both ancillaries have been
shown to control trafficking from the Golgi and
ER ((Wilson et al. 2005; Kirk et al. 2000), Fig. 6).
Concomitant expression or interaction of MCTs
1, 3, and/or 4 with basigin has been confirmed
in spermatozoa (Mannowetz et al. 2012),
erythrocytes (Poole and Halestrap 1997), heart
(Kirk et al. 2000), retina (Philp et al. 2003a;
Hori et al. 2000), pancreas (acinar cells) (Zhao
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et al. 2001), the brain (Medin et al. 2019; Ideno
et al. 2018) and numerous carcinomas (Le Floch
et al. 2011; Slomiany et al. 2009; Pinheiro et al.
2008, 2009a, b; Schneiderhan et al. 2009;
Bovenzi et al. 2015; Gallagher et al. 2007).
Embigin interaction with MCT2 has been
established in rat erythrocytes (Wilson et al.
2005), murine spermatozoa (Mannowetz et al.
2012), various mammalian transfected cell lines,
and in X. laevis oocytes (Ovens et al. 2010b).
There is no indication, unlike SLC7-SLC3
heteromers, that MCT ancillaries regulate
localisation in polarised epithelial cells. Rather,
localisation to apical and basolateral membranes
is controlled by sorting signals on the transloca-
tion subunits as, for example, on MCT3 and 4 in
RPE cells (Castorino et al. 2011a). Similarly,
MCT1 and MCT3 both require basigin for plasma
membrane expression in RPE cells but are
localised to opposite membranes (Philp et al.
1998, 2003a; Iwanaga and Kishimoto 2015;
Bergersen et al. 1999; Chidlow et al. 2005; Gerhart
et al. 1999). A combination of exogenous expres-
sion, co-immunoprecipitation, FRET, and mouse
basigin knockout experiments confirmed that
basigin is the physiological partner of MCTI,
3, and 4, and is required for full translocator stabil-
ity at the plasma membrane; MCT2 shows speci-
ficity for embigin (Ovens et al. 2010b; Wilson
et al. 2002, 2005; Kirk et al. 2000; Philp et al.
2003a; Poole and Halestrap 1997) or neuroplastin
(Wilson et al. 2013). Ancillaries are, however,
somewhat promiscuous in their interactions.
For example, both MCT1 and 2 interact with
basigin in mouse spermatozoa (Mannowetz et al.
2012). Furthermore, embigin will interact with
MCT1 when basigin is absent in rat erythrocytes,
despite its preference for MCT2 in other species
(Poole and Halestrap 1997; Ovens et al. 2010b;
Wilson et al. 2005). MCT11 and 12 interactions
with basigin have been demonstrated in vitro
(Rusu et al. 2017; Castorino et al. 2011b). In
HEK?293 cells, MCTI12 co-immunoprecipitated
with basigin and siRNA of basigin also reduced
MCTI12 surface expression (Castorino et al.
2011b). The ancillary also partially rescues
age-related cataract-associated mutations in
MCT12 by enhancing membrane expression
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(Staubli et al. 2017). Basigin provides an alterna-
tive mechanism to enhanced plasma membrane
expression of MCTI1 by preventing its
ubiquitin-guided degradation (Rusu et al. 2017).
Interestingly, research on neuroplastin suggests the
use of X oocytes for studying
MCT-ancillary interactions may be masking
other possible interactions. The authors
demonstrated that an endogenous oocyte
neuroplastin was mediating MCT membrane
expression in absence of heterologous neuroplastin
expression (Wilson et al. 2013).

The TM and intracellular N-terminal domains
of basigin mediate trafficking of MCT1 and 4 to
the membrane ((Kirk et al. 2000), Table 3).
Replacement of the basigin immunoglobulin
domains with those of the Ig surface receptor
CD2 in a basigin-CD2 chimera, demonstrated
that IgG domains were not required for traffick-
ing. Association of ancillary TM domains has
been mapped to a putative binding site adjacent
to the C-terminus and TMs 3/6 of MCTs
(Manoharan et al. 2006; Wilson et al. 2005,
2009). Charge-swap mutagenesis suggested that
E216 in the TM domain of the short human
basigin isoform forms an electrostatic bond with
R86 in TM3 of MCT1 (Manoharan et al. 2006).
Lipid-facing charged residues such as R86 in TM
domains are rare and normally thermodynami-
cally unstable. They are often utilised to promote
TM-TM interactions or oligomerisation in mem-
brane proteins (Weiner et al. 1989). The basigin
TM domain glutamate (E216) is conserved in all
three BSG ancillaries (Fossum et al. 1991), rais-
ing the possibility that it forms part of a conserved
SLC16 heteromer binding site. Modelling of the
MCT1-basigin complex shows TM domains
3 and 6 of MCT1 lie adjacent to each other and
interact with the TM domain of basigin
(Bergersen et al. 1999; Halestrap 2012). Although
TM 3 and 6 in MCTs appear to represent a
conserved binding site in MCT1, 3, and 4, there
is some evidence of both ancillary-
and transporter-specific binding regions. For
example, removal of the MCT2 intracellular
C-terminal ablated trafficking to the plasma mem-
brane by basigin but not by embigin (Ovens et al.
2010b), while MCT1 interactions with both

laevis
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basigin and embigin are independent of its
C-terminal (Ovens et al. 2010b). It is also proba-
ble that the ancillary binding site in MCT1 is
larger and involves many interactions as
demonstrated by the mapping of trafficking
mutant G153V to a MCT family signature
sequence in TM5 (Galic et al. 2003). The more
recently discovered MCT11-basigin interaction
also suggests that heteromer formation may
occur more broadly in the SLC16 family (Rusu
et al. 2017).

There is speculation that the MCT translocator
subunits are not post-translationally glycosylated,
thereby providing a hypothesis for the role of
their ancillaries in protein stabilisation and ER
quality control (Fisel et al. 2018). However, this
is based on limited analysis of N-glycosylation in
mouse and Chinese hamster MCTI1, chicken
MCT3 and sequence prediction conducted on
human MCT 3, 4, 5, 6 (Price et al. 1998; Yoon
et al. 1997; Carpenter et al. 1996). Early isolation
of MCT isoforms noted both inter- and intra-
species differences in apparent molecular weights
not consistent with expected divergence based on
native protein sequences — a common feature of
differential glycosylation (e.g. see (Poole and
Halestrap 1992)). One explanation is that translo-
cation subunits undergo alternative, non-N-
linked, glycosylation. The ancillary proteins, by
contrast, are heavily glycosylated proteins. Exten-
sive N-glycosylation of embigin is likely the
cause of the difference between the predicted
molecular weight of 36 kDa and the observed
molecular weight of ~70 kDa (Halestrap 2013b).
Basigin is less heavily glycosylated, with
3 predicted N-linked glycosylation sites in the
ubiquitously-expressed shorter isoform and 4 in
the longer retina-specific isoform (Muramatsu
2016) (Fig. 1). The heavy glycosylation of
ancillaries and its contrasting absence in
translocator subunits implies that glycosylation
from ancillaries maybe the critical component in
heteromer formation and quality control (Fisel
et al. 2018). In breast cancer cell lines decreased
basigin glycosylation is accompanied by a
decrease in MCT1 surface expression (Azevedo-
Silva et al. 2015). Furthermore, glycosylated
basigin itself is unable to reach the plasma
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membrane in the absence of MCT4 — implying
mutual dependency for plasma membrane expres-
sion of both proteins (Gallagher et al. 2007).
However, caution is required as glycosylation of
MCTs cannot be ruled out (see above) and, to the
authors’ knowledge, no systematic assessment of
glycosylation of both proteins and its effects on
heteromer stability and trafficking has been
conducted.  Basigin may also present
non-canonical  glycosylation  patterns  as
speculated from immunoblots comparing changes
in its molecular weight between cancerous and
non-cancerous cell lines (Kendrick et al. 2017;
Riethdorf et al. 2006). The recent solving of the
first MCT family member structures, from the
bacterium Syntrophobacter fumaroxidans did lit-
tle to further understanding of the heteromer as
this transporter was not crystallised with an ancil-
lary and does not seem to require one (Bosshart
et al. 2019).

2.2.4 Integration into Larger Complexes
Basigin (CD147) has also been associated with
other solute carriers. It stimulates the activity of
the hexose uniporter GLUT1 (SLC2A1) in retinal
photoreceptors (Ait-Ali et al. 2015), and also
co-immunoprecipitates with GLUT1 in mela-
noma A375 cells (Su et al. 2016). However,
GLUT! stimulation is probably mediated in
photoreceptors through basigin receptor substrate
RACVF, rather than direct interaction with
GLUT1 (Ait-Ali et al. 2015). Moreover, basigin
has been identified in larger complexes compris-
ing amino acid transporters 4F2hc/LAT1 and
ASCT2 (SLC1A5), the Na*/K*-ATPase, and
regulators of cell adhesion such as EpCAM and
Integrin 1 (Xu and Hemler 2005). Silencing of
basigin in the context of this larger membrane
‘metabolon’ was shown to reduce surface expres-
sion of 4F2hc and cell proliferation (Xu and
Hemler 2005). The reduction in cell proliferation
might be due to the abrogation of glycolysis due
to MCT functional ablation or to the concomitant
decreased expression of 4F2hc that compromises
mTOR activation and GLUTI expression,
resulting in nucleotide shortage and cell cycle
block (Cano-Crespo et al. 2019). Whatever their
exact role, there is growing evidence suggesting
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multiple nutrient transporters form
integrated metabolic activation complexes.
Monocarboxylate transporters 1, 2 and 4 form
specific complexes with carbonic anhydrases II,
IV, IX (CAIVIV/IX) and catalytically inactive
CA-related proteins (Becker et al. 2014; Ames
et al. 2020; Pinheiro et al. 2011; Jamali et al.
2015; Aspatwar et al. 2019; Becker and Deitmer
2008; Becker et al. 2005; Klier et al. 2011). For
CAIX at least, this interaction is mediated via the
Igl domain of basigin for MCT1 and 4 (Jamali
et al. 2015; Ames et al. 2020). These complexes
have been termed ‘metabolons’ due to their role
in cellular pH regulation involving multiple
transporters mediating acid/base fluxes, includ-
ing, in addition to MCTs, the chloride/bicarbon-
ate  exchanger (AE), sodium-bicarbonate
cotransporter (NBC) and sodium/hydrogen
exchanger (NHE) (reviewed in (Becker et al.
2014; Becker and Deitmer 2020; Becker 2020)).
However, in contrast to these other transporters,
functional interactions of CAs with MCTs are
independent of CA catalytic activity (Aspatwar
et al. 2019; Noor et al. 2018; Becker et al. 2010,
2011; Klier et al. 2014). For example, the intra-
molecular proton shuttle of CAIV facilitates pro-
ton monocarboxylate cotransport via MCT?2
without requiring carbonic anhydrase activity
(Klier et al. 2011, 2014). Furthermore, the
interactions seem to be isoform specific, with
MCT1 and 4 interacting with intracellular CAII
and CAIX at the transporter C-termini, while
MCT2 interacts with CAIl (Klier et al. 2011;
Noor et al. 2015). These complex formations are
mediated by a conserved histidine residue, H88
residue in CAIV, H64 in CAIl, and H200 in
CAIX, which is also the central residue of the
enzyme’s intramolecular proton shuttle (Noor
et al. 2015; Jamali et al. 2015). The binding site
of this histidine appears to determine the isoform
specificity of complex formation, with acidic
clusters in the C-termini of MCTs 1, 4 being
responsible for CAIl and CAIX interaction but
not MCT2-CAIV interaction (Noor et al. 2015;
Stridh et al. 2012). The augmentation of MCT
activity is also dependent on the expression of
the correct trimeric MCT-ancillary-CA combina-
tion, with MCT2 requiring embigin to see
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augmented CAIV-mediated transport (Klier
et al. 2011). In particular, the formation of
MCT1/4-CAIX-basigin metabolons in breast can-
cer has gained recent attention, where their role in
facilitating the MCT-mediated efflux of lactate
and protons results in a reliance on anaerobic
respiration that seems particularly essential to
cell survival (Ames et al. 2020; Becker 2020;
Mboge et al. 2019; Jamali et al. 2015; Pinheiro
etal. 2011). The targeting of the CAIX interaction
with the Igl domain of basigin by an antibody
slowing cancer cell respiration and cancer pro-
gression is also noteworthy (Ames et al. 2020).

2.2.,5 Catalytic Modulation

Ancillaries seem to be essential for transport
activity, as MCT1, 2, and 4 are non-functional
unless associated with their respective ancillaries
(Wilson et al. 2005). The more recent discoveries
that MCT11 (Rusu et al. 2017) and MCT12
(Castorino et al. 2011b) require basigin as an
essential subunit suggested the possibility that
the remaining orphan SLC16 transporters may
also require ancillary proteins for functional
expression.

Although the choice of heteromer partner does
not modulate the substrate kinetic properties of
MCTs per se, they do seem to influence the sensi-
tivity of MCTs to certain chemical inhibitors. For
example, inhibition by p-chloromercuribenzene
sulphonate (pCMBS) is specific to MCT1 and
MCT4 (Manning Fox et al. 2000; Garcia et al.
1994; Carpenter and Halestrap 1994) while
MCT?2 is refractory (Broer et al. 1999; Garcia
et al. 1995). Furthermore, inhibition only occurs
when MCT]1 is co-expressed with basigin and not
in rat erythrocytes, where MCT1 interacts with
embigin (Wilson et al. 2005). These results
suggested that the inhibitors target was the
ancillary-translocator interactions and disrupting
this interaction was modulating transport kinetics.
Indeed this was confirmed when the basigin Igl
domain was identified as the likely target for
pCMBS action. Mutations in TM 3 and 6 domains
of MCT4, which are involved in complex forma-
tion with basigin, also increased this transporters
sensitivity to pCMBS inhibition (Wilson et al.
2005). Similarly, the sensitivity of MCT2 to the
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inhibitor AR-C155858 is greatly reduced when the
transporter is co-expressed with embigin but not
with basigin (Ovens et al. 2010b). Given that the
in vivo ancillary partner of MCT?2 is embigin rather
than basigin, this result suggests that embigin also
regulates the kinetic properties of the transporter.
By contrast, the sensitivity of MCT1 to
AR-C155858 inhibition is similar whether it is
associated with its preferred ancillary basigin, or
with embigin. Interaction with transmembrane
domains (TMs) 3 and 6 of MCT2, which are
known to be the point of interaction between
the MCTs and their ancillaries, are shown
to be important for AR-C155858 sensitivity
(Manoharan et al. 2006; Ovens et al. 2010b).
This points towards an interesting heteromer spe-
cific inhibitor interaction. This is in contrast to data
showing the binding site for AR-C155858 is
contained within the C-terminal half of MCT]I,
and involves TM (transmembrane) domains
7-10, which are involved in the more central sub-
strate binding cavity of the transporter (Ovens
et al. 2010a). It is to be noted that where mecha-
nistic insight is available, none of the inhibitors
mentioned above seem to inhibit solute carrier
activity by means of disrupting direct binding
with its ancillary, despite the fact that inhibition
is ancillary-dependent. Therefore, the interaction
between MCT2 and its inhibitor AR-C155858
must involve allosteric regulation if activity by
binding to either subunit but only when the com-
plex itself has formed (Manoharan et al. 2006;
Ovens et al. 2010b).

As noted above CAIl and CAIV facilitate
removal of protons from MCTs by a shuttle sys-
tem comprised of several acidic residues. This
facilitates proton cotransport and augments the
transport activity, via catalytic modulation
(Becker et al. 2005, 2010; Beck and Deitmer
2008, 2020; Jamali et al. 2015; Klier et al. 2011,
2014).

2.2.6 Pathophysiological Aspects

Induction of lactate transport to combat hypoxia
and instigation of metastasis/migration appear to
be independent functions of MCT1- and MCT4-
basigin  heteromers.  Simulating  glucose-
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starvation conditions, De Saedeleer et al. (2014)
found tumour cell migration was directly depen-
dent on MCTI1, while Payen et al. and others
(Payen et al. 2017; Gray et al. 2016) found
MCT1 expression promotes invasiveness/metas-
tasis independent of lactate transport. These
results can be explained if the two subunits
are mutually dependent on each other for
upregulation in cancer cells, which, indeed, they
are (Walters et al. 2013). Basigin also activates
extracellular metalloproteinases that play a key
role in tumour cell proliferation, migration and
invasiveness, apparently independently of MCT
subunits (Su et al. 2009; Muramatsu and
Miyauchi 2003).

Basigin interactions were disrupted and sur-
face expression of MCTI11 decreased in a
4-residue type II diabetes-associated mutant hap-
lotype of MCT11 (Rusu et al. 2017). The residues
mutated in the diabetes-associated haplotype, are
located in distant locations on the transporter at
TM3 (V113/D127), TM10 (G340) and the cyto-
plasmic C-terminus (P443) — thereby giving little
indication as to the possible site of basigin bind-
ing (Rusu et al. 2017; Williams et al. 2014).
Likewise, cataract-associated mutations in
MCT12, which could be rescued by basigin
co-expression, provide little insight into the
potential presence of a conserved SLCI16
heteromer binding site (Staubli et al. 2017). The
trafficking mutant, G205V, for example, is
located in EL4 of MCT12 (adjacent to TM6) but
rather than disrupting heteromer formation this
mutant is partially rescued by basigin. The stoi-
chiometry of the SLC16 heteromeric complexes
remains ill investigated but an association of a
single basigin with a MCT1 homodimer has
been proposed (Wilson et al. 2002). Mutations
in MCTS cause Allan-Herndon-Dudley syndrome
and related clinically diverse mental retardation
(reviewed in (Groeneweg et al. 2017; Visser
2013; Bernal et al. 2015; Ramos 2014; Fu and
Dumitrescu 2014; van der Deure et al. 2010;
Friesema et al. 2010; Schwartz and Stevenson
2007)). In contrast to MCT1-4, expression of
MCTS8 is independent of embigin, basigin or
neuroplastin (Visser et al. 2009). As a result, the
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associated mutations cannot lead to insights into
heteromer formation, unless an unknown protein
is involved.

23 Anion Exchanger 1 (AE1,
SLC4A1) and Glycophorin A
2.3.1 General Properties

Among the first heteromeric carriers to be discov-
ered was the complex formed by Anion
Exchanger 1 (AEl or band 3 anion transport
protein, SLC4A1) with its ancillary glycophorin
A. These two proteins are the most abundant red
blood cell (RBC) integral proteins, with AE1
abundance calculated at ~10° molecules/cell,
equivalent to ~25% of total RBC protein
(Fairbanks et al. 1971). Glycophorin A has
been calculated at 0.5-1 x 10° molecules/cell
(Blanchard 1990), corresponding to 1.6% of
total human RBC protein (Furthmayr 1978).
AE] is the founding member of the SLC4 family
of bicarbonate transporters (reviewed in (Cordat
and Reithmeier 2014; Reithmeier et al. 2016)).
The SLC4A1 gene was mapped to chromosome
17q21-22 and consists of 20 exons (Showe et al.
1987; Schofield et al. 1994; Sahr et al. 1994).
Although initially characterised in erythrocytes,
AEl also plays a major role at the basolateral
membrane of acid-secreting o-intercalcated cells
of the kidney epithelium. Its physiology is closely
linked with carbonic anhydrase and haemoglobin,
and the subsequent tight regulation of blood/urine
CO, and pH via its electro-neutral 1:1 exchange
of the base equivalent HCO;™ (produced from
CO,) with chloride (Table 1). The secretion of
HCOj;™ into the blood serum in exchange for
chloride is among the fastest recorded turnover
rates (k) for a carrier at between 4 x 10* and
5% 10*s7! (Brahm 1977; Passow 1986). Such a
fast exchange is required in order to maintain and
co-ordinate bicarbonate efflux with the equally
rapid conversion of CO, and H,O into protons
and HCO;™ by carbonic anhydrase. Extensive
reviews on the biology, physiology, and struc-
tural aspects of AEl can be found elsewhere
(Aoki 2017; Cordat and Reithmeier 2014;
Machnicka et al. 2014; Parker and Boron 2013;

S. J. Fairweather et al.

Romero et al. 2013; Batlle and Haque 2012;
Thornell and Bevensee 2015; Skelton et al.
2010; Reithmeier et al. 2016).

Erythrocytes and renal epithelial cells express
two different isoforms of AEL: the erythrocyte
specific isoform 1 (UniProt P02730-1, eAE1) is
longer at 911 residues; the kidney isoform
(P02730-2, KkAEIl) is missing the first
65 N-terminal residues (Brosius 3rd et al. 1989;
Kollert-Jons et al. 1993). The human erythrocyte
carrier contains a long N-terminal intracellular
domain (residues 88-329) and the 14 TM bicar-
bonate transporter domain (residues 372-839),
with a short intracellular linking region between
the two and a short C-terminus (Kopito and
Lodish 1985a, b; Arakawa et al. 2015; Drickamer
1978; Yannoukakos et al. 1989). Similar to the
structural design of other transporters, crystallised
AELl consists of two repeating halves (TM 1-7
and 8-14), inverted to form a pseudo-twofold
axis of symmetry in the plane of the membrane
(Arakawa et al. 2015) (Sect. 2.1.2, Fig. 2a). The
repeated TM domains 3 and 10 form loops
containing disordered regions in the membrane.
A single N-linked glycosylation site is located at
Asn642, in the middle of a large, structurally
unresolved, extracellular loop between TM
domains 7 and 8 (Drickamer 1978; Reithmeier
et al. 2016). The 65 missing N-terminal residues
of KAE1 are thought to be disordered between
residues 1-54, while also containing the first
11 residues of the intracellular globular domain
(B; strand) which follows (Zhang et al. 2000). The
long N-terminal of AE1 contains six phosphory-
lation sites (Y8, Y21, Y46, S185, S350, S359)
and a C-terminal one at Y904 (Brunati et al. 2000;
Yannoukakos et al. 1991). Other experimentally
verified PTMs include a  C-terminal
palmitoylation site (C853) and acetylation at M1
(Okubo et al. 1991; Yannoukakos et al. 1989;
Drickamer 1978) (Fig. 1).

A total of 5 glycophorins (A-E) are known,
ordered according to their abundance in red cell
membranes. Glycophorin A and B, together with
glycophorin E, form a cluster at chromosome
4q31.21 in humans and share over 95% sequence
homology (Onda and Fukuda 1995). They are
thought to have arisen from gene duplication of
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glycophorin A in combination with a downstream
pseudogene (Cartron and Rahuel 1992, 1995;
Onda et al. 1993; Blumenfeld and Huang 1997).
Glycophorin A also forms the rare Wr(a+b—)
(Wright group a positive b negative) antigens
with AE1 (Huang et al. 1996; Holman 1953), a
link vital to the discovery of a heteromeric com-
plex between the two proteins (see below).

Human glycophorin A is a type 1 single-pass
membrane protein that is heavily sialogly-
cosylated on its extracellular domain by a single
N-linked and 16 O-linked oligosaccharide chains
(Fig. 1) (Tomita and Marchesi 1975; Pisano et al.
1993). The canonical isoform of the protein
(UniProt ID P02724) contains 150 residues,
divided into this heavily glycosylated extracellu-
lar domain (residues 1-91), the TM domain
(92-114), and a short C-terminal domain
(115-150) (Tomita et al. 1978; Furthmayr et al.
1978; MacKenzie et al. 1997). The 150 residues
of pro-glycophorin A are reduced to 131 with
removal of an N-terminal signal sequence that is
cleaved during co-translational insertion into ER
membranes (Tomita and Marchesi 1975; Jokinen
et al. 1981; Jokinen et al. 1979). Glycophorin A
can form homodimers, or even trimers, in vivo
(Bruce et al. 2004). The structure of the TM
domain and small adjacent regions of glycophorin
A has been solved by NMR and x-ray crystallog-
raphy (MacKenzie et al. 1997; Mineev et al.
2011; Trenker et al. 2015), which confirmed that
homodimer formation is mediated by TM-TM
interactions (Treutlein et al. 1992; Marchesi
et al. 1976; Ji 1974; Trenker et al. 2015). A
large scale analysis of the human liver
phosphoproteome has identified 3 phosphoryla-
tion sites in the intracellular, C-terminal of
glycophorin A at T133, S138, and S148 (Bian
et al. 2014). The high sialic acid content of extra-
cellular oligosaccharides contributes to the
glycocalyx of erythrocyte membranes and its neg-
ative surface charge, thereby preventing erythro-
cyte aggregation (Rogers et al. 1992).

2.3.2 Tissue-Specific Expression

AE]1 forms a stable complex with glycophorin A
in RBCs, while kAE1 does not due to the lack of
glycophorin A expression in a-intercalated cells
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of the distal tubules (Wu et al. 2010) reviewed in
(Thornell and Bevensee 2015)). Together, protein
variants of glycophorin A and B form the MNS
blood group antigen system for RBCs, which is
responsible for 46 identified specific antigens
(Reid 2009; Palacajornsuk 2006; Anstee 2011;
Poole 2000; Finning and Daniels 2014; Storry
et al. 2014). The different antigens arise from
single-nucleotide substitutions or allelic variation
in the extracellular domain of the 2 glycophorin
genes, often at the sites of O-linked sialoglyco-
sylation. The evidence for the formation of a
stable heteromeric complex between AEIl and
glycophorin A was revealed through the molecu-
lar origin of two MNS members, the Wr* and wr®
blood group antigens (detailed in (Poole 2000)
pp. 33-34, (Huang et al. 1996)). The Wr® antigen
was initially assigned to glycophorin A based on
subjects displaying the En(a—) MSN system anti-
gen, which lacked glycophorin A, and also being
negative for WrP (Adams et al. 1971; Issitt et al.
1975; Tokunaga et al. 1979; Miller et al. 1977).
However, sequencing of the ancillary in a Wr®-
containing individual revealed no difference with
normal glycophorin A serotypes (Dahr et al.
1986). Furthermore, familial inheritance studies
also showed the gene containing Wr" did not
co-segregate with other glycophorin A serotypes
(Dahr et al. 1986; Pavone et al. 1977). In contrast,
biochemical investigations demonstrated that
isoforms of glycophorin A missing TM domain
adjacent regions also lacked antibody activity
against the Wr® antigen. This suggested that Wr®
antigen detection was entirely dependent on the
TM domain of glycophorin A (Langley et al.
1981; Vengelen-Tyler et al. 1981; Ridgwell
et al. 1983, 1984). A plausible resolution to
these discrepancies poses that the Wr® antigen
was glycophorin A-dependent but not actually
part of the protein — that is, glycophorin A was
necessary but not sufficient for Wr° antibody
detection (Rearden 1985). This hypothesis was
confirmed using monoclonal antibodies against
glycophorin A which co-precipitated AE1 —
suggesting that the bicarbonate exchanger was
also required for Wr" antigen detection (Dahr
et al. 1986; Rearden et al. 1985; Rearden 1985;
Telen and Chasis 1990; Ring et al. 1994).
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Sequencing of glycophorin A and AEI in one of
only two known Wr® (a+b—) individuals,
demonstrated homozygosity for a E658K muta-
tion in AEIl, in the presence of normal
glycophorin A (Bruce et al. 1995). Further
individuals, positive for both Wr* and wr® (a+b
+) antigens were heterozygotes at AE1 position
658, with one allele encoding glutamate and the
other lysine. The common Wr® (a—b+) RBC phe-
notype contained only E658 in AEIl. Thus, the
Wr* and Wr® antigens are determined by the
identity of residue 658 in AE1. Confirmation of
stable complex formation at the erythrocyte mem-
brane between AE1 and glycophorin A was sub-
sequently established using various means (Che
and Cherry 1995; Nigg et al. 1980; Telen and
Chasis 1990; Ring et al. 1994; Bruce et al.
1995; Knowles et al. 1994; Paulitschke et al.
1995). The frequency of the Wr(a+) antigen het-
ero- and homozygotes is estimated about 3 in
10,000 for European populations (OMIM
112050), with homozygotes described in only a
single family to date (2 individuals) (Bruce et al.
1995; Pang and Reithmeier 2009). While expres-
sion of the AEl-glycophorin A complex is
restricted to erythrocytes, expression of the
translocator is not itself dependent on the ancil-
lary as KAEI is fully trafficked and functional in
its absence. It might be speculated that the miss-
ing 65 N-terminal residues of the kAE1 isoform
impart the specificity for interaction with
glycophorin A. However, even in erythrocytes
the functional effect of glycophorin A on AEI is
more subtle and took some time to tease out.

2.3.3 Trafficking, Protein Folding
and Quality Control

The effects of glycophorin A and AE1 on their
reciprocal secretory pathway processing and the
final membrane expression of the heteromer are
varied. The co-localisation of wild-type AE1 and
glycophorin A has been confirmed in the
ER. Hereditary disease-causing mutations in
AE1l suggest that this is where the complex
initially forms (Auffray et al. 2001; Pang and
Reithmeier 2009; Young et al. 2000). Moreover,
the dependence on the AE1 G701A mutant for
Golgi to plasma membrane trafficking suggests
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the ancillary is required throughout secretion
(Bruce et al. 2000; Tanphaichitr et al. 1998).
Despite this, AEl expression in mature erythro-
cyte membranes is normal in red blood cells
lacking glycophorin A (Pang and Reithmeier
2009; Tanner et al. 1976; Tanner and Anstee
1976a). These results also confirmed -earlier
findings that humans lacking the Wr° antigen
due to an absence of glycophorin displayed nei-
ther detrimental phenotype nor abnormalities in
RBCs (Holman 1953; Issitt et al. 1976; Vengelen-
Tyler et al. 1981; Tokunaga et al. 1979). In con-
trast, X. laevis oocyte experiments showed
glycophorin A increased AE1 plasma membrane
expression and the rate of trafficking (Groves and
Tanner 1992, 1994a). The two sets of results are
incongruous, and results from erythrocytes have
been interpreted as demonstrating glycophorin A
is not required for trafficking during erythropoie-
sis (Cordat and Reithmeier 2014). Alternatively,
they could be interpreted as suggesting that other,
redundant, chaperones may facilitate AE1 traf-
ficking during red cell maturation in the absence
of glycophorin A (Groves and Tanner 1992) and
that glycophorin A represents a fail-safe mecha-
nism via ancillary-mediated enhancement of AE1
surface expression. The later hypothesis is
supported by in vitro evidence showing
glycophorin A enhances the plasma membrane
expression of selected AEl disease-associated
mutants to rescue them (e.g. (Tanphaichitr et al.
1998), see below). The surface expression of
glycophorin A is dependent on the presence of
AE1, as demonstrated in vitro and using mouse
AE1-null red cells (Hassoun et al. 1998; Young
et al. 2000; Bruce et al. 2004). The establishment
of a stable complex between both proteins also
helped explaining aspects of AE1 biochemistry.
For example, the extent of AEl N-glycosylation
was inversely correlated to the expression of
glycophorin A (Tanner and Anstee 1976a, b;
Gahmberg et al. 1976; Dahr et al. 1987; Bruce
et al. 2004; Miller et al. 1977). As a result
individuals who lack glycophorin A display a
more heavily glycosylated AEl, while over-
expression of glycophorin A causes AEl to
become less glycosylated (Gahmberg et al.
1976; Tanner et al. 1976; Bruce et al. 1994). It
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is thought that this change in glycosylation occurs
at the single AEl N642 glycosylation site,
although this has not been confirmed experimen-
tally. As mentioned above, enhanced glycosyla-
tion on AEl appears to exist as a potential
compensation for the loss of glycophorin A as
the absence of the ancillary doesn’t appear to
have any absolute effect on AEl membrane
expression in reticulocytes (Pang and Reithmeier
2009). Furthermore, AE1 is protected from pro-
teolytic cleavage in oocytes when glycophorin A
is absent (Groves and Tanner 1994b, 1992).
There is no evidence that other glycophorin
isoforms, B or C interact with AE1 (Bruce et al.
2004; Bruce et al. 1994; Groves and Tanner 1992;
Young and Tanner 2003).

The interaction region facilitating
AEl-glycophorin A heteromer formation was
confirmed by experiments showing the depen-
dence of Wr” antigen on the presence of both
proteins as described above ((Bruce et al. 1995),
Table 3). The interaction site was mapped to
E658 of AE1, which is exposed to the extracellu-
lar solution adjacent to TM domain 8 and the
nearby single N-linked glycosylation site of the
transporter (Reithmeier et al. 2016; Arakawa et al.
2015). This gave rise to speculation that heterodi-
merisation occurs between TM 8 of AE1 and the
TM domain of glycophorin A (Reithmeier et al.
2016). Subsequently, the extracellular region
adjacent to the TM domain, the TM domain itself,
and cytosolic domains of glycophorin A have all
been shown to play a role as a chaperone of AE1
and in the catalytic activity of the heteromer.” The
C-terminal region, in particular, enhances traf-
ficking of AE1 to the cell surface, while residues
68-72 (F87, S88, P90, E91) are involved in anion
transport (Young and Tanner 2003). Using
chimeras constructed by fusing AEl with
non-interacting glycophorins B and C, it was
shown that the extracellular region 59-70
(78-89) from glycophorin A was required for

* Note: the residue numbering quoted for glycophorin A in
publications cited here was based on the protein sequence
less residues 1-19, the signal peptide (i.e. 131 residues).
The correct numbering of the full 150 residue glycophorin
A amino acid sequence is given in brackets.
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Wr® antigen detection and complex formation
(Bruce et al. 1995; Ridgwell et al. 1984; Dahr
et al. 1986; Poole et al. 1999). Specifically, AE1
E658 forms a salt bridge with R61 (R80) from
glycophorin A (Bruce et al. 1995), while A65P
(A84P) was also shown to disrupt complex for-
mation (Poole et al. 1999). However, an MSN
antigen variant called SAT, expressing a hybrid
A/B glycophorin and containing only the EC
domain of glycophorin A 1-71 (20-90), was neg-
ative for the Wr® antigen (Huang et al. 1996); thus
demonstrating the absence of heteromer forma-
tion and additional essential roles for the TM and
intracellular domains in complex formation.
Whilst the TM domain of glycophorin seems
essential for interaction with AE1, mutations to
TM domain residues (.94, 195, G98, G102)
which mediate homodimerisation of glycophorin
itself have no effect on AE1 (Young et al. 2000).
Indeed, both glycophorin A dimers or monomers
can facilitate the trafficking of wild-type AE1 to
the plasma membrane in vitro (Groves and Tan-
ner 1992; Young and Tanner 2003; Young et al.
2000) (Fig. 6).

The interaction of glycophorin A with AEI is
also evidenced by the ability of the ancillary to
rescue the phenotype of a homozygous S667F
mutant in TM8 of AEIl causing hereditary
spherocytosis (HS) (Toye et al. 2008). However,
the rescue of other disease-causing AEI protein
variants rather supports multiple interactions with
spatially dispersed regions of AE1. These include
the heterozygous deletion (residues 400-408,
TM1) causing Southeast Asian ovalocytosis
(SAO) (Patterson et al. 2009; Beckmann et al.
2001; Groves et al. 1993), and homozygous distal
renal tubular acidosis (dRTA) mutants G701A
(IL4), AV850 ((Toye et al. 2008; Young et al.
2000; Bruce et al. 2000; Tanphaichitr et al. 1998)
reviewed in (Williamson and Toye 2008)). All of
these mutants can at least be partially recovered in
heterologous expression systems by
co-expression with glycophorin A. The S667F
and G701A mutants are located close to the Wr°
antigen formation site E658 in AE1. Both G701D
and AV850 mutants impair AEl trafficking.
G701D is rescued from the Golgi in HEK293
cells transfected with mutant AE1 G701D by
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either monomeric or dimeric glycophorin A
(Tanphaichitr et al. 1998; Bruce et al. 2000).
The fact that many mutations cause dRTA but
not HS is thought to be evidence that glycophorin
A rescues most of these mutants in erythrocytes,
but not in the kidney where it is absent
(Williamson and Toye 2008). The location of
the SAO deletion in TM1 (A400-408) causes
significant disruption to AE1 folding and traffick-
ing from the ER as TMI1 contains the internal
signal anchor for ER-bound translation and trans-
location of the nascent polypeptide (Fowler et al.
2017; Kanki et al. 2003). Although TM1 is not
located near the supposed AE1 TMS interaction
site (Arakawa et al. 2015), glycophorin A still
rescues SAO-affected AE1 proteins in transfected
cells (Patterson et al. 2009; Pang and Reithmeier
2009). This is also true of WT AEIl, which
rescues SAO AEl from ER degradation by
homodimerising and trafficking to the plasma
membrane (Cheung et al. 2005; Chernova et al.
1995). The abundant membrane expression of
AE1l in RBCs of SAO sufferers indicates that
both homodimerisation of AE1 and/or complex
formation with glycophorin A can rescue aberrant
ER insertion and trafficking of the translocator.
Interestingly, the SAO deletion seems to have
prevailed as an evolutionary protective mecha-
nism against Plasmodium (malaria) parasite
infection in some human populations (Jajosky
et al. 2017; Paquette et al. 2015).
Homodimerisation and heteromer formation
with glycophorin A are facilitated by different
binding sites on the translocator subunit (Toye
et al. 2008; Williamson and Toye 2008). The
large distance between TM8 and TM1 of AEI1
may also indicate that multiple copies of AE1
and glycophorin are needed to mediate large
multimeric complex formation, not simply
heterodimerisation. AE1 from both erythrocytes
and kidney exists predominately as a dimer in the
membrane and when isolated in detergent
micelles (Reithmeier et al. 2016; Arakawa et al.
2015; Hirai and Yamaguchi 2015; Wang et al.
1993, 1994; Reithmeier 1979; Zhang et al. 2000;
Casey and Reithmeier 1991; Jennings 1984). An
MD study of AE1 and glycophorin A dimers in a
physiologically relevant bilayer confirmed stable
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complexes are formed following salt bridge for-
mation between E658 of AEl and R61 of
glycophorin A. This same study also indicated
that glycophorin A dimers can bridge in between
AEl dimers and form very large chains of
alternating subunit dimers (Kalli and Reithmeier
2018). These interactions were also facilitated by
the formation of a PIP,, PE and cholesterol
enriched lipid annulus around the complexes.

2.3.4 Integration into Larger Complexes
Populations of AE1 and glycophorin A exist in
complex with numerous other cytoskeletal and
membrane proteins, with only a minority popula-
tion of AEl1 forming a stable complex with
glycophorin A (Kodippili et al. 2012; Machnicka
et al. 2014; Giger et al. 2016). Erythrocytic AE1
interacts in at least 2 larger macromolecular
complexes which include a combination of
glycophorin A, glycophorin B, CD47, spectrin,
actin, ankyrin, and protein 4.2 (Toye et al. 2005;
Satchwell et al. 2011). Protein 4.2 is a transglu-
taminase superfamily protein anchored through
N-glycine myristoylation to the plasma mem-
brane and playing an important role in RBC
mechanical stability (Machnicka et al. 2014;
Risinger et al. 1992). Mutations in protein 4.2
cause hereditary spherocytosis (HS) type
5 (OMIM 612690) through an impaired ability
to interact with the cytosolic N-terminal of AE1.
The wild-type protein 4.2 also increased AEI
chloride transport at the cell surface (Toye et al.
2005). The effects of protein 4.2 on AEIl in
erythrocytes are almost certainly mediated via
the macromolecular complex (reviewed in (van
den Akker et al. 2010; Machnicka et al. 2014)).
The kidney isoform of AE1 does not interact with
glycophorin A as the ancillary is not expressed in
o-intercalated cells of the distal tubules
((Wu et al. 2010) reviewed in (Thornell and
Bevensee 2015)). However, KAEl does form
in vitro membrane complexes with at least two
other single-pass membrane proteins, namely
nephrin and TMEM139. Nephrin is a large single
TM-domain-containing protein essential for
regulating glomerular vascular permeability and
perhaps anchoring the glomerular podocyte dia-
phragm to the cell cytoskeleton (Wu et al. 2010).
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A homozygous nephrin mutation was shown to
further reduce the already low levels of kAEI1
expression in glomerular podocytes but no effect
on the more abundant distal tubule expression of
kAE1 was observed (Wu et al. 2010). TMEM 139,
another single pass type I transmembrane protein
has also been identified in vitro as interacting with
the C-terminal of kKAEI and altering the surface
expression of the translocator in a dose-dependent
fashion — indicative of acting as an ancillary sub-
unit of the translocator (Nuiplot et al. 2015).
Further confirmation is required before either
nephrin or TMEM139 can be considered stable
and physiologically relevant heteromeric partners
of AEl. AEIl occurs as both homodimers and
homotetramers in detergent micelles and
membranes (Casey and Reithmeier 1991;
Jennings 1984) and as a homodimer when
purified (Zhang et al. 2000; Low 1986;
Reithmeier 1979). The formation of tetramers
requires interaction between the cytoplasmic
domain and the cytoskeletal attachment protein
ankyrin (Van Dort et al. 1998). Little research has
been conducted into the heteromultimeric compo-
sition and structure of any larger in vivo
AE1-glycophorin A complexes.

2.3.5 Catalytic Modulation

Glycophorin A has a marked effect on the anion
uptake properties in RBCs without effecting total
plasma membrane expression of WT AEL. In the
erythrocytes of  glycophorin  A-deficient
individuals, AE1 substrate uptake and binding
affinity was variously reduced or unchanged,
depending on the anion species being measured
(Bruce et al. 1994; Bruce et al. 2004). This led to
an interpretation that the transporter has two dif-
ferent binding modes, which are affected differ-
entially by the absence of glycophorin A;
specifically divalent anion (SO4*7) transport
affinity is reduced whereas monovalent anion
(Cl"or I") affinity is unchanged in the absence
of the ancillary (Bruce et al. 1994; Bruce et al.
2004). The V.« of monovalent anion uptake is
also decreased in the absence of the ancillary, an
effect not due to a reduction in AE1 plasma mem-
brane expression (Bruce et al. 2004). Further-
more, a homozygous hereditary spherocytosis
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type 4 (HS-4) AE1 mutant (S667F) is recovered
by glycophorin A through the enhancement of
transporter activity at the plasma membrane, not
by rescuing trafficking (Toye et al. 2008). The
molecular mechanism underlying these changes
in glycophorin A-dependent transport kinetics
has not been investigated.

2.3.6 Pathophysiological Aspects

Heteromer formation of AEI is illustrated by the
rescue of disease causing mutations in AEIl.
South East Asian Ovalocystosis (SAO) is caused
by homozygous mutations in AE1, but heterozy-
gous individuals are rescued by glycophorin
A. The role of glycophorin A in the rescue of
the SAO heterozygotes probably involves
stabilisation of the mutated AE1 translocator sub-
unit and ensures the disease is largely asymptom-
atic (Patterson et al. 2009). The homozygous
carriers of the SAO allele are very rare and not
viable without an intensive antenatal care
(Moulin et al. 2017; Liu et al. 1994; Picard et al.
2014). Glycophorin A rescue is also observed in
distal renal tubular acidosis (dRTA), which can
be inherited in a dominant or recessive mode but
almost always as heterozygotes so that
symptoms, while not usually lethal, can vary
widely. Sufferers of dRTA are typically heterozy-
gous for one or more of at least 8 different
mutations in the SLC4A1, the most common of
which are R598, G609, S613, P773, A858 (dom-
inant) R602, AV850, G701 (recessive) (Karet
et al. 1998; Bruce et al. 1997; Chu et al. 2010;
Kittanakom et al. 2004). These mutations lead to
aberrant trafficking of AEI to the apical mem-
brane of the a-intercalated cells in the distal neph-
ron, instead of their normal destination in the
basolateral membrane; in recessive mutations
this leads to retention in the ER or Golgi and
retrograde trafficking (Rungroj et al. 2004;
Devonald et al. 2003; Toye 2005; Shayakul and
Alper 2004; Duangtum et al. 2017; Chu et al.
2014). As the molecular basis for several
AEl-glycophorin based disorders outlined here
is the same, dRTA is simply characterised pheno-
typically by renal acidosis, caused largely by this
mislocalisation in the kidney. However, comor-
bidity with SAO and even spherocytosis is often
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diagnosed due to mutations in these diseases
causing additional transport/activity RBC defects
that can lead to haemolysis (Bruce et al. 2000). In
addition to the inability to acidify urine due to this
aberrant trafficking of kAEI, subjects can also
present with metabolic acidosis,
nephrocalcinosis, and may develop
nephrolithiasis with age (Bruce et al. 1997;
Reithmeier et al. 2016; Chu et al. 2010). Homo-
zygous mutations or compound heterozygotes
causing dRTA are rare and severe (Chu et al.
2010; Fawaz et al. 2012; Deejai et al. 2019).
Recessive dRTA cases are often characterised
by the presence of multiple (compound) hetero-
zygous mutants, many of which are benign
(Tanphaichitr et al. 1998). The G701D mutant
has been reported to be homozygous in several
carriers but it is rescued by glycophorin A
(Tanphaichitr et al. 1998; Bruce et al. 2000;
Stewart et al. 2011) (see above), along with sev-
eral other heterozygous AE1 mutants.

24 The Sterol Transporter Family
SLC51 Heteromer Ost «-Ost B
2.4.1 General Properties

The SLC51 family heterodimer Ost a-Ost B, is a
unique example of a heteromeric solute carrier
where both subunits were identified simulta-
neously (Wang et al. 2001). By functionally
screening a cDNA library from little skate (Raja
erinacea) Wang et al. 2001 identified both Ost a
(SLC51A) and Ost P subunits (SLC51B) as
essential components of a taurocholate transport
system. Human and mouse Ost a-Ost f
heteromers mediate facilitated diffusion (uniport)
of taurine- and glycine-conjugated bile acids,
other biological or synthetic sterols such as
neurosteroids, dehydroepiandrosterone (DHEAS
or androstenolone), pregnenolone sulfate, prosta-
glandin E; and other eicosanoids (Seward et al.
2003; Fang et al. 2010; Wang et al. 2001;
Ballatori et al. 2005). The major physiologically
relevant substrates in the intestine are bile acids
and conjugated bile acids, such as taurocholate —
the major component of bile released from the
gall bladder. Generally, taurine-conjugated bile
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acids make better substrates than glycine-
conjugated ones (Ballatori et al. 2005; Wang
et al. 2001), while sulfate-conjugated sterols also
strongly inhibit the uptake of other conjugated
sterols (Seward et al. 2003), suggesting they are
also potential substrates. The heteromer facilitates
the basolateral efflux of anionic sterols in epithe-
lial cells, where the inside negative membrane
potential allows for the active efflux of anionic
sterols into the portal vein (Ballatori et al. 2005).
Due to its expression in numerous endocrine
glands, it has also been speculated that Ost
a-Ost B is involved in the transport of bile acid
and other sterol derivatives into endocrine cells,
where they are agonists for a wide variety of
nuclear receptors (Ballatori 2011). Arachidonic
acid has been shown to induce Ost a and Ost 3
mRNA in a fish liver cell line, but any wider
biological relevance of this result has not been
demonstrated (Hwang et al. 2008). Several
reviews of Ost a-Ost f heterodimer expression,
function, regulation and pathophysiology are
available (Ballatori et al. 2013; Xue et al. 2019;
Dawson et al. 2010; Klaassen and Aleksunes
2010; Beaudoin et al. 2020).

Ost a-Ost f plays a major role as a sterol
transporter at various basolateral membrane
barriers during bile acid circulation. Approxi-
mately 90-95% of bile acids are recycled from
intestinal absorption back to the liver
(enterohepatic circulation). From hepatocytes,
they are transported across the canalicular mem-
brane into the common bile duct. From there they
are released back into the duodenum via the gall
bladder where emulsification of dietary fats and
lipid xenobiotics occurs (Ballatori et al. 2013).
The role of Ost a-Ost B in this process has been
confirmed by the phenotype of an Ost o —/—
mouse, which displays disruptions to small intes-
tine sterol reabsorption leading to decreased
serum sterol levels and gall bladder bile acid
pool (Ballatori et al. 2008; Rao et al. 2008). The
Ost o —/— mouse seem to display little overall
detrimental phenotype, enjoying a normal
lifespan despite a 10-30% reduction of bile acid
pools compared to WT mice (Ballatori et al.
2008; Rao et al. 2008). The lack of a detrimental
Ost a —/— phenotype may be attributed to the
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presence of multiple sterol transport pathways at
each membrane barrier in the bile acid recycling
process and regulation of bile acid metabolism
through farnesoid X nuclear receptor (FXR) tran-
scriptional regulation. In the liver FXR activation
by bile acid ligands at the nuclear envelope
downregulates sterol synthesis but upregulates
carriers involved in sterol removal (Makishima
et al. 1999; Parks et al. 1999). Liver-gall bladder
accumulation of bile acids leads to an
upregulation of Ost a and Ost B (and several
other carriers) in a FXR-dependent process to
help alleviate potential sterol cytotoxicity (Boyer
et al. 2006; Lan et al. 2011). This process is
reversed by inhibition of FXR in Ost a —/—
mice and demonstrates that the transporter plays
an important role in the available cytosolic pool
of FXR ligands (Rao et al. 2008; Ballatori et al.
2008; Lan et al. 2011). The lack of expected
toxicity in the liver of the global Ost a —/—
mouse are thought to arise from a compensatory
increase in urinary bile excretion driven by
upregulation of alternative sterol transporters in
the liver itself and in the kidney proximal tubule
(Soroka et al. 2010, 2011; Vaquero et al. 2013).
The overall reduction of the bile acid pool
suggests a prominent role of Ost a-Ost f in the
intestine and explains the mild phenotype of the
global knock-out. A tissue-specific ablation of
Ost « in the small intestine in mice does lead to
a minor post-natal growth deficiency and minor
cytotoxic changes in the ileum due to bile acid
accumulation (Ferrebee et al. 2018; Rao et al.
2008; Ballatori et al. 2008). A more severe phe-
notype is avoided by intra-organ FXR signalling,
where FXR-induced FGF15 release in the ileum
causes distal increased FXR liver activation,
thereby ameliorating the cytotoxic accumulation
of bile acids in enterocytes (Boyer et al. 2006;
Lefebvre et al. 2009).

2.4.2 Tissue Specific Expression

There are no apparent alternatives of the ancillary
Ost B in different tissues. The reported overlap
between expression of the two subunits is very
strong (Al-Abdulla et al. 2019; Wheeler et al.
2014; Ballatori 2005, 2011; Ballatori et al. 2005,
2009) (Fig. 5). Both subunits co-localise and are
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expressed in the basolateral membrane of distal
small intestine (ileum) epithelial cells, where they
mediate the efflux of bile acids and steroids into
circulation (Dawson et al. 2005; Ballatori et al.
2005). Ost a-Ost B protein expression has also
been reported in basolateral membranes of the
renal proximal tubules, hepatocytes and bile
duct cholangiocyte cells (Ballatori et al. 2005;
Dawson et al. 2005), cerebellar Purkinje cells
hippocampal CA neurons, and ovaries (Fang
et al. 2010). Its mRNA distribution suggests an
even wider expression including multiple
endocrinal glands (thyroid, adrenal, mammary,
testes, ovary), the colon, prostate and uterus
(Seward et al. 2003).

2.4.3 Trafficking, Protein Folding
and Quality Control

Human Ost o is an N-glycosylated, 340 residue
o-helical membrane protein containing 7 TM
domains and constitutes the substrate transloca-
tion subunit of the Ost a-Ost P heterodimer
(Ballatori et al. 2013). Human Ost p is
predicted to be a 128 residue 14.3 kD, single-
pass type I integral membrane protein (Fig. 1).
Heteromerisation of the two proteins is essential
for delivery of a functional sterol transporter to the
basolateral membrane ((Li et al. 2007; Seward
et al. 2003; Wang et al. 2001; Sun et al. 2007)
and Fig. 6). The heteromerisation of both human
and mouse Ost a-Ost f has been confirmed by
co-immunoprecipitation, bimolecular fluores-
cence complementation, and mammalian
two-hybrid experiments (Sun et al. 2007; Li
et al. 2007). There is some evidence suggesting
that the two subunits are interdependent for pro-
tein stability. For example, Ost 3 protein is unde-
tectable in Ost & —/— mice while mRNA levels
are unchanged (Li et al. 2007). Similarly, the
deletion of a R54/R55 motif at the intracellular-
TM domain interface of Ost B in vitro led to the
absence of Ost o protein (Christian et al. 2012).
Together these results imply the mutual presence
of both subunits for their stability. However, the
absence of Ost a in vitro did not seem to affect the
stability of truncated Ost p (Christian et al. 2012;
Christian and Hinkle 2017). Mouse Ost o
forms a complex of a size consistent with
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homodimerisation (~80 kDa) when expressed het-
erologously in HEK293 cells along with a protein
consistent with being a monomer (~40 kDa)
(Li et al. 2007). The larger complex was resistant
to Sodium Dodecyl Sulfate (SDS) treatment
and did not contain Ost f (Li et al. 2007),
suggesting the homodimer of Ost « is, unlike the
monomer, stable. No additional evidence of
SDS-resistant homodimerisation for human Ost
o has been reported (see (Sun et al. 2007)). How-
ever, both human and mouse Ost « monomers are
detected at two distinct molecular weights (see
(Sun et al. 2007) Fig. 3b and (Li et al. 2007)
Fig. 1). In the case of the murine Ost o monomer,
the slightly larger molecular weight (~40 kDa) is
present on immunoblots only when co-expressed
with the full Ost § protein (Li et al. 2007; Chris-
tian and Hinkle 2017). In the absence of Ost f3, or
if either the N- or C-terminal of Ost } are replaced,
only the smaller monomer of Ost o is present
(~35 kDa) (Christian and Hinkle 2017; Li et al.
2007). Both the predicted monomer and
homodimer of mouse Ost o are sensitive to
N-glycosidase F (PNGase) treatment (Li et al.
2007), which reduces the ~40 kDa monomer
band intensity and causes the appearance of the
smaller monomer band (Li et al. 2007). The most
parsimonious conclusion from these experiments
is that N-glycosylation of Ost a requires the pres-
ence of Ost B, but the non-glycosylated form is
also stable at the plasma membrane and further
implying N-linked glycosylation is not necessary
for membrane trafficking (Li et al. 2007; Dawson
et al. 2005; Sun et al. 2007; Christian and Hinkle
2017). Mouse Ost [ is insensitive to
N-glycosidase F treatment and appears as a single
19 kDa band in all immunoblots. Ost a-Ost {3 also
exists as a heteromultimer (Li et al. 2007), how-
ever, fold-changes in both mRNA and protein
levels for Ost a-Ost  through FXR-induction
are not uniform, as might be expected in a
heteromer with a 1:1 subunit stoichiometry
(Chen et al. 2008; Boyer et al. 2006; Guo et al.
2018). These changes showed more copies of Ost
B are synthesised than Ost o and indicating a
larger transporter complex may utilise several
copies of Ost p for each Ost a subunit.
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The TM domain, extracellular N-terminal
domain, and C-terminal domain of mouse Ost §
all play a role in the trafficking and catalytic
activity of the translocation subunit at the cell
surface (Table 2). A truncation of all but residues
29-53 of Ost f established the TM domain as
vital for Ost a-Ost § formation but not sufficient
for trafficking as the complex retained in the ER
(Christian et al. 2012). Mutation of a conserved
residue pair W34A/N35A at the predicted
extracellular-TM domain interface of Ost p also
disrupts Ost a transporter activity but only when
both mutants are present (Christian et al. 2012).
Although the plasma membrane expression of Ost
B was unaffected in this W34A-N35A mutant, Ost
o surface expression was decreased (compare
(Christian et al. 2012) Fig. 3b, d). Truncation of
the extracellular N-terminal domain (residues
1-27) of Ost B resulted in total loss of heteromer
transport activity but also some reduction of
ancillary surface expression. Truncation of the
cytosolic C-terminal domain (residues 54-128)
also resulted in total loss of membrane expression
and transport activity. When tagged with YFP the
same Ost p C-terminal truncated protein
demonstrated plasma membrane expression and
full activity, suggesting that this region supports
formation of the correct protein topology. Sys-
tematic truncations of Ost  C-terminal domain
clarified these discrepancies by demonstrating
that re-introduction of di-arginine R54/R55
residues into the C-terminal deletion restored
Ost a-Ost B complex formation and Ost a stabil-
ity. The importance of the Ost p TM domain and
R54/R55 was affirmed by demonstrating that
residues 19-68 were required to retain full
taurocholate transporter activity and heteromer
formation of with human Ost B (Christian and
Hinkle 2017). Replacement of either the N- and
C-terminal of Ost B individually had little effect
on transport activity and only affected the expres-
sion of the higher (N-glycosylated) isoform of Ost
o (Christian and Hinkle 2017). In contrast to Ost
B, Ost a regions responsible for heteromer forma-
tion remain poorly investigated. Removal of the
first 50 residues of the Ost o intracellular
N-terminal led to accumulation of the complex
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in the ER and Golgi (Sun et al. 2007). These
combined results suggest that the TM domain
and adjacent N- and C-terminal regions of Ost §
form a binding site with, at least, the intracellular
N-terminal and unknown TM domains of Ost a.

25 SLC6 Transporter Complexes
with Syntaxin 1A, Collectrin
ACE2

2.5.1 General Properties

The SLC6 family contains 20 members responsi-
ble for the transport of neurotransmitters, amino
acids and their metabolites including osmolytes,
and creatine (Broer and Gether 2012; Rudnick
et al. 2014; Pramod et al. 2013). It is known as
the Neurotransmitter Sodium Symporter (NSS)
family and is part of the APC superfamily in the
TCDB and Pfam (Chiang et al. 2015). The family
comprises four branches: GABA transporters,
monoamine transporters, and amino acid
transporters I and II, a classification which has
been confirmed by phylogenetic analysis (Broer
and Gether 2012). The GABA transporter branch
comprises transporters for GABA (GAT1, GAT2
and GAT?3) and transporters of structurally related
metabolites taurine (TauT), betaine (BGT1) and
creatine (CT1). The monoamine transporter
branch comprises transporters for dopamine
(DAT), serotonin (SERT) and noradrenalin
(NET). The substrate specificity and pharmacol-
ogy of monoamine transporters are overlapping.
The amino acid transporter branch I, comprises
transporters for neurotransmitter glycine (GlyTl,
GlyT2), the proline transporter PROT and the
general amino acid transporter ATB®*. The
most common transport coupling mode is the
symport of 1 substrate with 2 Na™ and 1 CI~
ions (Table 1). Notable exceptions are NET (sub-
strate/1 Na*/1 C17), GlyT2 and BGT1 (substrate/
3 Na™/1 CI™) (Broer and Gether 2012; Supplisson
and Roux 2002; Pramod et al. 2013; Rudnick
et al. 2014; Subramanian et al. 2016a, b). In
some cases this transport and its mechanistic
details are still disputed (Eskandari et al. 2017;
Subramanian et al. 2016a). Notably, monoamine
transporters can assume a channel/uniporter-like
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transport mode (Galli et al. 1996), which can also
be triggered by the drug amphetamine (Sitte et al.
1998). The amino acid transporter branch II
comprises general amino acid transporters
(B°AT1, B°AT2, BPAT3, NTT4 and SIT),
NTTS5 remains an orphan transporter in this
branch. With the exception of SIT, transporters
in this branch are chloride-independent (Broer
and Palacin 2011; Broer et al. 2006a; Broer
2006, 2008a, b, 2013a, b, 2018; Verrey et al.
2005; Makrides et al. 2014; Verrey et al. 2009;
Broer and Broer 2017). SLC6 transporters are
involved in a wide range of physiological pro-
cesses, such as neurotransmitter re-uptake
(Guastella et al. 1990, 1992; Pacholczyk et al.
1991; Kilty et al. 1991; Blakely et al. 1988,
1991; Hoffman et al. 1991; Usdin et al. 1991;
Liu et al. 1992a, b, 1993; Lopez-Corcuera et al.
1992; Smith et al. 1992a, b; Rudnick 1977;
Sacher et al. 2002), synaptic vesicle loading and
uptake (Zaia and Reimer 2009; Parra et al. 2008),
oocyte/embryonic development (Anas et al. 2008;
Baltz and Tartia 2010; Steeves and Baltz 2005;
Steeves et al. 2003; Tartia et al. 2009; Van Win-
kle 1988), kidney metabolite reabsorption (Singer
et al. 2009; Romeo et al. 2006; Kleta et al. 2004;
Bohmer et al. 2005; Kowalczuk et al. 2005; Broer
et al. 2005; Seow et al. 2004; Verrey et al. 2005;
Oppedisano et al. 2011; Vanslambrouck et al.
2010; Takanaga et al. 2005), intestinal nutrient
absorption (Jiang et al. 2015; Broer et al. 2005,
2006b, 2011; Romeo et al. 2006; Kowalczuk
et al. 2005; Camargo et al. 2005; Kleta et al.
2004), lung epithelial amino acid clearance
(Sloan et al. 2003; Sloan and Mager 1999), eryth-
ropoiesis/thrombosis/blood pressure regulation
(Davis et al. 2012; Watts et al. 2012; Brenner
et al. 2007; Winter et al. 2016; Ziu et al. 2012;
Mercado and Kilic 2010) cell volume regulation
(Ramamoorthy et al. 1994; Borden et al. 1995;
Smith et al. 1992b; Rasola et al. 1995;
Matskevitch et al. 1999), ATP replenishment
(Christie 2007; Nash et al. 1994; Wallimann
et al. 2011), DNA synthesis (Pitt et al. 1994),
apoptosis (Warskulat et al. 2007), and placental
trophoblast transport (Ramamoorthy et al. 1993,
1994). They play a diverse role in many human
pathologies, including: Hartnup disorder,



60

immunoglycinuria, clinical depression, addiction,
anxiety, ADHD, Parkinson’s disease, autism,
schizophrenia, suicide, OCD, alcoholism
(reviewed in (Hahn and Blakely 2007; Owens
and Nemeroff 1994; Romei and Raiteri 2016;
Harvey and Yee 2013)), platelet aggregation and
dysfunction (Jedlitschky et al. 2012; Maurer-
Spurej et al. 2004), muscle wasting (Christie
2007), and irritable bowel syndrome (Colucci
et al. 2008; Camilleri 2009) (Table 4). Numerous
excellent reviews of the SLC6 family cover their
tissue distribution, localisation, physiology, phar-
macology, disease associations and biophysical
properties (Rudnick et al. 2014; Broer 2013a;
Broer and Gether 2012; Pramod et al. 2013;
Kristensen et al. 2011; Rives et al. 2017; Navratna
and Gouaux 2019; Broer and Fairweather 2018;
Joseph et al. 2019). The overall protein fold of the
SLC6 family is the LeuT-fold. Numerous
structures of bacterial, invertebrate and mamma-
lian SLC6-related transporters exist, see Sect.
2.1.2 for a more detailed description of this fold.

Interaction of the SLC6
Neurotransmitter Transporters
with Syntaxin 1A

Transporters from all four branches interact with
single TM domain-containing ancillary proteins
syntaxin 1A, collectrin, and Angiotensin
Converting Enzyme 2 (ACE2). Syntaxin 1A
forms complexes with SLC6 transporters NET,
DAT, SERT, GATI1, GLYT1, GLYT2 (Table 3)
(de Wit 2010; Carvelli et al. 2008; Quick 2002,
2003, 2006; Binda et al. 2006; Sung et al. 2003;
Lopez-Corcuera et al. 2001; Blakely and Sung
2000; Haase et al. 2001; Cervinski et al. 2010;
Fairweather et al. 2015; Geerlings et al. 2000,
2001), in addition to multiple ion channels and
receptors (reviewed in (Carbone et al. 2014;
Kilisch et al. 2015; Tang et al. 2011; Weiss and
Zamponi 2012; Leung et al. 2007; Saxena et al.
2000; Planells-Cases and Ferrer-Montiel 2007;
Condliffe et al. 2004)). Syntaxin 1A can also
modulate the activity of B’AT3 and B°ATI
although there is no overlap in tissue expression
between the proteins (Fairweather et al. 2015),
suggesting  structural conservation of the
translocator ancillary interaction. Syntaxin 1A

2.5.2
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plays a primary role as a T-SNARE protein in
vesicular fusion events of the CNS and extensive
reviews cover its canonical biological functions
(Planells-Cases and Ferrer-Montiel 2007; Han
et al. 2017; Rizo and Xu 2015). The ancillary is
a 288 residue type IV membrane protein®
regulating synaptic vesicular fusion via formation
of coiled-coil bundles with other SNARE proteins
(Fig. 1) (Lang and Jahn 2008; Sorensen 2005).
The interaction between the y-aminobutyric acid
(GABA) transporter GAT1 and syntaxin-1A was
the first to be identified (Quick 2006; Inoue et al.
1998; Quick et al. 1997) and was quickly
followed by demonstration of the interaction and
functional modulation of SERT (Haase et al.
2001), GLYT1/2 (Geerlings et al. 2000), DAT
(Lee et al. 2004) and NET (Sung et al. 2003).
Syntaxin 1A modulates GAT1-mediated GABA
uptake, efflux and exchange, in addition to
expression of GAT1 in a substrate-dependent
manner via sub-cellular redistribution (Hansra
et al. 2004; Wang et al. 2003a; Quick 2002;
Horton and Quick 2001; Deken et al. 2000; Fan
et al. 2006). The net result of these molecular
interactions is an approximately 75% reduction
in the turn-over rate of GAT], strangely concur-
rent with a simultaneous increase in surface
expression (Quick 2006; Deken et al. 2000;
Beckman et al. 1998; Quick et al. 1997; Horton
and Quick 2001). Increased expression is
observed in other syntaxin 1A-coupled
heteromers with the exception of SERT, the sur-
face expression of which is decreased in vitro and
in vivo by syntaxin 1A (Quick 2002, 2006).
Syntaxin 1A can also alter the sub-cellular
redistribution and localisation of translocators,
including GATI1 (Horton and Quick 2001) and
NET, which localises to syntaxin 1A-rich synap-
tic bouton micro-domains (Matthies et al. 2009).
This overall inhibitory effect of syntaxin 1A is
replicated  with  other =~ SLC6  neuronal
translocators, including GLYT1 and 2 (Geerlings
et al. 2000), DAT (Cervinski et al. 2010; Binda
et al. 2008), NET (Sung et al. 2003) and SERT
(Quick 2002, 2003) though not necessarily

4 Type IV have the same orientation as type II except the
C-terminal TM domain is a signal anchor.
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through the same mechanisms as is implied by the
differential effects on expression and localisation.
The net result of reduced substrate uptake for
most SLC6 heteromers is a combination of the
ancillary’s numerous roles in co-ordinating and
optimising neurotransmitter flux in diverse phys-
iological contexts. Some of these roles involve
increases of surface expression (Dipace et al.
2007; Cervinski et al. 2010; Sung et al. 2003;
Quick 2002), substrate efflux (Binda et al. 2008;
Wang et al. 2003a), modulating transport stoichi-
ometry/substrate coupling (Quick 2003; Binda
et al. 2006), and integrating substrate turnover
and leak currents for optimised synaptic clearance
(Carvelli et al. 2008; Quick 2003; Binda et al.
2006; Sung et al. 2003). The rapid time scale of
functional modulation for translocators by
syntaxin 1A also suggests that the complex for-
mation is important for physiologically relevant
regulation of extracellular neurotransmitter levels
(Horton and Quick 2001). However, whether this
regulation is coincident with SNARE complex
formation or facilitated by a separate pool of
syntaxin 1A remains unresolved. For example,
GATI inhibition by syntaxin 1A depends on
interaction with other SNARE machinery
proteins (Fan et al. 2006), while GLYT1 and
2 inhibition by syntaxin 1A was reversed by the
presence of the SNARE regulatory protein Munc-
18 (Geerlings et al. 2000). In silico simulations
using the SERT N-terminal, suggests that binding
occurs via coiled-coil domains as it does during
SNARE-mediated vesicular fusion events
(Fenollar-Ferrer et al. 2014).

The evidence from various SLC6 transporters
suggests a common interaction site with syntaxin
1A at the translocator N-terminal intracellular
domain (Fig. 1 and Table 3). Systematic domain
deletion of syntaxin-1A demonstrated inhibition
of GATI1 transport requires the membrane-
adjacent H3 and TM domains (residues
188-288) of the ancillary (Deken et al. 2000).
Both H3 and TM domains are necessary for this
inhibition, which also appears to be synergistic.
The binding is mediated through direct interac-
tion with cytoplasmic N-terminal aspartate
residues of GATI1 (Deken et al. 2000) and is
also reversible/competitive with a cluster of
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arginine residues in IL4 of the translocator sub-
unit (Hansra et al. 2004). Similarly, the cytosolic
N-terminus of both the norepinephrine (NET,
SLC6A2), and dopamine (DAT, SLC6A3)
transporters also directly interact with syntaxin
1A (Sung et al. 2003; Binda et al. 2008; Lee
et al. 2004; Binda et al. 2006). Residues 28-47
in the N-terminal of NET are vital for controlling
plasma membrane expression and distribution,
while deletion of residues 1-42 modulates ion
selectivity and the magnitude of leak currents
(Binda et al. 2006; Dipace et al. 2007; Sung
et al. 2003). For DAT, N-terminal residues 1-33
appear to be vital for dopamine efflux (Binda
et al. 2008). In contrast to syntaxin 1A-GATI1
interactions, however, NET and DAT
immunoprecipitations with syntaxin 1A did not
require the syntaxin TM domain (Binda et al.
2008; Sung et al. 2003). The syntaxin 1A-SERT
interaction is also dependent on the translocators
N-terminal between residues 11-30 (Haase et al.
2001; Quick 2002, 2003), with the association
disrupted by mutations to SERT N-terminal
anionic residues: E16, D17, E19, D20, and E23
(Quick 2003), which form part of a predicted,
stable a-helix (Fenollar-Ferrer et al. 2014). How-
ever, in contrast to GAT1, syntaxin 1A binding to
SERT only required the H3 domain (188-266) of
the ancillary and not both the H3 and TM
(266-288) domains (Quick 2003).

This cumulative evidence points to a common
binding region composed of a negative charge
cluster in the N-terminals of SLC6 subunits.
However, further analysis of DAT and NET has
raised the possibility that syntaxin 1A binding is
controlled by smaller N-terminal sub-domains,
which  correlate to  different functional
modulations of translocators. The conformation
equilibrium of DAT induced to facilitate net
dopamine efflux is activated by amphetamines
and regulated by DAT N-terminal interaction
with syntaxin 1A (Guptaroy et al. 2009; Kern
et al. 2017; Sucic et al. 2010; Binda et al. 2008).
Further modulation of efflux is achieved by vari-
ous kinases and interactions with negatively
charged phospholipids at the membrane inner leaf-
let (Beckman et al. 1998; Ciccone et al. 2008;
Binda et al. 2008; Cervinski et al. 2010; Sung
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et al. 2003; Dipace et al. 2007; Lee et al. 2004).
Indeed, the initial recognition of syntaxin 1A as a
binding partner of SLC6 neurotransmitter
transporters occurred in the context of their regula-
tion by PKC and other kinases (Ramamoorthy et al.
1998; Qian et al. 1997). A coordinated mechanism
for this regulatory nexus proposes that the different
functional states of DAT are mediated by different
regions of the translocator N-terminals, certain
functions of which (e.g. efflux) require interaction
with syntaxin 1A (Khelashvili and Weinstein 2015;
Khelashvili et al. 2015a; Mondal et al. 2014,
Dipace et al. 2007; Razavi et al. 2018). This modu-
lar domain hypothesis of DAT-syntaxin 1A
interactions is supported by evidence from both
DAT- and syntaxin 1A-associated mutants. For
example, two autism-associated mutations in the
N-terminal of syntaxin 1A (R26Q) and DAT
(R51W)  display  similar  reduction in
amphetamine-induced dopamine efflux (Cartier
et al. 2015). As arginine residues in both subunits
would be mutually repulsive, it is unlikely that they
represent complementary binding domains for
interaction. Instead, DAT R51 is located further
towards the membrane in the translocator
N-terminal, of which residues 1-33 had previously
been identified as important for dopamine efflux.
The two mutants could represent separate modular
sites of interaction between subunits required for
different stages in the dopamine efflux cycle or for
different functions related to priming the
translocator for efflux. The introduction of an
extra negative charge to the same N-terminal
region (T62D mutant) stimulates syntaxin 1 A bind-
ing and increases dopamine efflux, supporting this
region as specific to this particular role of DAT
(Guptaroy et al. 2009). The potential of different
domains of syntaxin 1A or DAT to modulate func-
tional outcomes may be encoded by the ancillary-
dependent recruitment of different kinases to the
complex. For example, catecholamine efflux for
both DAT and NET amphetamine-induced activa-
tion of Ca®*/Calmodulin Kinase II (CaMKII)
requires syntaxin 1A binding (Binda et al. 2008;
Dipace et al. 2007). In silico simulations have
established the role of PIP, membrane micro-
domain segregation in regulating syntaxin 1A resi-
due S14  exposure to  CK2-mediated
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phosphorylation (Khelashvili et al. 2012, 2015a;
Khelashvili and Weinstein 2015). In yet another
example, the interaction between NET and
syntaxin 1A is disrupted and NET activity
downregulated by PKC in an ancillary-dependent
fashion (Sung et al. 2003). These mechanisms for
DAT or NET functional modulation are dependent
on residues at the N-terminal of syntaxin 1A
(e.g. S14, R26) — the opposite end of the protein
from the H3-TM domain implicated in mediating
GAT1 and SERT interactions (Wang et al. 2003a;
Quick 2002). One explanation is that domain-
specific (modular) interactions are encoded equally
by syntaxin 1A and translocators via the pairing of
particular regions with the broadly identified inter-
action regions. In summary, it has been suggested
that the various effects of syntaxin 1 A are designed
to optimise carrier function by engaging separate
domains of the ancillary, depending on the particu-
lar functional requirement (Quick 2006; Han et al.
2017). This model would envision syntaxin-
mediated DAT efflux as optimising neurotransmit-
ter release at the same time as vesicular fusion
occurs (Guptaroy et al. 2009; Binda et al. 2008),
while the suppression of leak currents and tighten-
ing of ion-substrate coupling induced by syntaxin
1A is a product of interactions with different ancil-
lary domains designed to optimise neurotransmitter
reuptake, as has been demonstrated with SERT.

In addition to syntaxin 1A, syntaxin 3 may
represent another ancillary partner for SLC6
translocators. Syntaxin 3 interacts in vitro with
both intestinal SERT and the intestinal neutral
AA SLC6 translocator B’AT1 (Nazir et al. 2015;
Fairweather et al. 2015). In intestinal CaCo2 cells
SERT-syntaxin 3 interaction was upregulated by
TGF-B1 in a PI3K-dependent manner, leading to
increased plasma membrane expression (Nazir
et al. 2015). In contrast, the surface expression of
BPAT1 (Sect. 2.5.5) was inhibited by syntaxin
3 and syntaxin 1A (Fairweather et al. 2015). No
evidence of syntaxin 3 as a physiologically impor-
tant ancillary subunit has been established.

2.,5.3 Integration into Larger Complexes
Large scale proteomic (Hadlock et al. 2011;
Maiya et al. 2007; Hiller-Sturmhofel et al. 2008;
Gorini et al. 2010, 2014; Haase et al. 2017) and
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protein-specific interaction studies have identified
additional SLC6 membrane-bound ancillaries,
especially synaptic and neuronal proteins such
as VAMP2 (Muller et al. 2014; Zhong et al.
2012), synucleins (Lee et al. 2001; Wersinger
and Sidhu 2003; Jeannotte and Sidhu 2007;
Fountaine and Wade-Martins 2007; Moszczynska
et al. 2007; Dauer et al. 2002; Chandra et al. 2004;
Bellucci et al. 2011; Longhena et al. 2018;
Wersinger et al. 2006; Wersinger and Sidhu
2009), synaptogyrin 3 (Egana et al. 2009),
syntenin-1 (Ohno et al. 2004), Kv2.1 potassium
voltage-gated channel (Lebowitz et al. 2019),
melatonin receptors (Benleulmi-Chaachoua et al.
2018), GPCR fy subunits (Mauna et al. 2019;
Garcia-Olivares et al. 2017; Garcia-Olivares
et al. 2013) and single-pass proteins TMEM17
and TMEM216 (Gupta et al. 2015). Although
these interactions are too numerous to cover ade-
quately here, common themes emerge which bear
resemblance with the better characterised
syntaxin 1A interactions. These include media-
tion of interactions through the N- and C-termini
of the translocators, lipid-raft association and
involvement in regulatory nexus linking
translocator specific functions with PTMs and
brain region-specific expression (Bolland et al.
2019; Eriksen et al. 2010; Torres 2006; Muller
et al. 2006; Ozaslan et al. 2003; Zhong et al.
2012; Fenollar-Ferrer et al. 2014). The homo-
oligomerisation of SLC6 (Scholze et al. 2002;
Torres et al. 2003; Farhan et al. 2006; Sitte et al.
2004; Anderluh et al. 2014) appears to control ER
retention export, and localisation of neurotrans-
mitter transporters and is dependent on the scaf-
fold (hash) domain of the LeuT fold (Fig. 2a)
(Jayaraman et al. 2018). Regulation of homo-
oligomers and heteromers in both DAT and
SERT also involves common elements such as
PIP2 (Das et al. 2019; Anderluh et al. 2017;
Buchmayer et al. 2013), pointing to the potential
of common mechanisms controlling the forma-
tion of larger NSS transporter metabolons. Sev-
eral less well characterised TM-domain
containing ancillaries warrant a more detailed
review.
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Both SERT and DAT surface expression and
activity are downregulated by Secretory Carrier
Associated Membrane Protein 2 (SCAMP2) via
redistribution away from the plasma membrane
(Muller et al. 2006; Fjorback et al. 2011).
SCAMP2 is a 4TM domain-containing chaperone
controlling trans-Golgi to surface trafficking or
endosomal recycling and is often found on exocy-
totic or recycling vesicles (Lin et al. 2005).
SCAMP?2 also interacts with numerous other solute
carriers, including the Na*/Cl~ symporter NKCC2
(SLC12A1) (Zaarour et al. 2011) and the Na*
exchangers NHES (SLC9AS) (Diering et al. 2009)
and NHE7 (SLC9A7) (Lin et al. 2005). The residue
C201 in the SCAMP2 E peptide domain (IL1)
domain seems to be a critical point for interactions
with multiple solute carriers, raising the possibility
it is a widespread recycling and redistribution regu-
lator of many transporters. SERT co-localises with
SCAMP?2 in lipid-rafts and a C201A mutation in
SCAMP?2 abolished the functional downregulation
of SERT, but not the physical interaction of the two
proteins (Muller et al. 2006). Deletion of scamp
gene homologs from Drosophila exhibited neuronal
abnormalities including odour-associated memory
and physical climbing consistent with a role in
neurotransmitter regulation (Zheng et al. 2014).
Based on in vivo data from a single publication,
we also include neuroligin 2 as an additional poten-
tial ancillary subunit for SERT (Ye et al. 2014a, b,
2015). Neuroligin 2 (NLGN2, Q8NFZ4) is type
1 integral synaptic adhesion protein possessing a
large extracellular cholinesterase domain, a single
TM domain and a short intracellular PDZ-binding
domain (Koehnke et al. 2008; Arac et al. 2007). It
forms protein complexes with pre-synaptic
neurexins for the assembly of post-synaptic
GABA, ionotropic receptors (Graf et al. 2004;
Poulopoulos et al. 2009) and also at dopaminergic
synapses (Uchigashima et al. 2016). Neuroligin
2 and SERT were co-localised and
co-immunoprecipitated from mouse midbrain. A
neuroligin 2 null mouse displayed significant
decreases in SERT hippocampal and midbrain
expression and function, in addition to serotonin-
mediated behavioural changes (Ye et al. 2015).
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2,54 SLC6 Amino Acid Transporter
Interactions with Collectrin
and ACE2

BYATI and B°AT3 are unique among SLC6
members in having heteromeric interactions with
ancillary proteins collectrin (aka TMEM?27,
NX17) and ACE2 that are necessary for full
plasma membrane expression (Danilczyk et al.
2006; Vanslambrouck et al. 2010; Kowalczuk
et al. 2008; Malakauskas et al. 2007; Singer
et al. 2009; Fairweather et al. 2012, 2015).
BOATI, however, retains a small amount of activ-
ity and plasma membrane expression in Xenopus
laevis oocytes without collectrin or ACE2, possi-
bly as a result of lower affinity interactions with
endogenous ancillary protein homologues
(Kowalczuk et al. 2008; Bohmer et al. 2005;
Camargo et al. 2005; Seow et al. 2004). Both
ancillaries are type I single TM domain proteins,
with collectrin predicted to consist of a signal
peptide (residues 1-14), N-terminal extracellular
domain (15-141), TM domain (142-164), and
intracellular C-terminus (165-222) (Fig. 1).
ACE2 is a 805 residue protein consisting of
2 structural domains: the N-terminal extracellular
zinc metallopeptidase domain (residues 1-592), a
neck/linker (593-741), and TM and short cyto-
solic domain (742-805) (Hooper 1994; Yan et al.
2020c, d) (Fig. 1). The N-terminal is also
predicted to contain a signal peptide from
residues 1-17. The ACE2 neck, linker and TM
domains residues 592-805 are homologous to
collectrin, while the catalytic domain is homolo-
gous to the catalytic domain of the ACE2 paralog
Angiotensin Converting Enzyme I (ACE) (Turner
and Hooper 2002; Zhang et al. 2001). As a result
ACE?2 is speculated to be a chimera arising from a
gene fusion of collectrin and with ACE (Mount
2007; Zhang et al. 2001; Kuba et al. 2013; Turner
et al. 2002). Collectrin and ACE2 are located on
chromosome X (Xp22.2) adjacent to each other
within ~64 kilobases and are transcribed from the
same strand, collectrin containing 6 exons, ACE2
18.

Collectrin is involved in several distinct phys-
iological roles: amino acid transport in kidney
proximal tubules (Malakauskas et al. 2007;
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Danilczyk et al. 2006), epithelial cell polarity
and growth (Zhang et al. 1999, 2001, 2007;
Pasquali et al. 2009; McCoy et al. 2008; Zhang
et al. 2004; Li et al. 2003a), hypertension (Chu
and Le 2014; Egan 2013; Cechova et al. 2013;
Yasuhara et al. 2008; Bril and Feletou 2014),
insulin secretion (Saisho et al. 2009; Malakauskas
et al. 2009; Akpinar et al. 2005; Fukui et al. 2005;
Esterhazy et al. 2012; Pepaj et al. 2014), as a
biomarker for the pathogenesis of type II diabetes
(Pepaj et al. 2014; Vats et al. 2012; Altirriba et al.
2010) or its role in Turner’s syndrome (Pasquali
et al. 2009). Originally characterised as
upregulated following partial kidney nephrec-
tomy (Li et al. 2003a; Zhang et al. 1999, 2001),
mouse knock-outs of collectrin demonstrated the
collectrin-dependence of B’AT1 and B°AT3 in
mouse proximal tubules (Danilczyk et al. 2006;
Malakauskas et al. 2007; Singer et al. 2009,
2012). Collectrin has also been associated with
indirect upregulation of other unrelated renal
brush border transporters in salt-sensitive hyper-
tensive mice (Yasuhara et al. 2008; Danilczyk
et al. 2006). Tissue expression is highest in the
S1, S2, and S3 segments of kidney proximal
tubules (Zhang et al. 2001) with lower mRNA
and protein expression in pancreatic p-islet cells,
B-islet clonal cells lines (Akpinar et al. 2005;
Fukui et al. 2005), vascular endothelium
(Cechova et al. 2013) and rat retinal pigment
epithelium (Gu et al. 2012) (Fig. 5). The predicted
M.W. of collectrin at just over 25 kDa is at odds
with its commonly observed M.W. of ~45 kDa on
western blots, which may be explained by O- and
N-linked glycosylation in both f-islet cells and
the proximal tubule (Zhang et al. 2007; Akpinar
et al. 2005; Fukui et al. 2005; Malakauskas et al.
2007; Danilczyk et al. 2006).

ACE2 was identified simultaneously from an
EST database (Tipnis et al. 2000) and human
heart failure 5' ¢cDNA library (Donoghue et al.
2000). Protein and mRNA expression has been
noted in human heart, kidney and testis (Tipnis
et al. 2000; Donoghue et al. 2000), lung (Imai
et al. 2005; Kuba et al. 2005; To and Lo 2004;
Hamming et al. 2004), liver (Paizis et al. 2005),
small intestine (Kowalczuk et al. 2008; To and Lo
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2004; Hamming et al. 2004), venous endothelium
(Hamming et al. 2004), arterial smooth muscle
(Hamming et al. 2004), and brain (Doobay et al.
2007) (Fig. 5). ACE2 has been the subject of
intense research interest due to its multiple physi-
ological roles in blood pressure regulation, heart
disease, glycemic control, foetal growth, diabetic
nephropathy, ischemia-reperfusion injury in lung/
kidney, intestinal inflammation (Hashimoto et al.
2012) and as the SARS-associated corona virus
receptor (Kirchdoerfer et al. 2018a, b; Imai et al.
2005; Kuba et al. 2005; Itoyama et al. 2005;
Jeffers et al. 2004; Li et al. 2003b) (for reviews
see (Patel et al. 2014; Parajuli et al. 2014;
Chamsi-Pasha et al. 2014; Jiang et al. 2014;
Chappell et al. 2014; Kuba et al. 2013; Perlot
and Penninger 2013; Chhabra et al. 2013; Wang
et al. 2013b; Imai et al. 2008a, b, 2010; Ortiz-
Melo and Gurley 2016; Santos et al. 2018;
Alenina and Bader 2019; Williams and Scholey
2018; Gilbert et al. 2019; He et al. 2018)). ACE2
hydrolyses the C-terminal of peptides with pro-
line and hydrophobic residues in the penultimate
and terminal positions, respectively (Pro-X) (Guy
et al. 2003; Vickers et al. 2002). This unique
specificity amongst brush border peptidases
suggests it also plays a significant role in protein
digestion, which has subsequently been con-
firmed (Vuille-dit-Bille et al. 2015; Singer et al.
2012; Hashimoto et al. 2012; Kowalczuk et al.
2008). The specificity of ACE2 for C-terminal
neutral amino acid matches the specificity of its
heteromer partners, the broad neutral amino acid
transporters of the small intestine (Rella et al.
2006; Guy et al. 2003; Vickers et al. 2002;
Bohmer et al. 2005; Camargo et al. 2005) (see
below). Protein mutagenesis and elucidation of
the ACE2 structure revealed peptide binding is
initiated by formation of an electro-static bond
between R273 of ACE2 and C-terminal peptide
carboxylate in the active site, resulting in a
‘hinge-bend’ movement of catalytic subdomains
I and II to close the binding pocket (Guy et al.
2003, 2005; Rella et al. 2006; Towler et al. 2004)
(Fig. 1). Divalent zinc is also essential for sub-
strate coordination at the active site and protein
stability (Towler et al. 2004; Vickers et al. 2002).
The main biological role of ACE2 is the
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hydrolysis of angiotensin II (1-8) to angiotensin
1-7 (Tipnis et al. 2000; Donoghue et al. 2000;
Vickers et al. 2002) with a K,,, of 2 pM (Vickers
et al. 2002). ACE2 also hydrolyses other vaso-
regulatory peptides (Lambert et al. 2008; Kalea
and Batlle 2010; Vickers et al. 2002) and can
convert angiotensin I to angiotensin 1-9, a pep-
tide upregulated during heart failure of unknown
function but thought to effect the cardiovascular
system and arterial thrombosis (Donoghue et al.
2000; Ocaranza et al. 2006; Flores-Muiioz et al.
2011; Kokkonen et al. 1997; Mogielnicki et al.
2014; Kramkowski et al. 2010). As a result of its
role in the biogenesis of vasodilatory angiotensin
1-7 ACE2 has been investigated as a potential
treatment for hypertension and heart failure pre-
vention through application of the protein or its
activation by agonists (Patel et al. 2014; Parajuli
et al. 2014; Chamsi-Pasha et al. 2014; Jiang et al.
2014; Qaradakhi et al. 2020; Kittana 2018)
(Table 4).

Initial indications that collectrin was involved
in kidney nutrient uptake came from collectrin
null mice® which displayed extensive renal neu-
tral aminoaciduria replicating the Hartnup disor-
der phenotype, a condition characterised by high
levels of intestinal and renal neutral aminoacid-
uria (Malakauskas et al. 2007; Danilczyk et al.
2006). Expression of B’AT1 and B°AT3 was
significantly reduced in these mice and direct
interaction between collectrin and B’AT1 in the
kidney was confirmed in WT tissue (Danilczyk
et al. 2006). Human collectrin gene deletions
recapitulate the aminoaciduria phenotype of
Hartnup disorder, further demonstrating the
in vivo relevance of interaction (Pillai et al.
2019). Dependence of B’AT1 activity on ACE2
co-expression was also demonstrated, along with
intestinal co-localisation, whereas co-localisation
in the kidney was minimal (Kowalczuk et al.
2008). Direct interaction between ACE2 and
B°ATI was confirmed by
co-immunoprecipitation and reduction of

3 As collectrin and ACE2 are located on the X chromo-
some, the male collectrin/ACE2 null mouse is a (—/y)
genotype while the female is a collectrin/ACE2 mouse

(=1-).
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Table 4 Overview of mammalian heteromeric solute carrier disease associations and pharmacology

Ancillary Translocator Disease associated Known specific inhibitors
rBAT SLC3Al bO**AT SLC7A9 Renal aminoaciduria, None
cystinuria (Feliubadalo et al.
1999; Calonge et al. 1994),
Hypotonia-Cystinuria
Syndrome (Parvari et al.
2005; Parvari et al. 2001)
AGT1 SLC7A13 | None None
4F2hc SLC3A2 LATI1 SLC7AS Cancer cells, activated JPH203/KYT-0353
lymphocytes over-express, (Cormerais et al. 2016; Oda
rheumatoid arthritis, Autism | et al. 2010; Hafliger et al.
Spectrum Disorder (ASD) 2018; Okano et al. 2018);
(Lo et al. 2008; Yu et al. anti-human 4F2hc mAbs
2018; Tarlungeanu et al. HBJ127/MEM-108/
2016; Cascio et al. 2019) KHK?2898/IGN523 (Ueda
et al. 2019; Yagita et al.
1986; Hayes et al. 2015;
Saito et al. 2014); anti-
human LAT1 mAbs
SOL22, SOL69, Abl-6
(Ohno et al. 2008; Ikotun
et al. 2013; Ueda et al.
2018, 2019)
LAT2 SLC7AS8 Age-Related Hearing Loss | None
(ARHL), lens cataract
development, crescentic
glomerulonephritis (Espino
Gaurch et al. 2018; Knopfel
et al. 2019; Kurayama et al.
2011), ASD (Cascio et al.
2019)
y*LATI SLC7A7 Lysinuric Protein None
Intolerance (LPI) (Torrents
et al. 1999; Bodoy et al.
2019)
y*'LAT2 SLC7A6 None None
Acs-1 SLC7A10 | None Lu AE00527, (+)-amino
(1-(3,5-dichlorophenyl)-
3,5-dimethyl-1H-pyrazol-
4-yl)acetic acid (ACPP),
BMS-466442 (Sason et al.
2017; Brown et al. 2014;
Sakimura et al. 2016)
xCT SLC7A11 | Kaposi’s sarcoma- R/S-4-[4'-carboxyphenyl]-
associated Herpesvirus phenylglycine,
infection, cocaine relapse, 2-thiopheneglycine-5-
Cancer cells and activated sulfonic acid and (S)-4-
lymphocytes over-express carboxy-3-
(Veettil et al. 2008; Baker hydroxyphenylglycine
et al. 2003) (Lewerenz et al. | (sulfasalazine; S-4CPG),
2013) erastin (Patel et al. 2004;
Etoga et al. 2010; Gout
et al. 2001)
Basigin BSG MCT1 SLC16A1 | Exercise-induced AZD3965, AR-C177977,

hyperinsulinemia (EIHI),
Erythrocyte lactate

AR-C122982,
p-chloromercuribenzene

(continued)
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Table 4 (continued)

Ancillary Translocator Disease associated Known specific inhibitors
transporter defect sulfonate,
(Merezhinskaya et al. 2000; | 7-Aminocarboxycoumarin
Fishbein 1986), derivatives (7-ACCs,
Monocarboxylate e.g. AR-C155858 (Ovens
Transporter 1 Deficiency et al. 2010a; Draoui et al.
(MCTI1D) (van Hasselt et al. | 2013; Noble et al. 2017;
2014) chronic fatigue Polanski et al. 2014;
syndromes (Otonkoski et al. | Wilson et al. 2005)
2007; Halestrap and Wilson
2012)
MCT2 SLC16A7 | Chronic fatigue syndromes; | AR-C177977,
Tumour cell proliferation, AR-C122982,
migration and invasiveness | AR-C155858 (Ovens et al.
(Halestrap and Wilson 2012; | 2010a)
MCT4 SLC16A8 | Pinheiro et al. 2008, 2009a, | Bindarit, acriflavine,
2010a, b) p-chloromercuribenzene
sulfonate, 7ACCs (Draoui
et al. 2013; Futagi et al.
2018; Voss et al. 2017;
Wilson et al. 2005)
Embigin EMB MCT3 SLC16A3 None
Basigin BSG MCT11 SLC16A11 | Type II diabetes (Rusu et al. | None
2017; Williams et al. 2014)
MCTI12 SLC16A12 |juvenile cataracts with None
microcornea (cataract 47)
(Kloeckener-Gruissem et al.
2008)
Glycophorin | GYPA AEl SLC4Al Hereditary spherocytosis DIDS, H,DIDS (Falke and
A (HS), Southeast Asian Chan 19864, b, c; Garcia
ovalocytosis (SAO), and Lodish 1989)
acanthocytosis, and distal
renal tubular acidosis
(dRTA) (Toye et al. 2008;
Fawaz et al. 2012; Picard
et al. 2014; Kager et al.
2017; Yang et al. 2018).
OSTa SLC51A OSTp SLC51B Unknown None
Syntaxin-1A | STX1A GATI SLC6A1 Epilepsy (Krogsgaard- Tiagabine, NNC-711,
Larsen et al. 2000) SKF89976A, CI-966
(Nielsen et al. 1991;
Andersen et al. 1993;
Borden et al. 1994)
NET SLC6A2 Depression, anxiety, Reboxetine, Atomoxetine,
ADHD, addiction Nomifensine, Mazindol,
(Nemeroff and Owens 2002; | Nisoxetine, Talopram,
Azima and Vispo 1958; Talsupram (Eshleman et al.
Brown and Gershon 1993; 1999; Tatsumi et al. 1997;
Eshleman et al. 1999; Sery Andersen et al. 2009)
DAT SLC6A3  |etal. 2015) Modafinil, Armodafinil,
GBR12935, Benztropine,
JHW 007 (Zolkowska et al.
2009; Hauck et al. 2008)
SERT SLC6A4 Sertraline, Escitalopram,
Paroxetine, Fluoxetine,
Fluvoxamine (Andersen

(continued)
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Table 4 (continued)

Ancillary Translocator
GLYT2 SLC6AS
GLYTI SLC6A9
Collectrin or | TMEM27 |B°ATI SLC6A19
angiotensin or ACE2
converting
enzyme 2
B°AT3 SLC6A18
Angiotensin | ACE2 IMINO SLC6A20
converting
enzyme 2

isoleucine uptake in ACE2 null mice intestine
ex vivo (Camargo et al. 2009; Singer et al.

2012). Functional

interaction between both

collectrin and ACE2 with murine B°AT3 has

Disease associated

Hyperekplexia, neuropathic
pain (Caulfield et al. 2001;
Harvey and Yee 2013;
Vuong et al. 2008)

Glycine transporter

1 encephalopathy,
Schizophrenia, OCD,
depression, chronic pain,
anxiety, allodynia,
p-thalassemia (Cioffi 2018;
Alfallaj and Alfadhel 2019;
Javitt et al. 1994)

Hartnup disorder, type 11
diabetes, phenylketonuria
(Broer et al. 2005; Jiang
et al. 2015; Belanger et al.
2018)

Aminoaciduria (Singer et al.

2009; Vanslambrouck et al.
2010)

Iminoaciduria,
iminoglycinuria
(Kowalczuk et al. 2005;
Takanaga et al. 2005; Broer
et al. 2008)

also been established (Singer et al.

S. J. Fairweather et al.

Known specific inhibitors

et al. 2010; Tavoulari et al.
2009)

ORG 25543, ALX1393
N-arachidonoyl glycine,
oleoyl-L-carnatine
(Caulfield et al. 2001;
Carland et al. 2014;
Vandenberg et al. 2014;
Harvey and Yee 2013;
Zeilhofer et al. 2018,;
Burstein 2018; Jeong et al.
2010; Vuong et al. 2008;
Mostyn et al. 2019;
Schumann-Gillett and
O’Mara 2019)
Sarcosine-based inhibitors
(e.g. ALX5407/NFPS,
ALX-5407, LY2365109,
AMG 747, Org25935),
methylphenidates

(e.g. SSR5044734, threo
methylphenidate), alkyl-
and heteroaromatic-
substituted sulphonamides/
sulfones (e.g. DCCCyB),
heteroaryl amides

(e.g. PF-3463275),
benzoylpiperazines

(e.g. bitopertin), (Cioffi
2018; Atkinson et al. 2001;
Aubrey and Vandenberg
2001; Pinard et al. 2010;
Morita et al. 2008;
Hirayasu et al. 2016;
Harvey and Yee 2013)
Cinromide, Benztropine,
NSC22789, Nimesulide,
diarylmethine derivatives
(Cheng et al. 2017; Pochini
et al. 2014; Danthi et al.
2018; Yadav et al. 2020)

None

None

2009;

Vanslambrouck et al. 2010; Fairweather et al.
2015). ACE2 modestly increases the surface
expression and proline uptake by the IMINO



Heteromeric Solute Carriers

transporter (SLC6A20), while an ACE2 knock-
out mouse increased levels of faecal proline
(Vuille-dit-Bille et al. 2015; Singer et al. 2012).
However, IMINO surface expression in Xenopus
laevis oocytes and activity are robust without
ACE2 co-expression (Vuille-dit-Bille et al.
2015; Kowalcczuk et al. 2005).

The exact nature, stoichiometry, initiation, and
composition of B’AT1 and B°AT3 interactions
with ACE2 and collectrin remained poorly under-
stood until the recent publication of the human
BPATI1-ACE2 complex structure elucidated by
cryo-EM (Yan et al. 2020c, d). The full complex
formed as a dimer of B’AT1-ACE2 heterodimers
with the interface between dimers exclusively
mediated by polar interactions in the ‘neck’ and
lesser contacts in the peptidase domains of the
ACE2 molecules (Fig. 7a). The two dimers of
heterodimers are related by a 180° rotational sym-
metry around a vertical axis between the two.
This arrangement means that the two BCATI
molecules in the complex face away from each
other and no contacts occur between heterodimers
in the membrane. This means that the translocator
plays no role in the formation of the B°ATI-
ACE2 dimers, a situation reminiscent of the
b *ATI-rBAT dimer of  heterodimers
(Sect. 2.1.2). As previously predicted (Danilczyk
et al. 2006) the complex is not mediated by a
cys-cys disulphide bond but contains 5 N-glyco-
sylation sites at N158, 182, 258, 354, and 368 in
BPAT1 with a further 7 observed on each ACE2,
some of which were previously known (Chen
et al. 2009a; Towler et al. 2004; Kristiansen
et al. 2004). Three separate cryo-EM structures
were reconstructed of which two represent dis-
tinct conformation states of the heteromer,
designated as an ‘open’ conformation with no
substrates bound (PDB ID 6MI1D, 2.9 A
RMSD), and a ‘closed’ conformation with leucine
bound to B’AT1 and a zinc ion at the active site of
ACE2 (6M17, 2.9 A RMSD) (Fig. 7b, c). A third
complex structure appears in some type of hybrid
state with zinc bound to ACE2 only (6M18) (not
shown). The closed, substrate-bound complex
forms contacts through the ACE2 peptidase and
neck domains, while in the open substrate-free
conformation heteromer dimerization is mediated

69

by contacts only between neck domains, resulting
in a 22.1 A gap between the ACE2 peptidase
domains in the open conformation. By compari-
son the B’AT1 moves very little between the
open and closed conformers, possibly indicating
that conformational changes between subunits are
coupled and substrate binding in either or both
subunits is required to drive the transport cycle.
However, it is noteworthy that the closed struc-
ture does not have sodium bound along with
leucine in the B’AT1 binding site, which is essen-
tial for substrate translocation (Bohmer et al.
2005; Camargo et al. 2005). The closed complex
structure ACE2 EC peptidase domain is also
bound by the Receptor Binding Domain (RBD)
of the SARS-CoV-2 virus S1 protein, which was
reconstituted with the purified protein at high
concentration (Yan et al. 2020c). Understandably
this has generated a large amount of current inter-
est in the B’AT1-ACE2 structure but lies outside
the scope of this review. The reader is directed to
additional recent publications of the S1 protein
bound to ACE2 for an extensive analysis of the
viral protein recognition and binding of its human
receptor (Wang et al. 2020; Wrapp et al. 2020;
Lan et al. 2020b; Shang et al. 2020; Chen et al.
2020). The formation of the B°’AT1-ACE2 com-
plex is mediated by interactions in two distinct
regions. The first of these is a polar interaction
network formed where the neck domain of ACE2
meets an unexpectedly long extracellular exten-
sion of B’AT1 TM7 helix domain, which forms
the N-terminal half of the EL4 domain (Fig. 7d).
The EL4 extension is a signature feature of the
AA2 branch of the SLC6 family containing
BOATl, BOAT3, IMINO and other amino acid
transporters and extends over 70 residues longer
than in other SLC6 transporters (Broer and Gether
2012; Broer 2006; Broer et al. 2006b; Singer et al.
2009; Zaia and Reimer 2009; Parra et al. 2008;
Fairweather 2017). The TM7 helix extends ~30 A
distance into the EC solution in order to contact
the ACE2 neck domain through this series of
hydrogen bonds and electrostatic contacts centred
on K619, K676, and R678 from ACE2 and N346,
D349, and E352 in B°ATI. Even more signifi-
cant, these key BAT1 residues are conserved in
the other AA2 branch (or B’-like) transporters
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230V

B°AT1

E&

Fig. 7 Ancillary binding and interacting residues in
B"-like SLC6 transporters

The human B°AT1-ACE2 complex is formed by a dimer
of heterodimers with each dimer formed by one B’AT1
translocator subunit and one ACE2 ancillary subunit. (a)
The subunit composition of the B’AT1-ACE2 dimer of
heterodimers with subunits rendered as a surface (van der
Waals) representation and coloured according to the key.
N-linked glycosylation sites in both subunits are labelled.
The dashed vertical line represents the 180° rotational axis
of symmetry by which the two dimers are related. The
structural architecture of the B’ATI-ACE2 heteromer in
an ‘open’ apo complex (6M1D, RMSD 2.9 A) (b) and in a
‘closed’ substrate-bound complex (6M17, RMSD 2.9 A) is
rendered as cartoon. The ACE2 subunit peptidase, TM,
and linker domains are coloured green, the neck domain is
orange. The B®AT1 subunit is coloured grey with TM
spanning o-helices 4, 3, and 9 interacting with ACE2 are

IMINO (SLC6A20) and B°AT3 (SLC6A18)
whose function is augmented or dependent on
ACE2, but not those which do not depend on
the ancillary e.g. B°AT2 (SLC6A15) and NTT4
(SLC6A17). Furthermore, these two ACE2-
dependent or non-dependent sub-branches also
display a clear tissue expression difference, with
B°AT1 and other ancillary-dependent

SARS-COV-2
[ g 4, S1PROTEN RED
\

™o
Closed (6M17)

B &'A71-ACE2 (Neck) binding
. Hartnup diserder mutations
B interaction with ACE2/coliectrin

. Harinup + interaction residues

coloured purple. The two SARS-CoV-2 S1 (spike protein
1) Receptor Binding Domains (RBD) bound to the EC
peptidase domain of ACE2 are coloured yellow. The leu-
cine substrate bound to B’AT1 subunits (c) are coloured
blue (sphere models, C atoms, grey; O atoms, red; N
atoms, blue; S atoms, yellow). Zinc atoms located in
each ACE2 subunit active sight (red) are rendered by
their ionic radius (sphere). Insert d) The polar interactions
at interface between the neck domain of ACE2 and the
TM7 extension of B’AT1 at the N-terminal of the EL4
loop. The ACE2 neck domain (orange), TMPRSS?2 prote-
ase cleavage site (purple) and B’AT1 (grey) are rendered
as cartoons. Residues involved in polar interactions are
shown as sticks and coloured according to the subunit they
originate in. (¢) Common Hatrnup disorder causing and
other mutations rendered as VDW spheres and coloured
(see key) according to their functional role in the
heteromeric solute carrier B’AT1-ACE2

transporters predominate in epithelial organs,
whereas non-dependent transporters are neuronal
(Fig. 5). The neck domain of ACE2 also contains
the protein hydrolysis site for the serine protease
TMPRSS?2 (residues 697-716) in the a-helices of
its neck domain at the dimeric interface of the two
ACE2 molecules rather than in the B’AT1 bind-
ing site (Fig. 7d). Cleavage of ACE2 at this site
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by TMPRSS2 facilitates S-protein driven entry of
SARS-CoV viruses (Shulla et al. 2011; Heurich
et al. 2014) and it has been speculated that the
presence of B’AT1 could block access to this site
(Yan et al. 2020c). The second region of contact
involves the ACE2 TM domain which aligns on a
tilted axis with the membrane and forms a van der
Waals network with TM4 and TM3 of BOATl,
terminating on the cytosolic side of the membrane
in a salt bridge between ACE2 Arg768 and
Glu456 on TM9 of B’AT1 (not shown). A third
region involves interactions between the linker of
ACE?2 and the extended EL4 of B°AT1. However
this region has low electron density and as such is
unresolved to atomic level in these structures.
Consistent with the recent B°ATI-ACE2
structures (Yan et al. 2020¢) and unlike SLC7-
SLC3 heteromeric solute carriers, the interaction
between the B®-like translocators does not require
the large peptidase domain of ACE2. A deletion
of the ACE2 catalytic domain (A2-592)
corresponding to the entire metallopeptidase
domain (subdomains I to IV, see Fig. 1), showed
no effect on B’ATI activity (Fairweather et al.
2015). The remaining truncated region of ACE2
is homologous to collectrin and contains the
membrane proximal neck/linker domains which
mediate interactions with the extended TM7 and
EL4 regions of B’ATI (Fig. 7d). Together this
data strongly suggesting B°-like transporter
heteromer formation is mediated by the collectrin
domain of ACE2 and collectrin. It has been
suggested that mutations in BPATI causing
Hartnup disorder may demonstrate the existence
of multiple or different binding sites for different
ancillaries of B°AT1 (Kowalczuk et al. 2008;
Camargo et al. 2009) (Fig. 7e). For example,
B°ATIR240Q and A69T are both ACE2 and
collectrin dependent, while the Hartnup
mutations BPATID173N and B°ATIP265L
show ancillary-dependent differences in their
functional effect (Camargo et al. 2009;
Kowalczuk et al. 2008). However, this discrimi-
nation is very slight and the overall effect of both
D173N and P265L is a loss of >90% of transport
activity when expressed with either ancillary. In
contrast to the hypothesis that Blike
translocators form stable complexes with their
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ancillaries, BPAT1 also mediates collectrin-
independent neutral amino acid uptake when
purified from kidney (Oppedisano et al. 2011;
Oppedisano and Indiveri 2008). Furthermore,
BPAT]1 retains a small amount of activity (~5%)
and plasma membrane expression when
expressed alone in Xenopus laevis oocytes —
explaining its initial characterisation without
collectrin or ACE2 (Kowalczuk et al. 2008;
Bohmer et al. 2005; Camargo et al. 2005; Seow
et al. 2004). It is unknown whether these results
represent small amounts of ancillary-independent
trafficking and activity by B°ATI, or point to
transient heteromer formation required for as yet
undiscovered post-translational processing. The
BPAT3 translocator does not show ancillary-
independent surface expression or activity
(Fairweather et al. 2015; Singer et al. 2009).

The collectrin N-terminal and TM domains are
also necessary for heteromer formation, consistent
with the B’ATI-ACE cryo-EM structure (Yan
et al. 2020c) showing interaction with the trans-
porter over large sections of ACE2 homolgous to
collectrin. By contrast the C-terminal of collectrin,
except the TM-adjacent region 163-178, is dis-
pensable (Fairweather 2017) and the homologous
region of ACE2 mediates no interactions within
the B’AT1-ACE2 structure. Rather the collectrin
C-terminal intracellular domain appears to be
responsible for functional interactions with other
proteins; for example, binding to snapin, a SNAP-
25 binding protein in pancreatic B-cells, where it is
proposed to play a role in insulin secretion (Fukui
et al. 2005). Collectrin dimerization in pancreatic
B-cells is also mediated by a C-terminal Cys186
residue (Esterhazy et al. 2012). B°’ATI expression
in P-cells is minimal (Broer et al. 2004; Kleta et al.
2004) suggesting collectrin dimerization plays no
significant role in heteromer interaction in this cell
type. As both collectrin and ACE2 display a wide-
range of tissue specific functions these combined
results suggest the formation of solute carrier
heteromers are mediated by different domains of
the ancillary protein. Furthermore, the different
domains of ACE2 also display functional specific-
ity, with recent publications demonstrating that the
receptor binding domain of the SARS-CoV-
2 spike protein and the BOATl-interacting
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domains are formed at different parts of ACE2 (see
(Yan et al. 2020d; Lan et al. 2020a)).

There remains some incongruence between the
B°ATI1-ACE2 structures (Yan et al. 2020c) and
the position of some mutations in B’AT1 causing
Hartnup disorder, which are located some dis-
tance apart (Broer and Fairweather 2018; Broer
2013a). This is unexpected as several of these
Hartnup mutations have been shown to specifi-
cally involve trafficking of the complex to the
membrane — supposedly one of the main
functions of complex formations. Many
Hartnup-causing mutations lie some distance
from of the conserved SLC6 substrate/ion binding
sites (Fairweather et al. 2015; Kowalczuk et al.
2008; Camargo et al. 2009; O’Mara et al. 2006)
but also distal from the interaction regions
demonstrated in the recent B°’AT1-ACE2 com-
plex structures (Yan et al. 2020c, d) (Fig. 7e).
This includes the B°ATI mutation R240Q
which is required specifically for ACE2-mediated
trafficking to the plasma membrane (Kowalczuk
et al. 2008; Fairweather et al. 2015) but lies at the
extracellular-membrane interface of TMS/EL3 of
BPATI - distal to the interaction sites between
BPATI and ACE2. The locations of BAT1 and
B°AT3 mutations involved in ancillary-
dependent functions but distal to the cryo-EM
elucidated ancillary binding site has also been
investigated. Using a MCT1-B°AT3 tandem con-
struct which reaches the cell surface using MCT1
ancillaries (Sect. 2.2.3), collectrin-dependent traf-
ficking mutations clustered to TM domains 7, 5
and 1o of B’AT3 (Fairweather et al. 2015). This
region forms a groove in both experimental
structures and homology models of eukaryotic
SLC6 transporters for hydrophobic molecular
binding (e.g. see (Coleman et al. 2016; Penmatsa
et al. 2013) and (Fairweather et al. 2015; Laursen
et al. 2018; Jungnickel et al. 2018; Dickens et al.
2017; Mostyn et al. 2019)). Residues in TMS5,
TM7 and TM1la were found to be involved in
the catalysis of substrate translocation in B°AT3
by collectrin or both trafficking and catalysis
(Fairweather et al. 2015) (Fig. 7b). Orthologues
of collectrin are also able to cross-react (activate)
orthologs of B’ATI from species as diverse as
human, mouse, salmon and sea bass (Margheritis
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et al. 2016; Fairweather 2017). The species cross-
reactivity and domain conservation of collectrin/
ACE2 interactions with B’AT1 and B°AT3
strongly suggests they involve a common molec-
ular basis. Enough ancillaries and sterol
molecules have been found modelled or as
bound to the same general TM7-TMS5 region of
LeuT-fold transporters to suggest this region
represents a common hydrophobic binding site.
However, with the exception of the EC region of
TM7, none of these regions correspond to the
BPATI-ACE2 interaction site identified in the
recent cryo-EM structures of the complex (Yan
et al. 2020b, d). Indeed, the ACE2 TM helix
appears to bind relatively close to the same site
as the ancillary TM domains do in the recently
published LATI1-4F2hc and b%*AT-rBAT
structures (Sect. 2.1.2). A brief discussion of the
potential for conserved ancillary/lipid binding
sites in LeuT/APC fold transporters is given in
Sect. 3.

2.5.5 Integration into Larger Complexes
B°AT1 has been shown to form protein
complexes with another single-pass membrane
protein Aminopeptidase N (APN or CDI13),
which is, like ACE2, one of 11 mammalian
membrane—anchored intestinal peptidases (Bai
1994a, b; Alpers 1987) and is abundantly
expressed in both the small intestine and renal
brush borders (Riemann et al. 1999; Fairweather
et al. 2012). It is responsible for the hydrolysis of
angiotensin III to angiotensin IV in the renin-
angiotensin system (Chansel et al. 1998; Ward
et al. 1990), as well as numerous other
bio-active peptides. It has been implicated in cel-
lular endocytosis, cell adhesion, tumour-cell inva-
sion, proliferation, apoptosis, and as a receptor for
several viruses and, notably, the human coronavi-
rus 229E (reviewed in (Danziger 2008; Mina-
Osorio 2008)). The tissue distribution of APN
and BPATI overlap in the small intestine and
S1/S2 segments of the proximal tubules. APN is
a zinc metalloprotease which homodimerises
in vivo and hydrolyses N-terminal amino acids
at the brush-border membrane except when a
proline lies in the penultimate position (Mentlein
2004; Mina-Osorio 2008; Wong et al. 2012a).
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APN belongs to the gluzincin metalloprotease
family with two consensus zinc-binding
sequences, HEXXH and BXLXE (zinc-binding
residues in bold, B = bulky side-chain, X = any
residue) (Sjostrom et al. 2000). A third consensus
sitet. GXMEN is an exopeptidase substrate-
binding sequence also common to all
aminopeptidases (Hooper 1994). Human APN is
a type II TM protein with a 2 domain topology: an
extracellular amino peptidase domain and a
membrane-anchoring domain (Wong et al.
2012a, 2017; Santiago et al. 2017) (Fig. 1). The
membrane-anchoring domain contains the first
3 subdomains formed by the short cytosolic
N-terminal, a TM a-helix, and an extracellular
anchoring domain, which links to the extracellu-
lar peptidase domain (4 subdomains) (Sjostrom
et al. 2000; Olsen et al. 1997; Wong et al. 2012a;
Santiago et al. 2017). APN has a broad specificity

for neutral amino acids in the order
Ala > Phe > Tyr > Leu, overlapping with the
substrate preference of B°AT1

(Leu > GIn > Ala > Phe) (Bohmer et al. 2005;
Mina-Osorio 2008; Camargo et al. 2005).

The removal of APN from bovine brush bor-
der membrane vesicles (BBMV) by papain treat-
ment, reduced Na* dependent alanine transport,
suggesting a link with neutral amino acid trans-
port (Plakidou-Dymock et al. 1993). Both the
Vmax and Km of alanine uptake were affected
by APN removal and an antibody against the
partially purified Na*-dependent alanine trans-
porter also recognised APN, suggesting a close
in situ proximity of the proteins (Plakidou-
Dymock and McGivan 1993). The identity of
the neutral amino acid transporters in epithelial
vesicles corresponding to system B was
unknown at the time (Plakidou-Dymock and
McGivan 1993). Subsequently, APN was
co-immunoprecipitated with B’AT1 and shown
to increase both surface expression and substrate
affinity of the carrier in X. laevis oocytes
(Fairweather et al. 2012). ACE2 also increases
the substrate affinity of B°AT3 but not of
BYATI as indicated by decreased apparent K,
values (Fairweather et al. 2015). All three
proteins have been co-localised and isolated in
protein complexes from mouse intestine apical
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membrane using blue-native electrophoresis and
in glycolipid rafts (Fairweather et al. 2012). In
contrast, brush-border complexes isolated and
analysed using blue-native electrophoresis and
LC-MS/MS found no evidence of BOATl, or
ACE2 in APN-containing complexes (Babusiak
et al. 2007) despite the high abundance of all three
proteins from both intestinal and renal apical
membrane isolations from multiple species
(McConnell et al. 2011; Gilbert et al. 2010;
Cutillas et al. 2005). This data and the recent
publication of the human B’AT1-ACE2 dimers
of heterodimer complexes substantiates the idea
that the B°-like transporters may form large
complexes in vivo (Yan et al. 2020b, d). The
lack of a complete APN structure including the
linker and TM domains also raises the possibility
the B’AT1-APN complex may retain the same
extended TM7-neck architecture as seen for
B°AT1-ACE2.

3 Common Binding Sites
for SLC6 and SLC7 Ancillaries

Our review has demonstrated the combined struc-
tural and biochemical evidence for the possible
presence of two ancillary subunit/cholesterol
binding sites in SLC7-SLC3 and SLC6
heteromeric solute carriers. These seem to form
two distinct binding regions and have been
identified from numerous LeuT/APC-fold
transporters that have been structurally elucidated
or modelled with ancillary proteins and/or lipids
in either the same general TM1a-TM7-TM5
groove or adjacent to TM4 of translocator
subunits (Fig. 8). The TM1a-TM7-TM5 groove,
for example, was identified in the bacterial SLC7
homologue GkApcT, which was crystallised with
the single TM ancillary MgtS and a cholesterol
molecule adjacent to TMS (Jungnickel et al.
2018) (Fig. 8a). Other examples of transporters
with lipids (usually cholesterol) bound to the
same  TMIla-TM7-TM5  region  include
C. glutamicum BetP, Drosophila DAT, human
LATI1, SERT and GLYT2 (Wang et al. 2015;
Penmatsa et al. 2013; Laursen et al. 2018;
Dickens et al. 2017; Jungnickel et al. 2018;
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Fig. 8 Proposed conserved binding sites for LeuT fold
heteromeric carriers

Multiple transporter structures were superimposed along
the protein backbone of Drosophila dopamine transporter
(dDAT) (PDB 4M48) (Penmatsa et al. 2013). The
superimposed and aligned structures used are: Geobacillus
kaustophilus GkApcT with the single TM-spanning E. coli
protein MgtS (50QT) and bound cholesterol (Jungnickel
et al. 2018); D. melanogaster dopamine transporter DAT
(4XP1) with bound cholesterol molecule (Wang et al.
2015); the human LAT1-4F2hc heteromeric solute carrier
(6IRT) (Yan et al. 2019; Lee et al. 2019); the human
b®*AT-rBAT heteromeric solute carrier (6LI9) (Yan
et al. 2020a); the human B°AT1-ACE2 heteromeric solute

Schumann-Gillett et al. 2018; Yan et al. 2019;
Coleman and Gouaux 2018; Mostyn et al. 2019;
Schumann-Gillett and O’Mara 2019; Koshy et al.
2013; Coleman et al. 2016). Functional modula-
tion by cholesterol or cholesterol analogues, usu-
ally inducing substrate efflux or inhibition of
uptake, has been extensively demonstrated for
both SLC6 and SLC7 heteromeric solute carriers
(Dickens et al. 2017; Rahbek-Clemmensen et al.
2017; Laursen et al. 2018; Khelashvili and
Weinstein 2015; Carland et al. 2013; Edington
et al. 2009; Koshy et al. 2013; Hong and Amara
2010). For several of these transporters including
GkApcT, Drosophila DAT and SERT, the cho-
lesterol molecules have been captured with crys-
tal structures (Fig. 8a). By contrast, both human
LAT1-4F2hc, b**AT-rBAT, and B°ATI-ACE2
structures interact with what seems to be primar-
ily a TM4 binding site sometimes facilitated by a
phospholipid molecules (Fig. 8b). As with cho-
lesterol and MgtS in the TM7-TMS site, the
4F2hc, rBAT and ACE2 TM domain poses
adopted in this TM4 binding site are not identical.
While the rBAT TM domain overlays very
closely with the 4F2hc TM domain, the ACE
TM domain differs in binding at a somewhat
different site and is less tilted with respect to the
translocator TM helices with which it interacts.

Fig. 8 (continued) carrier (6M17) (Yan et al. 2020c). The
translocator subunit shown is B°ATI (grey), all other
translocators, including the template structure dDAT,
have been deleted for ease of viewing while the ancillary
subunit TM domains (green) and cholesterol molecules
(purples) are displayed. The large extracellular domains
of 4F2hc (residues 163-207, isoform 1), rBAT (111-685),
and ACE2 (21-740) have also been deleted to emphasise
membrane interactions. In each case the alignment was
done with the translocator subunits against dDAT to mini-
mise RMSD of the C, atoms. The TM domains of
translocator subunits (red) interacting with ancillaries,
cholesterol and lipid molecules and hypothesised to form
conserved LeuT fold TM binding sites are numbered. The
TMS5-TM7 binding site (a) shows the cholesterol of DAT,
the cholesterol and ancillary TM domains of MgtS. The
aligned structure is rotated 135° to show the 4F2hc, rBAT
and ACE2 TM domain binding sites (b). The various
binding sites were super-imposed onto the structure of
dDAT by and aligning all the translocation subunit
structures using the Multi-align tool in VMD
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Both 4F2hc and tBAT TM domains lean signifi-
cantly such that the distance to the translocator
TM4 and TMO increases from the extracellular to
intracellular side. This seems to mediate, at the
intracellular leaflet, the interaction between ancil-
lary and translocator TM domains by lipid
molecules; lipids not present in the ACE2-
B°ATI TM4 helical interactions (compare
Figs. 3d and 4c with Fig. 7). As a result of this
differential tilting 4F2hc TM domain also
interacts with TMS8, whereas ACE2 TM interacts
on the extracellular side with TM3 and on the
intracellular side with TMO. It is worth noting
the TM1a-TM7-TMS5 site is formed within the
bundle (dynamic) domain of the LeuT fold,
whereas the TM4 binding site is formed by the
hash (scaffold) domain (Sect. 2.1.2). As a result
we can speculate that 4F2hc, rBAT, and ACE2
are not greatly involved in the conformational
dynamics during the transport cycle, whereas
cholesterol in the TMS5-TM7 site maybe. It is
not known if these two general TM binding sites
constitute 2 independent but required binding
sites or if TM7-TMS5 site represents predomi-
nately a sterol/lipid binding site modulating the
ancillary-dependent function of these heteromeric
solute carriers. One possibility is the TM7-TM5
region is allosterically linked to the ancillary
binding site at TM4 and transfers information to
facilitate  substrate-induced  conformational
changes during the transport cycle. These confor-
mational changes may not involve dynamic
movement of the ancillaries at the TM4 region
directly, which is largely rigid, but where binding
nonetheless is required to activate conformational
transitions via the TM1a-TM7-TMS5 interactions.
However, caution is advised in extrapolating too
much from recent structural data as each
heteromer is represented by a single conformation
or, for BOATI-ACEZ, with none bound by a full
physiologically necessary complement of
substrates.

Together this growing body of research evi-
dence suggests heteromeric solute carrier com-
plex formation is mediated by cholesterol/lipid
molecular binding in many cases and should be
more carefully considered in studying solute
carriers (Schumann-Gillett et al. 2018; Koshy
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and Ziegler 2015) especially in the context of
heteromeric interactions. Aligning the transloca-
tion subunits of recently determined structures as
we have done here shows that ancillary and cho-
lesterol binding sites are possibly conserved
across and within heteromeric solute carrier
families (Fig. 8). These promising advances
facilitated by the ‘cryo-EM revolution’ represents
a favourable outlook for the transport cycle and
mechanism of these complexes to be understood
at a fundamental level in the near future.

4 Conclusions

Several themes emerge for the role of heteromer
formation by transporters:

1. Alternate ancillaries to allow tissue-specific
regulation and trafficking.

2. Improved fidelity of protein folding and struc-
ture proof-reading.

3. Formation of metabolons and signalling
complexes integrating multiple biological
functions.

4. Optimisation of physiological function, by
modulating the catalytic cycle.

Molecular dynamics simulations show that
any two proteins in the membrane are likely to
interact, because of weak interactions and the
hydrophobic effect. It is possible to envision
how two proteins that initially interact only pas-
sively, may become interdependent over time in
evolution. Depending on abundance, different
partners may emerge in different tissues. Integral
membrane proteins have few surfaces available to
check correct folding. An ancillary binding part-
ner could form a mould, particularly for the scaf-
folding part of the translocator. Only when the
complex is stable enough, it is released from the
ER. This would lend itself to the co-dependency
and subsequent co-evolution of both partners.
The lack of hydrophilic surfaces also limits the
formation of larger complexes with soluble
proteins. Some transporters have developed very
large and complex N- and C-terminals, while
others as described here have adopted complex
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formation as a solution. Another notable evolu-
tionary trend we have inferred from our analysis
of heteromeric solute carriers is the comparatively
recent Last Common Ancestor (LCA) of ancillary
subunits compared with the very ancient LCA
inferred for the translocators (unpublished data).
Furthermore, ancillary subunits have a tendency
to show multiple large structural transformations
such as domain deletion, domain appearance and
domain swapping. Overall ancillaries seem to be
more susceptible and tolerant of protein variation
and mutation. By contrast, the LeuT fold and
domain architecture of the carriers themselves
has been remarkably conserved across all pro-
karyotic and eukaryotic phyla, with the notable
exception, as noted, of significant hydrophilic
domain extension i.e. termini and loop regions.
These evolutionary trends will be presented and
expanded upon in a forthcoming research publi-
cation. Overall, heteromeric complexes offer con-
siderable evolutionary advantages, plausibly
explaining their regular occurrence in the human
proteome when the thermodynamic cost of
synthesising two proteins to fulfil the function
usually carried out by one is substantial.
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Abstract

Collagen molecules are crucial extracellular
players in animal tissue development and in
functions ranging from ultrafiltration to organism
locomotion. Among the 28 types of collagen
found in human, type IV collagen stands out as
a primordial type found in all species of the
animal kingdom. Collagen IV forms smart
scaffolds for basement membranes, sheet-like
acellular structures that isolate, coordinate, and
direct cells during morphogenesis. Collagen IV
is also involved in multiple functions in devel-
oped tissues. As part of the basement membrane,
collagen IV scaffolds provide mechanical
strength,  spatially  tether  extracellular
macromolecules and directly signal to cells via
receptor binding sites. Proper assembly and
structure of the scaffolds are critical for
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development and function of multiple types of
basement membranes. Within last 5 years it was
established that C1™ concentration is a key factor
for initiating collagen IV scaffold assembly. The
biological role of Cl™ in multiple physiological
processes and detailed mechanisms for its signal-
ing and structural impacts are well established.
CI™ gradients are generated across the plasma
and intracellular organelle membranes. As colla-
gen IV molecules are secreted outside the cell,
they experience a switch from low to high C1™
concentration. This transition works as a trigger
for collagen IV scaffold assembly. Within the
scaffold, collagen IV remains to be a ClI™ sensor
as its structural integrity continues to depend on
Cl™ concentration. Here, we review recent
findings and set future directions for studies on
the role of Cl™ in type IV collagen assembly,
function, and disease.

Keywords

Basement membrane - C1™ - Collagen IV -
Extracellular matrix - Kinetics - NC1 domain -
Protein assembly

Abbreviations

NC1 non-collagenous domain 1 of collagen IV

7 Svedberg, the dodecameric region of
collagen IV
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ECM  extracellular matrix

BM basement membrane

GBM  glomerular BM

LBM lens capsule BM

NC1*  single polypeptide chain NC1 trimer
PEG polyethylene glycol

1 Introduction

Basement membranes (BMs) are evolutionary
ancient and highly conserved sheet-like structures
of extracellular matrix (ECM) that coordinate
cells, direct their polarization, and play a forma-
tive role in shaping tissues (Morrissey and
Sherwood 2015). In adult as all animals are
multicellular, BMs serve structural and protective
functions by providing signaling stimuli for cell
behaviors and tissue regeneration (Jayadev and
Sherwood 2017; Morrissey and Sherwood
2015). Prominent cases of highly specialized
BMs are glomerular basement membrane
(GBM), which provides ultrafiltration in the
kidney (Gunwar et al. 1998), lens capsule
basement membrane (LBM), which acts as
anchor points for lens cells during migration and
proliferation (Lu et al. 2008), and seminiferous
tubule basement membrane, which plays a role in
spermatogenesis (Kahsai et al. 1997). Type IV
collagen is a structural scaffold in all BMs that
integrates other ECM components, such as
laminins, nidogens and proteoglycans (Fidler
et al. 2017).

Genetic variants in collagen IV genes,
COL4A1-6, cause BM pathologies in various
tissues. Central nervous system and cerebral vas-
culature are primary targets of pathogenic
variants in COL4A1 and COL4A2 genes, while
pathogenic variants in COL4A3-5 genes almost
exclusively lead to kidney diseases, hearing
defects and ocular abnormalities (Cosgrove and
Liu 2017; Meuwissen et al. 2015; Stokman et al.
2016; Wang et al. 2018). Whereas connection
between gene variant and resulting abnormalities
is firmly established in most cases, the mecha-
nism of pathogenesis remains unclear. To provide
better insight into why and how these diseases
develop, it is essential to understand molecular
mechanisms of collagen IV scaffold assembly.

S. V. Ivanov et al.

2 Structural Organization
of Collagen IV

Collagen IV was discovered in kidney GBM over
50 years ago in the seminal works of Spiro and
Kefalides groups (Spiro 1967; Kefalides 1968) as
a novel crosslinked molecule with unusual
properties. Structural organization of the collagen
IV scaffold was later analyzed using acid extrac-
tion and limited proteolysis of tumor BM, which
led to a discovery of hexamer and dodecamer
oligomers (Fig. la) (Timpl et al. 1981). Subse-
quently, two key structural elements responsible
for forming each of these complexes, the 7S
dodecamer and the NC1 hexamer (Fig. 1a), were
isolated using proteolytic enzymes (Weber et al.
1984; Risteli et al. 1980; Timpl et al. 1979).
These and other functional domains of collagen
IV can be extracted and purified to homogeneity
from different tissues, tumors, and matrix depos-
ited by cultured cells (Boudko et al. 2018). The
type IV collagen family has six genetically dis-
tinct a-chains designated al to a6 (Fig. 1b). Each
a-chain contains an N-terminal 7S region, collag-
enous domain, and C-terminal NC1 domain.
Initially, three o chains form collagen IV
protomer that further assembles into the scaffolds
composed of the hexameric and dodecameric
assemblies. Studies of the NCI hexamers
extracted from tissues by treatment with collage-
nase (Fig. 1lc) led to discoveries of three
compositions of NC1 hexamers: ol21, a345,
and a121/a556 as well as a new type of covalent
cross-link, the sulfilimine bond, stabilizing these
hexamers. (Fig. 1d) (Hudson et al. 2003; Hudson
etal. 1994; Borza et al. 2001; Boutaud et al. 2000;
Vanacore et al. 2009).

3 Approaches to Overcome
Hurdles to Study NC1 Hexamer
Assembly

Collagen IV is notoriously insoluble in tissue
due to extensive cross-linking, though this
hurdle can be partially resolved by applying
p-aminoproprionitrile, a lathrytic agent that
prevents the formation of cross-links, during ani-
mal development or tumor growth. Although full-
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Fig. 1 Collagen IV. (a) Two key assemblies, NC1-to-
NC1 hexamer formation and 7S dodecameric assembly
drive the formation of collagen IV scaffolds that are fur-
ther re-enforced by lateral interactions. (b) The six
a-chains, al-a6, of collagen IV found in humans. (c)
The non-collagenous (NC1) domain can be solubilized

length collagen IV protomers can be extracted
from animal tissues or cell cultures, they are
quite challenging to study under physiological

from tissues and matrix deposited by cultured cells after
collagenase treatment. (d) The three reported types of
collagen IV scaffolds based on analysis of solubilized
NCI1 hexamers. The NC1 hexamers are often re-enforced
by sulfilimine bonds between two protomers

conditions as they naturally tend to aggregate
(Bachinger et al. 1982). These challenges make
full-length protomers prohibitively difficult to use



132

S. V. Ivanov et al.

to study NC1 hexamer assembly. Currently, there
are three approaches available to bypass full-
length protomers when studying hexamer forma-
tion (Fig. 2). The first approach (Fig. 2a) utilizes
either recombinantly produced NC1 monomers
(Casino et al. 2018) or collagenase liberated
native NC1 from bovine LBM or PFHRY cell
culture (Bhave et al. 2012). These hexamers dis-
sociate into monomers upon removal of CI™ ions
using dialysis or desalting columns. These
monomers can then be analyzed in hexamer
assembly assays by addition of Cl~. This
approach though does not reflect natural hexamer
formation as it combines two steps, trimerization
and hexamerization, into one process. The second
approach (Fig. 2b) utilizes recombinant
constructs consisting of the NC1 domain and an
N-terminal stretch of 28 GXY repeats essential
for forming a stable triple helix (Cummings et al.
2016). These constructs form trimeric molecules
in the absence of CI™ ions and thus, can be used
for direct hexamer assembly experiments. The
third approach (Fig. 2c) utilizes single-chain

recombinant technology in which all three chains
of the NC1 domain are tied together in a desired
domain composition and registry to form a stable,
single polypeptide chain NC1 trimer (NC1°9)
(Pedchenko et al. 2019). All three approaches
bear unique advantages and have certain
limitations, but collectively provide tools for
studying assembly of the NC1 hexamer.

4 Role of CI™ in NC1 Hexamer
Assembly

The initial clue for how NC1 domains assemble
into hexamers was provided by crystal structures
of human and bovine NC1*'?! hexamers that
presented acetate, Br—, C1~, Ca®*, and K* coordi-
nated by residues from two opposite trimers
(Sundaramoorthy et al. 2002; Than et al. 2002;
Vanacore et al. 2004). These and chemically sim-
ilar ions were extensively studied for their
abilities to trigger or facilitate the hexamer assem-
bly (Cummings et al. 2016). Neither Ca>* or K*

a 4 :ﬂ"
4

L. S L.

™ 4 ™
_~ triple helix C
. 1fragment

artificial
linkers

J . J

Fig. 2 Experimental models of collagen IV hexamer
assembly. (a) NC1 monomers from either recombinant
expression or from collagenase liberated NC1 extracted
from bovine lens capsules or murine PFHR9 cell culture
matrix. (b) Recombinant truncated protomers containing

28 GXY repeats necessary to form the triple helix and the
whole NC1 domain. (¢) Recombinant single-chain NC1
trimers. Three NC1 chains are linked by artificial 3-residue
linkers (shown in cyan)



ClI"in Collagen IV Assembly

133

were able to induce the hexamer formation with-
out presence of negatively charged ions. In con-
trast, halides were able to induce the hexamer
assembly with the following relative efficiency:
Br >Cl" >>I >>F, where F~ had negligible
effect. Whereas Br~ was the most efficient in
initiating hexamerization, C1~ was the only ion
that could efficiently assemble NC1 hexamers at
its physiologically relevant extracellular concen-
tration (Cummings et al. 2016). Interestingly,
addition of 1 mM Ca®* in the presence of physio-
logically relevant (100 mM) C1™ further increased
efficiency of hexamerization suggesting comple-
mentary effect of divalent cations in this process
(Cummings et al. 2016).

The role of C1™ in assembly and stability of the
hexamer can be illustrated in several ways. Size-

exclusion chromatography demonstrates assem-
bly (Fig. 3a, left) and disassembly (Fig. 3a,
right) of the hexamer by the presence of hexamer
or trimer peaks in elution profiles upon addition
or removal of ClI- (Pedchenko et al. 2019).
Atomic force microscopy was found to be a
very illustrative technique to assess the presence
of hexamers in a sample (Fig. 3b) (Pedchenko
et al. 2019). When a sample with NC1 trimers
was imaged, individual randomly dispersed
particles were seen (Fig. 3b, left). Surprisingly,
when a sample with NC1 hexamers was imaged,
pairs of individual particles were seen (Fig. 3b,
right). Explanation of this phenomenon can be
found in the method of sample preparation.
After absorbing the NCI1 hexamers onto the
mica surface using the working solution (with
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Fig. 3 Cl™ concentration affects collagen IV. (a) Elu-
tion profiles from size-exclusion chromatography demon-
strate that single-chain NC1 trimers (red line) associate
into hexamers (blue line) at high Cl™ concentration (left)
but dissociate back to trimers when Cl™ are replaced with
acetate (right). (b) Atomic force microscopy of single-
chain NCI trimers (left) or hexamers (right). Hexamers
dissociate into pairs of trimers after washing the sample
with water, which initiates C1~ removal from the NC1. (¢)
Effect of CI” on the quality of deposited basement
membrane-like matrix by cultured PFHRO cells as
visualized by transmission electron microscopy. Left,
cells were grown using normal medium with physiological
CI™ concentration for 10 days. Right, cells were grown in

1um

the medium with low CI™ concentration for 10 days. (d)
Effects of medium changes on the matrix. Left, initially
cells were grown in the medium with low CI™ concentra-
tion for 5 days and then in the normal medium for addi-
tional 5 days. Right, initially cells were grown in the
normal medium for 5 days and then switched to low CI™
concentration for additional 5 days. Overall, the matrix
deposited under low C1™ concentration is less dense and a
boarder is noticeable between two types of matrix. When
cells were initially grown in the low CI™ concentration the
matrix was partially restored (patches of dense matrix)
after switching to the normal medium. Arrows indicate
direction of basement membrane-like matrix deposition
over time



134

enough Cl™ concentration), the surface is briefly
washed with water and immediately air dried for
subsequent imaging. This short washing step
removes CI~ and thus, initiates dissociation into
trimers, which remain non-covalently absorbed to
the surface.

Depletion of C1™ had drastic effect on quantity
and quality of the growing BM as visualized in
cell culture experiments with varying Cl~ con-
centration in the medium (Cummings et al. 2016).
At low CI™ concentration (~5 mM) cells deposit
disorganized matrix with lesser density compared
to normal conditions (Fig. 3c). Switching from
low to normal Cl™ concentration partially repairs
the abnormal BM (Fig. 3d, left panel). Mean-
while, switching from normal to low C1™ concen-
tration seems to not significantly disrupt BM
deposited under normal conditions (Fig. 3d,
right panel), suggesting stabilization of the NC1
hexamer through sulfilimine cross-linking (Bhave
et al. 2012; Vanacore et al. 2009) and possibly
complexation with other macromolecules in the
BM. Nevertheless, C1™ depletion can disrupt NC1
hexamer assembly, and may disrupt yet unknown
macromolecular complexes within BM.

The development of a single-chain NC1 trimer
as a tool to study the assembly of the NCI1
hexamer (Fig. 2c) allowed quantitative analysis
of this process and establishment of a kinetics
model (Pedchenko et al. 2019). Plotting hexamer
formation versus Cl~ concentration results in a
sigmoidal curve (Fig. 4a). CI™ concentrations

a b

extracellular

Hexamer fraction (%)

CI" concentration (mM)

Fig. 4 CI™ titration and Kinetics of the hexamer
assembly. (a) CI titration curve, adapted from
(Pedchenko et al. 2019). The amount of the hexamer
formed depends on Cl™ concentration. The red dot
indicates approximate intracellular CI™ concentration,

Hexamer fraction (%)
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below 10 mM (intracellularly relevant) appear
to prohibit hexamer formation, whereas at
100 mM (extracellular concentration), the frac-
tion of hexamer formed approaches a plateau.
This titration curve surprisingly fits the two
extremes of the C1™ step gradient across the cell
membrane (e.g. 7 mM inside the cell and
100 mM outside the cell (Andersen 2013;
Armstrong 2003)) and suggests a major role for
CI™ in collagen IV scaffold assembly outside the
cell. Experimentally measured kinetics of the
hexamer assembly at high Cl~ concentration
and protein concentration dependence revealed
that this Cl™ ion driven process fits a simple
bimolecular reaction model with the rate constant
k, = 345 + 0.12 M~ ' s7! (Pedchenko et al.
2019). Projections of the hexamer assembly dem-
onstrate slow kinetics with half-times ranging
from 20 min to 7 h at 25 to 1 mg/ml protein
concentration (Fig. 4b). The correlation between
this in vitro data and the in vivo processes
remains unknown.

5 Cl™ lons Are Structural
Components of the NC1
Hexamer

Recently reported crystal structures of C1~ bound
hexamers NCI**"?! (Fig. 2c), NCI1*M!,
NC1*%, and NCI1** finally revealed the

T

1
Time (hours)

T T T T T T

while the green dot indicates approximate extracellular
CI™ concentration under normal physiological conditions.
(b) Calculated kinetics of hexamer formation at various
protein concentrations, based on experimentally defined
mechanism (Pedchenko et al. 2019)
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number and positions of C1~ within each hexamer
(Casino et al. 2018; Pedchenko et al. 2019). The
hexamers were specifically held at high C1™ con-
centration prior and during crystallization to
assure complete saturation of the structure with
the Cl™ ions (Pedchenko et al. 2019). Each of
these hexamer structures revealed 12 Cl™ ions at
the trimer-trimer interface as shown for the a121
composition (Fig. 5). These 12 ions form a CI™
ring, composed of two groups of 6, based on their
structural environment.

In the following detailed descriptions of Cl™
environment, NC1°¢*'?! and NC1%°% structures
will be used as they were solved at the highest
resolution. Group 1 CI™ intercalate into the base
of the NC1 trimers, where they are centered in
loops formed by amino acids 74—78 and coordi-
nated by these residues’ backbone atoms (Fig. 6,
top panel). In addition, an arginine residue from
the opposite trimer forms a salt bridge to each of

Fig.5 CI™

at the

hexamer

interface of

NC1121,

Cartoon

representation of the crystal
structure of the NC1*'?!
hexamer. Coloring for al
and o2 chains are yellow
and magenta, respectively.
Spaced-out image reveals
12 CI” (shown as spheres)
sandwiched between NC1
trimers. Rotation of the
hexamer presents an
interfacial view that reveals
the distribution of CI™
resembles a ring around the
interface. The C1~ can be
further split into Group

1 (colored cyan) and Group
2 (colored blue) depending
on the nature of their
coordination. The figure
was generated using
coordinates of the crystal
structure of NC1%¢*2!
(PBD code: 6MPX)

a121 NC1 hexamer

these ions. Molecular dynamics simulations also
suggest that binding Group 1 ions causes the
re-arrangement of the R76 side chain to break
intra-trimeric salt bridges in order to form inter-
trimeric salt bridges that contribute to hexamer
formation (Cummings et al. 2016).

Group 2 CI™ are located closer to the equatorial
plane of the hexamer (Fig. 5). Instead of
intercalating into the base of the NCI trimers,
these ions sit directly at the interface and act like
a bridge that connects two protomers by accepting
hydrogen bonds from each NC1 trimer (Fig. 6,
bottom panel). A unique aspect of the Group
2 ClI” that will be discussed further in the
subsequent section is the fragility of this coordina-
tion. Aliphatic C-H groups from alanine and aro-
matic residue side chains serve as donors for the
Cl™ interaction. In addition, the solution outside
the hexamer can donate hydrogen bonds not only
from water, but also from polyethylene glycol

© Group1CI- e o
@ Group2CrI- © ¢
o
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Fig. 6 Cl™ coordination at the interface between NC1
trimers. The top panel shows coordination of Group 1 C1™
(shown as cyan spheres), while the bottom panel depicts
coordination of Group 2 CI™ (shown as blue spheres). The
al, a2, and a5 NC1 domains are colored yellow, magenta,
and green, respectively. Water molecules are shown as red
spheres. PEG molecules found near Group 2 ions are
shown as gray carbon chains with red oxygens.
Interactions between Cl™ and either water or PEG are

(PEG) molecules included in the crystallization
solution. Combined, these interactions represent a
weak interaction network that could allow for rela-
tively easy exchange with solvent CI™ ions
suggesting highly dynamic nature of Group
2 CI” coordination within the NC1 domain.

6 Surface Environment
Accessibility of CI™ lons

Surface analysis of ions at the center of the NC1
hexamer presents a putative binding order and
differentiation of roles between Group 1 and
Group 2 CI. In both the NC1*'*! and NC1°°>°
hexamers, Group 1 C1™ are visible only when one
of the trimers is removed (Fig. 7). Hence, it
appears the Group 1 ClI™ must bind to the NC1
before Group 2 C1™ and thus, play a signaling role
in assembly. It appears that Group 1 CI™ ions in
the NC1%° trimer are embedded deeper into the

denoted by red dashes. Blue dashes denote CI™
interactions with one NCI1 trimer, while black dashes
denote Cl interactions with the opposite NCI1 trimer.
Residue numbering follows the convention used for
non-single chain structures with single-chain structure
numbering in parenthesis. The figure was generated
using coordinates of the crystal structures of NC1%*!2!
and NC1%% hexamers (PBD codes: 6MPX and 5SNAZ)

NC1 surface compared to equivalent Cl1™ in the
NC1*'?! trimer. Whether this indicates NC1%°°
bind tighter to this C1™ group or is also relevant to
NC1%* or NC1*'21%55 hexamers is unknown
currently.

Whereas the Group 1 Cl™ are sequestered inside
the core of the NC1 hexamers, Group 2 Cl™ are
readily accessible to solvent through portals in the
hexamer (Fig. 8). Both structures contain polyeth-
ylene glycol (PEG) fragments, though their loca-
tion in the structure leads to a curious observation.
While both PEG and water molecules are found
near the portals in odd-numbered NC1 alignments,
only water was identified near the portals for
NC1*? (Fig. 8). Conclusions cannot be drawn
from the NC1%* ** ** homo-oligomer structures
(PDB IDs: 5SNB2, SNBO, and 5NB1) as none were
solved at sufficient resolution to observe PEG
molecules included in the crystallization drop and
NC1 ** ** structures form unusual non-hexameric
assemblies. Meanwhile, the N C1*! homo-hexamer
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Fig. 7 Interfacial view of the surface of NC1*'*! and
NC1°%%5 trimers as part of a hexameric assembly. As
Group 1 CI™ (cyan) are embedded into the NC1 trimer,
they are accessed only through channels leading into the
interface. Group 2 Cl~, meanwhile, lie in the interface
itself, appearing as though they “sit” on the NC1 surface.
The triple helical collagen segments in this figure are

was not crystallized in the presence of PEG
molecules and no structures including NC1*® are
available. Nevertheless, observation of the position
of PEG molecules raises the possibility that the
surface topography of odd-numbered NC1 pairings
is distinguished from the surface topography of
even-numbered NCI1 pairings in that it could
accommodate environmental perturbations near
Cl™ that are necessary for NC1 assembly.
Whereas Group 1 is solvent-accessible only in
the trimer configuration (Fig. 7), Group 2 remains
exposed to solvent upon hexamer assembly
(Fig. 8). Thus, each Group 2 Cl, positioned in
a pocket communicating to the outside through a
portal, can therefore be in a dynamic equilibrium
with free ions in the solution. Remarkably, the
nature and geometry of this arrangement seems to

Q© Group1CI-
@ Group2CrI-

added to orient the reader to the interface surface and are
not a part of the crystal structures. Arrows extending from
each box point to an expand out of the interfacial region
within the box. The figure was generated using coordinates
of the crystal structures of NCI1%°*'2! and NC1%°%
hexamers (PBD codes: 6MPX and SNAZ)

be also conserved for all reported types of NC1
hexamers (Fig. 1d) suggesting a common sensing
mechanism to CI™ concentration.

7 Conclusions

Assembling of collagen IV structures has distinct
stages both inside and outside of the cell (Fig. 9).
The NC1 domain plays dual intra- and extracellu-
lar roles. Inside the cell, the domain is responsible
for selecting three o chains, bringing them
together and nucleating folding of triple helix in
a zipper-like fashion (Soder and Poschl 2004).
Outside the cell, trimeric NC1 domains from
two protomers are connected by Cl™ to form
hexamers, which can be then covalently
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a1 centered

’f’fw*-

a121 hexamer

a555 hexamer

Fig. 8 Group 2 CI™ are solvent accessible in the NC1
hexamers. Solvent accessible portals on the surface of the
NC1 hexamers reveal Group 2 ClI™ (blue spheres) and
unique portal environments. Group 1 Cl™ are not directly
solvent accessible. Structured water molecules are shown
as smaller red spheres, while structured PEG molecules are
shown with gray carbon chains. Coloring for each NCl1
domain is yellow for al, magenta for a2, and green for a5.
Only one NC1*'?! trimer is found in the asymmetric unit
of the crystal structure and hence, the two al centered

connected by sulfilimine cross-links with the help
of the peroxide reductase, peroxidasin (Fig. 1d).
(Brown et al. 2017; Bhave et al. 2012; Vanacore
et al. 2009). Until recently, the exact molecular
mechanism of the NC1-driven collagen scaffold
assembly remained unclear. Biochemical and
structural data have now demonstrated that NC1
domains of collagen IV are equipped with a C1™
sensing mechanism, which is capable of trigger-
ing conformational switches essential for

Close-in view

+PEG
+water

faces of the hexamer are similar due to the twofold crys-
tallographic symmetry rotation necessary to complete the
hexamer. Meanwhile, only one NC1%® domain is found in
the asymmetric unit of the corresponding structure. Thus,
each o5 centered face is identical due to the threefold and
twofold crystallographic symmetry rotations necessary to
complete the hexamer. The figure was generated using
coordinates of the crystal structures of NCI**'?! and
NC1%% hexamers (PBD codes: 6MPX and SNAZ)

hexamer assembly. It also appears that this mech-
anism has emerged early in evolution (Cummings
et al. 2016; Pedchenko et al. 2019). Structural
organization resulting in two groups of Cl™ ions
suggests distinct steps take place during hexamer
assembly. Group 1 ions bind to the trimer and
re-organize the surface for trimer-trimer docking.
Group 2 CI™ bind to the formed hexamer and
ultimately stabilize it (Fig. 9) (Pedchenko et al.
2019). The hexamer structure is sufficiently
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Fig. 9 Collagen IV assembly steps driven by the NC1
domain. Once collagen IV chains are translated into the
ER lumen the NC1 domain drives chain selection and
trimerization event. Trimerization of the NC1 domain
subsequently nucleates the formation of the triple helix
which propagates along the molecule from the NCI
domain to the N-termini of the chains in a zipper-like
fashion. After multiple post-translational modifications
and quality control events, the collagen IV protomers are
secreted outside the cell into a high CI™ concentration

dynamic to require high C1™~ concentration in the
surrounding environment as depletion of free C1™
causes dissociation of the hexamer.

Thus far there is limited structural information
on the nature of the extracellular CI™ binding
sites, and therefore, no consensus motifs or even
essential residues for C1™ binding have emerged
to allow searching for similar sites in other
proteins (Luscher et al. 2020). Establishing C1™
binding sites within the NC1 hexamer of collagen
IV provides a new brick for building our under-
standing of role of Cl™ in structural organization,
functional aspects, and signaling events happen-
ing in the extracellular milieu. The step gradient
of CI™ concentration between intracellular and
extracellular space can also be exploited by
other ECM proteins, yet to be discovered, as a

environment. In the current model, once in the extracellu-
lar space the NCI1 trimers undergo conformational
transitions upon binding CI~ (Group 1 (shown as cyan
spheres) first, followed by Group 2 (shown as blue
spheres)). Subsequently, physiologically high extracellu-
lar CI™ concentration is critical for maintaining the
hexamer structure, as C1™~ depletion results in dissociation
of the hexamer. This hexamer is a critical step towards
collagen IV scaffold assembly

common mechanism. Involvement of CI™ con-
centration in control of assembly, function and
signaling can also be considered for development
of new types of therapies.

There are several interesting questions to be
addressed in the future studies of collagen IV
scaffold assembly and function related to the
NC1 hexamer and Cl: (1) Does the sequence
similarity between oal-a6 chains lead to the
same Cl -dependent mechanism for NCI1
hexamer  formation for  other  known
compositions, i.e. «345 and al121/a565? (2) Will
the Cl™ titration curve and kinetics observed for
al21 apply to other assemblies? (3) What is the
mechanism of discrimination between «121 and
al21/a565 hexamers? (4) What cofactors or
helper proteins could accelerate the remarkably
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slow rate-limiting step of the hexamer assembly
(Sect. 4) and/or reduce the high protein concen-
tration necessary for hexamer formation?
(5) What mechanisms, besides sulfilimine cross-
linking (Bhave et al. 2012; Vanacore et al. 2009),
could protect the NC1 hexamer in the event of a
CI” concentration drop? (6) How much
variability in BM CI™ concentration exists in
health and disease? (7) Is there a cell signaling
role for the NC1 domain that utilizes BM Cl™
concentration sensing?
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Abstract

Slit guidance ligands (Slits) and their round-
about (Robo) family of receptors are well-
known axon guidance molecules that were
originally identified in Drosophila mutants
with commissural axon pathfinding defects.
However, Slit-Robo signaling has been
shown to be involved in not only
neurogenesis, but also the development of
other organs such as the kidney and heart.
Recently, it was also revealed that Slit-Robo
signaling plays an important role in bone
metabolism. For example, osteoclast-derived
Slit3 plays an osteoprotective role by synchro-
nously stimulating bone formation by
osteoblasts and suppressing bone resorption
by osteoclasts through Robo receptors
expressed on osteoblastic and osteoclastic
cell lineages, making it a potential therapeutic
target for metabolic bone disorders. Further-
more, osteoblast-derived Slit3 promotes bone
formation indirectly as a proangiogenic factor.
This review summarizes the recent progress on
defining the roles of the Slit-Robo signaling in
bone metabolism, and discusses the possible
roles of the interaction between Robo and neu-
ral epidermal growth factor-like (NEL)-like
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(NELL) proteins that are novel ligands for
Robo receptors.
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Abbreviations

BMP bone morphogenetic protein

EGFL epidermal growth factor-like

FNIII fibronectin type III

GTPase  guanosine triphosphatase

Ig immunoglobulin

NELL neural EGFL (NEL)-like

RANK  receptor activator of nuclear factor-k
B

RANKL RANK ligand

Robo roundabout

Sema semaphorin

Slit Slit guidance ligand

1 Introduction

Bone locally repeats ossification and bone resorp-
tion for a lifetime to build skeletal structures
without changing its morphology and serves as a
calcium reservoir to maintain calcium homeosta-
sis. These turnover processes are called bone
remodeling (Zaidi 2007). Bone remodeling is
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carried out by temporary structures known as the
basic multicellular units (BMUs) that are com-
posed of two main cell types: osteoclasts and
osteoblasts (Sims and Martin 2015, 2020; Kenkre
and Bassett 2018). The bone remodeling cycle
begins with the activation of osteoclastic bone
resorption. After the resorption phase is
completed, osteoclasts disappear and osteoblast
precursors are recruited to the bone surface, and
this phase is called the reversal phase. The forma-
tion phase follows with osteoblasts laying down
bone matrix until the resorbed bone is completely
replaced by new bone. The same amount of bone
that was resorbed by osteoclasts must be newly
formed to maintain the balance between osteo-
clastic bone resorption and osteoblastic bone for-
mation. A local coupling factor linking bone
resorption to subsequent bone formation has
long been proposed to explain the coordination
of bone resorption and formation in BMUs (Sims
and Martin 2020; Martin and Sims 2005; Kim and
Koh 2019). Several coupling factors have been
identified, including those derived from the bone
matrix, such as transforming growth factor-p1
(TGF-p1) (Tang et al. 2009) and insulin-like
growth factor 1 (IGF-1) (Xian et al. 2012), and
those secreted by osteoclasts, which act on
osteoblasts, such as cardiotrophin-1 (Walker
et al. 2008), sphingosine-1-phosphate (S1P)
(Ryu et al. 2006), collagen triple helix repeat
containing 1 (CTHRCI1) (Takeshita et al. 2013)
and complement factor 3a (Matsuoka et al. 2014).

In contrast to these coupling factors that act on
osteoblasts, semaphorin (Sema) 3A, which
belongs to the semaphorin family of axon guid-
ance molecules, is known as a dual-acting factor
that acts on both osteoblasts and osteoclasts to
control their differentiation (Hayashi et al. 2012).
Sema3A is a secreted protein that binds to plexin
A/neuropilin-1 receptor complexes to suppress
osteoclast differentiation and promote osteoblast
differentiation synchronously. Although Sema3A
plays an osteoprotective role, it is not produced
by osteoclasts, but by osteoblasts and nerves.
Interestingly, axon guidance molecules other
than Sema3A have also been shown to be
involved in bone remodeling. Sema4D, which is
a transmembrane-type semaphorin  family
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member, is produced by osteoclasts to suppress
osteoblast maturation by binding to the plexin B1
receptor on osteoblasts (i.e., a “negative coupling
factor”) (Negishi-Koga et al. 2011). Netrin-1 has
been reported to both promote and inhibit
osteoclastogenesis through binding to the
UNCS5B receptor on osteoclasts (Mediero et al.
2015; Maruyama et al. 2016). These findings
raise the question of whether Slit-Robo signaling
is also involved in bone remodeling.

Slit ligands and their Robo family of receptors
were originally identified as axon guidance
molecules in Drosophila mutants that show
abnormal projections of commissure neurons in
the central nervous system (Rothberg et al. 1988;
Seeger et al. 1993). However, Slit-Robo-
mediated signaling is not limited to neural devel-
opment, but is also involved in the development
of various organs such as the kidney and heart
(Lu et al. 2007; Wainwright et al. 2015; Zhao and
Mommersteeg 2018). In addition, Slit-Robo sig-
naling is involved in the regulation of angiogene-
sis, cancer development, cell migration, and cell
proliferation (Dai et al. 2019; Gara et al. 2015;
Blockus and Chedotal 2016). Recently, it was
revealed that Slit-Robo signaling plays an impor-
tant role in bone metabolism (Kim et al. 2018a;
Xu et al. 2018). In this review, I discuss the roles
of Slit-Robo signaling in bone remodeling and
future research directions.

2 Slit Ligands and Robo
Receptors: Structure
and Interactions

In mammals, three Slit genes (Slit/-3) have been
identified (Fig. 1) (Li et al. 1999). All Slit genes
encode large (~200 kDa) secreted glycoproteins
that comprise, from their N- to C-terminus, four
leucine-rich repeats (LRRs), six EGFL repeats, a
laminin G (LG) domain, a further three EGFL
repeats, and a C-terminal cysteine knot-like
domain. Slit proteins can be cleaved into large
N-terminal (~140 kDa; Slit-N) and short
C-terminal (~60 kDa; Slit-C) fragments at the
putative proteolytic site between the fifth and
sixth EGFL repeats (Brose et al. 1999). Both the
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© von Willebrand factor type C (vWC) domain

Fig. 1 Structures of the Slit, Robo, and NELL protein
families. Slit ligands bind to the Robol/2 Igl domain
through their LRR2 domain, whereas NELL1/2 bind to
the Robo2/3 FNIIIl domain through their EGFL2/3
domains. Slit proteins are proteolytically cleaved between
EGFLS5 and EGFL6 domains to create N- (Slit-N) and

uncleaved and cleaved Slit proteins induce
chemorepulsion by binding to Robo receptors
through their second LRR within Slit-N or by
binding to plexin Al receptor for Slit-C
(Delloye-Bourgeois et al. 2015).

The first Robo gene was named after the phe-
notype of the Drosophila mutant in which com-
missural axons inappropriately cross the midline
many times in the manner of a roundabout
(Seeger et al. 1993). Robo was found to encode
a protein that is a single-pass transmembrane
receptor for Slit ligands (Brose et al. 1999). Four
Robo genes (Robol—4) have been identified in
mammals (Fig. 1) (Kidd et al. 1998; Huminiecki
et al. 2002). The extracellular domains of
Robol-3 have five immunoglobulin (Ig)-like
domains and three fibronectin type III (FNIII)
domains, whereas Robo4, an endothelial-specific
member of the Robo family, has only two Ig
domains and two FNIII domains in its extracellu-
lar domain. The intracellular domain of Robo is

—{[ IFNIII1

O Immunoglobulin (lg)-like domain
U Fibronectin type Ill (FNIII) domain
« Conserved cytoplasmic (CC) domain

C-terminal (Slit-C) fragments. Both fragments bind to
different receptors. A direct interaction between Slit/
NELL ligands and Robo4 has not been demonstrated.
The intracellular domains of Robo have several short
conserved motifs that are important for Robo signaling

poorly conserved, but there are four short
conserved cytoplasmic (CC) motifs (CCO-3).
Because the intracellular domain has no catalytic
activity, various intracellular signaling molecules
that bind to these CC motifs mediate the signal.
Both Robol and Robo2 contain the binding site
for Slit proteins in their first Ig domain (Morlot
et al. 2007). However, Robo3 has lost the ability
to bind Slit proteins because of a few amino acid
changes in its first Ig domain (Zelina et al. 2014).
Instead, Robo3 interacts with neural EGFL
(NEL)-like protein 2 (NELL2) to induce
chemorepulsion (Jaworski et al. 2015). Robo4
has been suggested to transduce Slit2/3 signaling
in endothelial cells, but a direct interaction
between Robo4 and Slit2/3 has not been
demonstrated so far (Dai et al. 2019). Transmem-
brane heparan sulfate proteoglycans (HSPGs),
such as syndecan and glypican, bind to both Slit
and Robo via the heparan sulfate moiety, forming
a ternary complex and stabilizing their interaction
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(inactive)

Fig. 2 Hairpin-like architecture of the Robo2
ectodomain and a model of Robo2 activation. (Lefr)
Crystal structure of the human Robo2 ectodomain in sur-
face representation (PDB ID: 6IAA). The nomenclature of
Robo extracellular Ig and FNIII domains is shown on each
domain structure. (Right) Model of Slit-induced Robo2
activation. Trans-interacting Robo2 homodimers are

at cell surfaces (Hussain et al. 2006). Robo
receptors interact with other membrane receptors,
such as deleted in colorectal carcinoma (DCC)
and C-X-C motif chemokine receptor 4 (Cxcr4),
to elicit their functions via shared downstream
partners, including small guanosine
triphosphatases (GTPases), cytoplasmic kinases,
and adaptor molecules (Stein and Tessier-
Lavigne 2001; Wu et al. 2001).

Robo1/2 form homo- and heterodimers in cis-
and trans-positions (Fig. 2) (Hivert et al. 2002;
Zakrys et al. 2014). Crystal structure and bio-
chemical analyses have revealed that
homodimers form via the fourth Ig domain (Ig4)
of Robo (Seiradake et al. 2009; Yom-Tov et al.
2017), whereas trans-homodimers are formed by
head-to-head interactions between Igl and Ig5 of
Robo on adjacent cell surfaces (Barak et al.
2019). Barak et al. recently demonstrated that
the extracellular domain of Robo?2 has a hairpin-
like architecture as a monomer, which is unable to
form cis-homodimers, but #rans-homodimers
because the Ig4-mediated dimerization interface
is intramolecularly blocked by the FNIII domains
(Barak et al. 2019). Because cis-dimerization is
essential for Robo receptor activation, a hairpin-
like architecture enables an auto-inhibited

cis-

.
C
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tightly auto-inhibited. Both trans-interacting Robo2
homodimers and monomers are inactive. Slit-N binding
to the Robo2 Ig1 domain induces dissociation from trans-
homodimers to monomers and facilitates formation of
Ig4-mediated cis-homodimers following activation of the
intracellular signals

conformation of Robo receptors. Furthermore,
trans-homodimer formation reinforces the auto-
inhibition state strongly. It has been suggested
that Slit binding to Robo reverses Robo auto-
inhibition following by cis-dimerization and
activation.

3 Roles of Slit-Robo Signaling
in Bone Remodeling

Slit] is minimally expressed in bone -cells,
whereas Slit2 is expressed in osteoblastic cell
lineages (Sun et al. 2009). Slit3 is expressed in
vascular endothelial cells other than the nervous
system and has angiogenic functions (Zhang et al.
2009). In bone, Slit3 is expressed in both osteo-
clastic and osteoblastic cell lineages (Kim et al.
2018a; Xu et al. 2018), although the expression
levels may vary depending on the status of the
cell (discussed later). Robol and Robo3 are
expressed in osteoclastic cell lineages, while
Robol and Robo2 are expressed in osteoblastic
cell lineages (Kim et al. 2018a). Robo4 is hardly
expressed in bone cells (Xu et al. 2018). In a
previous study, Slit2 was shown to inhibit osteo-
blast differentiation in vitro (Sun et al. 2009).
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However, a recent study could not detect the
inhibitory effect of Slit2 on osteoblast differentia-
tion, probably because of the difference in meth-
odology using recombinant Slit2 protein instead
of conditioned medium containing Slit2 (Park
et al. 2019). Accordingly, Slit2 may have no
activity in osteoblasts but suppresses osteoclast
differentiation through the Robol receptor by
reducing the migration and fusion of
preosteoclasts (Fig. 3a) (Park et al. 2019). Slit2
has been shown to interact with Gremlin, an
antagonist of bone morphogenetic proteins
(BMPs), to constitute a negative feedback loop
where Slit2 blocks Gremlin inhibition of BMP2
and canonical BMP2 signaling downregulates
Slit2 expression, although the role in bone
remodeling is not presently known (Tumelty
et al. 2018).
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Recently, two different groups identified Slit3
as a bone anabolic factor. Kim et al. identified
Slit3 in conditioned medium of osteoclasts as a
coupling factor that coordinates bone resorption
and formation (Kim et al. 2018a). They
demonstrated that osteoclast-derived Slit3 acts
on Robol/2 receptors expressed by osteoblasts
to promote osteoblast migration and proliferation,
and also acts on Robol expressed by osteoclasts
in an autocrine manner to suppress osteoclast
differentiation (Fig. 3a). Mice lacking Slit3 spe-
cifically in osteoclasts have a low bone mass due
to decreased bone formation and increased bone
resorption, whereas mice with either neuron-
specific Slit3 deletion or osteoblast-specific Slit3
deletion have a normal bone mass. These results
indicate that Slit3 is a “clastokine”, an osteoclast-
derived osteoblast differentiation factor. They

Fig. 3 Roles of Slit-Robo e
signaling in bone
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also demonstrated that a genetic variant of the
SLIT3 gene was associated with bone parameters
in postmenopausal women, and that high
circulating SLIT3 levels in plasma are associated
with high bone mineral density values. These
observations suggest that SLIT3 is a potential
biomarker to predict bone health in humans.
Finally, administration of a truncated recombi-
nant Slit3 to ovariectomized (OVX) mice signifi-
cantly rescues bone loss by promoting
osteoblastic bone formation and inhibiting osteo-
clastic bone resorption, indicating that Slit3 can
be used as a therapeutic target for osteoporosis.
Shortly after this work, Xu et al. identified
Slit3 as a proangiogenic factor that increases
CD31"endomucin™  (CD31MEmen™)  vascular
endothelium (type H vessel) levels, which posi-
tively regulate bone formation (Fig. 3b) (Xu et al.
2018). Mice lacking adaptor protein Schnurri-3
(SHN3) specifically in osteoblasts have markedly
elevated bone formation with increased levels of
Slit3 and CD31™Emcn™ endothelium, suggesting
that Slit3 is an SHN3-controlled and osteoblast-
derived regulator of bone formation by coupling
between osteoblasts and CD31™Emen™ endothe-
lium. However, there are some differences in the
results between the two groups, probably due in
part to the differences in experimental methods
and design. For example, Xu et al. observed
robust Slit3 expression in osteoblasts, but not in
osteoclasts (Xu et al. 2018). They did not observe
a direct effect of Slit3 on osteoblasts, but
observed osteopenic phenotypes in osteoblast-
specific Slit3-deficient mice with three different
cre-deleter strains (Xu et al. 2018). They also
demonstrated that Slit3 treatment had only a mod-
est effect on osteoclastogenesis in vitro and
osteoclast-specific Sliz3-deficient mice showed
normal bone mass (Li et al. 2020). These results
indicate that osteoblasts are the major source of
skeletal Slit3. However, another group has shown
recently that osteoclast-derived Slit3 promotes
osteoblast differentiation (Shin et al. 2020). The
discrepancy between the two groups might be due
in part to differences in tissue-specific cre-deleter
strains utilized for generating conditional knock-
out mice. Although the primary source of skeletal
Slit3 and the direct effect on bone cells continue
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to be debated, it seems certain that Slit3 acts as a
potent angiogenic factor through Robo2 binding
on endothelial cells to evoke osteoanabolic
responses because Kim et al. also observed a
decrease in type H vessels in global Slit3-deficient
mice (Kim et al. 2018a; Peng et al. 2020). Further
studies are required to better understand the role
of Slit3-Robo signaling in bone remodeling.

4 Downstream of Slit-Robo
Signaling in Bone Remodeling

The major signaling molecules downstream of
Robo receptors are cytoplasmic kinases. Abelson
(Ab]) tyrosine kinase associates with the intracel-
lular domain of the Robo receptor (Rhee et al.
2007). Upon binding to Slit ligands, Robo forms a
multimolecular complex containing Abl kinase,
adaptor protein Cables (Cdk5 and Abl enzyme
substrate), N-cadherin, and f-catenin. Abl kinase
subsequently phosphorylates f-catenin on tyro-
sine 489, resulting in the release of cadherin-
associated B-catenin and the loss of N-cadherin-
mediated cell adhesion. Slit3 has been shown to
promote chondrocyte differentiation through the
Robo?2 receptor by suppression of p-catenin activ-
ity, thereby regulating endochondral ossification
(Kim et al. 2018b). Interestingly, this is the oppo-
site of the effect on osteoblasts in which Slit3
activates P-catenin to stimulate migration and
proliferation (Kim et al. 2018a), indicating that
the effect of Slit3 on P-catenin activity depends
on the cell type.

The Rho family of small GTPases (Rac,
Cdc42, and RhoA) also plays an important role
in regulating the downstream responses of Slit-
Robo signaling. They are key regulators of cyto-
skeletal reorganization critical for cell motility.
Activation of Slit-Robo signaling recruits Slit-
Robo GTPase-activating proteins (srGAPs) to
the intracellular domain of the Robo receptor
and inactivates Rho GTPases, thereby inhibiting
actin polymerization and stress fiber formation
(Wong et al. 2001). In Slit2-suppressed osteoclas-
togenesis, inhibition of Cdc42 GTPase by Slit2 is
critical (Park et al. 2019). In contrast, Slit3-
suppressed osteoclastogenesis is mediated by
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inhibition of Racl GTPase (Kim et al. 2018a). A
recent study showed that female mice deficient
for stGAP2 specifically in myeloid lineages have
high levels of Rac1 activation and increased bone
formation with enhanced Slit3 production (Shin
et al. 2020). A feedback loop in which Racl
activity stimulates expression of Slit3 has been
suggested to exist, which in turn acts to limit Racl
activation through Robol and srtGAP2 in osteo-
clastic cells.

5 NELL Family Proteins: Novel
Ligands of Robo2/3 Receptors

Slit ligands have been shown to interact with
several receptor proteins other than Robo, such
as plexin Al and dystroglycan (Delloye-
Bourgeois et al. 2015; Wright et al. 2012). How-
ever, Slit proteins were the only known ligands of
Robo receptors until NELL2 was recently
identified as a ligand for Robo3 to function as a
repulsive axon guidance cue that contributes to
commissural axon guidance to the midline
(Jaworski et al. 2015). Although NELLI also
binds to Robo3, NELL1 has a weak effect on
commissural axon guidance repulsion (Pak et al.
2020). NELL1 and NELL2 constitute a NELL
family of large secretory glycoproteins that con-
tain an LG domain, four von Willebrand factor
type C (vWC) domains, and six EGFL repeats
(Fig. 1) (Zhang et al. 2010). Both NELLI and
NELL2 genes are expressed primarily in the
brain and have high similarity in their amino
acid sequences. However, the biological
functions of the proteins they encode are greatly
different (Kuroda et al. 1999). NELL2 plays mul-
tiple roles in neuronal development, survival, and
activity (Aihara et al. 2003), whereas NELL1
mainly functions as a regulator of craniofacial
skeletal morphogenesis (Zhang et al. 2010; Li
et al. 2019). Most recently, NELL2 was shown
to function as a regulator of sperm maturation by
binding to an orphan receptor tyrosine kinase,
c-ros oncogene 1 (ROS1) (Kiyozumi et al.
2020). The NELLI gene was originally identified
as a gene overexpressed in human sporadic coro-
nal craniosynostosis characterized by premature
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cranial suture closure with bone over growth
(Ting et al. 1999). Transgenic mice
overexpressing NELL1 display a phenotype sim-
ilar to human craniosynostosis patients (Zhang
et al. 2002), whereas NELLI-deficient mice have
cranial and vertebral skeletal defects (Desai et al.
2006; Zhang et al. 2012). Currently, NELL2
targets Robo3 and ROSI1 receptors (Jaworski
et al. 2015; Kiyozumi et al. 2020), whereas the
receptors targeted by NELL1 include integrin f1,
HSPGs and contactin-associated protein-like
4 (Cntnap4) (Shen et al. 2012; Takahashi et al.
2015; Li et al. 2018).

To gain more insight into NELL-Robo
interactions, our group examined the binding
activity between NELL1/2 and the Robo family
of receptors, and found that Robo2 is a potential
receptor for NELL1/2 (Yamamoto et al. 2019).
When using a fragment of Robo FNIII domains,
NELL1/2 bind to the first FNIII domain of Robo2
and Robo3 through their EGFL domains, but not
to those of Robol and Robo4 (Fig. 1). However,
NELL1/2 bind to the whole ectodomain of
Robo3, but not to that of Robo2. We
hypothesized that this is because the conforma-
tion of the ectodomain of Robo2 might mask the
binding site for NELL1/2, which is supported by
a recent study showing that the Robo2
ectodomain has a hairpin-like architecture
(Barak et al. 2019). Importantly, we observed
that mild acidic conditions (pH 5.5-6.5) facilitate
the interaction between NELLI1/2 and intact
Robo2, probably because of the conformational
change to the Robo2 ectodomain (Fig. 4). Local
extracellular acidification has been observed
under many pathological conditions, including
ischemia, inflammation, and tumor progression
(Okajima 2013). Tissue acidosis causes a
decrease in the bone mineral density by inducing
cell death of osteoblasts and activation of
osteoclasts to resorb bone (Arnett 2008; Arnett
2010). However, a recent study indicated that
short-term acidic stimulation enhances the stem
cell phenotype of mesenchymal stem cells, which
facilitates differentiation to osteoblasts during
bone tissue healing (Hazehara-Kunitomo et al.
2019). Although we have no direct evidence that
NELL1 interacts with intact Robo2 in vivo, the
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Fig. 4 Model showing the
possible interaction
between NELL proteins
and Robo2 under acidic
conditions. NELL1/2 only
bind to Robo2 under acidic
pH conditions.
Conformational changes to
the Robo2 ectodomain may
unmask the binding site for
NELL proteins under acidic
conditions

Neutral pH

temporal interaction between NELL1 and Robo2
in osteoblast precursors under acidic conditions
may enhance bone formation to recover bone
mass (Fig. 5).

The identification of the NELL proteins as
novel ligands for the Robo receptors has raised
questions concerning how NELL proteins acti-
vate Robo receptors and which signals are down-
stream of NELL-Robo interactions. Although
NELL2 acts as repulsive axon guidance cue by
binding to Robo3 and antagonizes Slits-Robo1/2-
mediated repulsion, the molecular mechanisms of
NELL2-Robo3  signaling remain unclear
(Jaworski et al. 2015; Pak et al. 2020). In the
case of the NELL1/2-Robo? interaction, it is pos-
sible that Slit proteins and NELL1/2 act on Robo2
in cooperation because both ligands bind to
Robo2 simultaneously. Thus, the signaling
pathways downstream of the two classes of inter-
action, NELL-Robo2 and NELL-Robo3, may
have different components. The identification of
the NELL-Robo interaction has also stimulated
further research. As described above, both
NELL1 and NELL2 bind to Robo3, but NELL1
is not an effective ligand for Robo3 in commis-
sural axons (Pak et al. 2020). It remains possible
that NELL1 functions as a ligand for Robo3 at
another spatiotemporal location. Because Robo3
is expressed in osteoclastic cell lineages (Kim
et al. 2018a), NELL1 may have some effect on
osteoclasts through binding to Robo3 (Fig. 5). In
addition, conformational changes in the
ectodomain of Robo2 allow both NELL1 and
NELL2 to interact with Robo2, suggesting that
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NELL1/2-Robo2 interaction under acidic
conditions functions in neuronal development.

6 Concluding Remarks

Because Slit ligands and their Robo receptors
were originally identified in Drosophila mutants,
many studies of Drosophila have been performed
and the findings have contributed to the research
progress on mammalian Slit-Robo signaling.
However, Drosophila is not a suitable model to
study bone metabolism because insects have an
exoskeleton rather than a bony endoskeleton,
which may be one of the reasons why studies of
Slit-Robo signaling in bone remodeling have
been recent. The identification of Slit3 as a cou-
pling factor has revealed that Slit-Robo signaling
acts with other axon guidance molecules in bone
remodeling and the nervous system. As described
above, Sema3A is a dual-acting factor that
inhibits osteoclast differentiation and promotes
osteoblast differentiation synchronously (Hayashi
et al. 2012). Interestingly, neuron-specific, but not
osteoblast-specific, Sema3A-deficient mice show
a markedly low bone mass, suggesting that
Sema3A affects bone remodeling through the
nervous system. In comparison, osteoblast-
specific, but not neuron-specific, Sliz3-deficient
mice show a significantly lower bone mass (Kim
et al. 2018a; Xu et al. 2018). Thus, these two
factors may act in a non-redundant and coopera-
tive manner to fine-tune bone homeostasis.
Recently, Ikebuchi et al. identified a unique
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Fig. 5 Proposed model of
the roles of NELL1-Robo
signaling in bone

remodeling. Robo2 is Osteoclast
expressed in osteoblast RICEE s
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possibly secreted by i 9
osteoblasts and may <
regulate osteoblast
differentiation through [
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binding g
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coupling factor, namely small extracellular
vesicles (SEVs) containing receptor activator of
nuclear factor-kB (RANK) secreted by mature
osteoclasts (Ikebuchi et al. 2018). The RANK
ligand (RANKL) produced by osteoblastic cell
lineages acts on RANK expressed on the cell
membrane of osteoclast precursor cells to differ-
entiate osteoclasts. Ikebuchi et al. demonstrated
that RANK-loaded SEVs secreted from mature
osteoclasts act on RANKL on osteoblasts to pro-
mote osteoblast differentiation by activating the
mTOR (mammalian target of rapamycin) path-
way (RANKL reverse signaling). The interplay
of these signaling systems, including RANKL-
RANK, Sema3A-Plexin Al, Slit3-Robo, and
other coupling factors, between osteoclasts and
osteoblasts may contribute to the tight regulation
of bone homeostasis. Future studies are required
to elucidate how these factors coordinate bone-
coupling events.
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Abstract

Proteoglycans regulate important cellular
pathways in essentially all metazoan
organisms. While considerable effort has
been devoted to study structural and functional
aspects of proteoglycans in vertebrates, the
knowledge of the core proteins and
proteoglycan-related functions in invertebrates
is relatively scarce, even for C.elegans. This
nematode produces a large amount of
non-sulfated chondroitin in addition to small
amount of low-sulfated chondroitin chains
(Chn and CS chains, respectively). Until
recently, 9 chondroitin core proteins (CPGs)
had been identified in C.elegans, none of
which showed any homology to vertebrate
counterparts or to other invertebrate core
proteins. By using a glycoproteomic approach,
we recently characterized the chondroitin

glycoproteome of C.elegans, resulting in the
identification of 15 novel CPG core proteins in
addition to the 9 previously established. Three
of the novel core proteins displayed homology
to human proteins, indicating that CPG and
CSPG core proteins may be more conserved
throughout evolution than previously per-
ceived. Bioinformatic analysis of the primary
amino acid sequences revealed that the core
proteins contained a broad range of functional
domains, indicating that specialization of
proteoglycan-mediated functions may have
evolved early in metazoan evolution. This
review specifically discusses our recent data
in relation to previous knowledge of core
proteins and GAG-attachment sites in Chn
and CS proteoglycans of C.elegans and
humans, and point out both converging and
diverging aspects of proteoglycan evolution.
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1 Introduction

The notion of “proteoglycans” as discrete entities
first became apparent during the 1950s
(Yanagishita 1993). By isolating and analyzing
material from bovine cartilage, it was found that
glycosaminoglycan ~ (GAG) chains  were
associated with a protein component (Yanagishita
1993; Schatton and Schubert 1954). These
compounds were referred to as “mucoproteins”
although it was unclear at that time whether the
GAG-protein association involved covalent
bonds or not. In the following years, a covalent
association was indeed demonstrated between
chondroitin sulfate and serine residues (Muir
1958; Lindahl 2014). Furthermore, a
tetrasaccharide “linkage region” [Glucuronic
acid (GlcA) - Galactose (Gal) — Galactose
(Gal) — Xylose (Xyl)] was identified that cova-
lently linked the GAG chain to specific serine
residues of the corresponding core proteins
(Roden and Smith 1966). Since then, core
proteins have gradually become recognized as
distinct molecular entities, each with differences
in their protein structures and cellular functions,
as well as with differences in the number and
types of GAG chains attached (Lindahl 2014;
Murdoch and Iozzo 1993; Kjellen et al. 1989;
Lindahl et al. 2015).

The identification of proteoglycans is often
difficult from a methodological perspective,
since proteoglycan identification requires the
combined sequencing of a given core protein,
together with the characterization of which type,
and where along the amino acid sequence the
GAG chain(s) are attached. Biochemical and
immunological techniques are often hampered
by the size and heterogeneity of the GAG side
chains, which preclude effective core protein
sequencing and characterization. Molecular clon-
ing techniques offer a solution to these difficulties
by allowing the identification and sequencing of
mRNAs and protein coding genes. However,
these methods do not provide information on
any post-translational modifications, which
creates ambiguity as to the identification of a
proteoglycan (Kjellen et al. 1989; Bourdon et al.
1985). Therefore, studies on identifying

F. Noborn and G. Larson

proteoglycans have earlier been focused mostly
on isolation and characterization of a single core
protein in specific model systems, whereas unbi-
ased and global characterizations of all
proteoglycans of a specific tissue or organism
have not been systematically attempted.

The number of core proteins identified in
vertebrates is limited. Less than 20 heparan sul-
fate proteoglycans (HSPGs) and about 60 chon-
droitin sulfate proteoglycans (CSPGs) have so far
been identified in humans (Lindahl 2014; Zhang
et al. 2018; Noborn et al. 2015; Nasir et al. 2016).
This is a very limited number in relation to other
types of glycoproteins, such as N- and
O-glycosylated proteins, which are counted in
their thousands (Nilsson et al. 2013; Joshi et al.
2018). We have recently developed a
glycoproteomic approach that may assist in
identifying how many and which type of
proteoglycans are indeed expressed in different
animal tissues and species. The aim was to char-
acterize linkage regions, attachment sites and
identities of CS core proteins (Noborn et al.
2015). In this approach, trypsin-treated
proteoglycans were enriched from various sample
matrices by strong-anion-exchange chromatogra-
phy, and then digested with chondroitinase ABC
to specifically reduce the CS chain lengths. The
preparations were thereafter analyzed by
nLC-MS/MS and the data from remaining linkage
regions, linked to tryptic or semi-tryptic peptides,
was processed by a novel glycopeptide search
algorithm. Analysis of human urine and CSF
resulted in the identification of 13 novel CSPGs,
many of which were previously defined as pep-
tide prohormones (Noborn et al. 2015). This
suggested that many novel proteoglycans and
proteoglycan-related functions are yet to be dis-
covered, and that new methodological approaches
may assist in such an endeavor.

While proteoglycans in vertebrates has been
the focus of several structural and functional stud-
ies, the knowledge of proteoglycans in
invertebrates is still relatively scarce, even for
the otherwise well-studied nematode C.elegans.
Until recently, 5 HSPGs and 9 CPG core proteins
had been identified in the nematode (Wilson et al.
2015; Olson et al. 2006). Using our
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glycoproteomic strategy, we mapped the chon-
droitin glycoproteome of C.elegans, confirming
the identities of the 9 previously established core
proteins, but also identifying an additional
15 chondroitin core proteins (Noborn et al.
2018). Three of the novel core proteins displayed
homologies to human proteins, which was
surprising since no chondroitin core proteins
have previously been found to display homology
to human proteins, and were therefore not consid-
ered to be well-conserved throughout evolution
(Olson et al. 2006). Bioinformatic analysis of the
primary amino acid sequences was performed to
provide insights of the structural domain organi-
zation of each core protein. This analysis revealed
a previously unknown structural complexity of
CPGs in C.elegans, indicating that complex
proteoglycan-related functions may have evolved
early in metazoan evolution.

Additional  glycoproteomic analyses of
proteoglycans of various animals, vertebrates as
well as invertebrates, are likely to expand our
understanding of the structural heterogeneity of
Chn and CS core proteins during metazoan evo-
lution. However, at present it is difficult to fully
appreciate the evolutionary aspects on core pro-
tein alterations in large, simply because the num-
ber of studies on core proteins in invertebrates is
too limited (and that available studies typically
focus only on a single core protein). Thus, this
review will concentrate on the recent findings of
CPGs and CSPGs in C.elegans and humans and
points to similarities and differences between core
proteins between these two evolutionary distant
species. Although core proteins are the primary
focus of this review, the initiating
GAG-biosynthetic machinery in C.elegans and
humans will also be discussed to highlight both
converging and diverging aspects of proteoglycan
evolution. References to relevant reviews relating
to structural diversity of GAGs and proteoglycans
in other organisms are given in their conceptual
contexts in the following paragraphs. Our general
and specific conclusions are summarized in
Fig. 1, exemplifying our conclusions on some
evolutionary principles of proteoglycan develop-
ment from C.elegans to Homo sapiens.
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2 Proteoglycan Diversity from C.
elegans to Humans

Glycoconjugates constitute the structurally most
diverse group of organic molecules in nature.
This diversity poses a great challenge in
analyzing glycan structures and also in assigning
glycan-specific functions (Joshi et al. 2018;
Gagneux et al. 2015; Mulloy et al. 2009).
Although GAGs constitute a small subgroup of
all glycans, their structural complexity is still

considerable. GAGs are divided into four
subclasses  depending on the repeating
disaccharides of the polysaccharide -chains:

heparan sulfate (HS)/heparin (GlcA/IdoA-GIcN),
chondroitin sulfate (CS) /dermatan sulfate
(DS) (GIcA/ldoA-GalNAc), keratan sulfate
(Gal-GlcNAc) and hyaluronan (GlcA-GlcNAc).
The molecular heterogeneity is influenced by
large differences in polysaccharide chain length,
domain organization and unique monosaccharide
modifications, e.g. O- and N-sulfations, phosphor-
ylations, sialylations etc. All GAGs, except for
hyaluronan, are invariably attached to core
proteins to form unique proteoglycans (Hascall
et al. 2014; Weigel et al. 1997; Saied-Santiago
and Bulow 2018). This provides additional com-
plexity since different core proteins, have unique
gene coded primary, secondary and tertiary
sequences, with major consequences for where,
which type and which number of GAG chains
that are initiated, extended and modified.
Proteoglycans have a long evolutionary his-
tory and are expressed in all bilateral animals
investigated to date (Couchman and Pataki
2012). HS appeared early in metazoan organisms
and essentially all cells produce complex sulfated
HS structures (Esko and Lindahl 2001). In con-
trast, CS/DS from lower organisms have a limited
structural complexity, a complexity which
increases with evolutionary higher organisms
(Yamada et al. 2011). For extensive information
on proteoglycan diversity and GAG-specific
functions we highly recommend the following
reviews (Couchman and Pataki 2012; Iozzo and
Schaefer 2015; Kjellen and Lindahl 2018; Weiss
et al. 2017). Here, examples are selected to focus
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Fig. 1 Schematic illustration of evolutionary novel core proteins. Note that some functional core protein

principles bridging millions of years of proteoglycan
development from C.elegans to Homo sapiens. (I)
Divergent evolution where the GAG chain is lost but the
protein is conserved, (II) Parallel evolution conserving
both the GAG chain and the protein, (III) Convergent
evolution where conserved GAG chains are added to

primarily on different aspects of CPGs in C.
elegans and are not meant to provide a compre-
hensive review on proteoglycan structure and
evolution in general. Hopefully, this review will
provide some new aspects in proteoglycan struc-
ture and perhaps inspire to novel concepts that
can be experimentally tested.

domains are conserved throughout evolution whereas
other core proteins lack such domains. The spirals/arrows
are representing the evolutionary multi-interaction steps
for the two primary constituents of proteoglycans,
i.e. GAGs and core proteins

Structural Diversity

of Chondroitin and Heparan
Sulfate Proteoglycans

in Invertebrates

The number of CSPGs identified in humans is
around 60 (Noborn et al. 2015; Nasir et al.
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2016) but in invertebrates, the number of CSPGs
is even lower and the reports are restricted to only
a few species. A proteomic-based study identified
tryptic peptides from versican, neurocan
(CSPG3) and neuroglycan (CSPG4-NG?2) in the
gastropoda Achatina fulica (Gesteira et al. 2011).
Since these proteins are well-establish CSPGs in
vertebrates, assumptions of their CS substitutions
were also made in A. fulica. Moreover, two
populations of CSPGs with different molecular
weights were isolated from squid skin (Ilex
illecebrosus) using a  combination  of
ion-exchange chromatography and ultra-
centrifugation (Karamanos et al. 1990). Biochem-
ical analysis showed different amino acid compo-
sition of these core proteins, although the exact
peptide sequences could not be resolved
(Karamanos et al. 1990). Surprisingly, informa-
tion on CSPGs is lacking in Drosophila
melanogaster, regarded as one of the most stud-
ied invertebrates in glycobiology (Zhu et al.
2019), which supports our perception that there
is a general gap of knowledge of these structures
in invertebrates.

However, earlier studies identified various
HSPGs in D. melanogaster and C.elegans which
display homologies to vertebrate core proteins.
There are 5 known HSPGs in D. melanogaster
that are all homologues of mammalian
counterparts: syndecan, 2 glypicans (dally and
dlp), perlecan (trol) and testican (cow) (Bernfield
et al. 1999; Nakato et al. 1995; Baeg et al. 2001;
Park et al. 2003; Chang and Sun 2014; Nakato
and Li 2016). Similar to these findings, five
homologues to vertebrate genes encoding for
HSPG core proteins have been identified in C.
elegans: syndecan (sdn-1), 2 glypicans (lon-2 and
gpn-1), perlecan (unc-52) and agrin (agr-1)
(Blanchette et al. 2015, Consortium CeS 1998;
Rogalski et al. 1993; Hrus et al. 2007, Hutter
et al. 2000, Blanchette et al. 2017). The unc-52
gene encodes the homologue of the vertebrate
gene perlecan, a major component of the extra-
cellular matrix, which in vertebrates is substituted
with both HS and CS (Rogalski et al. 1993;
Yamada et al. 2002; Noborn et al. 2016). There
is of course a possibility that additional HSPGs,
yet unidentified and maybe not conserved, may
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exist in both Drosophila and C.elegans. Never-
theless, the findings so far indicate a high degree
of conservation of genes encoding for HSPG core
proteins throughout evolution.

Nine CPGs have previously been identified in
C.elegans, which were designated CPG-1 to
CPG-9 (Olson et al. 2006). In contrast to the
HSPGs, none of these core proteins showed
homology to vertebrate proteins or to proteins in
other invertebrates such as Drosophila
melanogaster (Olson et al. 2006). Two of the
CPGs (CPG-1 and CPG-2) in C.elegans contain
chitin-binding domains and were therefore
assumed to interact with the chitin layer in the
cuticle (Wilson et al. 2015). Detailed functional
analysis showed that CPG-1 and CPG-2 are
indeed important for the hierarchical assembly
of the egg shell layer during embryogenesis,
resulting in an outer vitelline layer, a middle
chitin layer and an inner CPG-1 and CPG-2
layer (Olson et al. 2012). This specific function
confers to the classical notion of CSPGs as struc-
tural components in cartilage and other connec-
tive tissues. Since vertebrate CSPGs display a
wide range of functional diversity, we argued
that additional CPG core proteins are likely pres-
ent in C. elegans, which not only relate to extra-
cellular matrix formation, but may also
accommodate more specialized functions.

Indeed, in our investigation of the chondroitin
glycoproteome of C.elegans, we found 15 novel
core proteins that were designated CPG-10
through —24, in accordance with previous
introduced terminology (Olson et al. 2006). Six
of the 15 novel core proteins were previously
uncharacterized proteins, and were only
annotated in UniProt based on the open reading
frame (ORF) names (e.g. Protein C45E5.4/CPG-
18) (Noborn et al. 2018). The other novel CPGs
have previously been assigned names based on
phenotypes in mutation studies (e.g. High inci-
dence of males, isoform b/CPG-14), or based on
sequence similarities to vertebrate proteins
(e.g. FiBrilliN homolog/CPG-16). The identified
core proteins displayed a wide range in their
molecular weights, from 7.1 kDa (CPG-9) to
568 kDa (high incidence of males, isoform b/
CPG-14). The number of chondroitin attachment
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sites also varied depending on the core protein,
from one (e.g. CPG-3, CPG-5) to four sites
(CPG-4). Moreover, bioinformatics analysis of
the primary amino acid sequences revealed that
the core proteins contained a broad range of func-
tional domains, assuming their involvement in a
wide-range of physiological functions. In total,
19 unique domains were retrieved form the
24 core protein sequences. Apart from the
expected chitin-binding domains on CPG-1 and
CPG-2, additional domains were identified that
indicate their involvement in extracellular matrix
formation, such as fibronectin type-IIl domain
(CLE-1A protein/CPG-10) and collagen domain
(COLlagen/CPG-11). Other identified domains
indicate a role in more specialized functions,
such as thrombospondin type-1 domain (Papilin/
CPG-17) and endostatin domain (CLE-1A pro-
tein/CPG-10), both of which are known to be
involved in axon guidance and neuronal develop-
ment (Adams and Tucker 2000; Ackley et al.
2001). Notably, 9 core protein sequences did not
retrieve any hits and displayed only low complex-
ity/disordered domains.

Bioinformatic analysis was also conducted on
human CSPGs, previously identified in human
samples with the same approach. The analysis
retrieved 40 unique domains for 28 core proteins
sequences (Noborn et al. 2015; Nasir et al. 2016).
Certain domains were found in both species, such
as collagen domain and the Kunitz domain. Of the
50 unique domain structures identified in the two
species, 31 were uniquely found in human
CSPGs, 10 uniquely found in C. elegans CPGs,
and 9 found in both species. Moreover, sequences
that only display disordered domains were also
found in humans, although to a lesser degree than
in C.elegans. Three of 28 human core proteins
(10.7%) displayed this characteristic, compared
to 9 out of 24 (37.5%) in C.elegans. This may
indicate a selection process where core proteins
with functional domains are conserved through-
out evolution. A certain amount of research bias
regarding detection of functional domains in the
data base (e.g. more information of human
proteins), may however also explain the higher
incidence of known domains in human. Never-
theless, this analysis suggests a great structural
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and also functional diversity of CPGs in C.
elegans and indicates that some, but not all,
functions overlap with those of human CSPGs.
Furthermore, this indicates that also specialized
CS proteoglycan-mediated functions may have
evolved early in metazoan evolution.

4 Evolutionary Aspects of CS
Biosynthesis in C.elegans
and Humans

Although C.elegans is a well-studied model
organism with regard to genomics, proteomics
and certain aspects of glycosylation (Consortium
CeS 1998; Antoshechkin and Sternberg 2007;
Shim and Paik 2010; Schachter 2004), informa-
tion on CS proteoglycans and proteoglycan-
mediated functions is limited. This is unfortunate
since C.elegans is often used to study the influ-
ence of genes and proteins in evolutionary
conserved processes (Maduro 2017; Vuong-
Brender et al. 2016). Such processes,
e.g. morphogen distribution in embryogenesis of
e.g. D. melanogaster, have been shown to involve
HS proteoglycans which fine tunes the cellular
response (Nakato and Li 2016; Bishop et al.
2007).  Structural  information of CS
proteoglycans in C.elegans would therefore prob-
ably assist to our functional understanding of
these processes in the worm.

The CS (and GAG) biosynthesis is always
initiated by the transfer of a Xyl to a serine resi-
due in the core protein. The xylosylation typically
occurs at certain serine residues with a glycine
residue at the carboxyl-terminal side (-SG-), and
with a cluster of acidic residues in close proximity
(Esko and Zhang 1996). This motif was initially
observed for vertebrate core proteins and a similar
motif has also been suggested for C.elegans
(Olson et al. 2006). The chondroitin sulfate bio-
synthesis continues with the addition of two
galactose (Gal) and one glucuronic acid (GIcA)
residue, completing the formation of the consen-
sus tetrasaccharide linkage region. The biosyn-
thesis then continues with polymerization of the
chain through the addition of alternating units of
N-acetylgalactosamine (GalNAc) and GIcA
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residues. The individual enzymes for each step in
the chondroitin biosynthesis in C.elegans have
been well established. In a mutagenesis experi-
ment, eight mutations that perturb vulval devel-
opment in the growing embryo were identified
(designated sqv or squashed vulva). All eight
mutations (sqv-I to 8) produced similar
phenotypes, such as a defective vulval epithelial
invagination and for some mutations oocyte
development was also affected (Wilson et al.
2015; Herman et al. 1999). Moreover, all sqv
genes showed homology to vertebrate enzymes
and were found to be involved in different aspects
of the GAG-biosynthesis. Biochemical analysis
showed that sqv-6, sqv-3, sqv-2, and sqv-8 encode
for vertebrate homologues of glycosyltransferases
required for the formation of the tetrasaccharide
linkage regions, whereas sqv-1, sqv-4, and sqv-7
encode proteins that have roles in nucleotide
sugar metabolism and transport (Wilson et al.
2015; Herman and Horvitz 1999; Bulik et al.
2000; Berninsone et al. 2001; Hwang and Horvitz
2002; Hwang et al. 2003; Izumikawa et al. 2004).
Taken together, all components required for the
initial part of the biosynthesis is highly conserved
between C.elegans and humans, including nucle-
otide sugar precursors and their transport into the
Golgi, as well as enzymes required for linkage
formation and chain polymerization (Olson et al.
2006).

In vertebrates, the chondroitin polysaccharide
undergoes extensive modifications of
sulfotransferases and chondroitin-specific
epimerases (Mizumoto et al. 2013; Ly et al.
2011). This results in complex yet defined
CS/DS structures that may interact with various
protein ligands with different degree of
specificities (Le Jan et al. 2012; Mizumoto et al.
2015; Sugiura et al. 2016). In contrast, chondroi-
tin in C.elegans is considerably less complex and
the general view was, until recently, that the nem-
atode only produces non-sulfated chondroitin
(Yamada et al. 1999; Toyoda et al. 2000). This
was puzzling since C.elegans, which belongs to
Ecdysozoa clade, appeared to be an exception to
other animals within the same clade, such as
D. melanogaster, which was known to produce
sulfated structures (Toyoda et al. 2000).

Moreover, even animals in the evolutionary
older phylum of Cniderians, containing simple
organisms such as hydrozoans, produce CS
(Yamada et al. 2011). This paradox was recently
settled when two separate groups demonstrated
that Chn may indeed be sulfated in C.elegans,
although to a smaller extent (Dierker et al. 2016;
Izumikawa et al. 2016). So far only one single
sulfotransferase, which catalyzes the GaINAc 4-O
sulfation has been identified in C.elegans. How-
ever, the presence of both 4-O and 6-O sulfated
GalNAc residues was shown by MS/MS analysis
of CS disaccharides, and indicated that at least
one additional sulfotransferase should be
expressed in the nematode (Dierker et al. 2016).
In contrast, C.elegans seems to lack the
chondroitin-specific  epimerases present in
vertebrates and no DS structures have yet been
detected in this nematode. Taken together, apart
from the epimerase, all the components required
for CS biosynthesis are highly conserved between
C.elegans and humans, demonstrating an essen-
tial role for CS throughout metazoan evolution

(Olson et al. 2006; Yamada et al. 2002;
Berninsone et al. 2001).
5 Glycosaminoglycan Diversity

from C.elegans to Human

However, not all aspects of GAG-evolution
seems well conserved. Hyaluronan (HA), a
non-sulfated GAG composed of long repeating
units of GlcNAc and GlcA disaccharides, seems
to have appeared quite late in evolution (Csoka
and Stern 2013). The genome in C.elegans does
not contain the necessary synthases for HA and
there is no structural evidence of HA in the nem-
atode (Yamada et al. 1999; Stern 2003). HA has
various biological roles and is a prominent com-
ponent of hydrated matrices in the extracellular
matrix. Since Chn/CS only contains a few percent
of sulfated disaccharides in C.elegans (Dierker
et al. 2016), the large majority of the chains are
therefore likely non-sulfated structures. Apart
from their sizes, chondroitin and HA are rela-
tively similar in structure with differences only
in the isomeric identities of the HexNAc residues
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(GalNAc vs GIcNAc). It has been suggested that
chondroitin in C.elegans is a possible HA ances-
tor, carrying out functions in C.elegans that are
assigned to HA in vertebrates (Stern 2003). While
vertebrates have evolved two different GAG
structures, CS and HA, to accommodate separate
cellular functions, one may speculate that this
structural-functional specialization also occurs in
C.elegans to a certain extent. It is thus possible
that non-sulfated chondroitin accommodate
HA-like functions (e.g. provide hydrated matri-
ces); whereas sulfated chondroitin structures
accommodate more specialized functions
(e.g. provide binding motifs to specific ligands).
Typically, a “GAG-perspective” or a “core
protein perspective” is applied when studying
the role of proteoglycans in various pathophysio-
logical settings. This structural and conceptual
separation is natural, given their vast structural
heterogeneity and the limited number of analyti-
cal methods that provides integrated
GAG-protein characterization. However,
integrating structural information on the GAG
chains, their attachment sites and the potential
functional domains of the corresponding core
protein, will likely provide new perspective
when studying proteoglycan-related functions.
For instance, the effect of chondroitin on neuronal
migration in C.elegans has been studied by
targeting two proteins in the chondroitin biosyn-
thetic pathway: the chondroitin synthase (SQV-5)
and a UDP-sugar transporter (SQV-7) (Pedersen
et al. 2013). Worms with hypomorphic alleles in
these proteins showed aberrant migration of
hermaphrodite-specific neurons (HSN) (Pedersen
et al. 2013). Although a functional relationship
between reduced Chn synthesis and impaired
neuronal migration was established, the molecu-
lar involvement of the corresponding core protein
(s) remains unclear. Different scenarios are possi-
ble: the migration requires free Chn, or the migra-
tion requires Chn attached to a specific core
protein, or even the active involvement of both
Chn and a specific core protein. In fact, it was
recently shown that neurexin, an essential com-
ponent in synapse organization, was modified
with HS (Zhang et al. 2018). The binding of
neurexin to its post-synaptic partner, neuroligin,
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involved an intrinsic mode of interaction, which
required both the HS chain and the protein
domain of neurexin. This underlines the impor-
tance of site-specific characterization to further

delineate GAG-mediated functions in all

organisms.

6 Chondroitin Sulfate and Core
Proteins

The selective binding of specific protein ligands
to structural variants of GAG chains regulates a
diverse set of biological- and pathological pro-
cesses (Kjellen and Lindahl 2018; Salanti et al.
2015; Kreuger et al. 2006; Sarrazin et al. 2011).
Determining the fine-structure of binding
domains or, when possible, intact GAG chains is
therefore essential for understanding
GAG-protein interactions and their down-stream
cellular events. As C.elegans was recently found
to have CS structures (Dierker et al. 2016;
Izumikawa et al. 2016), characterization of the
sulfate distribution on the polysaccharides will
likely improve our understanding of CSPG- and
CPG-related functions.

In our glycoproteomic approach, the Chn and
CS chains are depolymerized with chondroitinase
ABC, generating free disaccharides and a residual
hexameric structure composed of the linkage
region and a GIcA-GalNAc disaccharide,
dehydrated on the terminal GIcA residue (Noborn
et al. 2015; Noborn et al. 2018). This strategy
reduces the complexity of the analysis signifi-
cantly, but at the same time structural information
towards the non-reducing end is omitted. Our
analysis of CPGs in C.elegans did not however
reveal any sulfate groups on the residual
hexasacharide structure, although the method is
fully capable of detecting such modifications
(Noborn et al. 2015). This may suggest that the
sulfate groups are located further out on the
chains, or in quantities below the present limit
of detection. Regardless of their position, one
may speculate whether the sulfate modifications
are evenly distributed between the 24 different
CPGs, or if only a subset of CPGs carries sulfated
structures. Regulation of GAG-biosynthesis is
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believed to be largely cell-specific as for instance
GAG-structures from one mouse tissue differ
from those of other mouse tissues (Kjellen and
Lindahl 2018; Ledin et al. 2004). Cell-specific
co-expression of GalNAc 4-O sulfotransferase
and certain CPGs may thus result in CS chains
on only a subset of core proteins, in a cell specific
manner. Moreover, the modification pattern may
also involve type of core proteins, although such
reports are relatively scarce (Li et al. 2011). Apart
from these two principles of regulation, the
sulfation pattern may also be lineage specific, in
that the sulfation varies in response to develop-
mental stages and possibly disease states (Shao
et al. 2013).

If sulfate groups are limited to a subset of
CPGs, one may speculate which CPGs that car-
ries sulfated structures. Three homologues to
human proteins were found in C.elegans;
CLE-1A protein/CPG-10, FiBrilliN/CPG-16 and
Papilin/CPG-17. The CLE-1A protein/CPG-10 is
encoded by the cle-1 gene which produces three
developmentally regulated protein isoforms
(CLE-1A-C), which are expressed predominantly
in neurons (Ackley et al. 2003). The CLE-1A
protein is the homologue to human collagen
alpha-1 XV/XVIII (Ackley et al. 2003). Interest-
ingly, we recently found that the human collagen
XV alpha-1 chain is substituted with CS in human
tissue fluids (Noborn et al. 2015) and this is to our
knowledge the first example of an invertebrate
chondroitin core protein that shows homology to
a vertebrate counterpart. Since all vertebrate core
proteins carry CS chains, one may thus speculate
that the three vertebrate homologues are likely
candidates to be substituted with CS. Moreover,
each of the CPG-vertebrate homologues contains
functional domains that assume involvement in
specialized proteoglycan-mediated functions. As
mentioned previously, CLE-1A/CPG-10 contains
an endostatin domain and deletion of this domain
resulted in worms with defects in cell migration
and axon guidance (Ackley et al. 2001, 2003). In
vertebrates, CS inhibits nerve regeneration upon
binding to the receptor protein tyrosine phospha-
tase sigma (RPTPo), an interaction that requires
uniform distribution of sulfate groups along the
CS chain (Shen et al. 2009; Coles et al. 2011;
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Katagiri et al. 2018; Sakamoto et al. 2019). Given
that advanced functions, such as neurogenesis,
require CS with certain sulfate distribution in
vertebrates, it is plausible that this is also a
requirement in C.elegans. Moreover, Papilin/
CPG-17 is also claimed to be involved in
neurogenesis in C.elegans, regulating and
forming specific nerve tracts, although this poten-
tial role of the Chn or CS chain is unclear
(Ramirez-Suarez et al. 2019). Regardless of the
in vivo situation, future structural studies, using
site-specific sequencing of longer GAG chains,
will likely determine which core proteins (all or a
subset) that indeed carry sulfated structures. We
recently showed site-specific sequencing of lon-
ger chains in perlecan (8-mer and 10-mers),
indicating that a similar approach is feasible also
for CSPGs/CPGs (Noborn et al. 2016).

7 Attachment Motifs in C.elegans
and Humans

The composition and sequence of certain amino
acid in defined motifs influence whether a given
serine residue is selected for GAG-biosynthesis.
This attachment motif was originally observed for
vertebrates core proteins and may assist in the
prediction of potential GAG-sites (Esko and
Zhang 1996; Zhang and Esko 1994). Large scale
analysis of attachment motifs in invertebrates is
still lacking and it is unknown to which degree
invertebrate motifs conform to the vertebrate
counterpart. We prepared a frequency plot of the
neighboring amino acids in the region from —9 to
49 of the glycosylated serine residue in C.
elegans. As a comparison we aligned 20 human
CS-sites that we previously identified in human
urine and CSF, identified with the same analytical
procedure (Noborn et al. 2015; Noborn et al.
2018). The analysis showed that the C.elegans-
attachment motif was similar to the vertebrate
counterpart, although with certain exceptions. In
both species, the glycosylated serine residue was
characteristically flanked by a glycine residue in
the C-terminal direction and acidic residues were
present in proximity to the attachment site. How-
ever, a more stringent motif was seen in C.
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elegans in the immediate N-terminal direction. A
large portion of the sequences (80%) had “Glu” or
“Asp” at the —2 position and “Gly” or “Ala” at
the —1 position ([ED] — [GA] — S — G). Two
vertebrate xylosyltransferases (XT-I and XT-II)
have been identified, whereas only a single
xylosyltransferase has been found in the nema-
tode (Wilson 2004). One may speculate that the
less stringent motif in humans reflect the activities
of two different xylosyltransferases, each with
slightly different specificities with regard to the
amino acid motifs that are required for the
enzymes to bind and initiate the first step in the
GAG-linkage region. The mouse XT-1 and XT-II
display different tissue-specific expression pat-
tern: XT-I is highly expressed in mouse testis,
kidney, and brain, while XT-II is highly
expressed in mouse liver (Ponighaus et al.
2007). Our frequency plot of the human motif
was based on CS-sites found in both urine and
CSF thereby representing a mixture of CSPGs
from different tissues. Preparing separate plots
based on which tissue the CSPGs derives from,
different CS-attachment motifs may emerge,
which would probably represent differences in
XT-I and XT-II specificities.

The attachment motif ([ED] — [GA] — S — G)
defined in C.elegans was further used to investi-
gate if additional potential CPGs may be present
in the nematode. A search against the Swiss-prot
data base for sequences containing this motif
resulted in the identification of 19 additional
potential CPGs, indicating that the chondroitin
glycoproteome in C.elegans may probably
expand even further with future studies (Noborn
et al. 2018). Notably, since Swiss-prot is a curated
data base, additional hits may be retrieved when
searches are made against a more general data
base, such the NCBI protein database. Neverthe-
less, additional CPGs are likely to be identified
and this bioinformatic strategy may be useful for
identifying potential CPGs/CSPGs also in other
model organisms, such as Danio rerio and Dro-
sophila melanogaster.

Inspection of the attachment motifs in relation
to the functional domains, demonstrated that all
motifs were present in disordered regions of the
core proteins. A similar observation was made for
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mucin-type O-glycans (King et al. 2017),
suggesting that glycosylation in disordered
regions is a general phenomenon in metazoan
organisms. Further, some of the attachment
motifs in our study of C.elegans were found in
close proximity to a functional domain (e.g. on
Papilin/ CPG-17), while others were found in
disordered regions distant, in the primary
sequence, from any functional domains (e.g on
FiBrilliN homologue/CPG-16). It is unclear how
the distance to a functional domain affects the
specificity of the xylosyltransferase at a given
attachment motif. In vertebrates, several
proteoglycans have been identified that have a
time-dependent presence of GAGs, so-called
part-time proteoglycans which vary their degree
of occupancy at specific sites (Iozzo and Schaefer
2015; Nadanaka et al. 1998; Aono et al. 2004;
Oohira et al. 2004). Sometimes, this is regulated
by the synthesis of splice variants lacking or
presenting a GAG-attachment motif (Wight
2002; Pangalos et al. 1995). However, one may
speculate that positioning of the attachment motif
and its distance to a functional domain, may
influence the efficiency of the biosynthesis and
thereby contribute to the glycosylation heteroge-
neity seen in proteoglycans.

8 Evolutionary Aspects when
Comparing Chondroitin Sulfate
Proteoglycans (CSPGs)
and Heparan Sulfate
Proteoglycans (HSPGs)

Several HSPGs in C.elegans display homology to
vertebrate core proteins. In line with these
findings, neurexin, which was recently defined
as a HSPG in mouse brain tissue, also displays a
high degree of similarity between distant species
(Zhang et al. 2018). The HS site is conserved in
all vertebrate neurexin genes from zebrafish to
human. C.elegans also contains a homologue to
the vertebrate neurexin gene, corroborating the
notion that HSPGs are highly conserved through-
out evolution. Although the primary sequence of
neurexin is more divergent in C.elegans, the nem-
atode has a consensus HS site approximately in



Characterization of C. elegans Chondroitin Proteoglycans and Their. ..

the same region as that of the mouse protein
(Zhang et al. 2018). Other HSPG core proteins
in C.elegans also display this degree of similarity
to vertebrate HSPGs. For instance, mouse
perlecan has three SG repeats in close proximity
to the N-terminal domain
(62-DDASGDGLGSGDVGSGDFQMVYFR-
85), all of which are modified with HS (Noborn
et al. 2016). The nematode-homologue (unc-52)
has also several potential HS attachment sites in
the primary sequence, but none of these is located
in the N-terminal domain. As mentioned previ-
ously, the large majority of CPG core protein in
C.elegans do not display homology to vertebrate
counterparts. However, we found a chondroitin
modification on CLE-1A protein/ CPG-10
(Q9U9K7) which display homology to the
human CSPG collagen o-1 (XV) chain
(P39059). These proteins display a high degree
of sequence similarity regarding functional
domains and their order of organization. How-
ever, the Chn or CS attachment site is different
in the nematode compared to the human protein,
as well as the sequence and composition of amino
acids surrounding the attachment site, thus prin-
cipally displaying a similar degree of conserva-
tion as found for HSPGs. Furthermore, we
recently identified several novel human CSPGs
in tissue samples, that had previously been
defined as prohormones (Noborn et al. 2015).
Cholecystokinin, a peptide hormone of the gut
and central nervous system, was found to be
modified with CS in its propeptide region. Align-
ment of mammalian cholecystokinins shows a
relatively low degree of sequence homology for
the CS-site. For instance, the sequences of mouse
and cat contain a proline instead of a serine resi-
due at the attachment site, thereby excluding the
possibility of CS-modification. Taken together,
this indicates that certain CPGs/CSPGs are
conserved throughout evolution to the same
extent as HSPGs, whereas others display a very
short evolutionary history.

One might question why HSPGs are generally
more conserved throughout evolution compared
with CSPGs. The difference in conservation may
reflect differences in physiological functions, as
HSPGs and CSPGs often induce opposite effects
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on similar cellular events. In neurogenesis, CS
and HS have a dual mode of action for regulating
neuronal outgrowth, where both GAGs compete
for the same binding sites on RPTPc-receptors.
CS chains inhibit nerve regeneration upon bind-
ing to RPTPo-receptors, whereas HS promotes
nerve regeneration upon binding to the same
receptors (Shen et al. 2009; Coles et al. 2011;
Katagiri et al. 2018; Sakamoto et al. 2019).
Given this proteoglycan-switch, it is conceivable
that HSPGs work in strict regulation with other
promoting factors to navigate the growing axon
along a precisely defined path. In contrast,
CSPGs, which have a negative regulatory role,
may be less specific in its action, providing fore-
most an outer perimeter for the process. A clinical
example is the potential use of chondroitinase
ABC in the treatment of spinal cord injury. At
the injured site, axons fail to regenerate due to the
formation of a glial scar, which is composed of
extracellular matrix components including
CSPGs (Bradbury et al. 2002). Intrathecal admin-
istration of chondroitinase ABC degrades the CS
chains and thereby increases neuronal plasticity
(Hu et al. 2018). Therefore, CSPG-mediated
functions may display less stringent spatiotempo-
ral requirements compared to HSPGs. To exert a
particular CSPG-mediated function a CS chain is
likely necessary, but its exact attachment site
along the complete amino acid sequence, or
even the exact identity of the core protein may
have less importance, as long as the CS chain is
presented in its functional context. This would
impose an evolutionary selection pressure to con-
serve the mechanisms for CS biosynthesis and
attachment motifs, but not to the same extent to
a particular core protein.

A wide range of microbial pathogens uses
GAG-specific interactions for their adhesion to
host tissues and invasion of target cells (Bartlett
and Park 2010). In nature, C.elegans is found in
microbe-rich environments, such as rotting plant
matter, containing a multitude of microbial
antagonists to the nematode (Schulenburg and
Felix 2017). As parasites and pathogens reduce
host fitness they often impose high selective pres-
sure on their hosts. The nematode’s natural biotic
environment has therefore been suggested to have
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strong impact on C.elegans evolution and of great
importance for understanding its biology
(Schulenburg and Felix 2017). Given that GAGs
serve as an entry point for different pathogens,
changes in the underlying genomic characteristics
to introduce additional chondroitin-attachment
motifs on different core proteins, may have
served as a strategy to evade infections for C.
elegans throughout evolution. A more divergent
chondroitin glycoproteome may present more
‘decoy sites’ for chondroitin-binding pathogens,
thereby reducing pathogen attachment and entry
to specific target cells. Indeed, the complexity of
glycans has been suggested to be driven by an
evolutionary arms race due to the exploitation of
host glycans by parasites and pathogens
(Gagneux et al. 2015). One may speculate that
other invertebrates, whose natural habitats present
lower microbe-induced selective pressure, would
have less CSPGs. Regardless of the in vivo situa-
tion, full appreciation of the functional roles and
evolutionary perspectives of CPGs/CSPGs
warrants further studies in C.elegans and in
other invertebrates. Taken together, our findings
suggest that several aspects regarding chondroitin
and chondroitin sulfate proteoglycan biosynthesis
are conserved throughout evolution. This
includes the glycosylation motif, the mechanisms
for saccharide initiation and polymerization and
in some cases also the splicing and the presenta-
tion of core protein domains. However, since the
majority of core proteins seems not to be
conserved between the species, our findings
point to both converging and diverging selective
forces during the proteoglycan evolution.

9 Conclusions

Our use of a novel glycoproteomic method for
identifying CS-glycopeptides enabled the identi-
fication of several novel core proteins in C.
elegans and in humans. Bioinformatic analysis
of the primary amino acid sequence revealed
great structural and also functional diversity of
CPGs in the nematode and indicates that some,
but not all, functions overlap with those of human
CSPGs. Moreover, three of the novel core
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proteins display homology to vertebrate
counterparts, indicating that CPG / CSPGs may
be more conserved throughout evolution than
previously perceived. The future use of similar
glycoproteomic strategies may thus be helpful in
identifying CPG / CSPGs also in other important
model organisms, such as  Drosophila
melanogaster and Danio rerio. This will likely
expand the number of identified core proteins and
may also provide new perspectives on
proteoglycan-mediated functions and how these
have persisted or developed throughout evolu-
tion. Further, obtaining global information on
attachment sites and core protein identities will
likely assist in assigning CPG/CSPG specific
functions, both in vertebrates and in invertebrates.
In addition, novel methods to site-specifically
analyze the structures of extended CS chains
may also be important to better understand the
structure-function relationship of CPG/CSPG-
mediated functions.
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Abstract

Rheumatoid factors (RFs) are autoantibodies
that recognize the fragment crystallizable
(Fc) region of immunoglobulin G (IgG).
Genetically diverse RFs are produced in rheu-
matoid arthritis patients; however, in hemato-
logic diseases, such as cryoglobulinemia and
B cell lymphoma, RFs from a limited combi-
nation of heavy chain V-region genes and
J-region genes are produced in large quantities
and forms immune complexes with IgG. These
genetically limited RFs have historically been
used for the immunochemical characterization
of RFs. Among them, RFs derived from the
heavy-chain germline gene IGHVI-69 are the
most common. Recently, the crystal structure
of an IGHVI-69-derived RF named YESS8c
was elucidated in complex with human IgG1-
Fc. Based on the structure and mutant
analyses, a recognition mechanism for the
autoantigen (IgG-Fc) common to IGHVI-69-
derived RFs was proposed. This review
summarizes the immunochemical character of
the IGHV1-69-derived RFs, and then focuses
on the recognition mechanism of the IGHVI-
69-derived RFs, referring the structural
features of the IGHV1-69-derived neutralizing
antibodies.
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1 Rheumatoid Factors (RF)

RFs are autoantibodies that recognize the frag-
ment crystallizable (Fc) region of immunoglobu-
lin G (IgG). RFs have been used as important
diagnostic markers of rheumatoid arthritis (RA);
an autoimmune disease characterized by the
chronic joint inflammation leading to systemic
inflammation (van Delft and Huizinga 2020).
RFs are detected not only in RA but also in
other inflammatory diseases or in the serum of
some healthy individuals. In particular, a large
amount of monoclonal RF (mainly IgM) is
observed in the patients with some B-cell
malignancies, such as mixed cryoglobulinemia
(MC) and Waldenstroms macroglobulinemia
(WM) (Randen et al. 1992a). In these diseases,
precipitation of a mixture of IgG and monoclonal
IgM with RF activity, named cryoglobulin, is
observed in the serum of the patient below body
temperature. The cryoglobulin deposits on tissues
such as small blood vessel and kidneys, causing
inflammation and tissue injury (Muchtar et al.
2017). The abundant abnormal immunoglobulins
secreted from malignant B cells are called
“paraprotein”. Immunochemical studies of RFs,
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such as those to elucidate their molecular-
recognition mechanisms, have evolved from stud-
ies using monoclonal IgM paraprotein with RF
activity derived from B cell malignancies
(Randen et al. 1992a).

There is a difference in genetic diversity and
Fc-binding patterns between RA-derived RF and
B cell lymphoma-derived RF. RFs derived from
B cells isolated from RA patients are more
diverse in terms of germline gene types than
RFs derived from B cell malignancies (Pascual
et al. 1990, 1992; Victor et al. 1991; Ermel et al.
1993; Mantovani et al. 1993; Youngblood et al.
1994). Additionally, RA-derived RFs exhibit var-
ious binding patterns for different IgG subclasses
(IgGl, IgG2, IgG3, and IgG4) (Artandi et al.
1991, 1992), and its epitopes are thought to be
widely distributed in the Fc region (Bonagura
et al. 1993). By contrast, in B cell malignancies,
such as MC and WM, monoclonal IgM-type RFs
with specific idiotype combinations are fre-
quently observed, and the binding pattern of the
RFs is limited (Silverman et al. 1988; Kunkel
et al. 1973).

2 RFs from a Common VH
and VL Gene

In the serum of healthy individuals immunized
with foreign antigen (mismatched red blood cells)
(Thompson et al. 1994) and in patients who
developed MC due to hepatitis C virus (HCV)
infection (Charles et al. 2008), mucosal-
associated lymphoid tissue-type lymphoma
(Bende et al. 2005), HCV-associated lymphoma
(De Re et al. 2002), or B cell chronic lymphocytic
leukemia (Stamatopoulos et al. 2007), RFs with a
combination of heavy and light chains derived
from a specific germline gene are frequently
observed (Bende et al. 2015). In such cases, the
combination of a heavy chain with a cross-
reactive idiotype (CRI) called Wa and a light
chain with a CRI called 17.109 are the most
frequent. Each of these heavy and light chains is
derived from IGHVI-69 and IGKV3-20, respec-
tively, which are frequently used V-region genes
for RFs. RFs derived from a specific germline
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gene (especially H chain) having a specific length
in the third complementarity determining region
of the H chain (CDR-H3), and highly homolo-
gous to the RF are specifically referred to as
“stereotypic RFs”. IGHVI-69 is the most major
germline gene for stereotypic RFs; however,
recently, stereotypic RFs derived from germline
genes such as IGHV3-7 and IGHV4-59, have also
been reported (Hoogeboom et al. 2013; Bende
et al. 2016).

The heavy chain germline gene IGHVI-69 is
used in the heavy chain of neutralizing antibodies
against the following viruses and virulence
factors: HCV (Kong et al. 2013; Chan et al.
2001), human immunodeficiency virus (HIV)
(Luftig et al. 2006), influenza virus (Ekiert et al.
2009), Middle East respiratory syndrome corona-
virus (MERS-CoV) (Ying et al. 2015), and the
Staphylococcus aureus virulence factor NEAT
(Yeung et al. 2016). The germline gene for the
light chain is the kappa chain IGKV3-20, which
normally pairs with the heavy chain IGHV1-69.
Additionally, IGHVI-69-derived RF is reportedly
highly associated with HCV-related lymphoma
(Ivanovski et al. 1998), and notably, >80% of
patients with MC are carriers of HCV (Agnello
et al. 1992). Moreover, IgM antibody derived
from IGHVI-69, which occurs in patients with
HCV-related MC, reportedly exhibits RF activity
with or without somatic mutation (Charles et al.
2013). These findings suggest that the antibody
derived from IGHV1-69 harbors characteristics of
molecular recognition related to RF activity.

Therefore, although IGHVI-69-derived RF is
physiologically and pathologically important,
details of the antigen-recognition mechanism
have not been clarified. Previous reports suggest
that IGHVI-69-derived RFs isolated from
immunized healthy individuals, RA patients, or
MC patients have a CDR-H3 with a length restric-
tion of 12-15 residues but with diverse amino
acid composition (Bende et al. 2005; Charles
et al. 2013; Borretzen et al. 1995). On the other
hand, most IGHV1-69-derived RFs recognize the
CH2-CH3 elbow region of Fc as their epitope
(Artandi et al. 1992). The question of whether
IGHV1-69-derived RFs recognize this epitope in
a common recognition mode, and whether the
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antibodies from this germline gene have structural
features likely to exhibit RF activity, are interest-
ing from a structural biology perspective.

3 Structure
of the IGHV1-69-Derived
Antibodies

As mentioned above, the IGHVI-69 gene-
encoded antibodies are frequently observed as
neutralizing antibodies against viruses and bacte-
rial pathogens. Understanding the recognition
mechanism of neutralizing antibodies provide
important insights into rational vaccine design.
So, what are the structural features of molecular
recognition of this germline antibodies? This sec-
tion summarizes the structure of IGHVI1-69
antibodies other than RF. A systematic analysis
of antigen-free Fab structures reveals that the
structures of CDR-H1 of IGHV1-69 antibodies
are substantially flexible, whereas the canonical
structures of CDR-H2 have consistent
conformations (Teplyakov et al. 2016). This
study also reveals that heavy chains derived
from IGHVI-69 gene form thermally stable Fab
fragments.

What is common to neutralizing antibodies is
that the germline sequence of IGHVI-69 origi-
nally has the properties of a neutralizing antibody,
and becomes a neutralizing antibody without
introducing many mutations. The structure of
D5, a broadly neutralizing antibody for HIV-1,
in complex with the glycoprotein gp41 shows that
the hydrophobic CDR-H2 protrudes into the
conserved gp4l hydrophobic pocket, which
determines neutralizing ability (Luftig et al.
2006). The structure of m336, a neutralizing anti-
body for the MERS-CoV receptor-binding
domain, reveals that the heavy chain is a major
contributor to antigen binding, and that the V(D)J
junctional and IGHVI-69 allele-specific residues
play an important role in the neutralization of
MERS-CoV (Ying et al. 2015). The structure of
the neutralizing antibodies against Staphylococ-
cus aureus virulence factor NEAT2 also reveals
that the interaction by the germline-encoded
CDR-H2 is critical for neutralization (Yeung

173

et al. 2016). HCV is closely related to IGHV1-
69 RFs. The structure of AR3C, a broadly
neutralizing antibody for HCV, in complex with
the envelope protein E2 reveals that the heavy
chain is responsible for 86% of the antigen-
antibody binding (Kong et al. 2013). The
CDR-H2 of AR3C interacts with the hydrophobic
cluster on E2 important for binding to the cell-
surface CD81. The structures of the four indepen-
dent neutralizing antibodies against HCV suggest
the mechanism of the broad neutralization of the
IGHVI1-69-derived antibodies (Tzarum et al.
2019).

Among the IGHVI-69-derived neutralization
antibody, the antibodies for influenzae virus are
most reported. The structure of F10 and CR6261,
broadly neutralizing antibodies against H5 hem-
agglutinin (HA), reveals that these antibodies
block infection by inserting its heavy chain,
which is the only contributor to the interaction,
into a conserved pocket in the stem region (Ekiert
et al. 2009; Sui et al. 2009). The germline-
encoded CDR-H1 and CDR-H2 of the antibody
CR6261 interact with the highly conserved stem
region in HAs, demonstrating the broad neutrali-
zation and high affinity (Ekiert et al. 2009). Fur-
thermore, only a small number of somatic
mutations on germline residues enables strong
neutralization, suggesting that selected immuno-
globulin genes such as IGHV1-69 are adopted for
neutralizing antibody (Lingwood et al. 2012). The
IGHV1-69-derived neutralizing antibodies, 8M?2
and 2G1, recognize the receptor binding region of
H2 HA. The structure of 8M2 and 2GI reveals
that the Phe54 in CDR-H2 plugs a conserved
cavity in the HA receptor binding site (Xu et al.
2013).

4 Structure of Determined RFs

The following sections focus on the molecular-
recognition mechanisms of the RF derived from
the germline gene IGHV1-69 based on the crystal
structure of RF YES8c previously described
(Fig. 1a) (Shiroishi et al. 2018). Before reporting
the YESS8c structure, the crystal structures of the
two RFs had been revealed in complex with Fc
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Fig. 1 Crystal structure of YES8c in complex with
IgG1-Fc and other Fc-binding proteins (a) Overall
structure of the YES8c-Fab-Fc complex in an asymmetric
unit. Fc and heavy and light chains are shown in pink,
cyan, and green, respectively. In complex 2, atomic
models of the constant region of YES8c could not be
built due to weak electron density. (b) Overall structure

(Corper et al. 1997; Duquerroy et al. 2007),
providing interesting insights into the molecular-
recognition mechanism and the origin of RFs.
One is an IgM-type RF named RF-AN derived
from an RA patient and that recognizes the
CH2-CH3 cleft region of Fc, a major epitope
recognized by many RFs (Fig. 1b). Unlike gen-
eral antibodies, this RF has the unusual feature of
binding Fc at the edge of the conventional
paratope (antigen-recognition site) (Corper et al.
1997). The authors considered that due to its
unique binding mode, an antibody originally
against another antigen acquired binding ability
to IgG-Fc at sites other than the original antigen-
binding site by somatic mutation (Sutton et al.
2000). The other is a high-affinity IgM-type RF
called RF61, which does not recognize the
CH2-CH3 cleft but recognizes the CH3 domain
near the C-terminus of Fc across two CH3
domains (Fig. 1b) (Duquerroy et al. 2007). The
crystal structure of RF61 revealed a new RF

B H
G oo o a8
:z{:. -?."I\{\%x___c‘ RF61 :\1%&

of the RF-AN-Fc complex (PDB ID: 1ADQ) and the
RF61-Fc complex (PDB ID: 2J6E). (¢) Overall structure
of other Fc-binding proteins in complex with Fc:
minimized B domain of S. aureus protein A (PDB ID:
1L6X), Streptococcal protein G (PDB ID: 1FCC), neona-
tal Fc receptor (FcRn) (PDB ID: 111A), and TRIM21
(PDB ID: 2IWG)

epitope, as well as highlighted the diversity of
RF epitopes. However, these two RFs were not
stereotypic RFs and did not answer the questions
presented in this review.

5 Structural Basis for Molecular
Recognition of the RF YES8c

5.1 RF YES8c

YES8c is a mono-reactive and IgM-type RF
isolated from bone marrow B cells from RA
patients and does not exhibit cross-reactivity
with autoantigens other than IgG-Fc (Ezaki et al.
1991). This particular patient also had macroglob-
ulinemia due to macroglobulin (IgM) produced
by B cell lymphoma. The germline genes in
the V, D, and J regions that constitute the heavy
chain variable region of YES8c are IGHVI-69,
IGHD2-2, and IGHJ4, respectively, and the
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germline genes in the V and J regions of the light
chain are IGKV3-20 and IGKJ2, respectively.
Therefore, YES8c is a stereotype RF derived
from the IGHVI-69/IGKV3-20 germline gene
combination common in B cell lymphomas.

5.2 Overall Structure

of the YES8c—Fc Complex

We elucidated the crystal structure of the complex
of the YES8c Fab fragment and human IgG1-Fc
with a resolution of 2.8 A (Shiroishi et al. 2018).
Two YES8c—IgG1-Fc complexes were observed
in the asymmetric unit of the crystal, with these
two complexes nearly identical structures, except
for the constant region (Fig. 1a), hence complex
1 is discussed below. YES8c bound to the
CH2-CH3 elbow region of Fc similar to RF-AN
(Fig. 1b) (Corper et al. 1997). Additionally, the
crystal structure revealed that several proteins,
such as protein A, protein G, FcRn, and tripartite
motif-containing protein 21 (TRIM21) recognize
the CH2-CH3 elbow (Fig. 1c) (James et al. 2007,
Martin et al. 2001; Sauer-Eriksson et al. 1995;
Deisenhofer 1981). Therefore, this region is
thought to have an intrinsic physiochemical prop-
erty that is easily recognized by other proteins
(DeLano et al. 2000). Because the complex struc-
ture of protein A and Fc was elucidated long ago,
protein A has been used to characterize the inter-
action of many RFs by the competitive-inhibition
assay for Fc (Deisenhofer 1981; Sasso et al.
1988). The heavy chain of YES8c recognizes
mainly the CH2—CH3 cleft, and its binding site
overlaps with the site where protein A binds.
Therefore, YESS8c interaction was expected to
be inhibited by protein A. Most regions of the
light chain of YES8c were utilized for interaction
with the CH3 domain.

One characteristic of the YES8c—Fc complex
is the presence of a wider interaction interface
than that of RF-AN and RF61 (Fig. 1b). The
buried surface area involved in forming the
YES8c—Fc complex is 1996-2101 A% which is
larger than RF-AN (1458 A?%) and RF61
(1689 A?%). Additionally, the YES8c heavy chain
has a larger interaction interface involved with the
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Fc interaction than the light chain, and the shape
complementarity is also high, suggesting that the
heavy chain plays a more central role in Fc recog-
nition. Included in the large interaction interface
are 22 amino acid residues on the YES8c side
involved in Fc binding, which is a higher number
of involved residues than RF-AN (9) and RF61
(14).

Here, we discuss structural differences with
RF-AN, an RF that recognizes the CH2-CH3
elbow, as well as YES8c. The binding mode of
RF-AN and YESSc differ, as the RF-AN antigen-
recognition site deviates from the pseudo
two-fold axis formed between VH and VL, and
this RF also has the unusual feature of
recognizing Fc at the edge of the general paratope
(Fig. 2) (Corper et al. 1997). On the other hand, in
YES8c, Fc is bound near the center of the pseudo
two-fold axis of VH and VL, which is the normal
binding mode of antibody (Fig. 2). Additionally,
the binding mode of CDR-H3 located at the cen-
ter of the antigen-binding site is also greatly dif-
ferent between RF-AN and YESS8c. In RF-AN,
the interaction area of CDR-H3 occupies 44% of
the entire antibody binding site, and side chain
residues of CDR-H3 (H-Arg96, H-Tyr98, and
H-Val99), which is the key to the interaction,
form a salt bridge, hydrogen bonds, and hydro-
phobic interactions with Fc, thereby greatly
contributing to antigen recognition. This suggests
that CDR-H3 plays a central role in the interac-
tion between RF-AN and Fc. By contrast, the
YES8c CDR-H3 occupies only 21% of the inter-
action area, and the interaction formed between
CDR-H3 and Fc is not as strong, suggesting that
regions other than YES8c CDR-H3 play a central
role in Fc binding.

5.3 YES8c Subclass Specificity

and Affinity

The binding specificity of RFs to the IgG subclass
is largely divided into two groups: Ga (binding to
IgGl, 2, and 4) and Pan (binding to all subclasses)
(Bonagura et al. 1993). Binding experiments
show that YES8c binds to both IgG1 and IgG4
subclasses (Shiroishi et al. 2018); therefore,
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Fig. 2 Comparison of the
YESS8c and RF-AN
binding modes In YESSc,
Fc and heavy and light
chains are shown in
magenta, cyan, and green,
respectively, and in light
pink, light blue, and light
green, respectively, in
RF-AN. CDRs are shown in
orange in the both
structures. The pseudo
two-fold axis between VH
and VL domains is shown
as a dashed line

YESS8c belongs to a group with subclass specific-
ity different from Ga and Pan. Here we discuss
the binding specificity observed in YESS8c
according to the three-dimensional structure.
Comparison of residues of the IgG3 epitope
with other IgG subclasses reveals amino acid
residue differences at positions 384, 422,
435, and 436. In particular, position 435 in Fc,
which is the key to Ga specificity (Artandi et al.
1992), is a histidine in IgG1, IgG2, and IgG4 but
an arginine in IgG3. According to a previous
report, although RF-AN exhibits Ga specificity,
the reason for its weak affinity with IgG3 cannot
be clarified from the RF-AN crystal structure
(Corper et al. 1997). The YES8c-Fc complex
structure shows that arginine at position
435 would collide with H-Phe54 of YESS8c,
thereby generating subclass specificity. However,
the reason for the reduced affinity with IgG2
remains unknown. Given the possibility that the
three-dimensional structure of Fc is slightly dif-
ferent for each IgG subclass due to the influence
of amino acid residues other than those at the
interaction site, it is necessary to clarify the
detailed structure of the subclass.

Similar to RF-AN, YESS8c displays a low
affinity for Fc. The affinity of YES8c Fab for
IgG1 determined by surface plasmon resonance
analysis is 160 £ 30 pM (Ky4) (Shiroishi et al.
2018). Although this represents low affinity, these

M. Shiroishi

RFs are present in the form of IgM with 10 Fab
“arms”, suggesting that they exhibit strong bind-
ing affinity to antigens along with high avidity
effect. As noted, the YES8c—Fc complex has a
large interface area, with many residues involved
in the interaction; however, the distance of the
hydrogen bonds between YES8c and Fc are rela-
tively long, implying low bond strength. More-
over, the complex included no salt bridge, which
is an interaction that generally promotes affinity,
although the number of van der Waals
interactions was similar to that in other RF
(RF-AN and RF61) complexes. Therefore, the
structure suggests that YES8c is loosely bound
to Fc, which might also explain its low affinity for
IgG1-Fc, despite the large interaction interface.
Such a “loose” binding mode might be an impor-
tant feature for IGHV1-69-derived RF recognition
of common epitopes in Fc, regardless of the
diversity of the CDR-H3 or the introduction of
somatic hyper mutations (SMHs).

5.4 Length Limit and Amino Acid
Diversity of the CDR-H3 in Fc

Recognition

As previously reported, in IGHVI-69-derived
RFs, the length of the CDR-H3 is limited to
12-15 residues, although some variation in
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amino acid composition is observed (Fig. 3a)
(Bende et al. 2005, 2015; Borretzen et al. 1995).
Based on the crystal structure of the YES8c—Fc
complex, we proposed a structural model for
allowing amino acid diversity in the CDR-H3
loop associated with Fc recognition by IGHVI-
69-derived RFs (Shiroishi et al. 2018). In the
structure of the YES8c—Fc complex the Leu432-
His435 region protruding at the Fc elbow
penetrates into the pocket formed between the
RF VL and VH regions, and Asn434 interacts
with the CDR-H3 from the inside of the loop
(Fig. 3b), representing a characteristic feature of
YESS8c recognition. In particular, the area where
the Leu432-His435 region interacts with Fc (~
320 A?) is large, occupying one third of the total
interaction area. The Asn434 side chain is located
near the center of the antigen-binding site and
interacts with the CDR-H3 loop to primarily
forms hydrogen bonds with CDR-H3 main-
chain atoms (the N of H-Gly100 and the O of
H-Thr100A). The CDR-H3 residues (especially
from H-Ala99 to H-Prol00B) are subsequently
located in the space formed between CH2-CH3
and without insertion into the binding interface
(Fig. 3c). This binding mode allows accommoda-
tion of CDR-H3 in the space formed between
CH2 and CH3 by only slight changes to the
loop structure, regardless of amino acid composi-
tion. If the loop length is <12 residues, this will
likely preclude formation of numerous
interactions between CDR-H3 and Fc. On the
other hand, a length > 15 residues would prevent
CDR-H3 from fitting in the space between CH2
and CH3 or result in CDR-H3 covering the
pocket between VL and VH, thereby interfering
with interactions with the Leu432-His435 region
and preventing RF activity.

5.5 The Hydrophobic Region
in CDR-H2 Common

to IGHV1-69-Derived Antibodies

The neutralizing antibodies anti-influenza hemag-
glutinin antibody CR6261 (Lingwood et al.
2012), the anti-HCV E2 envelope antibody
AR3C (Kong et al. 2013), and the anti-HIV-1
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gp41 antibody D5SA (Luftig et al. 2006) are all
derived from the IGHVI-69 germline gene. Crys-
tal structures of these antibody—antigen
complexes revealed that the hydrophobic residues
in the CDR-H2 commonly recognize the hydro-
phobic patch of the antigen. Therefore, the naive
antibody derived from IGHV1-69 is considered to
be a “pattern-recognizing” antibody capable of
hydrophobic interactions with CDR-H2 residues.
CDR-H2 hydrophobicity is highly conserved in
IGHV1-69-derived RFs (Fig. 3d). In YES8c, the
hydrophobic residues (H-Leu53 and H-Phe54) at
the tip of the CDR-H2 loop are located at the
CH2-CH3 cleft and form hydrophobic
interactions with Ile253 and Leu314 across a
large interfacial area (Fig. 3e). Because the
H-L53A and H-F54A mutants show significantly
decreased affinity, recognition by H-Leu53 and
H-Phe54 might significantly contribute to RF
activity (Shiroishi et al. 2018).

5.6 The Importance of the Light
Chain Paired with IGHV1-69

Heavy Chain

In IGHV1-69-derived RFs, the paired light chain
is derived from /GKV3-20 in most cases, and the
amino acid sequence of the light chain is highly
conserved throughout. In the YES8c—Fc com-
plex, 10-11 residues of the light chain are
involved in Fc interaction, and the interfacial
area between the light chain and Fc is
430450 A%, which is considerably larger than
the light chains of RF-AN (2 residues and
196 A?) and RF61 (5 residues and 255 A?).
CDR-L1 and CDR-L3 in YES8c form a flat
binding surface and recognize the flat p-sheet
region of the CH3 domain (Fig. 3f). Although
the area of the interaction interface between the
light chain and Fc is large, the calculated shape
complementarity between the light chain and Fc
is low, indicating that the light chain is loosely
bound with the flat binding interface.
Surprisingly, however, substitution of various
residues in the binding site in the light-chain
region with an alanine (L-S29A, L-S31A,
L-Y32A, and L-S94A) resulted in a significant
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decrease in Fc binding, suggesting that highly
conserved light-chain residues might contribute
important interactions with Fc via hydrophilic
residues (Shiroishi et al. 2018).

5.7 Effects of SHMs in RFs

Many identified RFs harbor SHMs; however,
some antibodies exhibit RF activity in the
absence of SHMs (Charles et al. 2013; Randen
et al. 1992b; Carayannopoulos et al. 2000). A
naive antibody of RF-TS1, an RF derived from
IGHVI1-69, displays higher affinity for Fc than
RF-TS1 (Carayannopoulos et al. 2000), whereas
in mixed macroglobulinemia related to HCV,
IgM derived from IGHV1-69 reportedly acquires
RF activity through SHMs (Charles et al. 2013).
However, the degree to which SHMs affect the
acquisition of RF activity and by what mecha-
nism it imparts higher RF activity remain
unknown. The structure of RF-AN and RF61
suggested that SHMs might be important for RF
activity, but there previously had been no mutants
created or analyzed to investigate the effects of
SHMs. Therefore, we generated mutants
reverting to the germline amino acid residues
and analyzed their interactions with Fc (Shiroishi
et al. 2018). Three SHMs (L-V28I, L-K39R, and
L-S53T) exist in the VL domain, and seven
SHMs (H-A33P, H-M48V, H-I53L, H-K62R,
H-S76R, H-L82V, H-S82BV, and H-D100EF)
exist in the VH domain. Among these, we
selected three sites (L28, H33, and H53) close to
the Fc-binding site and prepared mutants
(L-128V, H-P33A, and H-L53I) by reverting to
the respective germline amino acid. Because the
affinity of the H-P33A mutant for Fc was greatly
reduced, SHM at this site might be important for
acquisition of RF activity. On the other hand, the
affinity for Fc was increased in the H-L53I
mutant, whereas that in the L-I28V mutant was
unchanged. These findings suggest that during the
process of B cell proliferation, mutations are
introduced that result in a spectrum of
contributions to Fc affinity, thereby dictating
changes in RF activity. In the case of YESSc, it
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is considered that higher RF activity is gradually
acquired as a result of SHMs.

Poly-reactive RFs with low affinity are found
in healthy individuals as naturally occurring IgM.
On the other hand, mono-reactive RFs with high
affinity are observed in various autoimmune
diseases, implying that increased affinity might
be related to disease progression. Based on the
structure of the YES8c—Fc complex, we
designed mutants potentially capable of forming
interactions resulting in improved affinity. Our
analyses using Fc showed K, values for
H-T56K, H-N58K, L-Q27E, and L-S27AN of
42 pM, 94 pM, 78 pM, and 69 pM, respectively,
revealing increased affinities relative to wild type
(160 pM). Similar to results observed with the
H-L531 mutant, these are amino acid mutations
derived from a single-base substitution,
suggesting that the antibody derived from
IGHV1-69 can easily increase its affinity via vari-
ous SHMs to become a disease-aggravation
factor.

6 Concluding Remarks

RFs derived from the germline gene combination
of IGHV1-69 have been studied for many years as
a  paraprotein IgM-RF in MC and
WM. Additionally, IGHVI-69-derived RFs are
found at high levels as stereotype RFs in patients
with B cell lymphoma caused by HCV infection
(Charles et al. 2008; Bende et al. 2005; De Re
et al. 2002). The crystal structure and mutant
analyses of YES8c revealed the following possi-
ble antigen-recognition mechanisms common to
IGHV1-69-derived stereotypic RFs: (1) interac-
tion with the Leu432—His435 region of Fc allows
orientation of the CDR-H3 within the space
formed by the CH2-CH3 elbow, which allows
amino acid diversity but limits the number of
residues in the CDR-H3; (2) hydrophobic
residues in the CDR-H2 typical of IGHVI-69-
derived antibodies interact with a hydrophobic
region in Fc; and (3) paired light chains are highly
conserved and form a loose but significant inter-
action with Fc. Confirmation of these models
require clarification of the complex structures of
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other IGHVI-69-derived RFs in complex with
Fc. Furthermore, the structures of other
germline-derived RFs will allow the elucidation
of the whole picture of autoreactivity of RFs.
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Abstract

Transmembrane proteins must adopt a proper
topology to execute their functions. In mam-
malian cells, a transmembrane protein is
believed to adopt a fixed topology. This
assumption has been challenged by recent
reports that ceramide or related sphingolipids
regulate some transmembrane proteins by
inverting their topology. Ceramide inverts the
topology of certain newly synthesized
polytopic transmembrane proteins by altering
the direction through which their first trans-
membrane helices are translocated across
membranes. Thus, this regulatory mechanism
has been designated as Regulated Alternative
Translocation (RAT). The physiological
importance of this topological regulation has
been demonstrated by the finding that
ceramide-induced RAT of TM4SF20 (Trans-
membrane 4 L6 family member 20) is crucial
for the effectiveness of doxorubicin-based
chemotherapy, and that dihydroceramide-
induced RAT of CCR5 (C-C chemokine
receptor type 5), a G protein-coupled receptor,
is required for lipopolysaccharide (LPS) to
inhibit chemotaxis of macrophages. These
observations suggest that topological inver-
sion through RAT could be an emerging
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Abbreviations

CCR5 C-C chemokine receptor 5

CREB3L1 cAMP responsive element binding
protein 3-like 1

ER endoplasmic reticulum

GPCR G protein-coupled receptor

LPS lipopolysaccharide

RAT regulated alternative translocation

RIP regulated intramembrane
proteolysis

TM4SF20  Transmembrane 4 L6 family mem-
ber 20

TRAM Translocating chain-associated
membrane protein

1 Introduction

Cellular membranes are physical barriers that are
impermeable to many molecules. Thus, unlike
cytosolic and nuclear proteins that are surrounded
by homogenous environment, transmembrane
proteins are all polarized, as segments of
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transmembrane proteins localized at different
sides of membranes are exposed to distinct envi-
ronment. As a result, the topology of transmem-
brane proteins, which depicts their orientation
across membranes, is critical for their functions.

The topology of transmembrane proteins is
primarily determined during their synthesis on
endoplasmic  reticulum (ER) membranes
(Zimmermann et al. 2011). For transmembrane
proteins that contain a single transmembrane
helix, the translocation process has been
categorized into three classes (Fig. 1) (Lodish
et al. 2007). Type I insertion refers to proteins
that contain a cleavable ER-targeting signal pep-
tide N-terminal to the first transmembrane helix.
The signal recognition particle binds to the hydro-
phobic sequence within a nascent signal peptide,
directing the ribosome/nascent polypeptide com-
plex to the ER membranes. The signal peptide is
then inserted into membranes adjacent to the
Sec61 ER translocon through a direction where
its N-terminus faces cytosol. This insertion opens
the lateral gate of the translocon, enabling

a. Typellnsertion
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ER ER
Lumen og \ Lumen
Signal Sec61
Peptidase

Fig. 1 Three classes of membrane translocation pro-
cess

(a) During Type I insertion, the signal peptide is inserted
into membranes with its N-terminus facing cytosol before
it is removed from the mature protein by the signal pepti-
dase. This insertion allows nascent peptides C-terminal to
the signal peptide to be pushed through the Sec61
translocon by ribosomes. (b) Type II insertion is similar
to the Type I insertion except that the translocation process
is initiated by the transmembrane helix that cannot be
cleaved by the signal peptidase. (¢) During Type III

b. Type Il Insertion
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hydrophilic sequence C-terminal to the signal
peptide to be transported into ER Ilumen
(Rapoport et al. 2017). Following the transloca-
tion, the signal peptide is removed from the
mature protein by the signal peptidase, causing
the N-terminus of the mature protein to be embed-
ded into ER lumen (Fig. la). The other two
insertions do not use a signal peptide. Instead,
their insertions are initiated by recognition of the
hydrophobic sequence present in the transmem-
brane helix of nascent peptides by the signal
recognition particle, which directs the nascent
peptide/ribosome complex to the Sec61 ER
translocon. In Type II insertion, the direction
through which the transmembrane helix is
inserted into membranes is the same as that of
the signal peptide in Type I insertion, allowing
sequence C-terminal to the transmembrane helix
to be imported into ER lumen (Rapoport et al.
2017). As a result, the N-terminus of the Type II
transmembrane proteins is located in cytosol
(Fig. 1b). In Type II insertion, the transmem-
brane helix is inserted through an opposite

c. Type lll Insertion
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v S )

N
Cytosol

ER

Lumen

insertion, the transmembrane helix is inserted into
membranes with the N-terminus embedded into the ER
lumen. This insertion enables peptides N-terminal to the
transmembrane helix to be pulled through the transloca-
tion channel. (a—c) The sequence N-terminal to the trans-
membrane helix, the signal peptide (a) or the
transmembrane helix (b, ¢), and the sequence C-terminal
to the transmembrane helix are highlighted in orange,
yellow, and red, respectively. The arrow indicates the
direction of nascent peptide elongation during translation
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direction so that its N-terminus faces the ER
lumen. This insertion enables hydrophilic
sequence N-terminal to the transmembrane helix
to be transported into the ER lumen (Rapoport
et al. 2017). Following this type of insertion, the
N-terminus of the proteins is located in the ER
lumen (Fig. 1c).

For polytopic transmembrane proteins, their
topology is determined by the direction through
which the first transmembrane helix is inserted
into membranes, which follows one of the three
types of the insertion illustrated above (Rapoport
et al. 2017). In bacteria, the transmembrane heli-
ces in polytopic membrane proteins can be
reoriented co-translationally or post-
translationally upon alterations in phospholipid
contents in membranes (Bogdanov and Dowhan
1998; Bogdanov et al. 2002, 2014; Dowhan et al.
2019). However, this reposition of transmem-
brane helices has not been extensively reported
for mammalian transmembrane proteins except
for a few proteins such as aquaporin 1 and
CD38 (Bogdanov et al. 2018; Lee and Zhao
2019; Lu et al. 2000). Recently, there are several
reports demonstrating that topology of some
mammalian transmembrane proteins can be
reversed under certain physiological conditions,
and this topological inversion is critical to regu-
late functions of these transmembrane proteins.
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2 Topological Inversion
of TM4SF20: A Critical Step
in Doxorubicin-Based
Chemotherapy

Doxorubicin, a chemotherapeutic reagent exten-
sively used to treat various cancers, is believed to
inhibit cancer cell proliferation through DNA
damage by inhibiting DNA topoisomerase II
(Gewirtz 1999; Yang et al. 2014). However,
recent studies suggest that activation of a tran-
scription factor called cAMP responsive element
binding protein 3-like 1 (CREB3L1) is also criti-
cal for the cytostatic activity of doxorubicin
(Denard et al. 2012; Patel and Kaufmann 2012).
Unlike typical transcription factors, CREB3L1 is
synthesized as a transmembrane precursor that
contains a cytosolic N-terminal domain capable
of functioning as a transcription factor (Denard
et al. 2011; Murakami et al. 2006) (Fig. 2). In
resting cells, CREB3L1 remains as the inactive
transmembrane precursor. Doxorubicin enhances
production of ceramide, which in turn triggers
proteolytic activation of CREB3L1 through a
pathway called Regulated Intramembrane Prote-
olysis (RIP) (Brown et al. 2000; Ye 2013). This
pathway activates CREB3L1 through two proteo-
lytic events: The first cleavage in the luminal
domain catalyzed by Site-1 protease followed by

Genes inhibiting

O/\ cell proliferation

s _>>%§x

>

TM4SF20(A) TM4SF20(B)
N "\ £
Cytosol Ceramide
ER
Lumen
CREB3L1 NJ%O\USigna,C U M
Peptiase
Cytosol
ER
Lumen

Fig. 2 RIP of CREB3L1 activated by RAT of
TM4SF20

In the absence of ceramide, TM4SF20 adopts a topology
(TMA4SF20(A)) that inhibits proteolytic activation
CREB3LI1. Ceramide inverts the topology of newly
synthesized TM4SF20 through RAT. The protein with

S1P~,

the inverted topology (TM4SF20(B)) activates RIP of
CREB3L1 catalyzed by Site-1 protease (SI1P) and Site-
2 protease (S2P). These cleavages release the N-terminal
domain of CREB3L1 from membranes, allowing it to
activate genes inhibiting cell proliferation
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the second cleavage at the interface between
the transmembrane helix and the cytosolic domain
(Fig. 2). The final cleavage catalyzed by Site-2-
protease releases the N-terminal domain of
CREB3L1 from membranes, allowing it to activate
transcription of genes such as p21 that inhibit cell
proliferation (Cui et al. 2016; Denard et al. 2011,
2012) (Fig. 2). The importance of this CREB3L1-
mediated pathway was illustrated by observations
that at clinically relevant doses, doxorubicin was
much more effective in cancer cells that expressed
high levels of CREB3LI than in those expressing
low levels of the gene. This correlation was
documented in cancer cells cultured in vitro, in
xenograft tumors established in mice, and in
human tumor samples (Denard et al. 2012, 2015,
2018; Xiao et al. 2019). Thus, ceramide-induced
RIP of CREB3LI1 plays a critical role in
doxorubicin-based cancer chemotherapy.

Later studies identified Transmembrane 4 L6
family member 20 (TM4SF20) as a polytopic
transmembrane protein crucial for ceramide to
induce RIP of CREB3L1. In the absence of cer-
amide, the N-terminus of TM4SF20 is inserted
into the ER lumen, and the sequence N-terminal
to the first transmembrane helix is removed
co-translationally by the signal peptidase
(Fig. 2). Under this configuration, the loop
between the third and fourth transmembrane
helix that contains three potential sites for
N-linked glycosylation is located in the cytosol
so that glycosylation cannot occur, and the
C-terminus of the protein is located within the
lumen as demonstrated by the protease protection
assay (Fig. 2) (Chen et al. 2016). This form of the
protein, which is designated as TM4SF20(A),
inhibits RIP of CREB3L1 (Fig. 2) (Chen et al.
2014). Treatments of cells with exogenous cer-
amide or bacterial sphingomyelinase and doxoru-
bicin that stimulates endogenous production of
ceramide inverted the topology of TM4SF20
(Chen et al. 2016). In these cells, the N and
C-termini of newly synthesized TM4SF20 are
all located in the cytosol as demonstrated by the
protease protection assay, and the loop containing
the potential glycosylation sites is located in the
ER lumen where it is glycosylated (Fig. 2) (Chen
et al. 2016). This form of the protein, which is
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designated as TM4SF20(B), activates RIP of
CREB3L1 (Chen et al. 2016). Thus, the
ceramide-induced topological inversion turns
TM4SF20 from an inhibitor to an activator for
proteolytic activation of CREB3L1 (Fig. 2).
Importantly, ceramide does not flip the topology
of pre-existing TM4SF20 but inverts the topology
of the newly synthesized protein, as treatment of
cycloheximide, an inhibitor of protein synthesis,
blocked ceramide-induced production  of
TM4SF20(B) (Chen et al. 2016). Therefore, cer-
amide appears to invert the topology of TM4SF20
by altering the direction through which it is
translocated across membranes during its synthe-
sis. This regulatory mechanism was thus
designated as Regulated Alternative Transloca-
tion (RAT).

Since the N-terminal sequence of TM4SF20
(A) produced in the absence of ceramide is
cleaved off from the mature protein by the signal
peptidase, it is tempting to conclude that the first
transmembrane helix of TM4SF20(A) is
translocated through the Type I insertion, the
mechanism responsible for insertion of proteins
with an N-terminal signal peptide. However, sev-
eral lines of evidence argue against this conclu-
sion: First, the N-terminal sequence of TM4SF20
does not contain any hydrophobic residues char-
acteristic for a signal peptide (Petersen et al.
2011); Second, the N-terminal sequence of
TM4SF20 did not function as a signal peptide
when it was fused to another protein (Chen et al.
2016); Third, the N-terminal sequence of
TM4SF20 could be replaced by other peptides
without altering the topology of TM4SF20
(A) and ceramide-induced RAT of TM4SF20
(Chen et al. 2016). Thus, even though the
N-terminal sequence of TM4SF20(A) is cleaved
off from the mature protein by signal peptidase,
there is no evidence to suggest that the sequence
actually functions as a signal peptide. It is more
likely that this cleavage is caused by the accessi-
bility of the peptide to signal peptidase in the ER
lumen. This type of proteolysis by signal pepti-
dase has been reported for processing of hepatitis
C virus polyprotein in which the protease cleaves
the protein at multiple sites in the ER lumen distal
to the N-terminal sequence (Hijikata et al. 1991).
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Since TM4SF20(A) does not contain a func-
tional signal peptide, the first transmembrane
helix of the protein is translocated across ER
membranes through the Type III insertion. In
contrast, the first transmembrane helix of
TM4SF20(B) produced in the presence of cer-
amide is translocated through the Type II inser-
tion. Thus, ceramide-induced RAT of TM4SF20
shifts the translocation of the first transmembrane
helix of TM4SF20 from the Type III to Type I
insertion. Since both of these insertions are
initiated by interaction of the first transmembrane
helix with the ER translocon, the first transmem-
brane helix of TM4SF20 may be critical for the
topological regulation through RAT. Indeed,
replacing the signal peptide of alkaline phospha-
tase with the N-terminal domain of TM4SF20
that contains the first transmembrane helix of the
protein led to ceramide-induced RAT of the
fusion protein (Chen et al. 2016). Further analysis
revealed that a GXXXN motif present in the first
transmembrane helix of TM4SF20 is critical for
RAT of the protein, as mutating the Gly or Asn
residue in the motif to Leu locked TM4SF20 in
the reversed orientation (TM4SF20(B)) regard-
less of the presence of ceramide (Chen et al.
2016; Wang et al. 2019). These results suggest
that in the absence of ceramide, the GXXXN
motif present in the nascent peptide may interact
with a component of the translocation machinery,
allowing the first transmembrane helix to be
translocated through the Type III insertion to
produce TM4SF20(A).

Translocating chain-associated membrane pro-
tein 2 (TRAM2) may be such a translocation
component involved in RAT of TMA4SF20.
TRAM?2, a poorly characterized protein, is highly
homologous to TRAMI, an accessory protein for
the Sec61 translocation channel (Do et al. 1996;
Gorlich et al. 1992; Voigt et al. 1996). Knock-
down of TRAM2 but not TRAMI1 through RNAi
facilitated production of TM4SF20(B) even in the
absence of ceramide (Chen et al. 2016). This
observation suggests that in the absence of cer-
amide, TRAM2 may interact with the GXXXN
motif present in the first transmembrane helix of
nascent TM4SF20 to enable the type III insertion
of the transmembrane helix. Interestingly,
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TRAM?2, and all TRAM protein, contains a TLC
domain that is postulated to bind ceramide or
related sphingolipids (Winter and Ponting
2002). It will be interesting to determine whether
ceramide regulates translocation of TM4SF20
through its interaction with TRAM?2.

3 Topological Inversion of CCR5:
A Critical Step for LPS to Inhibit
Chemotaxis

A bioinformatics analysis revealed that ~100
proteins contain in their first transmembrane
helix a GXXXN motif that is critical for RAT of
TM4SF20. Remarkably, more than ~90% of
these proteins are G protein-coupled receptors
(GPCRs) (Denard et al. 2019). Interestingly, the
first transmembrane helix of the majority of
GPCRs is inserted into membranes through the
Type III orientation (Guan et al. 1992; Von
Heijne 2006). Since RAT alters the translocation
of the first transmembrane helix of TM4SF20
from the Type III to Type II insertion, these
observations raise the possibility that these
GPCRs may also subject to ceramide-induced
topological inversion through RAT.

One of these GPCRs, namely C-C chemokine
receptor 5 (CCRS), indeed subjects to ceramide-
induced topological inversion. In unstimulated
macrophages, CCRS5 adopts a configuration con-
sistent with that of GPCRs. The N- and
C-terminus of the protein with this topology,
which was designated as CCR5(A), is localized
at extracellular space and cytosol, respectively
(Fig. 3). Under this configuration, CCRS
functions as a chemokine receptor, directing
macrophages migrating toward its ligand, CCL5
(Denard et al. 2019; Duma et al. 2007,
Oppermann 2004) (Fig. 3). Upon stimulation by
lipopolysaccharide (LPS), macrophages mark-
edly increased production of dihydroceramide,
which in turn inverted the topology of newly
synthesized CCRS. While still reaching the cell
surface, the N- and C-terminus of CCR5 with the
inversed topology, which was designated as
CCR5(B), is localized at cytosol and extracellular
space, respectively (Denard et al. 2019) (Fig. 3).
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Fig.3 LPS inhibits chemotaxis through RAT of CCR5
In the absence of LPS, CCRS adopts a topology consistent
with that of GPCR (CCR5(A)) to guide macrophages
migrating towards the gradient of its ligand, CCLS. LPS
induces production of dihydroceramide, which in turn

CCR5(B) no longer functioned as a chemokine
receptor, leading to inhibition of chemotaxis
(Denard et al. 2019) (Fig. 3). The
dihydroceramide-induced topological inversion
of CCRS5 was critical for LPS to prevent
macrophages from migrating toward CCLS, as
treatments inhibiting production of
dihydroceramide relieved this inhibition of che-
motaxis (Denard et al. 2019). These findings may
explain the well-known observation that
LPS-activated macrophages are insensitive to
chemotaxis (Biswas and Lopez-Collazo 2009).

4 Concluding Remarks

The concept of translocation regulation has been
proposed more than a decade ago (Hegde and
Kang 2008). Ceramide-induced RAT of
TM4SF20 and CCRS discovered recently are the
first two examples that this regulation indeed
takes place in mammalian cells. Both TM4SF20
and CCRS are polytopic transmembrane proteins,
and their first transmembrane helix is translocated
across membranes through the Type III insertion
in the absence of excess ceramide. In contrast to
the well-studied Type I and II insertions, the Type
IIT insertion is much less characterized (Rapoport
et al. 2017). Unlike the Type I and II insertions
during which the newly synthesized peptide
C-terminal to the transmembrane helix is pushed
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through the translocation channel by ribosomes,
sequence N-terminal to the transmembrane helix,
which may have already been folded before initi-
ation of the membrane translocation process, has
to be pulled through the translocation channel
during the Type III insertion. The driving force
and unfolding mechanism that allows this
sequence to be translocated through the Sec61
translocon remains obscure. Understanding the
mechanism behind the Type III insertion may
provide mechanistic insights into RAT of trans-
membrane proteins.

Perhaps the most important question raised by
the discovery of RAT is the breadth of this regu-
latory mechanism. How many transmembrane
proteins are regulated by RAT? Can RAT be
triggered by other stimulations in addition to cer-
amide? The major obstacle to answer these
questions is our limited knowledge on topology
of transmembrane proteins in mammalian cells.
According to UniProt, only less than 10% of
transmembrane proteins expressed in mammalian
cells have their topology experimentally defined.
The topology of the rest of the transmembrane
proteins is either unknown or predicted by
sequence analysis, which may be plagued by
errors. This problem is difficult to address by the
currently available techniques, as they can only
measure topology of one protein at a time, and
often require overexpression of the protein tagged
with an epitope, which may alter the topology of



Regulated Alternative Translocation: A Mechanism Regulating Transmembrane. ..

the transmembrane protein. Thus, a proteome-
wide approach capable of measuring topology of
endogenous untagged transmembrane proteins
expressed in mammalian cells globally is needed
to systematically identify transmembrane proteins
subjected to topological regulation.
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Abstract

The IL-36 family belongs to a larger IL-1
superfamily and consists of three agonists
(IL-36a/B/y), one antagonist (IL-36Ra), one
cognate receptor (IL-36R) and one accessory
protein (IL-1RAcP). The receptor activation
follows a two-step mechanism in that the ago-
nist first binds to IL-36R and the resulting
binary complex recruits IL-1RAcP. Assem-
bled ternary complex brings together intracel-
lular TIR domains of receptors which activate
downstream NF-kB and MAPK signaling.
Antagonist IL-36Ra inhibits the signaling by
binding to IL-36R and preventing recruitment
of IL-1RAcP. Members of IL-36 are normally
expressed at low levels. Upon stimulation,
they are inducted and act on a variety of cells
including epithelial and immune cells. Prote-
ase mediated N-terminal processing is needed
for cytokine activation. In the skin, the func-
tional role of IL-36 is to contribute to host
defense through inflammatory response. How-
ever, when dysregulated, IL-36 stimulates
keratinocyte and immune cells to enhance the
Th17/Th23 axis and induces psoriatic-like skin
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disorder. Genetic mutations of the antagonist
IL-36Ra are associated with occurrence of
generalized pustular psoriasis, a rare but life-
threatening  skin  disease.  Anti-IL-36
antibodies attenuate IMQ or IL-23 induced
skin inflammation in mice, illustrating
IL-36’s involvement in mouse model of psori-
asis. Other organs such as the lungs, the intes-
tine, the joints and the brain also express IL-36
family members upon stimulation. The physi-
ological and pathological roles of IL-36 are
less well defined in these organs than in the
skin. In this chapter, current progress on IL-36
protein and biology is reviewed with a discus-
sion on investigative tools for this novel target.

Keywords

Generalized pustular psoriasis - IL-1
superfamily - IL-36 - Inflammation - Psoriasis -
Therapeutics

1 Introduction

Interleukin-36 (IL-36) cytokines were first
described by multiple groups as homologs of
Interleukin-1 (IL-1) cytokines around 2000
(Mulero et al. 1999; Smith et al. 2000; Kumar
et al. 2000; Busfield et al. 2000; Barton et al.
2000; Debets et al. 2001), when the analysis of
DNA database was proceeding at a rapid pace.
Based on their similarity in conserved sequences
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and the predicted structures, IL-36 cytokines were
predicted to hold similar functions as the IL-1
cytokines (Smith et al. 2000); for example, IL-1
has been shown to modulate innate immune
responses and inflammation. Two decades later,
accumulated knowledge of expression, activa-
tion, structure and function on IL-36 is helping
us better define its biological roles. Cytokines
from IL-36 family are involved in innate and
inflammatory response in multiple organs, espe-
cially in the skin. In this chapter, current progress
on the structure and function of IL-36 is reviewed
with a discussion on the therapeutic implications.

2 IL-36 Cytokines Are Members
of the IL-1 Superfamily

There are 11 cytokines in the IL-1 superfamily,
which are grouped into four families (IL-1, IL-18,
IL-33 and IL-36) based on their conserved
sequence and recognition of cognate receptors.
The sequence phylogenetic tree shows that the
three human IL-36 agonists (IL-36a, IL-36f and
IL-36y) are grouped together due to their
sequence similarity (Fig. 1) (Sievers et al. 2011).
IL-36a and IL-36y are even more similar in
sequence with each other than with IL-36p,
suggesting the former two share more related
functions than with IL-36f. The two IL-1 agonists
(IL-1o and IL-P) are grouped together, consistent
with their family origin and their similar
functions. Interestingly, the three antagonists
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from different families (IL-1Ra, IL-36Ra and
IL-38) share more sequence similarity among
each other than with the agonists from their
own families, which suggests a conserved
sequence and structural requirement exists for
cytokine antagonistic activity. The two remaining
agonists IL-18 and IL-33 are in different groups
since they are from different families. It is inter-
esting to note that IL-37, which is an antagonist of
IL-18 family, is separated from the other
antagonists in the IL-1 superfamily, suggesting
IL-37 may rely on a different binding mode for
antagonistic activity.

The genomic location of IL-36 cytokines are
mapped to human chromosome 2q14.1. The other
cytokines of the IL-1 superfamily, except for
IL-18 and IL-33 which are on chromosomes
11g23.1-23.2 and 9p23-24 respectively, are clus-
tered at the same locus as IL-36 (Fig. 1) (Nicklin
et al. 2002; Taylor et al. 2002). Because of the
conserved sequence and the proximity in genomic
location, genes of IL-36 cytokines and the other
cytokines in the IL-1 superfamily are probably
duplicated from a common ancestor gene during
evolution (Rivers-Auty et al. 2018).

The naming of members in the IL-1 superfam-
ily have been through several rounds of change
for reconciling confusion. Multiple names have
been proposed for the same molecules due to
simultaneous discovery by different groups. For
ease of reading, uniform naming system is adopted
throughout the chapter instead of taking the names
from literature verbatim (Tables 1 and 2).

IL18 0.42141 > Chr11Q23.1-23.2
IL33 0.43153 » Chr9 P23-P24
IL1A 0.4059

IL1B 0.35179

1L38 0.31007

IL1RA 0.26054
IL36RA 0.24287
IL36B 0.37195

Chr2 Q14.1

IL36G 0.21991
IL36A 0.21958
IL37 0.34609

Fig. 1 Sequence phylogenetic tree shows the agonists are
grouped according to the family origin while the
antagonists from different families are grouped together.
IL-36 agonists (IL-36a/p/y), IL-1 agonists (IL- 1 o/f) and
antagonists (IL-1Ra/IL-36Ra/IL-38) are grouped into

separate bins. IL-18, IL-33 and IL-37 are in their own
bins. Except for IL-18 and IL-33, all other cytokines in
the IL-1 superfamily are located at Chr2 Q14.1 region on
human chromosome. The dendrogram was generated by
using Clustal Omega from EMBL-EBI
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Table 1 Cytokines in the IL-1 superfamily
Entry | UniProt Gene names Protein names Length
IL- P01583 IL1A IL1F1 Interleukin-1 alpha (IL-1 alpha) (Hematopoietin-1) 271
la
IL- P01584 IL1B IL1F2 Interleukin-1 beta (IL-1 beta) (Catabolin) 269
1p
IL- P18510 ILIRN IL1F3 ILIRA Interleukin-1 receptor antagonist protein (IL-1RN) 177
1Ra (IL-1ra) (IRAP) (ICIL-1RA) (IL1 inhibitor)
(Anakinra)
1L- QI9UHA7 |IL36A FILIE IL1E IL1F6 Interleukin-36 alpha (FIL1 epsilon) (Interleukin-1 158
36a epsilon) (IL-1 epsilon) (Interleukin-1 family member
6) (IL-1F6)
IL- QI9NZH7 |IL36B IL1F8 IL1H2 Interleukin-36 beta (FIL1 eta) (Interleukin-1 eta) 164
36p (IL-1 eta) (Interleukin-1 family member 8) (IL-1F8)
(Interleukin-1 homolog 2) (IL-1H2)
IL- QI9NZH8 | IL36G ILIE IL1F9 IL1H1 Interleukin-36 gamma (IL-1-related protein 2) 169
36y ILIRP2 UNQ2456/PRO5737 | (IL-1RP2) (Interleukin-1 epsilon) (IL-1 epsilon)
(Interleukin-1 family member 9) (IL-1F9)
(Interleukin-1 homolog 1) (IL-1H1)
IL- Q9UBHO |IL36RN FIL1D IL1F5 Interleukin-36 receptor antagonist protein (IL-36Ra) | 155
36Ra ILIHY1 IL1L1 IL1RP3 (FIL1 delta) (IL-1-related protein 3) (IL-1RP3)
UNQ1896/PR0O4342 (Interleukin-1 HY1) (IL-1HY1) (Interleukin-1 delta)
(IL-1 delta) (Interleukin-1 family member 5)
(IL-1F5) (Interleukin-1 receptor antagonist homolog
1) (IL-1ra homolog 1) (Interleukin-1-like protein 1)
(IL-1 L1)
1L- Q8WWZ1 |ILIF10 FILIT ILIHY2 IL38 | Interleukin-1 family member 10 (IL-1F10) (Family 152
38 FKSG75 UNQ6119/ of interleukin 1-theta) (FIL1 theta) (Interleukin-1
PRO20041 HY?2) (IL-1HY?2) (Interleukin-1 theta) (IL-1 theta)
(Interleukin-38) (IL-38)
IL- Q14116 IL18 IGIF IL1F4 Interleukin-18 (IL-18) (Iboctadekin) (Interferon 193
18 gamma-inducing factor) (IFN-gamma-inducing
factor) (Interleukin-1 gamma) (IL-1 gamma)
IL- 095760 IL33 C90rf26 IL1F11 NFHEV | Interleukin-33 (IL-33) (Interleukin-1 family member |270
33 11) (JL-1F11) (Nuclear factor from high endothelial
venules) (NF-HEV) [Cleaved into: Interleukin-33
(95-270); Interleukin-33 (99-270); Interleukin-33
(109-270)]
IL- QONZH6 | IL37 FIL1Z IL1F7 IL1H4 Interleukin-37 (FIL1 zeta) (IL-1X) (Interleukin-1 218
37 ILIRP1 family member 7) (IL-1F7) (Interleukin-1 homolog
4) (IL-1H) (IL-1H4) (Interleukin-1 zeta) (IL-1 zeta)
(Interleukin-1-related protein) (IL-1RP1)
(Interleukin-23) (IL-37)
2.1 The Secretion Mechanism by a caspase-1 dependent mechanism which is

of IL-36 Cytokines Is Not
Completely Understood

Except for IL-1Ra, the other IL-1 superfamily
cytokines including those in the IL-36 family do
not encode a signal peptide, which suggests a
canonical endoplasmic reticulum and Golgi
dependent secretion mechanism is unlikely for
them. IL-36 cytokines are unlikely to be secreted

adopted by IL-1p and IL-18. In the
inflammasome, IL-1p and IL-18 are processed
by caspase-1 (Martinon et al. 2002; Ghayur
et al. 1997) and subsequently released through
membrane pores induced by gasdermin D
(He et al. 2015; Shi et al. 2015; Kayagaki et al.
2015). Although there are several reports
showing that the secretion of IL-36a requires
caspase 3/7 in alveolar epithelial cells (Aoyagi
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Table 2 Receptors and accessory proteins in the IL-1 superfamily

Entry UniProt | Gene names | Protein names Length | Ligand
IL-1IR-1 | P14778 ILIR1 IL1IR | Interleukin-1 receptor type 1 (IL-1R-1) (IL-1RT-1) 569 IL-1
ILIRA (IL-1RT1) (CD121 antigen-like family member A)
ILIRTI (Interleukin-1 receptor alpha) (IL-1R-alpha) (Interleukin-

1 receptor type I) (p80) (CD antigen CD121a) [Cleaved
into: Interleukin-1 receptor type 1, membrane form
(mIL-1R1) (mIL-1RI); Interleukin-1 receptor type

1, soluble form (sIL-1R1) (sIL-1RI)]

IL-1R-2 | P27930 ILIR2 Interleukin-1 receptor type 2 (IL-1R-2) (IL-1RT-2) 398 IL-1
IL1RB (IL-1RT2) (CD121 antigen-like family member B)
(CDw121b) (IL-1 type II receptor) (Interleukin-1
receptor beta) (IL-1R-beta) (Interleukin-1 receptor type
II) (CD antigen CD121b) [Cleaved into: Interleukin-1
receptor type 2, membrane form (mIL-1R2) (mIL-1RII);
Interleukin-1 receptor type 2, soluble form (sIL-1R2)
(sIL-1RII)]

IL-36R Q9HB29 |ILIRL2 Interleukin-1 receptor-like 2 (IL-36 receptor) (IL-36R) 575 IL-36
IL1RRP2 (Interleukin-1 receptor-related protein 2) (IL-1Rrp2)
(IL1R-rp2)
IL-18R- [ Q13478 |IL18RI1 Interleukin-18 receptor 1 (IL-18R-1) (IL-18R1) (CD218 | 541 1L-18,
1 ILIRRP antigen-like family member A) (CDw218a) (IL1 1L-37

receptor-related protein) (IL-1Rrp) (IL1R-rp)
(Interleukin-18 receptor alpha) (IL-18R-alpha)
(IL-18Ralpha) (CD antigen CD218a)

IL-33R Q01638 | ILIRLI1 Interleukin-1 receptor-like 1 (Protein ST2) 556 1L-33
DER4 ST2
T1
IL- QI9NPH3 | ILIRAP Interleukin-1 receptor accessory protein (IL-1 receptor 570 IL-1,
1IRAcP C3orf13 accessory protein) (IL-1RAcP) (Interleukin-1 receptor 3) 1L-33,
ILIR3 (IL-1R-3) (IL-1R3) IL-36,
IL- 095256 | IL18RAP Interleukin-18 receptor accessory protein (IL-18 receptor | 599 IL-18
18RACP IL1R7 accessory protein) (IL-18RACcP) (Accessory protein-like)

(AcPL) (CD218 antigen-like family member B)
(CDw218b) (IL-1R accessory protein-like) (IL-1RAcPL)
(Interleukin-1 receptor 7) (IL-1R-7) (IL-1R7)
(Interleukin-18 receptor accessory protein-like)
(Interleukin-18 receptor beta) (IL-18R-beta)
(IL-18Rbeta) (CD antigen CD218b)

SIGIRR | Q6IA17 |SIGIRR Single Ig IL-1-related receptor (Single Ig IL-1R-related | 410 IL-1R-1
UNQ301/ molecule) (Single immunoglobulin domain-containing
PRO342 IL1R-related protein) (Toll/interleukin-1 receptor 8)
(TIR8)
TIGIRR- | Q9NP60 |IL1RAPL2 X-linked interleukin-1 receptor accessory protein-like 686 Orphan
1 IL1R9 2 (IL-1 receptor accessory protein-like 2) (IL-1-RAPL-2)

(IL-1RAPL-2) (ILIRAPL-2) (ILIRAPL-2-related
protein) (Interleukin-1 receptor 9) (IL-1R-9) (IL-1R9)
(Three immunoglobulin domain-containing IL-1
receptor-related 1) (TIGIRR-1)

TIGIRR- | Q9NZN1 |IL1RAPLI1 Interleukin-1 receptor accessory protein-like 1 (IL-1- 696 Orphan
2 OPHN4 RAPL-1) (IL-1RAPL-1) (IL1IRAPL-1) (Oligophrenin-4)
(Three immunoglobulin domain-containing IL-1
receptor-related 2) (TIGIRR-2) (X-linked interleukin-1
receptor accessory protein-like 1)
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et al. 2017a) and that polyinosinic-polycytidylic
acid (poly(I:C)) induces both IL-36y expression
and caspase-dependent keratinocyte death and
release of IL-36y (Lian et al. 2012), none of the
cytokines in the IL-36 family contains a caspase
cleavage site. Therefore, it is unlikely that the
cytokine secretion is directly dependent on
caspase. Several studies report evidence
suggesting IL-36 cytokines adopt an alternative
secretion mechanism. Lipopolysaccharide (LPS)
and adenosine triphosphate (ATP) treated bone
marrow-derived macrophages (BMDMs) release
IL-36a (Martin et al. 2009), suggesting IL-36a is
secreted after external stimulation. Upon bacterial
stimulation, IL-36y is induced and secreted from
lung macrophages and the secretion is detected in
microparticles and exosome fractions, suggesting
a non-Golgi dependent secretion mechanism
(Kovach et al. 2016). Although remaining elu-
sive, current studies suggest IL-36 cytokines
adopt a secretion mechanism that is distinct
from IL-1f and IL-18.

2.2 Full-Length IL-36 Cytokines
Require N-Terminal Processing
Before Activating NF-xB

and MAPK Signaling Pathways

In a biochemical deletion study, N-terminal dele-
tion of IL-36 cytokines significantly increased
cytokine activity (Towne et al. 2011). The con-
sensus site for deletion is localized to 9 amino
acids in the N-terminus of a conserved A-X-D
motif (A is an aliphatic amino acid, X is any
amino acid and D is aspartic acid) (Towne et al.
2011). Unlike IL-1p and IL-18 that utilize intra-
cellular caspase-1 and inflammasome for activa-
tion (Martinon et al. 2002; Ghayur et al. 1997),
IL-36 cytokines do not contain any caspase cleav-
age site. Thus, IL-36 cytokines require different
enzymes for N-terminal processing and activa-
tion. It has been shown that neutrophil-derived
proteases cleave and activate IL-36 cytokines,
which resembles the activation of IL-1o (Henry
et al. 2016; Macleod et al. 2016; Clancy et al.

195

2017; Clancy et al. 2018; Guo et al. 2019;
Afonina et al. 2011). IL-36a is cleaved at Lys3
by cathepsin G or at Ala4 by elastase. IL-36f is
activated by cathepsin G after being processed at
Arg5. IL-367 is mainly cleaved at Vall5 by elas-
tase under a protease concentration that is nor-
mally released during neutrophil degranulation
(Henry et al. 2016). Both cathepsin G and elastase
are present in the neutrophil extracellular traps
where IL-36 cytokines can be activated (Clancy
et al. 2017). Recombinant neutrophil elastase, a
serine protease expressed in polymorphonuclear
cells, activates IL-36Ra by cleaving the
N-terminal methionine (Macleod et al. 2016). In
the psoriatic skin, IL-36f is activated by elevated
expression of cathepsin G while IL-36a or IL-36y
is not activated, likely due to the absence of
elevated elastase or proteinase-3 (Henry et al.
2016). Interestingly, cathepsin S, which is also
upregulated in psoriatic skin lesions, has been
shown to activate IL-36y after cleaving the cyto-
kine at Ser-18. Since cathepsin S is readily
expressed by a range of resident cells in the bar-
rier tissues, it is reported as the major activator of
IL-36y in the skin and the activation is indepen-
dent, contrary to previous reports, of neutrophil
recruitment (Bal et al. 2017). Nevertheless, the
activity of IL-36 cytokines is regulated by
enzymes other than caspase-1 and more studies
are needed to confirm the presence of neutrophil
derived proteases or barrier resident cells derived
cathepsin S in patients with upregulated 1L-36
activity.

23 IL-36 Cytokines Adopt a Similar
Structural Fold as the Other

Cytokines in the IL-1 Superfamily

Crystal structures are available for human IL-36y
(PDB: 4IZE, 2 A), mouse IL-36Ra (PDB: 1MD6,
1.6 A) and several chimeric IL-36y constructs
with the p4/5 or the p11/12 loop swapped with
IL-36Ra (PDB: 4P0J, 2.298 A, 4POK, 1.7 A and
4POL, 1.55 A). Human IL-36y maintains a
p-trefoil fold (Gunther and Sundberg 2014),
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human IL-36y
(PDB: 41ZE)

B11/12

B4/5

mouse IL-36Ra
(PDB: 1MD6)

human IL-38
(PDB: 5BOW)

Fig. 2 (a) Human IL-36y adopts a B-trefoil fold, which is
typical for cytokines in the IL-1 superfamily. This struc-
tural fold contains 12 B-strands connected by 11 loops.
The structure consists of six beta hairpins in a threefold
symmetry. The blue (N-terminus) and red (C-terminus)
color gradient highlights the symmetry of the molecule.

which is typical for the cytokines in the IL-1
superfamily (Fields et al. 2019). This structural
fold contains 12 f-strands connected by 11 loops
(Fig. 2). The structure consists of six 3-hairpins in
a threefold symmetry. The blue (N-terminus) and
red (C-terminus) color gradient highlights the
symmetry of the molecule. Although currently
there is no human IL-36Ra structure, the mouse
IL-36Ra structure shows it adopts a fB-trefoil fold
as well (Dunn et al. 2003). Considering human
and mouse IL-36Ra share more than 90%
sequence similarity, it is reasonable to consider
that the human antagonist structure resembles the
mouse IL-36Ra. Notably, even though the human
IL-36y and the mouse IL-36Ra have similar
structures (RMSD 0.746 A), their total sequence
similarity is relatively low. p4/5 and $11/12 loop
are distinctly different between the agonist and
antagonist. Structure alignment without these
loops results in a higher RMSD at 0.619 A. It
has been reported that by exchanging these two
loops, one can tune the agonistic and antagonistic
activity of IL-36 cytokines (Gunther and
Sundberg 2014).

Beta sheet structures are denoted in black boxes. The two loops
cytokines’ agonistic or
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Mouse IL-36Ra (orange) and Human IL-38 (blue) also
adopts the same fold. (b) Sequence alignment of IL-36y
and IL-36Ra among different species. The f11/12 and p4/
5 loops are conserved across species. Compared to the
agonist IL-36y, the f11/12 loop of IL-36Ra is several
amino acids longer

3 IL-36 Receptors Are
Multi-domain Transmembrane
Receptors That Require
an Agonist for Activation

There are a total of 10 receptors and accessory
proteins in the IL-1 superfamily (Table 2). Each
family has at least one unique cognate receptor
and one accessory protein. For example, IL-1R-1
and IL-1R-2 belong to IL-1 family; IL-18R-1 is
from IL-18; IL-33R and IL-36R are from IL-33
and IL-36 families respectively. Every family in
the IL-1 superfamily shares the same accessory
protein IL-1RACcP except for IL-18 family which
has a different accessory protein IL-18RACcP.
There are three receptors SIGIRR, TIGIRR-1
and TIGIRR-2 in the IL-1 superfamily with less
known family origin and functions. SIGIRR is
reported to be a negative regulator of IL-1 signal-
ing, possibly by interfering the IL-1R and
IL-1RACP heterodimerization (Qin et al. 2005).
The cognate receptor IL-36R, together with
the other receptors in the IL-1 superfamily such
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Fig. 3 (a) IL-36 receptors are multidomain transmem-
brane receptors. Each receptor consists of three Ig-like
C-2 type domains, one transmembrane domain and one
Toll-Interleukin receptor domain. Illustration is rendered
with information from UniProt last accessed on 8/8/2019.
(b) Existing structures show that the cytokines and the
ECDs of receptors from different families form similar
ternary complexes. Overlay of these complexes reveal
the similarity in cytokine and receptor binding mode.

as IL-1R-2, IL-1R-1, IL-33R and IL-18R-1, are
mapped to IL-1 receptor cluster on human chro-
mosome 2q12 (Dale and Nicklin 1999). IL-36R is
a 575 amino acid-long, multi-domain, single-pass
transmembrane protein (Fig. 3a). The first
19 amino acid signal peptide is cleaved in the
mature protein form. Sequence from 20 to 335 is
the extracellular region containing three Immuno-
globulin (Ig) like C2-type domains. Sequence
from 336 to 356 is the helical transmembrane
region. Sequence from 357 to 575 is the intracel-
lular region containing Toll-interleukin receptor
(TIR) domain (381-539). There are multiple gly-
cosylation sites and disulfide bonds in the
sequence, which help maintain the stability of
the receptor (Yi et al. 2016). Either alanine muta-
tion of the conserved cysteine residues or
deglycosylation by PNGase F treatment was
shown to lead to a lower accumulation of
IL-36R in HEK?293 reporter cells (Yi et al.
2016). Three human single nucleotide
polymorphisms (SNPs) (V352I, A471T and
L550P) were examined in HEK293 reporter
cells. A471T, which accounted for 2.3% fre-
quency in population, reduced NF-xB activation
by about 60% (Yi et al. 2016).

(PDB: 3040)

(PDB: 3W04)

(PDB: 5V14)

The cognate receptor ECDs consist of D1, D2 and D3
domains. (¢) The IL-1R-1 structure shows D1 and D2
domains form the binding site A for IL-1f while D3
contains the binding site B for the cytokine. The binary
IL-1R-1/IL-1p complex form a new interface, the binding
site C, that interacts with IL-1RAcP. Electrostatics surface
is shown in red patches as negative and blue patches as
positive

Accessory protein IL-1RAcP is a 580 amino
acid-long, multi-domain, transmembrane protein
which contains a signal peptide of 20 amino acid-
long at the N-terminus (Fig. 3a). Like IL-36R,
mature IL-1RAcP consists of three Ig-like
C2-type extracellular domains and one intracellu-
lar TIR domain. There are multiple glycosylation
sites and disulfide bonds in the sequence as well.
This co-receptor is also shared among IL-1 and
IL-33 families for signaling activation.

3.1 IL-36R Is Likely to Adopt
a Similar Structural Fold
as the Other Receptors in the IL-1

Superfamily

Even though the structure of IL-36R has not been
determined yet, the extracellular domains (ECDs)
of the cognate receptors from IL-1, IL-18 and
IL-33 families have been separately published in
the form of ternary complexes (Wang et al. 2010;
Thomas et al. 2012; Tsutsumi et al. 2014; Gun-
ther et al. 2017). The ECDs of IL-1R-1, IL-1R-2,
IL-18R-1 and IL-33R contain three Ig-like
domains (D1, D2 and D3) (Fig. 3b). Overlay of
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these structures reveals the high similarity among
these ternary complexes from the IL-1 superfam-
ily (Fig. 3b). Given the similarity, it is reasonable
to consider that IL-36R also adopts a similar
structure as the other cognate receptors such as
IL-1R-1. The IL-1R-1 structure shows domains
D1 and D2 are tightly packed with each other to
form a binding site A interacting with the cyto-
kine IL-1p (Fig. 3c). Domain D3, which contains
abinding site B, is linked with D2 by a linker with
no secondary structure. About 50 amino acids in
total from both sites contribute to the entire cyto-
kine binding interface, covering more than
1500 A? surface (Fields et al. 2019). IL-1RAcP
binds to an interface that is newly formed by the
cytokine and the cognate receptor, binding site C,
in all three ternary complex structures (Fig. 3c).

3.2 Receptors from the IL-1
Superfamily Require
Corresponding Cytokines

for Activation and Inhibition

Agonists IL-1a, IL-1f and antagonist IL-1Ra
bind IL-1Rs. Agonist IL-18 and antagonist
IL-37 bind IL-18R-1 and agonist IL-33 binds
IL-33R. IL-1RACP is shared among all families
except for IL-18, which requires its own acces-
sory protein (IL-18RAcP) for signal activation.
IL-36R was first identified in 1996 by cDNA
cloning as an orphan receptor from the rat brain
(Lovenberg et al. 1996). Its sequence homology
with IL-1R-1 or IL-1R-2 is 42% or 26%, respec-
tively. IL-36R was first believed to be related to
IL-1 family receptors in that it would bind IL-1
ligands. However, IL-36R did not show binding
to the IL-1 cytokines (Lovenberg et al. 1996).
Instead, IL-36R requires its own ligand (IL-360,
IL-36f and IL-36y) for activation. IL-36
cytokines activate NF-xB and MAPK through
IL-36R  and a shared accessory protein
IL-1RACcP in a MYD88 (myeloid differentiation
factor 88) dependent manner. IL-36a, IL-36p,
IL-36y and IL-36Ra were shown to activate or
deactivate NF-xB signaling through IL-36R in
transfected Jurkat cells (Debets et al. 2001). Addi-
tionally, IL-36a and IL-36f activated NF-kB
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signaling in NCI/ADR-RES cells, which natu-
rally expressed IL-36R (Towne et al. 2004). Inhi-
bition of either IL-36R or IL-1RACcP blocked the
signaling, suggesting both IL-36R and IL-1RAcP
were needed for signaling (Towne et al. 2004). In
vivo, IL-36a transgenic mice displayed skin
abnormalities in mice with genetic background
containing both receptors and accessory protein
(IL-36R*"*, IL-1RAcP**, IL-36R*~ and
IL-1RAcP*™) but not in mice with either compo-
nent knocked out (IL-36R '~ or IL-1RAcP 7).
Additionally, antibody targeting mouse IL-36R
blocked the skin phenotype in vivo (Blumberg
et al. 2007). Collectively, these studies further
suggest IL-36a induces skin phenotype that is
dependent on both IL-36R and IL-1RAcP
(Blumberg et al. 2007).

Although the activation requirement for both
IL-36R and IL-1RACcP has been established, the
temporal order of receptor activation is only
recently proven. Activation of IL-36 was
suggested to be like IL-1 in that the agonistic
cytokine bound to cognate receptor and recruited
the accessory protein following a two-step mech-
anism (Wang et al. 2010). However, both IL-36R
and IL-1RACcP co-immunoprecipitated in one bio-
chemical study, suggesting IL-36R and
IL-1RAcP might form a pre-associated receptor
heterodimer in the absence of an agonist cytokine
(Yi et al. 2016). This observation implied the
signaling activation was perhaps due to cytokine
mediated heterodimeric receptor conformational
change, a mechanism that was different from the
two-step mechanism. In a quantitative binding
study, interactions between the ECDs of IL-36R
and IL-1RAcP were undetectable in the absence
of IL-36a, which suggested a pre-associated
heterodimeric receptor was unlikely to be stable
under physiological conditions (Zhou et al.
2018). The dominant path for receptor activation
is indeed like IL-1, which is through the interme-
diate binary complex formed by agonist and cog-
nate receptor rather than through the
pre-associated heterodimeric receptor path. The
newly formed binary complex recruits accessory
protein to form IL-360/IL-36R/IL-1RACP ternary
complex (Zhou et al. 2018).



Interleukin-36: Structure, Signaling and Function

199

In this two-step receptor activation process,
the specificity of signaling is achieved by the
first step-cytokine recognition by cognate recep-
tor. The secondary receptor IL-1RACcP is shared
among IL-1, IL-33 and IL-36 families. The pro-
miscuous use of a shared receptor among the IL-1
superfamily represents a common theme in cyto-
kine signaling. In fact, the vast majority of
heterodimeric receptor systems employ a shared
receptor (e.g. fc, yc, gp130, IL-12RP1) (Spangler
et al. 2015; Ozaki and Leonard 2002). Cells uti-
lize this economical approach to achieve signal-
ing specificity.

The antagonist IL-36Ra binds IL-36R with a
higher affinity than the agonists (IL-36a or
IL-367) (Fig. 4). It suggests one efficient mecha-
nism for IL-36 negative regulation is through the
preferable binding of antagonist over agonists.
When both types of cytokines were present at
similar concentrations, the ones with higher affin-
ity occupy more receptors based on the law of
mass action (Zhou et al. 2018). The structures of
human IL-36y and murine IL-36Ra reveal the

biggest differences reside in two loops (f4/5 and
the P11/12) (Fig. 5a) (Gunther and Sundberg
2014). The extended P11/12 loop in IL-36Ra
causes steric clash with IL-1RAcP and therefore
prevents recruitment of IL-IRAcP (Fig. 5b).
Swapping these loops between agonists and
antagonist reverse activity of the cytokine (Gun-
ther and Sundberg 2014). Similarly, the largest
structural difference between the IL-1p and
IL-1Ra is in p4/5 and 11/12 loops. f11/12 loop
is several amino acids longer in IL-1Ra and
causes steric clash with the IL-1RAcP (Wang
et al. 2010). The agonistic and antagonistic
functions of cytokines are therefore determined
by their structures.

Once a ternary complex forms, IL-36 utilizes
MYD88 and TOLLIP to transduce signaling
intracellularly like IL-1 does. The intracellular
TIR domains of IL-1 receptors and IL-1RAcP
are brought together through extracellular domain
interactions mediated by IL-1p. The resulting ter-
nary complex recruit intracellular adaptor protein
such as MYD88, Toll-interacting protein kinase

IL-36a

IL-1RAcP

monomer

IL-36R IL-36Ra

ternary

Fig. 4 IL-36 receptors activation and inhibition mecha-
nism. The main activation path for IL-36 is through ago-
nist IL-36ac binding to IL-36R, which then recruits
IL-1RACP to form a signaling ternary complex. IL-36Ra

shows stronger binding than IL-36a, indicating an efficient
negative regulation by the antagonist. Figure is based on
reference (Thomas et al. 2012)
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Human IL-36y

34/5 loop

Fig. 5 Structural difference reveal the basis of functional
difference for IL-36 agonist and antagonist. (a) overlay of
human IL-36y and mouse IL-36Ra shows the differences
in f11/12 and P4/5 loops. f11/12 in IL-36Ra are several
amino acids longer than that of IL-36y. (b) The ternary
complex model shows B11/12 loop of IL-36Ra causes

1 (IRAK-1) and the Toll-interacting protein
(TOLLIP), which then activate transcription
factors such as NF-xB (Medzhitov et al. 1998;
Dunne and O’Neill 2003; Tiwari et al. 2011). In
the IL-36 stimulated signaling, IL-6 secretion was
inhibited when either MYD88 or TOLLIP was
knocked down by siRNA in NCI/ADR-RES
cells (Saha et al. 2015). Activated IL-36R entered
LAMPI lysosomes via a clathrin-mediated path-
way and the lysosomal accumulation of IL-36R
did not change the receptor turnover (Saha et al.
2015). In a RNA-seq based transcriptome study,
IL-1p or IL-360/p/y treated primary epidermal
keratinocytes transcribed a shared set of genes
(Swindell et al. 2018), suggesting IL-1 and
IL-36 employed a similar intracellular signaling
transduction route. Although there were some
differences at an earlier time point, 225 genes
were similarly induced for both IL-1p and IL-36
treatment groups. Furthermore, these differently
expressed genes were significantly overlapping
with genes altered in psoriasis and generalized
pustular psoriasis, suggesting IL-1B and IL-36
were involved in these inflammatory diseases
(Swindell et al. 2018). After MYDS88 being

IL-1RAcP

significant steric clash with IL-1RAcP. IL-36R is a homol-
ogy model based on IL-1R-2 (PDB: 3040). Human
IL-36y (PDB: 41ZE), mouse IL-36Ra (PDB: 1MD6) and
the IL-36R model are docked with a template (IL-1R-2/IL-
1RACP/IL-1p, PDB: 3040). Only extracellular domains
of receptors are shown

inactivated through CRISPR/Cas9, these differ-
entially expressed genes lose their response
(Swindell et al. 2018). Given the similarity in
the use of adaptor protein cascade and the
transcriptomic regulation, the biological specific-
ity of IL-1 and IL-36 is therefore unlikely to be
achieved by intracellular factors but more likely
due to other factors such as recognition of cognate
receptors, temporal and spatial co-localization of
cytokines and receptors, and selective activation
through elevated proteases.

3.3 IL-38, Also Identified Through
DNA Database Analysis, Is a 152
Amino Acid-Long Antagonistic
Cytokine and Shows about 40%
Sequence Similarity with IL-1Ra
and IL-36Ra (Lin et al. 2001;

Bensen et al. 2001)

IL-38 was mapped to the human chromosome
2q13-14.1, a region near IL1IRN (Bensen et al.
2001). The similarity in both conserved
sequences and the genomic location suggest
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IL-38 may be another antagonist in the IL-1 fam-
ily (Lin et al. 2001; Bensen et al. 2001). However,
it bound to IL-IR with low affinity (Lin et al.
2001). Instead, IL-38 was shown to bind recom-
binant IL-36R and had similar biological effects
as IL-36Ra on immune cells. For example, it
inhibited the secretion of LPS-induced inflamma-
tory cytokines (van de Veerdonk et al. 2012).
IL-38 also adopts a similar fold as IL-36Ra
(PDB: 5BOW) (Fig. 2). It remains to be seen
whether IL-38 exerts its antagonistic activities
by blocking IL-1RACcP or by recruiting an inhibi-
tory receptor from the IL-1 superfamily such as
SIGIRR, TIGIRR1 or TIGIRR2 (van de
Veerdonk et al. 2018).

4 IL-36 Tissue Expression,
Function and Regulation

IL-36 family members are endogenously
expressed in the tissues and the organs at very
low levels, if at all (Buhl and Wenzel 2019).
Barrier tissues including skin, lung and intestine
express the highest levels of IL-36, especially
after stimulation. The emerging role for IL-36 is
to act as a bridge between innate and inflamma-
tory responses. As such, it is responsible for
coordinating inflammatory and anti-microbial
responses in the barrier tissues. IL-36 agonists
induce epithelial cells to produce anti-microbial
peptides, cytokines and chemokines (Carrier et al.
2011; Blumberg et al. 2010; Johnston et al. 2011);
drive the differentiation and maturation of tissue
resident immune cells (Vigne et al. 2011;
Mutamba et al. 2012); and recruit and activate
circulating immune cells to the tissues (Vigne
et al. 2011; Gresnigt et al. 2013). The strong
pro-inflammatory effects of IL-36 agonistic
cytokines are opposed by the negative regulation
of antagonist IL-36Ra (Debets et al. 2001). Dis-
ruption of this delicate balance creates pathologi-
cal changes. In chronic inflammatory conditions,
sustained upregulation of IL-36 agonists or
downregulation of IL-36Ra is associated with
inflammatory changes in the affected tissues and
organs.

201

4.1 Skin

In the skin, the normal function of IL-36 appears
to be host defense against pathogenic microbes.
Current findings implicate IL-36a in responses to
bacterial infections while IL-36y is associated
with responses to fungi and virus infection.
Research on Staphylococcus aureus (S. aureus)
skin colonization shows both IL-1 and IL-36 are
associated with skin inflammation (Liu et al.
2017; Nakagawa et al. 2017; Miller et al. 2006).
Considering that S. aureus colonization is one of
the main drivers for atopic dermatitis and that
IL-36 is upregulated in this inflammatory skin
disease, it will be interesting to see whether a
deeper mechanistic connection exists (Brunner
et al. 2018). Multiple lines of evidence from
in vitro, in vivo and patient studies suggest that
IL-36 plays an important role in response to her-
pes simplex virus infection by inhibiting viral
replication and by establishing anti-viral defense
in the skin (Kumar et al. 2000; Milora et al. 2017,
Gardner and Herbst-Kralovetz 2018).

IL-36 agonists act as amplifiers of inflamma-
tory responses in the skin. Family members are
induced by some early skin injury and infection
markers such as alarmin LL37. Once secreted and
processed, IL-36 cytokines activate keratinocytes
and resident immune cells to produce several
chemokines (e.g. IL-8, CXCLI1, CCL20) for
recruiting more immune cells to the skin
(Li et al. 2014; Gabay and Towne 2015). IL-36
itself is upregulated by cytokines produced by
infiltrating Thl and Thl7 lymphocytes and
synergizes with the other inflammatory cytokines
to  stimulate  additional  production  of
pro-inflammatory cytokines and chemokines, fur-
ther enhancing the inflammation (Carrier et al.
2011). IL-36R and IL-36Ra knockout mice
showed differential responses to IMQ induced
dermatitis, suggesting IL-36 pathway was
involved in induction and propagation of skin
inflammation (Tortola et al. 2012). Moreover,
anti-IL-36R antibodies attenuated skin inflamma-
tion induced by IL-23 in a mouse model. This
suggested IL-36 signaling was involved in Th17/
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Th23 signaling, a clinically validated axis for
psoriasis (Su et al. 2019; Ganesan et al. 2017).

Given its involvement in both innate and
inflammatory responses, it should come as no
surprise that dysregulation of IL-36 signaling
leads to various skin disorders. Mutations of
IL36RN have been implicated in the pathogenesis
of general pustular psoriasis (GPP) and related
palmoplantar pustulosis (PPP) (Marrakchi et al.
2011; Farooq et al. 2013). Mutations of this natu-
ral antagonist generate a phenotype resembling
severe psoriasis with abundant neutrophil infil-
trate and creating life-threatening pustular skin
lesions (Onoufriadis et al. 2011). In addition to
their association with this rare form of psoriasis,
IL-36 family members are substantially
upregulated in both the skin and the serum from
patients with psoriasis vulgaris (PV). The expres-
sion level of IL-36 agonists correlates with dis-
ease severity (Blumberg et al. 2007, 2010;
Johnston et al. 2011; Sehat et al. 2018; Mercurio
et al. 2018). Recent studies show that IL-36 cyto-
kine expression is highly correlated with the
severity of skin ichthyoses, which has substantial
involvement of Th17 (Malik et al. 2019). IL-36
family members are also highly upregulated in
allergic contact dermatitis and administration of
IL-36Ra into patient’s skin biopsies significantly
reduces the secretion of IL-36 and IL-8 (Mattii
et al. 2013).

4.2 Intestine

The normal function for IL-36 in the human
intestine is under investigation. IL-36a, IL-36y
and IL-36R are upregulated in patients with
Crohn’s disease (CD), ulcerative colitis (UC),
inflammatory bowel disease (IBD) and
Hirschsprung’s disease (Nishida et al. 2016;
Russell et al. 2016; Scheibe et al. 2017;
Tomuschat et al. 2017; Fonseca-Camarillo et al.
2018; Scheibe et al. 2019). The expression is
driven by T-cells, monocytes, plasma cells and
myofibroblasts. IL-36R knockout mice exhibited
reduced innate response in Citrobacter rodentium
colonization (Russell et al. 2016). IL-36 alone, or
in combination with IL-17 and TNFa«, drove the
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expression of pro-inflammatory chemokines in
the intestinal cells (Kanda et al. 2015). In an
acute mouse model of intestinal injury (DSS),
IL-36a, IL-36y and IL-17 could be induced
(Boutet et al. 2016). Notably, inhibition by an
anti-IL-36R antibody or IL-36R knockout mice
developed less severe fibrosis and colitis (Scheibe
et al. 2019). In the T-cell transfer model of colitis,
both IL-36R and IL-36y knockout mice were
protected from T-cell driven inflammation
(Harusato et al. 2017). However, IL-36 has been
reported to also play a role in gut healing after
injury, likely through the induction of IL-22
(Scheibe et al. 2017; Medina-Contreras et al.
2016; Ngo et al. 2018). Collectively, IL-36 has
been shown to be involved in reducing
Citrobacter rodentium colonization, participating
in intestine inflammation, and interestingly,
inducing gut healing. The complex roles of
IL-36 in the gut require additional elucidation
given its association with multiple intestinal
diseases.

4.3 Lungs

IL-36 mediates inflammatory response in the
lungs upon infection. IL-36R was found in
human lung fibroblasts and bronchial epithelial
cells (Zhang et al. 2017). In the lung, IL-36
cytokines can be induced by house dust mites,
bacteria and virus. In the lung homogenates of
A/J mice challenged with house dust mite, IL-36y
was significantly increased in the airway epithe-
lial cells (Ramadas et al. 2011). Similarly,
IL-360, IL-36y but not IL-36fp were increased in
the mouse lung after bacterial infection such as
Legionella pneumophila, Pseudomonas
aeruginosa, Mycobacterium tuberculosis
(M. tuberculosis) and M. bovis BCG (a less viru-
lent mycobacteria) (Segueni et al. 2015; Aoyagi
et al. 2017b; Nanjo et al. 2019). Influenza virus
upregulated IL-36a in the mouse lung (Aoyagi
et al. 2017a). In children with Mycoplasma
pneumoniae pneumonia, IL-36 was elevated in
the bronchoalveolar lavage fluid (BALF) (Chen
et al. 2016). In vitro, both murine pulmonary
macrophages and human alveolar macrophages
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expressed higher levels of IL-36y after stimula-
tion with recombinant pathogen associated
molecular patterns from Klebsiella pneumoniae
and Streptococcus pneumoniae (Kovach et al.
2016). The activated IL-36 signaling stimulates

production of pro-inflammatory cytokines,
chemokines and recruits neutrophils and
monocytes into the lungs (Aoyagi et al

2017a, b; Kovach et al. 2016, 2017; Zhang et al.
2017; Ramadas et al. 2011, 2012; Nanjo et al.
2019). This inflammatory response is consistent
with IL-36 signaling and its interplay with
immune cells.

The host response in the lungs for IL-36 is less
definitive. ~Although IL-36 members were
expressed in the airway epithelial cells and the
lung-resident macrophages (Kovach et al. 2016;
Ramadas et al. 2011), IL-36R deficient mice
showed no worse mortality than the wild type
after bacterial infection in the lungs (Aoyagi
et al. 2017a, b; Segueni et al. 2015). The IL-36
mediated inflammatory response, after infection,
increased lung injury and mouse mortality
(Aoyagi et al. 2017a; b). However, in recent
reports, IL-36y was shown to play an important
role in clearing Streptococcus pneumoniae in the
lungs and to increase mortality in mice (Kovach
et al. 2017). IL-36R '~ mice were less capable in
bacterial clearance with a significantly reduced
inflammatory response (Nanjo et al. 2019). Inter-
estingly, inactivation of either IL-36a or IL-36y
alone did not exacerbate the bacterial clearance
compared to wild type, suggesting there might be
a functional overlap between IL-36 agonists in
the protection against infection (Nanjo et al.
2019).

44  Joints

It is now well established that IL-36 family
members play important roles in inflammatory
responses in barrier tissues and that their deregu-
lation can be paramount in diseases such as pso-
riasis. In inflammatory joint disorders such as
rheumatoid arthritis (RA), psoriatic arthritis
(PsA) and osteoarthirtis (OA), there is
upregulation of IL-36 family members. A subset

203

of RA patients (~20%) had a substantial elevation
of the IL-36 agonist and antagonist ratio in syno-
vial fluids (Boutet et al. 2016). Similar findings
showing upregulation of IL-36a in PsA and OA
patients have also been reported (Frey et al. 2013;
Li et al. 2019). In addition, it has been
demonstrated that synovial fibroblasts, as well as
a variety of immune cells, produce IL-36
cytokines, which induce the expression of
pro-inflammatory chemokines in the synovial
tissues (Boutet et al. 2016; Frey et al. 2013).
Although IL-36 family members are expressed
in synovial tissues, several models of arthritis
show no correlation between IL-36 (IL-36y,
IL-36Ra and IL-36R) and arthritis severity. More-
over, IL-36R neutralizing antibodies and IL-36R
genetic ablation did not affect arthritis severity in
either collagen induced or TNF-induced arthritis
models (Lamacchia et al. 2013; Derer et al. 2014,
Dietrich and Gabay 2014). The lack of efficacy in
mouse models could potentially be explained by
IL-36’s functional redundancy with IL-1, which
might play a dominant role in rodent arthritis
models. The stimulatory effect of IL-36 in syno-
vial fibroblasts and articular chondrocytes was
significantly lower than that of IL-1 (Magne
et al. 2006), consistent with the suggestion that
IL-36 might not play a prominent role in driving
arthritis. Nonetheless, since the RA, PsA and OA
patients overexpress IL-36 cytokines and the clin-
ical and histopathological features have not been
clearly defined, further research is warranted.

4.5 Brain

In the brain, the role for IL-1 has been well
established. Infections lead to IL-1 mediated
fever and appetite suppression. It is therefore no
surprise that both IL-36R and IL-36Ra were first
cloned from brain tissue (Mulero et al. 1999;
Lovenberg et al. 1996). However, limited studies
have not shed much light on the functional roles
of IL-36 in the brain and other nervous tissues.
High mRNA expression of IL-36R was detected
in mouse glia cells including astrocytes and
microglia, which  was  counterintuitively
downregulated by exposure to bacterial
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lipopolysaccharide (Berglof et al. 2003). Further-
more, IL-36y failed to induce any classical IL-1
response such as fever, reduced body weight and
food intake (Berglof et al. 2003). Similarly,
mRNA of IL-363 was detected in both mouse
primary neuronal and mixed glial cells but stimu-
lation with IL-363 showed no classical IL-1p
responses (Wang et al. 2005). In the experimental
allergic encephalomyelitis (EAE) model of
inflammatory  demyelinating disease, both
IL-36y and IL-36R were upregulated in the ner-
vous and hematopoietic tissues (Bozoyan et al.
2015). Microglial cells in culture were able to
respond to IL-36y by robustly expressing
pro-inflammatory mediators of neutrophil recruit-
ment. However, IL-36y deficient and IL-36R ™/~
mouse still developed all of the histopathological
signs of EAE (Bozoyan et al. 2015), suggesting
IL-36y might be a biomarker and not a driver for
EAE. Recent studies show increased levels of
IL-36y in the serum from MS patients
(Alsahebfosoul et al. 2018) and elevated 1L-36a
in the serum and the CSF from neuromyelitis
optica spectrum disorder (NMOSD) patients
(Song et al. 2019). It will be interesting to see
whether IL-36 drives pro-inflammatory responses
in the human nervous system.

5 Tools and Investigative
Therapeutics

Considering its pro-inflammatory role in the skin
and the other organs, IL-36 appears to be an
attractive therapeutic target. It has recently been
shown that individuals carrying loss of function
mutations in the IL36R gene do not have
compromised host defense or abnormal immune
function (Mahil et al. 2017), suggesting IL-36
may be a safe target. To inhibit the pathogenic
inflammatory processes, either IL-36 cytokines or
the receptors can be targeted directly or indirectly
with a therapeutic agent.

As mentioned above, IL-36 cytokines require
proteolytic cleavage to achieve their full signaling
activity. IL-36a, IL-36p and IL-36y are activated
at the N-terminus by the neutrophil granule-
derived proteases cathepsin G, elastase and
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proteinase-3; or by the keratinocyte and
fibroblast-derived cathepsin S. Therefore, one
targeting strategy is to inhibit these tissue specific
proteases (Henry et al. 2016; Sullivan et al. 2018;
Ainscough et al. 2017). Recently, small molecule
inhibitors of elastase were identified by in silico
screening (Sullivan et al. 2018). These inhibitors
attenuated the activation of full-length IL-36y and
the downstream pro-inflammatory signaling
(Sullivan et al. 2018). However, safety concerns
regarding systemic use of these protease
inhibitors exist as the elastase, for instance, is
important for normal neutrophil mediated
antibacterial responses (Belaaouaj et al. 2000;
Weinrauch et al. 2002).

Dosing a natural antagonist has been an effec-
tive approach in dampening the inflammatory
response mediated by IL-1 signaling. The recom-
binant IL-1 receptor antagonist (IL-1Ra),
anakinra, has been approved for the use in rheu-
matoid arthritis and neonatal-onset multisystem
inflammatory disease (NOMID). It has also
shown efficacy in the treatment of Deficiency of
II-1 Receptor Antagonist (DIRA), a rare immune
disorder caused by function blocking mutations
of ILIRN (Aksentijevich et al. 2009). IL-36Ra
has the same inhibitory activity in IL-36 signaling
as does IL-1Ra in IL-1 signaling. However, there
is currently no report on the clinical use or devel-
opment of IL-36Ra as therapeutics.

On the other hand, direct inhibition of cytokine
and signaling receptors by monoclonal antibodies
has been a successful means of intervention for
numerous targets. In psoriasis for instance,
antibodies targeting TNFa, IL-23p40, IL-17 or
IL-23p19 have shown transformative efficacy
with a favorable safety profile. Although there
are many therapeutics antibodies approved for
treating psoriasis, opportunities exist for IL-36
antibodies in other rare but life-threatening
diseases such as GPP. Since there are three
IL-36 agonists that share low overall sequence
similarity, inhibiting the receptors instead may
be an efficient way to antagonize the entire
IL-36 pathway. Two anti-IL-36R antibodies are
being developed for several clinical indications.
Boehringer Ingelheim’s antibody against IL-36R
(BI 655130) rapidly improved symptoms in
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patients with GPP in the 20-week Phase 1 clinical
trial. The average improvement in patients’ skin
symptoms was close to 80% at week four and was
maintained until the end of the study (Bachelez
et al. 2019). BI 655130 is currently in Phase
2 studies for GPP, PPP, Crohn’s Disease, IBD
and Ulcerative Colitis. AnaptysBio reported
Phase 1 study results of their anti-IL-36R anti-
body (ANBO19) in healthy volunteers,
demonstrating favorable safety and PK/PD. The
on-going Phase 2 studies are being conducted in
GPP and PPP (Irina Khanskaya et al. 2018). In
addition to antibodies targeting human IL-36R in
clinic, there are several reported anti-mouse
IL-36R antibody tools (Su et al. 2019; Ganesan
et al. 2017) which should enable further drug
discovery efforts.

Antibodies against IL-1RAcP have been
evaluated in multiple pre-clinical disease models
(Zheng et al. 2018). This targeting approach is
proposed to have a broader therapeutic impact on
inflammatory diseases driven by multiple
cytokines from the IL-1 superfamily (Hgjen
et al. 2019). Additionally, IL-1RAcP is highly
expressed on candidate chronic myeloid leukemia
stem cells. Antibodies against IL-1RAcP are
reported to hold promise for treating chronic mye-
loid leukemia (CML) and acute myeloid leukemia
(AML) (Agerstam et al. 2015, 2016; Askmyr
et al. 2013; Jaras et al. 2010; Yoon and Dinarello
1998). However, more studies are needed to eval-
uate the translational value of these antibodies
due to the promiscuous nature of IL-1RAcP and
its common expression in various cells and
tissues.

Small molecules are attractive modalities for
their convenient administration to treat dermato-
logical diseases involving IL-36 dysregulation.
However, targeting protein-protein interactions
with small molecules has proven to be challeng-
ing (Arkin et al. 2003, 2014; Sundberg et al.
2014). The interface of protein-protein interaction
(PPI) is relatively flat, extended and adaptable. To
accommodate the topological features of PPI,
small molecules need to be of a certain size to
generate enough binding free energy so that they
can compete with the target’s natural ligand.
However, as the molecule increases in size,
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other properties such as bioavailability can be
compromised. Recent advances in the expanding
chemical space (Whitty and Zhou 2015) and the
increasing availability of structural information
for the IL-1 superfamily members (Gunther and
Sundberg 2014; Yi et al. 2016; Thomas et al.
2012; Tsutsumi et al. 2014; Liu et al. 2013)
have opened up the possibility for in-depth in
silico analysis of potential druggable sites for
small molecules (Gunther and Sundberg 2014;
Dunn et al. 2003; Yang 2015). Short peptide
inhibitors for IL-1R have been reported,
demonstrating the feasibility of such an approach
(Klementiev et al. 2014; Quiniou et al. 2008).
Recently, we have published a first-in-class
small molecule tool compound binding to
IL-36y which was identified though high through-
put screening. This IL-36y inhibitor blocked
interactions with IL-36R and inhibited in vitro
and in vivo inflammation (Todorovic et al.
2019). The report highlights the possibility of
targeting the IL-1 superfamily cytokines with
small molecules.

6 Conclusions

Almost 20 years have passed since the discovery
of IL-36. Since then, our understanding of protein
expression, processing, structure and signaling
activation of IL-36 has significantly improved.
However, there are gaps remaining. For example,
the structures of IL-36R/IL-36/IL-1RACP ternary
complex and human IL-36Ra have not been
determined yet. The proteases involved in the
N-terminal processing of cytokines need to be
confirmed in relevant disease populations. The
secretion mechanism of IL-36 is far from clear.
The individual roles for IL-36a, IL-36f and
IL-36y are unknown. Transcriptome analysis of
keratinocytes stimulated with IL-18 and IL-36
agonists only show some small differences in
gene expression. However, the differences disap-
pear at later time points (Swindell et al. 2018).
Given the similarities between IL-1 and IL-36 in
the protein structure, receptor activation mecha-
nism, intracellular signaling transduction and
gene regulation; it will be interesting to know
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whether IL-36 performs a unique function that is
not overlapping with IL-1. IL-36 is reported to
hold an important role in the skin’s host defense
and is also involved in the inflammatory
response. Emerging data suggest that it may be
an attractive target for skin disorders such as
generalized pustular psoriasis. IL-36 should be
studied and compared with related signaling
pathways such as IL-1, IL-17 and IL-23. Addi-
tionally, it remains to be seen whether IL-36 has
any translational value in other organs such as the
lung and the gut.
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