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Abstract

Single-pass transmembrane receptors (SPTMRS) represent a diverse group of integral membrane
proteins that are involved in many essential cellular processes, including signal transduction, cell
adhesion and transmembrane transport of materials. Dysregulation of the SPTMRs is linked with
many human diseases. Despite extensive efforts in the past decades, the mechanisms of action of
the SPTMRs remain incompletely understood. One major hurdle is the lack of structures of the
full-length SPTMRs in different functional states. Such structural information is difficult to obtain
by traditional structural biology methods such as X-ray crystallography and nuclear magnetic
resonance (NMR). The recent rapid development of single-particle cryo-electron microscopy
(cryo-EM) has led to exponential surge in the number of high-resolution structures of integral
membrane proteins, including SPTMRs. Cryo-EM structures of SPTMRs solved in the past few
years have tremendously improved our understanding of how SPTMRs function. In this review,
we will highlight these progresses in the structural studies of SPTMRs by single-particle cryo-EM,
analyze important structural details of each protein involved, and discuss their implications on

the underlying mechanisms. Finally, we also briefly discuss remaining challenges and exciting
opportunities in the field.

1. Introduction

Membrane proteins play essential roles in a wide variety of cellular functions in all
kingdoms of lifel-3. They account for approximately one-third of all proteins identified

in eukaryotes and prokaryotes proteomes and more than half of available drug targets*®.
One important type of membrane proteins is single-pass transmembrane (TM) receptors
(abbreviated as SPTMRs hereafter)®, which typically contain an extracellular region that
responds to external stimuli, one transmembrane helix and a cytosolic region that relays the
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external signal to intracellular downstream pathways. SPTMRs represent the most abundant
and diverse group of integral membrane proteins®, with about 1300 such proteins in the
human proteome (encoded by ~6% of genes in the human genome)’-8. These proteins
exhibit remarkable structural and functional diversity and contribute to many cellular
processes. Dysregulation of SPTMRs is associated with numerous human diseases, such

as arteriosclerosis, diabetes, and cancer’:°.

SPTMRs typically comprise three domains: the extracellular domain (ECD), the single-pass
transmembrane domain (TMD), and the intracellular domain (ICD). For SPTMRs involved
in cell signaling, the external stimuli are first sensed by the ECD, and the signal is then
transmitted to the ICD through the membrane embedded TMD. In general, SPTMRs
respond to extracellular stimuli through oligomerization and/or conformational changes!0-12,
The most well-known mechanism for SPTMR activation is ligand-induced dimerization,
where unliganded receptors are in monomeric apo-state, and ligand binding induces receptor
dimerization and activation3-15, The activated receptor is able to function as a signaling
hub that recruits cytosolic effector proteins, and thereby triggering the downstream signaling
cascade, such as PI3K/AKT and MAPK/ERK pathways!6-18. Unliganded SPTMRs may
exist as autoinhibited dimers on the cell membrane, as exemplified by the two members

of insulin receptor family (insulin receptor (IR) and insulin-like growth factor 1 receptor
(IGF1R))12-23  In these cases, ligand binding induces dramatic conformational changes

to ECD, which triggers rearrangement and activation of ICDs24. Many receptors form
higher-order oligomers upon ligand binding, such as B-cell receptor, Eph receptors, EGFR
and integrins?®-2%, The clustering plays a critical role in regulating the activities of the
receptors, by driving the fully active state and/or increasing the local concentrations of

the receptors and downstream signaling proteins at the membrane3C. These mechanistic
insights were mostly derived from the “divide and conquer” approach in the past, in which
the structures of ECDs, TMDs and ICDs solved separately by X-ray crystallography or
NMR were combined to infer the structure and mechanisms of intact receptors3L. This
approach, however, cannot fully address exactly how signal across the cell membrane is
controlled by the structural coupling among the ECD, TMD and ICD. Answering this key
question requires structural analyses of larger pieces of SPTMRs, and ultimately full-length
SPTMRs as well as the complexes with their binding partners in the context of lipid
membrane environment. These analyses could provide complete views of the proteins in
question and directly elucidate the mechanisms. Even when complete views of SPTMRs
cannot be obtained as a result of their structural flexibility, partial structures from intact
protein samples are expected to be more informative because the resolved parts are not
taken out of the context of the entire proteins or protein complexes. Large multi-domain
SPTMRs and their complexes are however notoriously difficult to study with traditional
structural approaches, due to technical difficulties such as low expression yield, large size,
high conformational and compositional heterogeneity.

Recent hardware and software advances have ushered in the “resolution revolution” in
single-particle cryo-electron microscopy (cryo-EM)32-40, As a result, there has been an
exponential growth in the number of high-resolution membrane protein structures in the
past few years, leading to tremendous expansion of our understandings of the functions
and underlying mechanisms of these membrane proteins®1-51, Single-particle cryo-EM also
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opens up new opportunities for the structural investigation of SPTMRs, due to the following
reasons®23: (1) as compared to X-ray crystallography, single-particle cryo-EM requires
much less sample, can tolerate certain degrees of impurity, and more importantly does

not need protein crystallization, which together greatly reduce the difficulty in sample
preparation; (2) single-particle cryo-EM has no upper mass limit of target proteins, enabling
structural investigation of large oligomers of SPTMRs; (3) the 3D classification tools in
single-particle cryo-EM are capable of separating different conformational states in the
sample, which allows dealing with structural heterogeneity. Cryo-EM structural analyses of
SPTMRs have also benefited from many new methods that enhance sample preparation and
image processing, including various lipid membrane mimetics for stabilizing the TMD%4:55,
antibodies and Fab fragments for reducing conformational heterogeneity and facilitating
image alignment®6, and various coated cryo-EM grids for enriching protein particles and
alleviating exposure to air/water interface which could cause damage to proteins®’. Table

1 summarizes the remarkable progress in structural studies of SPTMRs driven by the
“resolution revolution” in cryo-EM in the past few years. These high-resolution structures
provide unprecedented details into the molecular interactions that control the activity of
SPTMRs.

The literature of SPTMRs is vast and virtually impossible to be comprehensively reviewed
in one article. This review is focused on the recent high-resolution cryo-EM structures

of SPTMRs, especially those involved in transmembrane signal transduction, including
receptor tyrosine kinases (RTKSs), plexins, integrins, Toll-like receptors, Fc receptors,
cytokine receptors, IGF2R receptor, cell adhesion receptors and T cell receptor. The purpose
of this review is to provide a summary of the most recent progress in the field made possible
by cryo-EM. Crystal structures, NMR structures and low-resolution cryo-EM structures that
are of insufficient quality for model building are therefore not discussed. We will briefly
describe the cryo-EM structures, but emphasize the mechanistic insights emerged from the
structures. In addition, we propose the future research directions by putting forward the
challenges and perspectives of this field.

Receptor tyrosine kinases

Introduction

Receptor tyrosine kinases (RTKSs) represent a large family of SPTMRs for which more than
58 different members and 20 sub-families have been identified in humans!’. RTKs play
key roles in regulating normal cellular processes, such as cell proliferation, differentiation,
and metabolism. Dysregulation of RTKSs is linked to many diseases, including cancer and
diabetes®8. Therefore, RTKs are important therapeutic targets for these diseases®8-60. RTKs
share a common overall domain structure that contains an extracellular region (ECD)

that binds ligands, a single-pass transmembrane helix (TM), and an intracellular domain
(ICD) that includes the tyrosine kinase domain necessary for intracellular signaling®.
Distinct to GPCR whose ligands are normally small molecules or peptides®?, the ligands
for RTK are folded proteins. In general, the ligand binding to the ECD of RTKSs induces
receptor dimerization, which subsequently leads to lateral TM-TM interactions and trans-
autophosphorylation between two intracellular kinase domains in the receptor dimer.
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Following receptor activation, the phosphorylated C-terminal tail of the kinase domains
recruits cytoplasmic effector proteins and thereby initiates the downstream signaling.

For many RTKs, such as PDGFR, VEGFR, TrkA and Tie, their ligands form stable
homodimers83-66, The dimeric ligand brings two receptor molecules to close proximity in a
symmetric manner to promote receptor activation. The basis for such activation mechanism
has been elucidated by crystal structures of many 2:2 symmetric receptor/ligand complexes.
This ligand-induced dimerization model is a common mechanism for RTK activation1?.67:68,

Although the common mechanism of RTK activation that involves ligand-induced
dimerization has been revealed in detail, the working mechanisms for several RTKs remain
poorly understood due to the lack of structural information. Solving the cryo-EM structures
of different members of RTK family in the ligand-bound functional conformation would
provide fundamental insights into the general mechanisms of RTK activation, and more
importantly, reveal the diversification in the activation mechanisms of RTKs. Given that
virtually all RTK family members have been linked to development and progression of
cancer, these understandings could lead to new strategies to selectively inhibit/modulate
individual pathways for cancer therapy or concurrently target multiple pathways which have
been suggested to improve therapeutic effectiveness®8.

Structural information on full-length RTKSs, either in their apo- or ligand-bound multimeric
states, has been elusive because these elongated and conformationally dynamic single-pass
TM proteins are difficult to crystalize. Thus, the central question of how information

is relayed between the extracellular and intracellular regions remains incompletely
understood. Cryo-EM structures of full-length RTKs/ligands complex could reveal how
ligand-induced conformational changes in the extracellular region leads to TM dimerization
as well as conformational changes in the intracellular kinase domain that promote auto-
phosphorylation and downstream signaling. The following sections summarize the recent
progress in cryo-EM studies of several RTKs in the ligand bound, active states.

2.2 Full activation of insulin receptor requires the binding of multiple insulins to 2
distinct sites

Insulin receptor (IR), one of the most well-studied RTKSs, plays essential roles in glucose
metabolism and cell growth22:69, Dysregulation of IR signaling is linked to many human
diseases, such as diabetes and cancers’%71, Structurally, each IR protomer consists of L1,
Cysteine rich (CR), L2, FnllI-1, FnllI-2 and Fnlll-3 domains in the ECD, a single-pass TM
and the kinase domain in the intracellular region. Different from all other families of RTKs,
IR forms a stable disulfide-linked dimer independent of ligand binding19:20.22.72 previous
studies have proposed that the insulin binding triggers large structural rearrangements of

the IR dimer, resulting in optimal juxtaposition of the two kinase domains for efficient trans-
autophosphorylation?3:24.73 In addition, IR binds its ligand insulin with complex kinetics
characterized by a curvilinear Scatchard plot, indicating the presence of two classes of
binding sites with different affinities and/or negative cooperativity’4-76. Such insulin binding
result indicates that the IR activation may require the binding of multiple insulins to two
distinct types of sites (sites 1 and 2)77. Notably, the residues in insulin involved in the
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binding to sites 1 and 2 have been extensively mapped by alanine scanning mutagenesis
many years ago’’''8.

In the past decades, X-ray crystallography has played a major role in revealing the molecular
mechanism underlying the IR activation in response to insulin. The structure of the ECD

of IR in the absence of insulin was solved first by X-ray crystallography in 2006, revealing
an “A’-shaped architecture (Figure 1A, left panel)’2. The crystal structure of the truncated
version of the IR ECD (containing only L1 and CR domains of IR) bound to insulin was
subsequently determined in 2013, showing how insulin engages site 1 of IR that consists of
the L1 domain and the C-terminal helix of the a chain (a-CT)"°. These structures represent
major breakthroughs in the structure biology of IR. The next major advance came from
cryo-EM. In 2018, the cryo-EM structures of the intact IR ECD in complex with insulin
were determined by two different groups, at overall ~4 A resolution8%:81, These structures
show that, upon the binding of two insulin molecules to the two copies of site 1 of the IR
dimer, the overall architecture of the IR dimer is converted from the autoinhibited ‘ A’-shape
to the active “T’-shape. It has been further proposed that this large structural conversion
brings the two kinase domains of the IR dimer into close proximity to enable efficient
trans-autophosphorylation and activation. Nevertheless, none of these studies were able to
identify site 2, leaving the open question why the activation of IR requires the binding of
insulin to two types of sites. As insulin binding to full-length IR exhibits much stronger
affinity relative to the isolated extracellular domain2373, structural studies of the full-length
IR in complex with insulin would be critical for capturing the fully liganded state of IR and
identifying insulin binding site 2.

The cryo-EM structures of full-length IR/insulin complex at 3.2 A resolution (PDB: 6PXV)
as well as IR ECD bound with saturated insulins at 4.3 A resolution (PDB: 6SOF) were
reported in 2019 and 2020, respectively82:83 (Figure 1A, right panel). The dimerized

TM domain of IR was partially resolved in the full-length IR/insulin complex, showing a
crossover conformation82, This structural observation suggests the TM-TM interaction plays
arole in stabilizing the active conformation of IR, which in part explains why the cryo-EM
structure of full-length IR/insulin complex was resolved at higher resolution than that of the
IR-ECD/insulin complex. However, the intracellular kinase was completely unresolved due
to large structural dynamics. Intriguingly, these structures reveal that each ‘T’-shaped IR
active dimer binds 4 insulins at four sites (site 1, 1°, 2 and 2’) that are related by two-fold
symmetry (Figure 1A, right panel). Sites 1 is similar to that observed in the previous crystal
structure of the truncated IR-L1-a-CT/insulin complex. However, in the “T’-shaped active
conformation of the IR/insulin complex, insulin bound at L1/a-CT of one IR protomer
(namely site 1a) also makes simultaneous contact with the top surface of the Fnlll-1 domain
of the second IR protomer (namely site 1b)82. With this binding mode, the site 1 insulins
crosslink two IR protomers, thus stabilizing the active conformation of IR. Moreover,
insulin binding to site 1 of IR can release the autoinhibited conformation by disrupting

the inter-promoter L1/Fnlll-2 interaction82:84, A comparison of the apo and active structures
of IR further shows that, once the auto-inhibited IR dimer is disrupted by insulin site 1
binding, the two IR protomers are free to undergo both the intra-protomer hinge motion and
inter-protomer rotation required for converting to the active ‘T’-shaped conformation. These
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structural rearrangements reduce the distance between the two intracellular kinase domains
and thereby promote their autophosphorylation2482,

Importantly, the cryo-EM structure of full-length IR/insulin complex for the first time
revealed the binding mode between IR and the site 2 insulin®2. The binding site for the site
2 insulin is located at the side surface of the Fnlll-1 domain in IR. Insulin uses a total of 14
residues from both A and B chains to engage this binding site. Structure-based mutagenesis,
binding and cell-based assays confirmed the functional importance of insulin binding at site
282 Nevertheless, this cryo-EM structure of IR at saturated insulin concentration cannot
explain how insulin binding to sites 1 and 2 cooperatively promotes full activation of IR.
Therefore, the activation mechanisms of IR are still incompletely understood.

2.3 Cryo-EM structures of IR bound with insulin site selective mutants or at unsaturated
insulin concentrations

The cryo-EM structures of a series of full-length IR/insulin site selective mutants complexes
were determined recently®. Intriguingly, these new structural data show that IR with insulin
variants only bound at site 1 predominantly adopts an ‘ 77-shaped asymmetric conformation
(Figure 1A, middle panel). In this asymmetric IR dimer, one insulin is bound in the top part
of the * 77, while another insulin is bound in the middle region of the * 77, simultaneously
engaging the sites 1 and 2 from two neighboring protomers (namely hybrid site)8®. In
addition, the cryo-EM analyses of the full-length IR bound with unsaturated wild-type
insulin also show that IR with only two insulins bound predominantly adopts an asymmetric
conformation, similar to that of IR with insulin variants only bound at site 18%86,

These new cryo-EM results provide a structural explanation for the functional role of insulin
site 2 binding. As described above, IR is trapped as ‘ 77-shaped asymmetric conformation
when only site 1 is bound with insulin (Figure 1A, middle panel). In the middle part of
such asymmetric IR dimer, the site 1 bound insulin in one protomer also weakly contacts
the site 2 of another protomer. At high insulin concentrations, the binding of another insulin
to the site 2 in the middle part of asymmetric dimer requires the delocalization of the lower
L1/a-CT domain to prevent the steric clashes between the two insulin molecules bound

to sites 1 and 2, respectively. The bumping of two insulins in this hybrid site therefore
promotes the lower L1/a-CT domains together with bound insulin to move upward to

reach the top surface of the Fnlll-1 domain. This structural rearrangement converts IR from
asymmetric to symmetric, leading to the stable, ‘T’-shaped conformation. This explains why
the binding of 4 insulins to both sites 1 and 2 is critical for the structural transition of IR
from the * 77- to *T’-shape®.

2.4 Binding of one IGF1 molecule is sufficient to fully activate IGF1R.

Type 1 insulin-like growth factor receptor (IGF1R) plays an essential role in controlling
cellular growth, proliferation, differentiation and migration, and also regulates the ageing
process®’-90, Aberrant IGF1R signaling causes a number of human diseases, including
Laron's syndrome, acromegaly, and cancers1:92, Although IGF1R and IR are close relatives
sharing high sequence and structural similarity, the two receptors have different ligand
binding characteristics, indicating different regulatory mechanisms®3.
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The first IGF1-bound structure of IGF1R, determined by soaking crystals of IGF1R-ECD
with IGF1, revealed that IGF1 binds site 1 of IGF1R in a manner similar to the binding of
insulin to the site 1 of IR?L, The crystal lattice, however, prevented IGF1 from inducing large
conformational changes of IGF1R-ECD. Therefore, this crystal structure of the IGF1R-
ECD/IGF1 complex may represent an intermediate state of IGF1R, rather than the active
state.

In 2019, the first cryo-EM structure of the full-length IGF1R/IGF1 complex in the active
state was solved at 4.3 A resolution (PDB: 6PYH)?4 (Figure 1B). Similar to the IR/insulin
structure, the TM domains of IGF1R dimer were only resolved at ~8 A resolution in the
cryo-EM map, while the ICD was largely unresolved. Different from the 2:4 stoichiometry
of the symmetric IR/insulin complex, only one IGF1 is bound at the site 1 of the IGF1R
dimer, resulting an asymmetric active conformation of IGF1R. This 2:1 stoichiometry of the
IGF1R/IGFL1 structure is consistent with previous biochemical results showing that binding
of one IGF1 molecule to site 1 of the IGFLR dimer hampers the binding of a second IGF1
to site 1’ (i.e., negative cooperativity)93:9. This structural model provides important insights
into the activation mechanism of IGF1R: the binding of one IGF1 to IGF1R partially
releases the structural constraints that stabilize the apo form of IGF1R8494, and thereby
triggers the conformational rearrangement in one half of the IGF1R dimeric complex. As

a result, the overall conformation of IGF1R dimer is converted from a symmetric, auto-
inhibited ‘A’-shape to an asymmetric, active ‘I"’-shape (Figure 1B). During this structural
conversion, the distance between two membrane proximal stalk regions of the IGF1R

dimer becomes much shorter, which would facilitate intra-dimer autophosphorylation of

the intracellular kinase domains and promote receptor activation.

Moreover, this cryo-EM work provides structural information regarding the source of
negative cooperativity in the binding of IGF1 to IGF1R%. It has been well established

that structural flexibility of a-CT in IGF1R is required for ligand binding?L. In the apo
structure of IGF1R, only the N-terminal part of a-CT is folded as a short a-helix21:9,
whereas the rest of this motif is disordered. This partially folded a-CT does not have

any structural constraints in either N- and C-termini, thus allowing for the conformational
change of a-CT that is required for IGF1 binding. In contrast, two a-CT motifs in the active
IGF1R dimer bound to one IGF1 are physically coupled because of the lengthening of the
two a-CT helices and the tethering of their N-termini by multiple disulfide bonds. This
specific structural configuration restricts the conformational change of the unliganded a-CT,
preventing the binding of a second IGF1 molecule.

In 2020, the cryo-EM structure of a C-terminal leucine-zippered IGF1R-ECD in complex
with IGF2 was determined at overall 4 A resolution (PDB: 6VWG), showing a similar
asymmetric conformation as observed in the structure of full-length IGF1R/IGF1 complex®’.
The major difference between these two structures is the conformation and role of the
C-domain loop of the ligand in receptor binding. In the active state of the IGF1R/IGF1
complex, the C-domain loop of IGF1 adopts an extended conformation that contacts L1,

CR and L2 domains of IGF1R. By contrast, the C-domain loop in IGF2 is shorter and thus
cannot reach the CRD. Therefore, the C-domain loop of IGF2 only makes contacts with

L1 and L2 domains of IGF1R, providing a structural explanation for the weaker affinity
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between IGF1R and IGF2 than that between IGF1R and IGF1. In addition, the conformation
of C-domain loop of IGF2 is stabilized by the intra-molecular interaction between its
C-terminus and the N-terminal region of its A domain. The C-terminus of the C-domain
loop of IGF1, however, does not contact its A domain, and thus is flexible.

Notably, the activation mechanism of IGF1R is significantly different from the structurally
related RTK — IR (Figure 1). Firstly, the binding of multiple ligands to two distinct sites is
required for the full activation of IR82:85, In sharp contrast, one IGF1 binding is sufficient
to break the autoinhibited apo-IGF1R dimer and promote its conformational change for
activation. This 2:1 stoichiometry is ensured by the negative cooperativity in the binding

of IGF1 to IGF1R. Secondly, IR and IGF1R utilize different strategies to position the
membrane proximal domains for efficient kinase auto-phosphorylation. In the active state of
IR, the proximity of the stalk regions of IR dimer that comprise FnllI-2 and -3 domains is
achieved by the weak homotypic interactions between two long loops in FnllI-2 domains82.
In the active state of IGF1R, however, the unliganded L1 domain bridges the two stalks

of IGF1R dimer into close proximity and further stabilizes the active conformation®. It

is possible that the differences in the arrangements of membrane proximal stalk regions
between IR and IGF1R may provide a mechanism for defining their signaling strength

and specificity, allowing these two closely related receptors to generate distinct signaling
outcomes.

2.5 Activation of RET requires both ligand and co-receptor

RET (rearranged during transfection) is a RTK that plays essential roles in controlling the
development of the kidney and nervous system9:99. RET with gain-of-function mutations
is associated with multiple endocrine neoplasia type 2 (MEN2)100.101 'while RET with
loss-of-functions mutation is linked to Hirschsprung’s disease192-104. RET is among the few
RTKs that require not only their cognate ligands but also co-receptors for activation19°
(another example is MuSK106.107) Glia cell-derived growth factor (GDNF), Neurturin
(NRTN), Artemin (ARTN) and Persephin are four ligands that induce dimerization of

RET through assembling 2:2:2 ternary complexes with RET and the co-receptors GDNF
receptor-a family proteins (GFRa1-4)102.108-111 15 2017, four pharmaceutical companies
independently identified GDF15 and GFRAL as a novel ligand/co-receptor pair that
activates RET in the central nervous system, leading to loss of appetite and other

aversive responses!12-115 These discoveries explain the role of GDF15 in body-weight
regulation, hyperemesis gravidarum (server nausea and vomiting caused by pregnancy) and
cancer-induced cachexia, suggesting new potential therapeutic targets for treating these
conditions116:117,

Both RET and the co-receptors are expressed on the cell surface and use their ECDs to
interact with the ligands. The extracellular region of RET contains four atypical cadherin-
like domains (CLD1-4) followed by a cysteine-rich domain (CRD), which have all been
implicated in interacting with ligands or co-receptors!18.119, The CLD1 and CLD2 domains
of RET can form a stable dimer on its own, as suggested by X-ray crystallographic
studies!20. However, this dimeric conformation of RET may represent its auto-inhibited
state, as the two kinases of RET are separated by long distance in such dimer (Figure 2A). In
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2014, the overall batwing-like shape of the intact RET extracellular region in complex with
GDNF and GFRa.1 was revealed by negative-stain EM to 24 A resolution!18. This structure,
however, does not clearly resolve the individual domains in RET and their interactions with
GDNF and GFRa.1.

In 2019 and 2021, multiple cryo-EM structures of human and zebrafish RET ternary
extracellular complexes—GDF15/GFRAL/RET, GDNF/GFRal/RET, NRTN/GFRa2/RET
and ARTN/GFRa3/RET in their active states were determined at 3 - 5 A resolution

using single particle cryo-EM (PDB: 6Q2J, 6Q2N, 6Q2R, 6Q2S, 6GL7, 7TAMK, 7AB8

and 7AML)121-123 (Figure 2B). The symmetry expansion method124:125 together with
focused refinement were utilized to further improve the resolution of each half of the

2:2:2 complex, facilitating accurate model building. In symmetry expansion, a duplicate set
of the aligned particles were rotated along the 2-fold symmetry axis and combined with

the original set. The following 3D refinement was focused on one half of the complex,
eliminating the detrimental effect on resolution caused by relative motions between the two
halves of the complex. These structures reveal the interfaces formed between RET and the
different ligands/co-receptors in detail. In particular, in each half of the 2:2:2 RET signaling
complex, the ligand is sandwiched between the co-receptor and RET, forming a stable 1:1:1
oval-shaped complex. This structural feature explains why the engagement of co-receptor

is critical for the high affinity binding between RET and its ligands. In all the ternary

RET complexes, the batwing shape is arranged to have the two CRDs from the two RET
molecules placed into close proximity, facilitating the dimerization and activation of the
intracellular kinase domain. However, the angle between the two wings shows substantial
differences among these ternary complexes!?L. Therefore, different ligands and co-receptors
may lead to different juxtaposition of the TM and intracellular kinase domain in the active
dimer of RET, which may underlie different signaling patterns of RET induced by different
ligands/co-receptors /n vivo.

In addition, cryo-EM analyses from Li et. al’s work revealed that the 2:2:2
NRTN/GFRa2/RET complex can further pack into a 4:4:4 tetrameric assembly2! (Figure
2C). The cell-based assays suggest that the formation of the 4:4:4 NRTN/GFRa.2/RET
complex delays RET endocytosis, which may lead to more intense and sustained signaling.
Previous studies have shown that RET endocytosis regulates both the duration and

choice of pathway of signaling!26. Therefore, the formation of high-order RET complexes
provides an additional mechanism for regulating both the strength and pathway of RET
signaling. Notably, this is the first example showing the structure of a high-order RTK
complex with near-atomic details (overall resolution 4.3 A). Further evidence of high-order
complex formation of RET is provided in the work by Adams et. al, which shows that
GDNF/GFRa1/RET can form even larger one-dimension array on the cryo-EM grid through
side-by-side packing123. Together, these results reveal the common activation mechanism of
RET in detail as well as the unique features in the ternary complexes formed by the different
ligand/co-receptor pairs, paving the way for designing therapeutics targeting RET to treat
diseases such as obesity and cancer.

Chem Rev. Author manuscript; available in PMC 2023 March 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 10

2.6 One HGF, using two distinct interfaces, recruits two c-MET receptors for activation

The RTK ¢c-MET (mesenchymal epithelial transition factor) plays essential role in
controlling numerous cellular processes such as cell proliferation, survival, motility, which
are critical for morphogenesis in development127.128 |n adults, c-MET signaling is critical
for the regeneration of liver, skin and heart, as well as wound repairl27:129, Aperrant
c-MET signaling causes several human diseases, including a variety of cancers, making

it an important target for the development of inhibitors/antibodies for cancer therapy30-134,
c-MET can be activated by its cognate ligand HGF (hepatocyte growth factor) as well

as NK1, a naturally occurring splicing variant of HGF that only contains the N-terminal
and the first kringle domain (K1 domain)135136_Strycturally, c-MET receptor is composed
of a Semaphorin (SEMA) domain, a plexin-semaphorin-integrin (PSI) domain and four
consecutive immunoglobulin-plexin-transcription (IPT1-4) domains in the ECD, a single
TM, and an intracellular kinase domain®37 (Figure 3A). HGF is a multi-domain protein,
remarkedly larger than most other ligands of RTKs138. It is secreted as a single chain

83 kDa precursor protein containing a N-terminal domain, four consecutive kringle
(K1-K4) domains, and a serine protease homology (SPH) domain. Proteolytic cleavage
between Arg494 and Val495 of HGF generates the a and p subunits, which are linked

by a disulfide bond138. The interaction between the SPH domain of HGF and c-MET

has been well characterized by X-ray crystallography, showing HGF-SPH makes close
contacts with the bottom surface of c-MET-SEMA!39, Furthermore, it has been shown that
glycosaminoglycan, such as heparin, can promote HGF induced c-MET activation through
enhancing the binding affinity between HGF and c-MET140-142,

In 2021, two structures of the c-MET extracellular complexes in the active state — c-
MET/HGF and c-MET/NK1 (PDB: 7MQO7 and 7MOB), were determined by using single
particle cryo-EM, at an overall 4 - 5 A resolution143 (Figure 3B, C). Notably, a GCN4
leucine zipper was introduced to the C- terminus of c-MET to stabilize the c-MET/HGF
complex that enables the structural determination. Similar strategy has been applied in the
cryo-EM studies of other RTK/ligand complexes80. Although the cryo-EM structures were
resolved at modest resolution, the model building could be achieved by rigid-body fitting of
the crystal structures of each domain of c-MET and HGF144.145_ Al the interfaces formed
between c-MET and HGF, which are essential for HGF induced c-MET activation, are
revealed in detail. Strikingly, the cryo-EM structure of the c-MET/HGF complex shows that,
by utilizing two completely distinct interfaces, a single HGF molecule is able to bridge two
c-MET molecules together for receptor activation (Figure 3B). In one half of the complex,
4 domains of HGF, including N, K2, K3 and SPH, simultaneously contact the SEMA
domain of one c-MET; while, in the other half of the complex, the K1 domain of the same
HGF exclusively recruits the second c-MET molecule through interacting with its SEMA
domain. This minimal 2:1 c-MET:HGF active complex is further stabilized by a second
HGF molecule, leading to a more stable 2:2 complex. A heparin molecule is sandwiched
between N domain of HGF and IPT1 of c-MET, contributing to the high affinity binding
between c-MET and HGF, which provides the structural basis for the critical functional
role of heparin in c-MET activation143, This “single ligand induced dimerization model”
represents a distinct mechanism underlying the activation of RTKs.
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NKZ1 binds c-MET in a different mode. In contrast to the asymmetric conformation
observed in the c-MET/HGF complex, the NK1 dimer recruits two c-MET in a symmetric
manner for activation (Figure 3C). The formation of 2:2 c-MET/NKZ1 is mostly driven by
the interaction between the K1 domain of NK1 and SEMA domain of c-MET43, The
different dimeric configurations of c-MET triggered by HGF and NK1 may allow c-MET

to preferentially activate different downstream signaling pathways through engaging distinct
sets of downstream effectors!3®,

2.7 Cryo-EM structures of full-length EGFR bound with different ligands

Epidermal growth factor receptor (EGFR), a member of ErbB family receptors, plays critical
roles in cell growth, division, and survivall#6. EGFR was among the first identified RTKs
and has been extensively studied over several decades. The paradigm of ligand-induced
dimerization in RTK activation was established initially in the studies of the activation of
EGFR by its EGF ligand. Aberrant activation of EGFR is associated with many different
cancers, making it an important drug target for cancer therapy47-150, At least seven

ligands of EGFR have been identified, which all bind EGFR in similar modes®!. However,
different ligands show different binding affinities and kinetics to EGFR and in some cases
trigger functionally different signal outcomes, the mechanisms of which are incompletely
understood87:152,

Compared with other RTKs, the activation mechanisms of EGFR and other ErbB family
members have several unique features. First, the ligands are monomeric and do not directly
mediate the dimerization of EGFR. Instead, the ligand binds domains I and I1l in the ECD
of EGFR, leading to a conformational change that exposes the dimerization arm in domain
Il of the EGFR-ECD, which mediates the dimerization of EGFR123:154_|n the absence of
the ligand, the ECD of EGFR adopts a closed autoinhibited conformation, in which the
dimerization arm is concealed by domain 1V1%° (Figure 4A). The second unique feature

is that the activation of the kinase activity is driven by the formation of an asymmetric
dimer of the intracellular kinase domain, where one kinase domain acts as a cyclin-like
allosteric activator for the second kinase domain1®6. The TM helix plays an active role

in regulating the activity of EGFR by switching between two dimeric configurations. The
active conformation of the TM dimer involves interactions at the N-terminal region of

the TM helix, leading to a larger distance between the two C-termini of the TM helices
that promotes the formation of the asymmetric kinase domain dimerl57:158_|n contrast,
the inactive dimer of the TM has the C-terminal ends juxtaposed to each other, while the
N-termini are further apart!7.158_ A critical remaining question is how the ligand-induced
dimer of the ECD of EGFR is able to precisely control the switch of the TM from the
inactive to the active dimer, given that the membrane proximal domain IV appears to be
rather flexible relative to the other domains.

In 2021, Huang et. al reported a series of cryo-EM structures of full-length EGFR bound
to either EGF or TGF-a. in detergent or several membrane mimetic environments (lipid
nanodiscs, amphipols and peptidiscs)1®? (Figure 4A, B). The membrane mimetics have
been used widely in cryo-EM structural analyses of membrane proteins, often better at
stabilizing the TMD of the proteins because a belt of lipids remains to surround the TMD
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and mimics the native environment of the proteins!0. In all the structures, the ligand-bound
ECD of the EGFR dimer was resolved to high resolution (resolution ranges from 3.1 to

3.6 A), but the TMD and ICD of EGFR were largely disordered, suggesting lack of rigid
coupling between the ECD and the TMD. Interestingly, 3D classification of the cryo-EM
data revealed multiple conformations of the EGFR-ECD dimer bound to either EGF or TGF-
a. A comparison with previous crystal structures suggests that this structural ensemble from
cryo-EM analyses represents an intrinsic conformational variability of the ligand-bound
EGFR-ECD, characterized by a scissor-like rotation between the two EGFR subunits.
Different rotation angles lead to different distances between the membrane proximal tips of
the two protomers of domain IV in EGFR (Figure 4B). Close juxtaposition of the tips favors
the inactive, C-terminal dimer of the TM helix, corresponding to the low activity state. On
the other hand, larger distance between the domain 1V tips supports the formation of the
active, N-terminal dimer of the TM helix, promoting the formation of the asymmetric dimer
and activation of the kinase domain. This mechanism is dependent on the conformational
coupling of the TM helix with the short linker between domain 1V and the TM (Figure

4B). Further analyses of the 3D class distributions suggest that EGF more strongly induces
the tip-separated conformation of EGFR than TGF-a, providing a plausible explanation for
the higher activating effect of EGF on EGFR, despite that the two ligands bind EGFR in

a similar model with similar affinity. A cryo-EM structure of EGF in complex with EGFR
with the oncogenic L834R mutation in the kinase domain suggests that the stabilization

of the asymmetric kinase domain dimer promotes the tip separated conformation of the
EGFR-ECD. These results further support the model that the ECD, TMD and ICD in EGFR
are coupled through changes in distance in various parts of the EGFR dimer, even though
the junctions among the different domains appear flexible. This study highlights the power
of cryo-EM in revealing structural ensembles that may play essential roles in the regulatory
mechanisms of proteins, especially SPTMRs, in which flexibility at two ends of the TM
helix seems a common feature.

It is worth noting that, since the TM domains were unsolved in the cryo-EM maps of both
the EGFR/EGF and EGFR/TGF-a complexes, the proposed model that the conformation
of TM domain is coupled to that of ECD remains speculative. Resolving the full-length
structure of an EGFR/ligand complex in its entirety with cryo-EM would provide more
direct experimental evidence to support this model.

2.8 The cryo-EM structures of full-length HER2/HER3 complex bound with NRG1p

HER2 and HERS3 (also known as ErbB2 and ErbB3), are two peculiar members in the ErbB
family that cannot be activated by homodimerizationl61, HER2 is considered an orphan
receptor as no ligand has been identified for it. HER3 has a cognate ligand neuregulin, but
its kinase domain is catalytically impaired and incapable of autophosphorylation. However,
HER2 and HER3 bound to neuregulin can form an active heterodimeric complex, which is
potently pro-oncogenic62-165 |n the HER2/HER3 complex, the pseudo-kinase domain of
HERS3 serves as the cyclin-like allosteric activator for the kinase domain of HER2, similar
to that of the asymmetric kinase dimer of EGFR166:167 The crystal structure of HER3 in
its unliganded apo form revealed an inactive closed conformation that is similar to that

of EGFR at apo state68, Intriguingly, the ECD of HER2 adopts the open conformation
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in all previous crystal structures, despite the absence of any ligand (Figure 4C)169. This
conformation has also been observed in a cryo-EM structure of HER2 ECD bound to

two therapeutic antibodies trastuzumab and pertuzumab®70, With its dimerization arm in
domain Il constitutively exposed, it was not clear why HER2 did not homodimerize in
those structures. In 2021, the first structure of near full-length HER2/HER3 heterodimer
bound to neuregulin-1p (NRG1p) was solved by cryo-EM to 2.9 A resolution!’? (Figure
4C). Notably, due to the low expression yield of the proteins, graphene oxide coated

grids were used for cryo-EM sample preparation to increase the particles number in each
imagel2. The overall structure of the HER2/HER3/NRG1p complex is similar to the EGFR/
ligand complexes, with the TMD and ICD unresolved presumably due to flexibility. A key
insight emerged from the HER2/HER3/NRG1p complex structure is that the dimerization
arm in domain Il of HER3 is not present in the cryo-EM map. The heterodimerization
between HER2 and HER3 is mediated by the dimerization arm of HER2, which engages the
binding pocket on HER3 in the same manner as in the structures of the homodimeric ErbB
family members. Further analyses suggest that the dimerization arm in HER3 is disordered
because its binding pocket on HER2 between domains | and 111 is not fully formed. The
partially open conformation between domains I and 111 in HER2 is likely due to lack of
ligand binding. These analyses therefore point to an unanticipated allosteric connection
between the ligand-binding site and the binding pocket for the dimerization arm, which
may explain the lack of homodimerization of HER2. Interestingly, the cryo-EM structure
of heterodimeric complex with the S310F mutant of HER2 showed that the dimerization
arm in HER3 was well resolved. S310F is one of the most frequent oncogenic missense
mutations found in HER2, although the mechanism of its oncogenic effect was not clear.
The cryo-EM structures show that F310 in the HER2 mutant forms a stable - stacking
interaction with the Y265 in the dimerization arm of HER3. Therefore, the S310F mutation
promotes the HER2/HER3 heterodimerization by forming a compensatory binding site on
HER?2 for the HER3 dimerization arm. Further analyses of the interactions between the
HER2(S310F)/HER3 heterodimeric complex with two therapeutic antibodies suggest that
these antibodies also exploit the conformational dynamics in HER2 and HER3 for their
binding.

3. Plexin, Neuropilin and Semaphorin

3.1

Introduction

Plexin is the major receptor for semaphorin, the largest family of axon guidance
molecules!?3.174, The interactions between some plexin family members and some secreted
semaphorins are weak, requiring the assistance of neuropilin as the co-receptorl7>-177,
Signaling through semaphorin-activated plexin is best known for its repulsive guidance
function for developing neurons. Additional functions of plexin signaling include regulation
of cardiovascular development, immunity regulation and wound healing73:174.178,

The semaphorin family members are multi-domain proteins either secreted to the
extracellular space or attached to the cell surface. The N-terminal region of all semaphorins
contains the conserved Sema domain, which is followed by a Plexin-Semaphorin-Integrin
(PSI) domain and an Ig-like domain. Both the Sema and Ig-like domains mediate
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interactions for semaphorin dimerization, while the Sema also mediates the binding to plexin
and neuropilin79-181 The C-terminal region following the PSI domain is relatively long and
largely unstructured. In some semaphorin family members, the C-terminal region contains

a cysteine residue that forms an inter-chain disulfide to further stabilize the dimerl82.183,
The C-terminal region of class 3 semaphorins contains multiple R/K-X-X-R (single-letter
amino acid code; X, any residue) motifs, which upon cleavage by furin proteases expose a
C-terminal arginine residue that binds tightly to a pocket in neuropilin (See below)184.185,

Plexins are all type | transmembrane proteins with an N-terminal ligand-binding ECD, a
single TM helix and a C-terminal ICD. The ECDs of class A, B and D plexins all contain
ten domains, starting with the N-terminal Sema domain that is responsible for interacting
with the semaphorin ligand86-1%0 The Sema domain is followed by three PSI domains and
six Ig-like Integrin-plexin-transcription factor (IPT) domains, arranged as PSI1-IPT1-PSI2-
IPT2-PSI3-IPT4-IPT5-IPT6 (Figure 5A). The only class C plexin, PlexinC1, is unique in
that it only contains seven domains in the extracellular region (Sema-PSI1-1PT1-PSI2-1PT2-
IPT3-1PT4) (Figure 5B)19L, In contrast, the ICD of all the plexin family members share a
conserved domain structure, containing a juxtamembrane helix, a split GTPase Activating
Protein (GAP) domain and a RhoGTPase binding domain (Figure 5A)192-198,

Neuropilins (Nrpl and Nrp2) are also type | transmembrane proteins whose ECDs are
composed of five domains (al, a2, b1, b2 and c)199-202, The al and a2 domains both belong
to the Ca%*-binding CUB domain family with a B-sandwich fold. The ¢ domain also binds
Ca?*, but adopts a jellyroll fold and belong to the MAM domain family (Meprin, A5 and
Mu-phosphatase)203. The b1 domain adopts a coagulation factor VV/VI111 fold, containing

a pocket at one end that binds the C-terminal arginine motif of class 3 semaphorins with
high affinity185.202.204 The short cytoplasmic tail of neuropilin possesses a C-terminal SEA

motif, which interacts with the GIPC adaptor proteins and thereby mediates the endocytosis
205-208

Structures of various parts of semaphorin, neuropilin and plexin and partial complexes

of these proteins have been solved mostly by X-ray crystallography and some by
NMR181.188-190 These structures have provided many important insights, including the
conformations of the individual proteins and how they interact with one another. These
studies together with functional studies led to the general model of plexin activation in
which semaphorin-induced dimerization of the plexin ECD promaotes the formation of the
active dimer of the ICD, which then relays the signal to downstream pathways (Reviewed
in 209.210) There are some interesting exceptions to this general model of activation, such
as monomeric semaphorin and semaphorin-plexin cis interactions?11:212, However, lack
of a whole picture of the proteins and their complexes left many questions unanswered.
For example, what is the overall arrangement of semaphorin, plexin and neuropilin in the
tripartite complex that underlies plexin activation? What roles does each of the multiple
domains in the proteins play in the regulation of plexin signaling? How do the three proteins
form multiple interfaces to ensure specificity and high affinity?
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3.2 Cryo-EM structure of Sema3A/PlexinA4/Nrpl complex

A cryo-EM structure of the near intact extracellular complex of Sema3A, PlexinA4 and
Nrpl published in 2021 reveals the overall architecture of this large assembly of ~600
kDal87 (Figure 5A). The complex has an expected 2:2:2 stoichiometry, with the overall
shape resembling a frog when viewed from the side of the plasma membrane. The two
copies of the al domain of Nrpl and the Sema domains of both PlexinA4 and Sem3A

in the dimeric complex constitute the body of the frog, while the two Ig-like domains of
Sema3A converge at the top to form the head. The a2-b1-b2 domains of Nrpl and the
domains following the Sema domain of PlexinA4 are the front and rear limbs, respectively.
The overall highly curved ring shape of the PlexinA4 extracellular region is similar to the
crystal structures of PlexinA4 and PlexinA1 in the apo form reported previouslyl8. Based
on this ring shape and the known binding mode between Semaphorin and plexin, a model
of the semaphorin/plexin complex has been constructed previously to explain how binding
of semaphorin to the Sema domain of plexin induce the formation of the intracellular active
dimer. The cryo-EM structure confirms that in the 2:2:2 complex, the membrane proximal
domains of the two plexin molecules are placed into close proximity, poised to induce the
dimerization of the transmembrane and intracellular regions 192213,

More importantly, the cryo-EM structure of the Sema3A/PlexinA4/Nrpl complex reveals
several mechanistically critical structural features that were previously unknown (Figure
5A). Firstly, the cryo-EM structure reached adequate resolution (3.7 A overall, with
substantially higher local resolution at the center) for resolving the specific interactions

in several binding interfaces among the three proteins. The interface between PlexinA4 and
Nrpl is dominated by the interaction between a lysine residue from the PlexinA4-Sema
domain and the negatively charged surface patch near the Ca2*-binding site in the Nrp1-

al domain. A similar interface is formed between Sema3A-Sema and Nrp-a2, mediated

by a lysine residue from the Sema domain and the negatively charged surface near the
Ca%*-binding site in the Nrp1-a2 domain. In both cases, the lysine residues are present

in the plexin and semaphorin family members that interact with neuropilin, but absent

in those that do not bind neuropilin. The lysine/Ca2*-site interface therefore provides a
unified mechanism for the specificity of neuropilin towards both plexin and semaphorin.
The placement of the triangle-shaped a2-b1-b2 module of neuropilin at the front limb
position is dictated by the Nrp1-a2/Sema3A-Sema interaction. This arrangement leaves a
large distance between the Nrp-b1 domain and the C-terminal region following the Ig-like
domain of Sema3A. A long linker is therefore required for the C-terminal arginine residue of
Semaphorin, exposed by furin protease cleavage, to engage the binding pocket in neuropilin.
The structure therefore provides a basis for the previous observation that semaphorin cleaved
at distal cleavage sites are more potent activators of plexin signaling84. Likewise, a linker
following the b2 domain of neuropilin is required to span the large distance to the plasma
membrane where the transmembrane region is anchored. Such a linker role is fulfilled by
the MAM domain as well as the two long flexible regions flanking the MAM domain. The
structure explains the fact that the total length of two flanking flexible regions is similar in
neuropilin from different species, but the sequences of these two regions are not conserved.

Chem Rev. Author manuscript; available in PMC 2023 March 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 16

3.3 Cryo-EM structure of full-length PlexinC1 bound with A39R dimer

4.
4.1

The unique domain structure of the PlexinC1-ECD suggested that its conformation must
differ from the ring shape of class A plexins. This difference has raised the question how its
ligand Sema7A, which forms a similar dimer as other semaphorins, induces the formation of
the active dimer of PlexinC1. This question has been addressed by the cryo-EM structure of
the complex between full-length PlexinC1 and the A39R dimer, a viral mimic of Sema7A,
reconstituted in the peptidisc, which organized into multiple helical elements that wrap
around the PlexinC1 TM domain!®® (Figure 5B). Distinct from the ring shape of class A
plexins, the 7-domain ECD of PlexinC1 is composed of two curved rods arranged in an
orthogonal fashion. The first rod contains the Sema, PSI1, IPT1 and PS12 domains, while
the second is formed by the membrane proximal IPT2-4 domains. There is a gap between
the first and second rod, which is in fact connected by the flexible linker between the PSI2
and IPT2 domains. Despite the flexible linkage, the orientation of the second rod relative to
the first is fixed by the extensive interactions between the two rods. Notably, an inter-domain
disulfide bond is formed between a cysteine residue from the Sema domain and a cysteine
residue from the IPT2 domain, effectively gluing the two rods together. This particular
conformation of the PlexinC1-ECD ensures that the two membrane-proximal IPT4 domains
in the ligand-induced dimeric complex are close to each other for inducing the dimerization
of the TM and ICD of PlexinC1. Therefore, PlexinC1 and other plexin family members use
different structural features to achieve the same goal of activating the intracellular signaling
domains.

Similar to the structures described above, the TM and ICD of PlexinC1 are not resolved

in the cryo-EM structure of the PlexinC1/A39R complex (Figure 5B). As a result, it is not
known whether and how the two TM helices in the PlexinC1 dimer interact with each other
and contribute to the induction of the ICD active dimer. It is also not clear how the ICD
dimer is arranged to the lipid membrane, which may be important for regulating the GAP
activity and binding to other signal proteins inside the cell. Similar questions remain open
for the semaphorin/plexin/neuropilin tripartite complex. In this case, another interesting
question is whether and how the TM and ICD of plexin and neuropilin make functionally
important interactions.

Integrin

Introduction

Integrins are a large family of cell surface proteins that mediate adhesion by binding to their
ligands expressed on other cells or extracellular matrix (ECM), such as fibronectin, laminin
and collagen?14. Ligand-activated integrins trigger intracellular signaling pathways and
serve as hubs for the formation of the focal adhesion215. Conversely, binding of intracellular
signaling proteins to the ICD of integrins can induce inside-out signal to enhance the
binding affinity of the ECDs of integrins for their ligands?16, Integrin-mediated adhesion
and signaling play critical roles in the development and organization of various tissues21’.
Particularly, integrins are essential for the functions of immune cells, as reaching sites of
antigen accumulation and establishing proper contacts with infected cells are prerequisites
for launching robust immune responses?18-223,
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Integrins are heterodimeric proteins formed by two different subunits (o and p), both

of which are single-pass TM proteins. In total, 18 a and 8 B subunits have been

identified to date, forming at least 24 distinct heterodimeric receptors, which display distinct
characteristics in ligand binding and cell signaling224. The ECDs of both a and B subunits
contain multiple domains with flexible linkers between them?18.219.225 The ECD of a
subunit consists of four or five domains, including the a-head domain formed by a seven-
bladed p-propeller, a thigh domain, and two calf domains with similar immunoglobulin
(19)-like fold; while the ECD of B subunit consists of p-1, Hybrid, PSI, four consecutive
I-EGF and B-tail domains. The a-head domain and B-1 domain interact with each other,
forming the head piece that serves as the ligand-binding site223.225-228 The integrin head
piece also contains three conserved cation binding sites (namely SyMBS, MIDAS, and
ADMIDAS), which are localized at the ligand binding pocket of -1 domain. MIDAS is a
Mg?* binding site while SyMBS and ADMIDAS are capable of Ca?* binding228-230, The
binding of cations plays key role in the ligand binding and conformational dynamics of
integrins, as it is shown to increase the ligand binding affinity and prime the integrin for
ligand binding228.

In the canonical ‘open-close’ model for integrin activation?29-234_ the activation of integrins
requires large ligand-induced conformational rearrangement. According to this model,
integrins adopt the ‘bent’ conformation in the apo-state 230:235-237 jn which the head

pieces point towards the plasma membrane, leading to occluded ligand binding site and

low ligand-binding affinity. Moreover, the legs in this “bent” conformation are near to

each other. Upon cations binding (such as MnZ*), integrins become “primed’ and adopt
‘extended-closed’ conformation, in which the head pieces swing upward, pointing away
from the plasma membrane. Such conformational change exposes the ligand-binding

groove and thereby significantly increases ligand-binding affinity, while the legs remain

in close contact. Upon ligand binding, the p hybrid domain undergoes a ‘swing-out’
conformational change, causing the separation of the membrane proximal domains, hence
the ‘extended-open’ conformation. Although all three states have been observed in negative
staining EM?238_ until recently, no high-resolution structures were available for the extended
conformations229-234, The lack of high-resolution structures of the extended conformation
limited the understanding of the molecular details of the integrin activation. Several recent
high-resolution cryo-EM structures of integrins avp8 and a5p1 determined in either the apo
or ligand-bound state provide important structural details of the extended conformations and
offer insights into alternative activation mechanisms233-241,

4.2 The cryo-EM structure of the ectodomain of avp8 integrin

In 2018, the cryo-EM structure of the ECD of avp8 integrin was determined by using

two different monoclonal Fabs — 8B8 and 68, directed at the a head and p-1 domains of
the av@8 integrin, respectively?41. The binding of Fabs to integrin increases its molecular
mass and thereby facilitate image alignment during the processing of cryo-EM data. The
overall resolution for the avp8 integrin was 6.4 A, while the headpiece (a head and B-I
domains) was better resolved than the leg domains due to variations in local resolution.
The resolution was largely limited by the inherent conformational flexibility between the
headpiece and leg domains of integrin. Focused refinement on the headpiece improved the
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local resolution to 4.8 A by masking out the flexible leg domains and the constant domains
of the Fabs. All four domains of the av subunit (o head, Thigh, Calf-1 and Calf-2) are
visible in the map, whereas only the -1 and Hybrid domains are clearly visible in the 38
subunit. The structure shows that the integrin adopts the ‘extended-closed’ conformation,

in which the head piece points away from the plasma membrane and therefore can bind

the ligand, albeit with lower affinity than the extended-open conformation. Moreover, 3D
classification analysis focused on the head piece revealed six classes. Structural comparison
among the 6 classes suggest that the headpiece may undergo rotation of 30° relative to the
leg domains. This structural variability revealed by 3D classification led to the “sunflower”
model for the avp8 integrin where the head piece can sample an elliptical conic space to
facilitate surveillance of the extracellular space for ligand detection. Further analyses of the
different 3D classes show that weaker density of B8 leg is correlated with larger extension of
the head piece, suggesting that loss of 8 leg contacts with the av leg favors the extended
conformation. Nevertheless, truncation of the p-leg domains (EGF2-EGF4 and p tail) did
not lead to substantial increase in the extended conformation as shown by negative staining
EM, suggesting the ‘extended-closed’ conformation is primarily maintained by the av leg
domains. Similar to the case of the EGFR/EGF complex structure, this study showcases

the ability of cryo-EM in revealing the full dynamic conformational range of the protein of
interest.

4.3 Cryo-EM structure of ECD of avp8 integrin in complex with L-TGF-p

Unlike other integrins, which are promiscuous with the ligands, integrin avp8 binds
exclusively to latent-TGF-B (L-TGF-B)222:242, During the maturation of TGF-B, the pro-
domain (also called latency-associated protein (LAP)) is cleaved by furin-like proteases,
but it would remain bound with TGF-p that forms L-TGF-p243. Integrin avp8 binding is
essential for activating L-TGF-p, a process that allows mature TGF-p to bind and activate its
receptor by releasing the inhibition imposed by the pro-domain244:245. A previous study has
shown that integrin avp6 in the extended-open conformation binds L-TGF- in a specific
orientation, which allows tensile force generated by actin cytoskeleton to transmit through
integrin B6 to the pro-domain of TGF-B, leading to physical release of mature TGF-B246,
However, this mechanism does not apply to integrin av8, because it lacks the ability of
directly interacting with actin cytoskeleton and appears to exist exclusively in the extended-
closed conformation?41.247_ A cryo-EM structure of the ECD of avp8 integrin in complex
with L-TGF-p reported in 2020 has led to a distinct model of TGF-B activation240 (Figure
6A). The structure reveals that avp8 integrin adopts an extended-closed conformation,
similar to that of its unliganded state241. The binding interface between av8 integrin and
L-TGF- is well resolved, showing that the ligand-binding cleft of avp8 integrin engaging
the RGDLXXI/L integrin-binding motif of L-TGF-f in a manner similar to that in the
complex between avp6 integrin and L-TGF-f. However, comprehensive classification of the
cryo-EM dataset showed that the orientation between L-TGF-B and the headpiece of avp8
integrin displays a wide range of variation, which is likely a result of the flexible linkages
between the integrin-binding motif and the rest of L-TGF-. This flexible nature of L-TGF-
B in complex with avp8 integrin led the authors to propose that avp8 integrin-mediated
TGF-p activation does not require actin-cytoskeleton force or release/diffusion of mature
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TGF-p from the pro-domain, because it can directly engage its receptor in the confinement
of the pro-domain.

4.4 Cryo-EM structures of a5B1 integrin in resting state and in complex with FN7-10

Fibronectin (FN), a large protein containing repetitive modules of type I, Il, and 111 FN
domains, is a major component of ECM?248.249 Integrin a5p1 is the primary FN receptor
that is critical for cell migration and adhesion, by both serving as the hub of the intracellular
focal adhesion and modulating the ECM organization?39250, FN interacts with a5p1 via

its RGD motif located on the FN10 domain. It has been suggested that the activation of
a5B1 integrin by FN may not utilize the canonical close-open mechanism as in B3 integrins,
because the a5p1 ectodomain does not adopt the fully bent conformation in the resting state

and does not undergo large conformational changes upon the binding to the isolated RGD
motif251.252,

A cryo-EM structure of a5B1/FN7-10 complex reported in 2021 presents the first high-
resolution view of integrin at the extended-open state and provides molecular details for the
binding and activation of a5B1 integrin in response to FN239 (Figure 6B). In this study,
full-length native integrin a5B1/FN was obtained from a natural source (human placenta),
assembled into nanodiscs, and purified in the presence of FN7-10 and a stabilizing antibody
fragment233, Single particle cryo-EM analysis of the complex yielded a final map at an
overall nominal resolution of 3.5 A, with the head piece better resolved at 3.1 A. The
flexible lower leg domains including the two Calf domains in the a subunit, as well as

the four EGF-like domains and the p-tail domain in the  subunit were resolved at lower
resolution. The structure shows that integrin adopts the ‘extended-open’ conformation, with
the head pieces of a and B subunits in close contact with each other and the legs wide
open. FN makes dual contacts with integrin: (1) FN9 interact with the a5 head; (2) FN10
contacts both the a5 and the p1 head domains, with the RGD loop in FN10 inserted into
the ligand binding groove formed by a5 and the p1 heads. Furthermore, as demonstrated
by binding assays, the interaction between a581 and FN is also enhanced by the presence
of Mn2* and glycosylation (glycanN275) of the a5 head. The simultaneous engagement of
the multiple binding interfaces seen here is required for inducing the open conformation of
a5p1 integrin, explaining why the RGD motif alone fails to do so.

In 2021, the cryo-EM structure of a5p1 at its unliganded state was determined in the
presence of both Ca2* and Mg2* ions at overall 4.6 A resolution (Figure 6B)%39. Unlike
other known resting structures of integrins such as avp3 or allbp3, which show an acute
bent conformation230:234 the structure of a5@1 in its resting state adopts a half-bent
conformation. In this state, the a5 and B1 subunits, each of which adopts a ‘L’-shaped
configuration21, are parallel to each other. The lower leg domains, including the two Calf
domains of a5 and PSI-EGF domains of p1, were all resolved in the cryo-EM structure. The
stabilization of the membrane-proximal domains is likely a result of the parallel interactions
between the a and B legs. Notably, although MnZ* binding to ADMIDAS significantly
increases the binding affinity between FN and a5p1, it does not obviously affect the
conformation of the resting state a5p1. This is distinct from avp3, for which Mn2* is
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sufficient to induce the transition from the bent to the extended conformation, suggesting
different activation mechanism among these closely related receptors25L,

5. Toll-like receptors

5.1 Introduction

Toll-like receptors (TLRs) are a class of pattern recognition receptors (PRRS) that trigger
innate immunity upon recognizing distinct pathogen-associated molecule patterns (PAMPS)
or cellular damage-associated molecule patterns (DAMPs)254:255, TLRs signal through

the recruitment of specific adaptor molecules, leading to activation of the transcription
factors such as NF-xB and IRFs, which eventually promote the expression of cytokines,
chemokines and type | interferons to protect the host from the invading pathogen?54.256.257,
TLRs are SPTMRs comprised of an ECD, a single TM and a cytoplasmic Toll/interleukin-1
receptor (TIR) domain adopting a conserved fold with a p-sheet surrounded by a
helices258.259, The ECD contains a horseshoe-shaped leucine-rich repeat (LRR) domain
(containing 19-25 leucine-rich repeats) that is responsible for ligand binding258.260-262,
Ligand recognition by the LRR domain leads to TLR dimerization, which then induces

the recruitment of downstream adaptor proteins through the TIR domain263-265 The TLR
family consists of 10 members (TLR1-10) in human and 12 in mouse (TLR1-TLR9, TLR11-
TLR13), which can be divided into two groups: the cell surface TLRs and endosomal
TLRs. Cell surface TLRs are located on the cell membrane and recognize bacterial cell-
surface components, whereas the endosomal TLRs (TLR3, TLR7, TLR8 and TLR9) are
compartmentalized in endosomes and responsible for sensing microbial nucleic acids256.
Each TLR recognizes its cognate ligand in a different manner: (1) hydrophobic ligands that
can activate TLR1, TLR2, and TLR4, such as bacterial lipoproteins and lipopolysaccharides,
bind to internal protein pockets; (2) hydrophilic ligands that activate TLR3, TLR7 and
TLRS8, such as double-stranded RNAs (dsRNAs) and single-stranded RNAs (sSRNAs),
engage solvent-exposed surfaces of the LRR domains263.267,

TLR3 and TLR7 are two endosomal nucleic acids-sensing TLRs that recognize viral
dsRNAs and ssRNAs, respectively268-271 TLR7 can also be activated by small chemical
ligands, such as imidazoquinoline compounds and nucleotide analogues, suggesting its role
as a multifunction receptor269.272.273 The crystal structure of TLR3/dsRNA complex reveal
that the dsSRNA binds both N- and C-terminal sites on the lateral side of the convex surface
of TLR3 homodimer274. Crystal structures of TLR7 in complex with uridine-containing
sSRNA or guanosine agonists unveil that TLR7 possesses two distinct ligand-binding sites:
one for small chemical ligands such as guanosine located at the TLR7 homodimer interface,
and the other for ssRNA located at the concave surface of the N-terminal part of the LRR
horseshoe-like structure (LRR1-5)275,

Given that pathogen-derived and endogenous nucleic acids share common chemical and
structural features, the activation of nucleic acid-sensing TLRs must be strictly regulated to
prevent autoimmune diseases. Indeed, excessive activation of nucleic acid-sensing TLRs

is involved in a variety of autoimmune or inflammatory diseases, including systemic

lupus erythematosus (SLE), heart failure, arthritis and non-alcoholic steatohepatitis2/6-278,
Endosome localized nucleic acid-sensing TLRs is believed to act as a safeguard
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to prevent undesirable immune responses caused by endogenous RNA-mediated TLR
activation?79-280, UNC93B1, a member of the atypical solute carriers of major facilitator
superfamily (MFS)281  is an important regulatory factor that controls the trafficking and
compartmentalization of TLRs280.282-284 UNC93B1 is also involved in other TLR functions
including balancing TLR7 and TLR trafficking and activation285, recruiting syntenin-1 to
dampen TLR?7 signaling and prevent autoimmunity286, and regulating TLR7 maturation?’.

5.2 Cryo-EM structures of TLR3 and TLR7 in complex with UNC93B1

In 2021, cryo-EM structures of the TLR3/UNC93B1 and TLR7/UNC93B1 complexes
were determined, providing structural details for the direct interaction between UNC93B1
and TLRs?87 (Figure 7A). The protein complexes were obtained by co-expression of full-
length TLRs with UNC93B1 in mammalian cells, which were subsequently solubilized and
purified in the detergent digitonin. Single-particle cryo-EM analyses yielded maps at overall
resolutions of 3.4 A, 3.3 A and 4.2 A for human TLR3/UNC93B1 (PDB: 7C76), mouse
TLR3/UNC93B1 (PDB: 7C77), and human TLR7/UNC93B1 (PDB: 7CYN), respectively.
The structures of the human and mouse TLR3/UNC93B1 complexes are essentially the
same, with TLR3 and UNC93B1 being assembled in a stoichiometry of 1:1. The ECD and
TM of TLR3 are well resolved, but the TIR domain is not resolved, possibility caused

by the flexible linker between the TM and TIR domain. The horseshoe-like structure of
TLR3 ECD is almost identical to previously determined crystal structures?’4. The 12 TMs
of UNC93BL1 can be divided into two pseudo-symmetrical six-helical bundles (TM1-TM6
and TM7-TM12). The binding between TLR3 and UNC93B1 is mostly maintained by the
antiparallel packing between the single TM of TLR3 and TM3 of UNC93B1. TM6 of
UNC93BL1 also contributes to the complex formation. In addition, the C-terminal part of
the LRR and the juxtamembrane region of TLR3 form a small interface with the luminal
loops of UNC93B1. Importantly, structural comparison between the TLR3/dsRNA and
TLR3/UNC93B1 complexes shows that the binding with UNC93BL1 is incompatible with the
formation of the ligand-bound active TLR3, which provides a structural explanation for the
previous results that TLR3 must be released from UNC93B1 prior to ligand binding and
activation288,

The binding interface between TLR7 and UNC93BL1 is similar to that in the TLR3/
UNC93B1 complex. However, the TLR7 and UNC93B1 assembles into a 2:2 dimeric
complex. The dimerization is driven by both TLR7-TLR7 and UNC93B1-UNC93B1
interactions. LRR11 from the middle region of the TLR7 ECD is responsible for the
dimerization of TLR7-ECD. The short cytosolic helix connecting TM6 and TM7 in
UNC93B1 mediate the UNC93B1-UNC93B1 interaction through antiparallel packing. The
dimerization mode of TLR7 in the TLR7/UNC93B1 complex is completely different from
that in the ligand-induced active dimer of TLR7, suggesting that the TLR7 dimer with
UNC93B1 bound is not in the active state. The function of the dimerization of the TLR7/
UNC93B1 complex remains unclear.

Collectively, this study elucidates the structural basis for the interaction of TLRs with
UNC93B1, explaining the specificity of UNC93B1 towards endosomal TLRs. In addition,

Chem Rev. Author manuscript; available in PMC 2023 March 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 22

it presents some of the rare cases where the single-pass TM of SPTMRs is well resolved,
owing to the stabilization effect from UNC93B1.

5.3 Cryo-EM studies of TLR7 in complex with designed agonists and antagonists

6. IGF2R
6.1 Introdu

Aberrant activation of TLR7 has been implicated in several autoimmune diseases such

as systemic lupus erythematosus (SLE), making TLR7 inhibitors promising therapeutic
agents against SLE278.289.290 Tojo et al developed a series of TLR7-specific antagonists

by modifying existing TLR7 agonistic 8-oxoadenine derivatives2?1:292_ Surprisingly, the
crystal structure of TLR7 bound to one of these antagonists Cpd-6 showed an active dimer,
contradicting its inhibitory effect on TLR7 signaling. This discrepancy is reconciled by
cryo-EM structures of TLR7 in complexes with Cpd-6 and related compounds. As expected,
the cryo-EM structure of the TLR7 ECD in complex with the agonist Cpd-3 adopted the
active dimer conformation?®! (Figure 7B). In this active dimer, the C-terminal tips of the
two ECDs are placed close to each other and therefore capable of inducing the dimerization
of the TMD and the TIR domains. In contrast, the cryo-EM data of the TLR7/Cpd-6
complex contained two major types of TLR7 dimers. One of the forms is the active dimer,
whereas the other called the “open” dimer represents the inactive dimeric state because

the C-terminal tips of the two ECD protomers are far apart and likely incompatible with

the dimerization of the TMD and TIR domain. Therefore, Cpd-6 appears to act as a weak
antagonist by partially inducing the open dimer conformation of TLR7. Consistent with this
idea, Cpd-7, a stronger antagonist, exclusively induces the formation of the open dimer of
TLRY.

Notably, several techniques were used in this study to overcome technical difficulties in
cryo-EM analyses of TLR7 bound to the antagonists. To stabilize the dimeric complexes,
the samples were subjected to chemical crosslinking with glutaraldehyde. The samples
showed severe preferred orientation on cryo-EM grids, which limited the resolution of

the 3D reconstructions. This problem was alleviated by using TLR7 protein with partially
uncleaved purification tags. These approaches helped achieve 2.8 A resolution of the TLR7/
Cpd-7 complex (Figure 7C). The structure shows that TLR7/Cpd-7 complex adopts an open
dimer conformation and provides atomic details of the Cpd-7 binding site, which will be of
great value for further modification of the compound for stronger binding and antagonism.
With the achievable resolution of cryo-EM continuously improving, it will soon rival X-ray
crystallography in aiding rational drug design.

ction

Insulin-like growth factor 2 receptor (IGF2R), also known as cation-independent
mannose-6-phosphate receptor (CI-MPR), is a large SPTMR with a molecular mass

of ~300 kDa. IGF2R comprises a large ECD containing 15 homologous B strand-rich
repeat domains, a single-pass TM helix and a small ICD2%, Intriguingly, IGF2R is a
multifunctional receptor that can recognize both IGF2 and mannose-6-phosphate (M6P)2%,
IGF2 is a protein hormone that shares similar structural features with insulin and IGF1.
Through the binding to IGF1R or IR isoform A (IR-A), IGF2 plays critical roles in
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regulating various cellular processes, such as cell proliferation, skeletal muscle development
and regenerationZ%. Multiple lines of evidence have shown that excessive IGF2 signaling

is linked to tumor growth296:297 therefore its signaling is strictly regulated through its
interaction with IGF2R. At cell surface, IGF2R serves as an IGF2 “sweeper” that removes
IGF2 via the receptor-mediated endocytosis to prevent excessive IGF2 signaling2%.

MG6P is a key signal molecule that could be recognized by IGF2R and is critical for

the IGF2R mediated translocation of acid hydrolase precursor proteins to lysosomes.
Particularly, M6P is added exclusively to the N-linked oligosaccharides of lysosomal

acid hydrolases to enable the recognition by IGF2R over many other proteins in the trans-
Golgi network?2, Totally ~50 different M6P-tagged cargo proteins can be recognized by
IGF2R to facilitate their transportation from the frans-Golgi to prelysosomes via the early
endosome. The acidic environment of the endosome leads to release of cargoes from IGF2R.
Subsequently, IGF2R is recycled to the Golgi apparatus or cell surface for another cycle of
transportation293.300,

6.2 Cryo-EM structures of the full-length IGF2R in apo- and IGF2-bound form

Lack of structural information on full-length IGF2R limited the understanding of how the 15
B strand-rich repeat domains interact with one another and regulate ligand recognition. This
knowledge gap was filled by a study published in 2020 reporting cryo-EM structures of the
full-length IGF2R in both apo- and IGF2-bound states3%! (Figure 8). Full-length IGF2R was
purified directly from bovine liver at acidic pH to ensure release of endogenous cargoes. The
IGF2R/IGF2 complex was then prepared by incubating IGF2 with IGF2R sample in a buffer
at neutral pH. In the apo state, the B strand-rich repeat domains of IGF2R pack together

into a compact structure (Figure 8A). Interestingly, fourteen out of the fifteen domains form
seven pairs, which pack into structurally similar two-domain subgroups. These subgroups
stack one after another with a similar rotational angle along the long axis of the protein,
resulting in an overall helical shape.

IGF2R undergoes a large conformational change and domain rearrangement upon binding
the ligand IGF2, which transforms IGF2R from the helical apo-form to the pistol-like
IGF2-bound form (Figure 8B). In the IGF2R/IGF2 complex, IGF2 binds IGF2R at the
intersection of thes ‘grip’ and the “barrel’ of the pistol, making simultaneous interactions
with domains 6, 8 and 11 of IGF2R. The binding interfaces bury a total solvent-accessible
surface area of 4300 A2. Some key structural differences between the apo- and IGF2-bound
states are important for the IGF2 binding. For instance, in the apo-structure, domains 6 and
9 form one subgroup via their B7 to B11 sheets. In the IGF2-bound state, however, domain 9
is replaced by IGF2. Domain 13, which is on the edge of ECD in the apo-IGFR2R structure,
is rearranged to interact with domain 11 in the structure of the IGF2R/IGF2 complex,
potentially stabilizing the interaction between IGF2 and domain 11 of IGF2R.
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Polymeric immunoglobulin receptor

Introduction

Polymeric immunoglobulin receptor (pIgR) is a glycosylated SPTMR and belongs to

the Fc receptor family392. The ECD of plgR comprises five immunoglobulin (Ig)-like
domains (D1-D5), which are responsible for binding polymeric immunoglobins M and A
(IgM and IgA), and a non-homologous domain (D6) that contains the site for proteolytic
cleavage302-304 (Figure 9A). pIgR is expressed on the basolateral surface of ciliated
epithelial cells in the mucosal epithelium and mediates the transcytosis of IgA and IgM
from the basolateral to the apical mucosal epithelial cell surface, where they act as the first
line of immune defense against mucosal pathogens. The transcytosis can be divided into
several major steps303:305-307 |t js initiated by the engagement of pIgR with the joining
chain (JC or J chain), a small glycoprotein that mediates the polymerization of IgA and

IgM on the basolateral surface of the epithelial layer. The plgR/JC interaction triggers the
internalization of plgR/lg complex and their subsequent transport from the epithelial cell to
the mucosa via the clathrin-mediated endocytosis. Upon arriving at the apical surface, the
ECD of plgR is cleaved off by a host serine proteinase at D6 domain in ECD, releasing the
secretory component (SC) that consists of the D1-D5 domains of the plgR ECD or Ig-bound
SC (Slg). The crystal structure of SC in its apo form show that SC adopts a triangular closed
conformation with D1 and D5 close to each other (Figure 9A)3%8. Secretory polymeric IgA
and IgM (SIgA and SIgM) are dimeric or higher-order oligomers, which form complexes
with JC and SC of plgR through both non-covalent and covalent interactions. The structures
of these highly complicated molecular assembles remained mysterious until the reports of
several high-resolution cryo-EM structures recently.

7.2 Cryo-EM structures of IgM and IgA in complex with SC and JC

In 2020 and 2021, two cryo-EM structures of the Fc domains of IgM (IgM-Fc) in complex
with SC and JC, were determined by two groups at overall resolutions of 3.58 A (PDB:
6KXS) and 3.25 A (PDB: 7KOC) (Figure 9B), respectively309310_ Notably, in the case of
7KOC, additional data at a tilt angle of 40° was collected to overcome particle preferential
orientation, a relatively common issue in cryo-EM that causes missing data and limits
achievable resolution311, The structures show that IgM forms a pentameric (Fc1-5) complex
with one JC and one SC molecule bound. Each Fc domain is a homodimer consisting of
three subdomains (Cp2, Cu3 and Cu4). The pentamerization interface of IgM is mediated
by the 10 p-strands on the tailpieces, which are arranged into two five-stranded -sheets
that pack with each other in an antiparallel fashion. JC, clamped between Fc1 and Fc5, also
contributes to the formation of the pentamer by stacking onto the tailpieces of Fc5B and
FclA. In addition, two disulfide bonds formed by JC with Fc5B and Fc1A further stabilize
their interaction. D1-D5 domains of SC (pIgR), which are well resolved in both cryo-EM
structures, form a plane that is nearly perpendicular to the IgM pentamer plane. In the
absence of ligands, the SC adopts a triangular closed conformation, similar to a previous
crystal structure398, When bound to pentameric IgM, SC D2-D5 are rearranged from the
triangular shape into a head-to-tail linear mode, and the linker between D1 and D2 is turned
almost 180° to position D1 to interact with IgM. The D1 domain of SC is responsible for the
binding to IgM-Fc1 and JC through its three CDR-like loops.
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In 2020, the structure of the Fc domains of IgA1 (IgA1-Fc) in complex with SC and JC was
determined at 3.2 A resolution (PDB: 6LX3) 312 (Figure 9C), showing that two IgA1-Fcs
assemble into a boomerang-like dimer in the presence of SC and JC, which bears high
resemblance to a portion of the IgM-Fc/SC/JC structures. The IgA1-Fc dimeric interface

is mediated by the bundling of the four B-strands of IgA1-Fc tailpiece. Similar to that

in IgM-Fc/SC/JC structures, JC stabilizes the dimer by stacking onto the IgA1 tailpiece
B-strands as well as by contributing to the formation of two disulfide bonds between JC
and IgA-Fc. However, compared to that of IgM-Fc/SC/JC, a more complete structure of
the JC is resolved in IgA1-Fc/SC/JC, due to the more extensive interactions between the
IgA1-Fc dimer and the JC in the IgA1-Fc/SC/JC complex. Two IgA isotypes — IgAl and
IgA2, exist in humans, with the former favoring the dimeric state and the latter having

a higher propensity to form higher-order oligomers. Indeed, cryo-EM analyses of IgA2m2-
Fc in complex with SC and JC have revealed the tetrameric and pentameric structures

313 (Figure 9E, F). The IgA2m2 pentamer structure resembles that of the IgM pentamer
and the tetrametric IlgA2m2 structure resembles part of the pentamer. These structural
comparisons suggest the JC-stabilized dimer core serves as a building block for high-order
oligomerization of IgA2m2-Fc.

7.3 Cryo-EM structure of IgA in complex with the SpsANTD

8.
8.1

Various pathogens have evolved strategies to disrupt the function of IgA as a mean of
immune evasion3%8. For example, Streptococcus pneumoniae, an opportunistic pathogen
that causes severe diseases, possesses an adhesin IgA-binding protein named SpsA314:315,
The N-terminal domain (NTD) of SpsA contains two leucine zipper motifs termed R1 and
R2, with R1 containing a highly conserved YRNYPT motif that is critical for its binding
to 1gA316, The details of the interaction have been revealed by a cryo-EM structure of

the complex between the NTD of SpsA and IgA312 (Figure 9D). In this structure, the
IgA-Fc/SC/IC core remains the same as seen in the previous structures. The YRNYPT
hexapeptide-containing loop between the a1 and a2 helices in the R1 motif of SpsANTD
docks into a pocket at the D3—-D4 junction of SC, forming the major binding interface
between SpsANTD and SC. Interestingly, the D3—-D4 pocket is not present in the SC in the
apo state, suggesting that SpsA specifically targets SC in the context of the IgA complex.
Many residues in human SC involved in the interaction with the YRNYPT hexapeptide are
not conserved in SC from other species, consistent with the fact that SpsA only binds to
human IgA and S. pneumoniae is a human-specific pathogen.

IL-10 receptor

Introduction

Cytokines represent a diverse group of small soluble proteins that are secreted by a wide
range of cells including immune cells, endothelial cells, fibroblasts, and various stromal
cells317:318_ Cytokines play important roles in many aspects of cell signaling including
induction of immune responses, hematopoiesis, cell proliferation, differentiation, and
apoptosis319-322_ |nterleukin-10 (IL-10) is best known as an anti-inflammatory cytokine that
plays a central role in terminating inflammatory responses323-325_ |L-10 is a member of the
Type Il cytokines, which possesses a characteristic a-helical fold consisting of six helices,
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with a four a-helical bundle core328. Functional IL-10 receptors are composed of two
subunits — a (IL-10Ra) and B (IL-10RB)327. IL-10Ra is the high-affinity, IL-10-specific
subunit, whereas I1L-10p is the low-affinity, shared receptor subunit that is also used by other
cytokines. IL-10Ra and IL-10Rp are both SPTMRs that consist of an ECD that binds 1L-10,
a single-pass TM, and a cytoplasmic domain. Despite the low sequence similarity between
the ECDs of IL-10Ra and IL-10R, their structures are strikingly similar, i.e., both consist
of two fibronectin type I11 domains (FN domains D1 and D2), forming an L-shaped structure
(Figure 10A)328:329 The |L-10 signaling cascade is initiated by secreted 1L-10 homodimer
binding to both IL-10Ra and IL-10Rp, inducing the heterodimerization of IL-10Ra and
IL-10Rp and bringing two copies of the heterodimeric receptor together. JAK1 and Tyk2
simultaneously binds to the ICDs of IL-10Ra and IL-10Rp, respectively, and phosphorylate
each other upon receptor heterodimerization. This leads to activation of the JAK/STAT3
signaling pathway, which triggers a specific transcriptional program that largely defines

the 1L-10-mediated anti-inflammatory response330. In addition to JAK/STAT3, activated
IL-10 receptors could also trigger other signaling cascades, such as PI3K/Akt/GSK3, in
macrophages or primary monocytes331:332,

Defects of I1L-10 signaling has been implicated in a variety of diseases, including
inflammatory bowel disease (IBD) and cancer333-335, Therefore, there is substantial interest
in targeting IL-10 and IL-10R as therapeutics for these diseases336:337, However, the
therapeutic utility of IL-10 is limited by its pleotropic and sometimes paradoxical functions.
For example, its potential as an anti-inflammatory drug has not been fully realized, since it
often elicits proinflammatory effects when administered systematically. To this end, a cryo-
EM structure of IL-10/IL-10R complex has guided design of IL-10 variants with decreased
binding affinity to IL-10Rp, which appear to maintain the anti-inflammatory function of
IL-10 but greatly reduce its proinflammatory activity 338:339,

8.2 Cryo-EM structure of IL-10/IL-10Ra/IL-10RB hexameric complex

Structural study of the complete IL-10/IL-10R complex is challenging partly due to the
low binding affinity between IL-10 and IL-10RB323. Saxton et al overcame this obstacle by
selecting IL-10 variants with stronger affinity to IL-10Rp using yeast surface display-based
directed evolution338, The best variant, dubbed ‘super 10°, contains four point-mutations
(N18Y, N92Q, T100D, and R104W) and shows 10,000-fold increased affinity to IL-10Rp
compared to wild type IL-10. Super 10 forms a stable 2:2:2 complex with IL-10Ra and
IL-10Rp, allowing high-resolution cryo-EM structural determination. The structure shows
that the IL-10/IL-10Ra/IL-10RB complex forms an elongated star-shape with the domain-
swapped IL-10 homodimer localized at the junction between the two IL-10Ra/IL-10RB
units (Figure 10B). Three distinct contact sites among the IL-10, IL-10Ra and IL-10R
proteins are essential for the formation of the hexametric complex. IL-10 interacts with D1
domain of IL-10Ra through a1 and a5 at site one, similar to that in the IL-10/IR-10Ra
crystal structure32°, The a1-a3 helices from IL-10 interact with the D1 domain of I1L-10R@
at site two. The D2 domains of IL-10Ra and IL-10Rp interact with each other, forming a
relatively small interface at site three. Notably, the IL-10/IL-10Rp interaction at site two is
primarily mediated by the hydrophobic contact between Met22 in a1 of IL-10 and Tyr82
in L3 of IL-10RB. Such interaction pattern suggests that the increased affinity of ‘super
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10’ IL-10 variant for IL-10Rp binding likely results from the N18Y and R104W mutations,
which are placed close to Met22 and potentially enhance the interaction between of IL-10
and IL-10Rp by increasing the hydrophobicity of site 2.

Based on the structure, the authors generated 1L-10 variants with mutations at the 1L-10/
IL-10Rp interface in order to modulate the pleotropic functions of IL-10. Remarkably,
some of these variants showed reduced affinity for IL-10Rp and behaved as partial agonists
as they could selectively suppress monocyte and macrophage activity without activating
inflammatory CD8* T cells. These partial agonists have exciting potential as therapeutic
agents for autoimmune diseases.

9. Single-pass transmembrane receptors in complex with tetraspanins

9.1

Introduction

Some SPTMRs form co-receptor complexes with tetraspanins, a family of integral
membrane proteins characterized by the presence of four transmembrane helices340-342,
Tetraspanins have been implicated in several biological processes, including development,
reproduction, immunity341:343 However, the molecular mechanisms of these functions of
tetraspanins and their roles in the regulation of SPTMRs remain largely unclear. CD81
represents one of the better understood tetraspanins in terms of the functional role (Figure
11A). Particularly, CD81 interacts with CD19, a SPTMR specifically expressed on the
surface of B cells344:345, CD19, CD81 and the complement receptor CD21 together form
the co-receptor complex for the B cell receptor, by which they play a critical role in
regulating B cell maturation and activation346. CD19 acts as the signaling subunit of the
co-receptor complex by using its ICD to recruit intracellular signaling components, while
CD81 functions as a chaperone to facilitate the maturation through the secretory pathway
and the cell surface presentation of CD19347. CD81 may also regulate the signaling of
CD19 on the cell surface by controlling its localization in the plasma membrane348. The
interaction between CD19 and CD81 has been elucidated by a cryo-EM structure in 2021349,
In addition, two other structures of SPTRMs in complex with tetraspanins, EWI-2/CD9
and EWI-F/CD9, have also been solved by cryo-EM in 20203%0:351 A general mode of
interaction between SPTRMs and tetraspanins, along with some unique features in each
case, has emerged from these studies349-351,

9.2 Cryo-EM studies of EWI-2/CD9 and EWI-F/CD9

EWI-2 (also known as Immunoglobulin superfamily member 8 or IGSF8) and EWI-F (also
known as Prostaglandin F2 receptor negative regulator or PTGFRN) are SPTRMs that
comprise an ECD, a single-pass TM, and a short C-terminal cytoplasmic domain. As two
members of immunoglobulin superfamily (IgSF), the ECDs of EWI-2 and EWI-F comprise
four and six highly glycosylated Ig-like C2 domains, respectively. Both EWI-2 and EWI-F
proteins have been shown to be major partners for tetraspanins CD9 and CD81352, They
connect these two tetraspanins to the cytoskeleton through their direct association with
ezrin-radixin-moesin proteins and play key roles in diverse functions of CD81 and CD9,
such as oocyte fertilization353-3%6, |n addition, EWI-2 has been shown to moderate TGF-f
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and integrin signaling via its interaction with CD9 and CD81357:358, High EWI-F expression
has been shown to be associated with glioblastoma multiforme3%9.

Two independent cryo-EM studies on the EWI-2/CD9 and EWI-F/CD9 complexes were
published in 2020 350:351 Although neither of the studies achieved high resolution, the EM
maps provide valuable information on the interactions between EWI-2 or EWI-F and the
tetraspanin. In the cryo-EM study of EWI-2/CD9352, the full-length EWI-2/CD9 complex
was co-expressed and purified in the detergent digitonin. The cryo-EM map was resolved
at an overall resolution of 8.2 A and slightly improved to 7.2 A when an anti-CD9 Fab

was used to improve the particle alignment. The complex displays a 2:2 hetero-tetrameric
architecture, with two protomers of EWI-2 forming a tight dimer at the center, accompanied
by two CD9 protomers sandwiching the EWI-2 dimer. The four Ig-like C2 domains and the
membrane-spanning region of EWI-2 could be roughly fit into the density map, showing

a ‘L’ shaped conformation. The two TMs of the EWI-2 dimer are far apart, only making
minimal contacts at the intracellular end, while the dimerization of EWI-2 is mediated
primarily by the Ig-like domains D3 and D4. The arrangement of the four TM helices of
CD9 is in good agreement with that in the crystal structure of CD9 alone.

It has been suggested that tetraspanins are able to self-assemble into high-order complexes,
called ‘tetraspanin-enriched microdomains’3°2. In the same paper reporting the structure of
EWI-2/CD?9, the authors proposed that, due to the particular cone-like shape, tetraspanins in
the higher-order oligomeric state could induce membrane curvature, and thereby facilitate
the formation of exosomes vesicles. The tetraspanin cluster on the membrane is capable of
recruiting different types of receptors and other critical functional proteins into proximity,
which might represent an important initial step of cargo sorting in exosomes.

In the cryo-EM study of the EWI-F/CD9 complex3°0, a truncated EWI-F (EWI-Fjq1-5)

was co-expressed with full-length CD9 and purified in digitonin in the presence of a
CD19-specific nanobody 4C8. Single-particle cryo-EM analysis of the EWI-F/CD9/4C8
complex yielded an EM map with an overall resolution of 8.6 A. The reconstruction of
EWI-F/CD9/4C8 revealed a hetero-tetrameric complex with strikingly similarity to that of
EWI-2/CDS9, /e, a central EWI-Fp g5 dimer flanked by 4C8-bound CD9 on each side.
CD9 adopts a semi-open conformation, and TM3-4 helices of CD9 are in direct contact with
the TM of EWI-2, similar to the binding model between EWI-2 and CD9. Notably, the TM
helices of EWI-F are even further apart in EWI-F/CD9/4C8 than that in the EWI-2/CD9
complex, which might be caused by the presence of two palmitoylation sites in EWI-F360,

9.3 Cryo-EM structure of the B cell co-receptor CD19 bound to the tetraspanin CD81

CD19 is a SPTMR that is consisted of two 1g-like C2 domains in the extracellular region.
Susa et al used several strategies to stabilize the CD19/CD81 complex for cryo-EM
analyses349, Firstly, the C-terminal end of CD19 was fused to the N-terminal end of CD81
with a flexible linker. In addition, the Fab fragment of the therapeutic anti-CD19 antibody
was bound to the purified CD19/CD81 fusion protein in order to increase the size of the
complex for better image alignment. These strategies allowed the authors to solve the
cryo-EM structure of the CD19/CD81 complex to an overall resolution of 3.8 A 349 (Figure
11B). The structure shows that the interaction between CD19 and CD81 involves both the
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TM and ECD regions of both proteins. The interface at the TM is mediated by the single
TM helix of CD19 with both TM1 and TM2 of CD81. The ECD interface is formed between
a large hydrophobic surface of the ECD of CD19 and one face of the EC2 domain of

CDB81. Interestingly, a comparison with the crystal structure of apo-CD81340 shows that

the binding of CD19 induces several concerted conformational changes to CD81. The most
notable one is an upward swing of the EC2 domain of CD81 away from the TMD, which

is accompanied by the disorder-to-order transition of the EC1 domain. This conformational
change is necessary to expose the hydrophobic residues in EC2 for interacting with the ECD
of CD19. CD19 also induces a dramatic conformational change to the TMD of CD81. In

the apo-state, TM1/TM2 and TM3/TM4 form two pairs of helices that interact with each
other extensively at the intracellular side of the membrane but diverge at the extracellular
side, resulting in a central cavity that has been shown to bind cholesterol3%. CD19 binding
induces an inward movement of the TM1-TM2 and TM3-TM4 pairs relative to each

other, eliminating the central cavity and precluding cholesterol binding. These observations
suggest that cholesterol binding may play a regulatory role in the interaction between CD19
and CD81. Specifically, in ER membrane which has low level of cholesterol, CD8L1 is able
to interact with CD19, and the binding of CD81 would facilitate the translocation of CD19
from ER to plasma membrane. However, at the plasma membrane where the concentration
of cholesterol is much higher, the binding of cholesterol to CD81 would promote the
dissociation of CD81 from CD19, allowing the CD19 to interact with the B cell receptor,

a step that is essential for the functionality of the B cell receptor. Related to this point,
antibodies that specifically recognize the CD19/CD81 complex may be able to trap CD19 in
the complex form and suppress the signaling, which may be exploited for treating diseases
caused by hyper activation of B cells.

10. Teneurins

10.1

Introduction

Teneurins are type-I1 single-pass transmembrane proteins, with their N-terminal and
C-terminal parts constituting the intracellular and extracellular regions, respectively.

They function as cell adhesion receptors that are involved in the development of the
nervous system by regulating processes such as neuronal axon guidance and synapse
formation361:362_ The C-terminal extracellular region binds latrophilin, an adhesion G-
protein-coupled receptor (GPCR), to form a complex that regulates synaptogenesis and
axon guidance363-366_ The functions of teneurins are not limited to adhesion, as their
intracellular domain can be proteolytically cleaved and transduce signal through acting as
a transcriptional repressor367. Conversely, it has been suggested that teneurins can trigger
latrophilin intracellular signal and alter intracellular cAMP levels368, Teneurins are very
large SPTMRs (~2800 residues), containing small N-terminal intracellular region, a single-
pass TM and a multi-domain C-terminal extracellular region. Teneurins form constitutive
dimers by inter-chain disulfide bonds formed in the membrane proximal epidermal growth
factor-like (EGF) domains369:370, The extracellular region of teneurins does not contain
common adhesion domains such as Ig-like or cadherin-like domains. Sequence analyses
have shown that the C-terminal portion of this region is homologous to the tyrosine-
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aspartate (YD) repeat-containing toxins widespread in bacteria, suggesting that teneurins
are originated from a horizontal gene transfer from bacteria3"2.

10.2 Cryo-EM structures of Teneurins

Several structures of the teneurins extracellular region either in the apo state or with
latrophilin bound have been solved by X-ray crystallography and cryo-EM368:372-374 (Figure
12). The structures confirm that teneurins do show strong resemblance to bacterial Tc-
toxins, although they have lost the actual nuclease activity for toxicity374. Therefore, it
appears that this structural fold of the bacterial Tc-toxins has been repurposed for protein-
protein interactions in higher organisms during evolution. The most characteristic feature of
the teneurin structures is the 78-stranded B-barrel shell formed by the YD-repeats. One end
of the YD-shell is sealed by a fibronectin-plug domain and downstream 6-bladed B-propeller
domain. Strikingly, the linker following the YD shell mostly resides in the interior of the
shell itself, while its C-terminal part threads out of the shell through a gap on the shell

wall. The region downstream of the linker contains the domain that shows homology to
bacterial toxins with nuclease activities, however, this domain in teneurins has lost the
catalytic residues and unlikely to possess nuclease activities. The toxin-like domain sits

on the side of the YD shell and appears loosely attached. In the cryo-EM structure of

mouse Teneurin-3, the C-terminal region including the nuclease-like domain is not resolved,
suggesting that it is flexible in relation to the YD shell. This flexibility has been suggested
to facilitate the proteolytic cleavage event in this region, which releases a neuropeptide

that has its own signaling function in the nervous system375-377_ In this regard, structural
flexibilities, which could be critical for functions for many proteins, could be more easily
observed in cryo-EM structures as the proteins are not confined in crystal lattices. Moreover,
multiple conformations could be resolved through 3D classification from one cryo-EM
dataset, potentially allowing the conformational transition pathway to be inferred.

Latrophilin uses its N-terminal lectin domain to bind one side of the YD shell of teneurin,
opposite to the side where the C-terminal toxin-like domain resides372:373, The binding
mode is consistent with the trans-cellular interaction between teneurin and latrophilin.

It has been shown that latrophilin can also use its olfactomedin domain, which follows
immediately the lectin domain, to interact with the leucin-rich repeat domain of another
cell surface receptor FLRT378. Modelling based on the two binary complex structures has
suggested that the three proteins can form a ternary complex372:373, This observation is
consistent with the idea that both teneurin and FLRT expressed on one cell surface serve
as the ligands simultaneously for latrophilin expressed on an opposed cell surface, allowing
latrophilin to act as a coincidence detector and transduce signals required for excitatory
synapse formation366,

The N-terminal intracellular region, TM region and the EGF-like domains in teneurin are not
present in any of the solved structures. It is therefore not clear how binding of latrophilin
may lead to signaling of the teneurin intracellular region. Likewise, the full-length structures
of latrophilin and FLRT are not available, and therefore it is not known how complex
formation induces intracellular signaling of latrophilin and FLRT. Cryo-EM structures of the
complex of full-length teneurin, latrophilin and FLRT will help address these questions.
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11. T-cell receptor

11.1 Introduction

T cell-mediated immunity is a critical arm of the adaptive immune system379. Activation
of T cells is governed by the ap heterodimeric T cell receptor (TCR), which contains

the extracellular variable domains that recognize antigenic peptides presented by the

major histocompatibility complex (MHC) on the antigen presenting cells (APCs)380.381,
The activation of the TCR-CD3 complex leads to the phosphorylation of intracellular
immunoreceptor-tyrosine-based activation motifs (ITAMs) localized in the cytoplasmic
region of the CD3 subunits, and thereby triggering the downstream signaling cascade382.
The ap TCR forms a holo-complex with the CD3 signaling hexamer composed of CD3ye,
CD36e and CD3(( dimeric units383. All the subunits of the TCR-CD3 complex are
SPTMRs, which together organize into a complicated and precisely controlled signaling
machinery that is highly sensitive to foreign antigenic peptides but tolerant to self-peptides.
Due to its central role in T cell immunity, many structural studies have been devoted to
understanding the mechanisms of assembly and signaling of the TCR-CD3 complex, but the
whole picture of the holo-complex remained unknown until the application of cryo-EM to
the field.

11.2 Cryo-EM structure of full-length TCR-CD3 complex

The cryo-EM structure of a complete version of full-length TCR-CD3 complex in detergent
digitonin was determined in 2019384, representing a major milestone in the structural
biology of TCR. Consistent with previous biochemical data3’?, the cryo-EM structure shows
that the TCR-CD3 complex is assembled among dimeric TCRa, CD3ye, CD3&e and
CD3(( in a stoichiometry of 1:1:1:1 (Figure 13). The assembly of TCR-CD3 is mainly
driven by the tight packing of the 8 single-pass TMs, which can be considered the bottom
layer of the receptor complex. The structure clearly resolves both the hydrophobic and

more notably charge-complementary interactions among the TM helices that underlie the
specific barrel-like structure of TMye, TM&e and TMC( that embraces TMap at the

center. The ECDs of CD3ye and CD3&e and the membrane proximal constant domains

of TCRap (Ca and CP) also contribute to the stability of the holo-complex by forming

an approximately three-fold symmetric assembly at the middle layer of the receptor. The
heterodimer of the variable domains Va and Vp of TCRap constitutes the top layer that
protrudes away from the T cell surface, poised to engage the peptide/MHC complex on the
opposed APC. Overall, this cryo-EM structure provides valuable information for defining
the precise assembly mechanism of the TCR-CD3 complex. In 2022, the same group
reported several cryo-EM structures of the same TCR-CD3 complex bound to cholesterol or
cholesterol sulfate38%, Based on these structures, the authors proposed that cholesterol serves
as a negative regulator of TCR by locking the TM helix of CD( in an inactive conformation
in the plasma membrane.

However, a comparison of the cryo-EM structures of the holo-TCR complex in the apo
state with the previous ECD structures of the TCRap either in the apo state or bound

to a peptide/MHC complex shows no substantial conformational changes in the ECD of
TCR that may trigger the activation of the receptor386:387. In addition, the intracellular
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ITAMs domains of CD3 are not resolved in the cryo-EM map, indicating their structural
flexibility and lack of rigid coupling with the ECD and TM of the receptor. Therefore, the
structures do not provide a clear answer to the question how exactly the receptor is activated
by the antigenic peptide/MHC complex. In the absence of substantial ligand-induced
conformational changes, several models have been proposed to explain TCR activation,
including receptor clustering, orientational change relative to the membrane and mechanical
force imposed on the TCR by the peptide/MHC complex. These mechanisms may only

be fully operational when the TCR and peptide/MHC complex are located in the T cell
membrane and APC membrane, respectively, which are arranged to form the immunological
synapse with the facilitation of adhesion molecules and other auxiliary proteins. Therefore,
solving the structure of the peptide/MHC/TCR-CD3 holo-complex in the membranes may
provide insights into the fine structural changes in the ECDs and TMDs of the TCR-CD3
complex that are required for its activation. Nevertheless, mechanical force cannot be
applied during cryo-EM sample preparation. Employing integrative approaches that combine
cryo-EM/ET, optical tweezers, NMR and atomic force microscopy might be needed to fully
reveal the activation mechanism of TCR. Finding mutations in TCR-CD3 that could stabilize
its active conformation could become an alternative approach to obtain the structure of the
TCR-CD3 complex in the activated functional state.

Future Perspectives

The structures discussed in this review showcase the power of cryo-EM in advancing our
understanding of the structures and mechanisms of SPTMRs. Recent development in both
software and hardware has allowed cryo-EM to reach true atomic resolution (around 1.2 A
resolution) for highly stable proteins, especially those with high symmetry3940, However,

it remains challenging to achieve atomic resolution with SPTMRs with cryo-EM for more
detailed mechanistic analyses and drug design, largely due to the inherent conformational
flexibility of these proteins. It is also difficult to capture weakly associated complexes

with cryo-EM as it typically requires low sample concentrations, under which weakly
associated proteins tend to dissociate, as apposed to in crystallography where proteins reach
high concentrations in crystals to promote complex formation. In the foreseeable future,
mechanistic studies of SPTMRs will continue to benefit from combining insights from cryo-
EM structures of large complexes, high-resolution X-ray structures of smaller complexes or
individual proteins as well as computational models. Another challenge in cryo-EM studies
of SPTRMs is that a direct view of the coupling between the ECD and ICD by the TM helix
remains elusive. To date, none of the cryo-EM structures was able to resolve a complete
structure of any SPTMR, due to the flexible linkages of the TM helix with both the ECD
and ICD. Going forward, stabilization of the junction at the two ends of the TM by means
of accessory proteins such as tetraspanins388 and TM-associating peptides19:389 might be
needed to allow for the visualization of the SPTMRs in their intact forms by cryo-EM. It

is possible that reconstituting the receptor/ligand complexes into native-like lipid membrane
may stabilize the conformation of the receptors®>160.390.391 alowing cryo-EM structural
analyses to reveal the entire full-length structure of receptor/ligand complexes. In addition,
many SPTMRs such as integrins and Eph receptors form large clusters upon activation392,
of which the underlying mechanisms are poorly understood. Cryo-EM structural analyses
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of SPTMRs in clusters will help elucidate the protein-protein and protein-lipid interactions
underlying their formation, paving the way for in depth analyses of their roles in regulating
the function of these proteins. Another exciting frontier is to study SPTMRs from native
source by cryo-EM, which is made possible by the fact that cryo-EM requires very small
amounts of sample and can tolerate certain levels of impurity. Most SPTMRs have multiple
protein partners, some of which may be at low abundance and/or only transiently interact
with SPTMRs. Analyzing SPTMRs from native sources with a combination of biochemical
(e.g., mass spectrometry) and structural techniques (e.g., cryo-EM with 3D classification)
will make it possible to identify these obscure effectors and capture their interactions with
SPTMRs, resulting in a more complete picture of the working mechanisms. This approach
has been used successfully for several large protein complexes in the past few years393:394,

Recent development of another cryo-EM technique — cryo-electron tomography (cryo-ET)
has opened up another exciting frontier that is to investigate SPTMRs structures in their
native environment within the cellular context39%:39_ The structures and functions of
SPTMRs on the cell surface are regulated by many molecules in the environment, including
other proteins, lipids, and carbohydrates. Traditional approaches to retrieve the structural
information of SPTMRs by using purified proteins inevitability lack this important cellular
context. Cryo-ET, in contrast, does not require the isolation of proteins and therefore

makes it possible to visualize proteins in their native conditions. The combination of cryo-
correlative light and electron microscopy (cryo-CLEM)397 and cryo-focus ion-beam (cryo-
FIB) milling3%8 would allow for precise localization of SPTMRs on the cell membranes and
subsequent sample preparation for cryo-ET imaging. Subtomogram averaging, an averaging
technique analogous to single particle analysis, can be used to improve the signal-to-noise
ratio and achieve near-atomic resolution3%°. Cryo-ET can also be used to investigate the
structures and mechanisms of receptor clusters on native cell membranes or reconstituted

in liposomes, as exemplified by the /n situ structural study of the IRE1a kinase*?°, Some
SPTMRs interact with their transmembrane ligands at specific cell-cell contact sites (e.qg.,
immunological synapse?91), which play critical roles in regulating signaling. The powerful
combination of cryo-CLEM, cryo-FIB and cryo-ET opens up exciting possibilities to study
SPTMRs at the cell-cell contact sites and uncover their structures in the physiological
context. High-resolution cryo-EM structures of SPTMRs in native conditions will greatly
advance our understanding of their functions and the underlying mechanisms, which will
assist development of novel therapeutics for diseases related to dysregulation of SPTMRs.
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Figure 1.

Overall structures of IR and IGF1R in apo and ligand bounds states reveal activation
mechanisms. The two protomers in the receptor dimers are shown in cartoon (blue and
green) representations, whereas the ligands are shown in surface (pink) representations. The
missing TM and kinase domains in the structures are indicated by schematic drawings.
Binding of ligands (insulin or IGF1) leads to conformational changes to the ECD of the
receptors, with subsequent dimerization of the TM and kinase domains and activation of the
receptors as indicated by the phosphorylation of the kinase domains and C-terminal tails.
A) Structures of IR at different states. Left, IR in apo state as an auto-inhibited, A-shaped
homodimer with lower domains separated (PDB: 4ZXB); middle, full-length 2:1 or 2:2
IR/insulin complexes as I'- or T-shaped asymmetric dimers respectively at low insulin
concentrations (PDBs: 7STI and 7STJ); right, full-length 2:2 IR/insulin complex as a
T-shaped symmetric dimer at saturating insulin concentrations (PDB: 6PXV).

B) Left, crystal structure of apo-IGF1R in apo state as an auto-inhibited, A-shaped dimer
(PDB: 5U8R). Right, cryo-EM structure of full-length 2:1 IGF1R/IGF1 complex (PDB:
6PYH) showing a I'-shaped asymmetric dimer with two a-CT motifs covalently linked by
disulfide bonds.
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Figure 2.
Overall structures of RET at different oligomerization states and proposed activation

mechanisms. The protomers in the receptor dimer or tetramer (blue and green) as well

as the co-receptor (yellow) are shown in cartoon representations, whereas the ligands are

shown in cartoon and surface (pink) representations with semi-transparency. The TM and
kinase domains, not present in the structure, are indicated by schematic drawings.

A) Structural model of RET in apo state as an inactive dimer in two different views.

The structural model is generated based on the crystal structure of CLD1/CLD2 domains

(PDB: 2X2U). In this structural model, the two CRD domains are far apart, suggesting an
autoinhibited state.
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B) Cryo-EM structure of the 2:2:2 NRTN/GFRa2/RET complex in two different views
(PDB: 6Q20). In this structure, the two CRD domains are close to each other, consistent
with being an active dimer.

C) Cryo-EM structure of the 4:4:4 NRTN/GFRa.2/RET complex in two different views
(PDB: 6Q2R). Dimer | (blue) and Dimer Il (green) are structurally identical to the 2:2:2
NRTN/GFRa2/RET complex.
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Figure 3.
Overall structures of c-MET in the apo and different ligand-bounds states and the proposed

activation mechanisms. The protomers in the receptor dimer (blue and green) are shown
in cartoon representations, whereas the ligands are shown in cartoon and surface (pink)
representations with semi-transparency. The domains not present in the structures are
represented by schematic drawings. Binding of either HGF or the NK1 dimer leads to
dimerization and activation of c-MET receptor.

A) Structural model of c-MET in the apo state as inactive monomers. The structural model is
taken from the dimer structure of the c-MET/HGF complex (PDB: 7MO7).

B) Cryo-EM structure of the c-MET/HGF complex. c-MET forms an asymmetric dimer
when bound to full-length HGF and heparin (PDB: 7MO7). Heparin is shown in sphere
representation.

C) Cryo-EM structure of 2:2 c-MET/NK1 complex showing a symmetric c-MET dimer
bridged by the NK1 dimer (PDB: 7MOB).
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Figure 4.
Overall structures of EGFR and HER2-HERS3 at their respective apo and ligand-bound states

and the proposed activation mechanisms. The protomers in the receptor dimers (blue and
green) are shown in cartoon representations, whereas the ligands are shown in cartoon and
surface (pink) representations with semi-transparency. The TM and kinase domains are not
resolved in the structures, and therefore indicated by schematic representations. Binding of
ligands (EGF or NRG1p) leads to conformational changes to EGFR or HER3 that exposes
the dimerization interface, enabling the dimerization and activation of receptors.

A) Left, crystal structure of apo-EGFR in the inactive monomeric state, in which EGFR
shows an autoinhibited configuration with the dimerization interface buried (PDB: 1NQL).
Right, cryo-EM structure of the 2:2 EGFR/EGF complex (PDB: 7SYD).
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B) Schematic representations of the two dimeric conformations of EGFR induced by
different type of ligands. Left, the low activity state induced by TGF-a with juxtaposed
domain IV, C-terminal TM dimerization and kinase domains forming an inactive dimer.
Right, the high activity state induced by EGF, characterized by separated domain 1V tips,
N-terminal TM dimerization and kinase domains forming an asymmetric dimer.

C) Left, crystal structures of HER2 (PDB: 1N8Z) and Her3 (PDB: 1M6B) in their inactive
monomeric forms. HER2 lacks the ligand-binding site, and HER3 has a catalytically
impaired pseudo-kinase domain. Right, cryo-EM structure of 1:1:1 HER2:HER3:NRG1p
complex (PDB: 7MN5).
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PlexinA4

forms and the proposed activation mechanisms. The protomers in the receptor dimers (blue
and green) as well as the coreceptor Nrpl (yellow) are shown in cartoon representations,
whereas the ligands are shown in cartoon and surface (pink) representations with semi-
transparency. The missing domains and linkers in each structure are shown as schematic

representations. In the apo state, the GAP domains of PlexinA4 or PlexinC1 are in the

autoinhibited state with the Rap-binding site inaccessible. Binding of the ligands (Sema3A
or A39R) induces plexin dimerization, opening up the GAP active site to allow Rap binding

and GTP hydrolysis.

A) Left, crystal structure of ECD of PlexinA4 in its apo state (PDB: 5L5K). Middle and
right, cryo-EM structure of 2:2:2 PlexinA4/Nrp1/Sema3A complex in two different views
(PDB: 7MOR). The structure of the ECD of PlexinA4 in both structures are essentially the
same. The lines represent the various linker domains between different protein components

that are important to the formation of the complex. The pink lines represent the linker

between C723 and the Ig-like domains of Sema3A as well as that between C723 and the
C-terminal R770, which engages the binding pocket in the b1 domain of Nrpl. The yellow
lines represent the b2-MAM and MAM-TM linkers in Nrpl.
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B) Left, structural model of monomeric PlexinC1 in its apo state taken from the structure of
the PlexinC1/A39R complex (PDB: 6V XK). Middle and right, the cryo-EM structure of the
2:2 PlexinC1/A39R complex (PDB: 6V XK) in two different views.

Chem Rev. Author manuscript; available in PMC 2023 March 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Caietal.

Page 62

Head

R - :
calf1 @ c:cr2 a P ecr2
No ligand @ ccr: . @) cecrs TGF-B bound
Extended-closed C) EGF4 cops  Extended-closed
Calf2 f'\', calf2 -4
\/l -tal 3-tai
Extracellular
{ L Plasma membrane H :
Intracellular
}‘%d“
g Ai“,\\‘

Half-bent

crs @
— FN7-10 bound
Calf2 = 5

a - Extended-open

Extracellular \ {

H Plasma membrane H

Intracellular

mp‘m'” : g Tailin
Figure 6.

Overall structures of integrins avp8 and a5p1 in their respective apo and ligand-bound
states. The protomers in the receptor dimers (blue and green) are shown in cartoon
representations, whereas the ligands (TGF-p or FN7-10) are shown in cartoon and surface
(pink) representations with semi-transparency. The missing domains in each structure are
shown as schematic representations.

A) Cryo-EM structures of apo state (left) and TGF-p bound state (right) of integrin avp8. In
both structures, integrin avp8 adopts an extended-closed conformation with the leg domains
close to each other.

B) Cryo-EM structures of apo state (left) and FN7-10 bound state (right) of integrin a5p1.
In the apo state, integrin a5p1 adopts a half-bent conformation with the a5 and 1 subunits
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parallel and leg domains close to each other. In the FN7-10 bound state, integrin a5p1
adopts an extended-open conformation where the leg domains become wide open. The
conformational changes allow for the activation of integrin and binding of downstream
signaling components such as Talin and Actin.
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Figure 7.
Overall structures of Toll-like receptors TLR3 and TLR7 in complex with UNC93B1 or

small molecule agonist/antagonist. The protomers in the TLR receptor dimers (blue and
green) as well as UNC93BL1 (yellow) are shown in cartoon representations, whereas the
ligands (Cpd3 or Cpd7) are shown as spheres. The missing domains (TM and TIR) in each
structure are shown as schematic representations.

A) Cryo-EM structure of 1:1 TLR3/UNC93BL1 (left, PDB: 7C76) and 2:2 TLR7/UNC93B1
(right, PDB: 7CYN) complexes.

B-C) Cryo-EM structure of 2:2 TLR7/Cpd3 (PDB: 6LVZ) and 2:2 TLR7/Cpd7 (PDB:
6LW1). Cpd3 is an agonist for TLR7, which induces the formation of closed dimer,
promoting TIR dimerization and TLR7 activation. In contrast, Cpd7 is an antagonist
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for TLR7, which induces the formation of open dimer, consequently inhibiting TIR
dimerization and TLRY7 activation.
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Figure 8.
Overall structure of full-length IGF2R in the apo and IGF2-bound states.

A) Cryo-EM structure of apo-IGF2R (PDB: 6UM1). The 15 domains in ECD are organized
into an elongated helix-like assembly.

B) Cryo-EM structure of the 1:1 IGF2R/IGF2 complex (PDB: 6UM2). Domains 1-14
rearrange into a pistol-like conformation. Domain 15 becomes disordered and is missing in
the EM density. IGF2R (blue) is shown in cartoon representation, whereas the ligand IGF2
is shown in surface representation with semi-transparency. The missing domains in each
structure are shown as schematic representations.
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Figure 9.
Overall structures of plgR (SC) in apo and ligand bound states. pIgR receptor (SC, green)

and J-chain (yellow) are shown in cartoon representations, whereas the ligands (IgM, IgA
and IgA2m2) are shown in surface representation with semi-transparency.

A) Crystal structure of SC in its apo state (PDB: 5D4K), in which SC adopts a closed
triangle-shaped structure with D1 and D5 close to each other. The missing D6 and TM
domains of pIgR are shown as schematic representations.

B) Cryo-EM structure of the pentameric IgM in complex with J-chain and SC (SIgM), in
which the D2-D5 domains of SC rearrange into a liner conformation (PDB:7KO0C). The
subunits A and B for each homodimer are defined based on the previous literature.

C) Cryo-EM structure of dimeric SIgA complex (PDB: 6L X3) in two different views, which
shows a boomerang-like structure with D2-D5 domains of SC adopting a liner conformation,
similar to that of SIgM.

D) Cryo-EM structure of dimeric SIgA in complex with SpsA. The structure of SIgA
remains unchanged while SpsA binds to the D3-D4 junction of SC.

E-F) Cryo-EM structures of tetrameric (E) and pentameric (F) SIgA2m2 complexes.
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Figure 10.
Overall structure of IL-10Ra and IL-10Rp complex in apo or IL-10 bound states and the

proposed activation mechanism. Receptors IL-10Ra (blue) and IL-10Rp (green) are shown
in cartoon representations, whereas the ligand IL-10 is shown as surface representations
with semi-transparency. The missing domains (TM and TIR) in each structure are shown as
schematic representations.

A) Crystal structures of IL-10Ra and IL-10Rp in their respective apo states as inactive
monomers (PDBs: 1Y6K and 3LQM). The ECDs of both proteins consist of D1 and D2
domains. IL-10Ra has a longer ICD than IL-10Rp, both contains two regions (hamed Box1
and Box2) that interact with the JAK1 or Tyk2 kinases.

B) Cryo-EM structure of 2:2:2 1L-10/IL-10Ra/IL-10Rp in two different views (PDB:
6X93). Dimerization of IL-10Ra/IL-10Rp induced by IL-10 leads to engagement of JAK1
and Tyk?2 kinases, and phosphorylation of JAK1 and Tyk2 as well as the ICDs of IL-10Ra
and IL-10Rp.
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Figure 11.
Cartoon representations of the overall structures of tetraspanin CD81 alone and in complex

with the B-cell coreceptor CD19.

A) Crystal structure of CD81 (PDB: 5TCX) reveals a cholesterol binding pocket.

B) Cryo-EM structure of the CD81/CD19 complex (PDB: 7JIC). The CTD of CD19 and
the flexible linker between CTD of CD19 and TM1 of CD81 are shown as schematic
representations.
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Figure 12.
Cryo-EM structure of 1:1 Teneurin (TEN2)/Latrophilin (LPHN3) complex (PDB: 6VHH).

Four domains of TEN2 (Toxin-like, p-propeller, p-Barrel, and Ig-like) and one domain of
LPHN3 (Lectin) are shown in the structure. The domains that are missing in the structure
are shown as schematic representations. TEN2 (green, shown in cartoon representation)
is localized to the presynaptic membrane, whereas LPHN3 (pink, shown in surface
representation with semi-transparency) is localized to the postsynaptic membrane.
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Figure 13.
Cryo-EM structure of the TCR-CD3 holo-complex. CD3 contains 4 chains- §, vy, e and

G that forms three dimers. Each of 6, -y and e chains contains an ECD, a TM and an

ICD contains an immunoreceptor-tyrosine-based activation motif (ITAM), whereas CD3(¢
contains a short extracellular loop, a TM and an ICD with three ITAMs.

The TCRa/TCRB/CD3 complex is assembled by the TCRap, CD3ye, CD38e, and CD3((C
dimers in a 1:1:1:1 stoichiometry. Activation of the complex by the antigenic peptide/MHC
complex leads to phosphorylation of ITAMs of CD3.
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List of SPTMRs determined by cryo—EMa’b
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Receptor : : Resolution
Fampily SPTMR Protein Complex Organism Domain® PDBID Year
IR IR/insulin (WT) Homo sapiens FL 6PXV 2019 3.2
IR IR/insulin (WT) Homo sapiens ECD 6SOF 2020 43
IR IR/insulin (WT) Homo sapiens ECD 6HNS 2018 3.2
IR IR/insulin (A-V3E) Mus musculus FL 7SL1 2022 3.4
IR/insulin (A-L13R)
IR symmetric Mus musculus FL 7SL3 2022 3.4
IR/insulin (A-L13R)
IR asymmetric Mus musculus FL 7SL2 2022 3.6
IR IR/insulin (B-L17R) symmetric ~ Mus musculus FL 7SL6 2022 3.7
IR/insulin (B-L17R)
IR asymmetric Mus musculus FL 7SL4 2022 5.0
IR IR/insulin (A-V3E/A-L13R) Mus musculus FL 7SL7 2022 31
IR/insulin (WT) unsaturated
IR symmetric Mus musculus FL 7STH 2022 35
IR/insulin (WT) unsaturated
IR asymmetric Mus musculus FL 7STI 2022 4.9
IR/insulin (WT) unsaturated
IR asymmetric Mus musculus FL 7ST) 2022 4.4
IGF1IR IGF1R/IGF1 Homo sapiens FL 6PYH 2019 43
IGF1IR IGFIR IGF1 Homo sapiens FL 6JK8 2019 5.0
IGF1R IGF1R IGF2 Homo sapiens ECD 6VWG 2020 3.2
Receptor Tyrosine c-Met c-Met/NK1 Homo sapiens ECD 7MOB 2021 5.0
Kinase ¢-Met c-Met/HGF Homo sapiens ~ ECD 7MO9 2021 4.0
RET RET/GDF15/GFRAL Homo sapiens ECD 6Q2J 2019 4.1
RET RET/GDNF/GFRal Homo sapiens ECD 6Q2N 2019 44
RET RET/NRTN/GFRa2 Homo sapiens ECD 6Q2R 2019 43
RET RET/ARTN/GFRa3 Homo sapiens ECD 6Q2S 2019 3.8
RET RET/NRTN/GFRa2 Homo sapiens ECD 6GL7 2019 6.3
RET RET/GDNF/GFRal Danio rerio ECD 7TAML 2021 35
HER2/Trastuzumab/ p
HER2 Pertuzumab Homo sapiens ECD 60GE 2019 4.4
HER2 HER3 HER2 (WT)/HER3 /NRG1pB Homo sapiens FL 7TMN5 2021 2.9
HER2 HER3 HER2 (S310F)/HER3 /INRG1pB Homo sapiens FL 7TMNG6 2021 31
HER2/HER3/NRG1p/ p
HER2 HER3 Trastuzumab Homo sapiens FL 7TMN8 2021 35
EGFR EGFR (WT)/EGF juxtaposed Homo sapiens FL 7SYD 2021 3.1
EGFR EGFR (WT)/EGF separated Homo sapiens FL 7SYE 2021 33
EGFR (WT)/TGF-a .
EGFR juxtaposed Homo sapiens FL 7SZ7 2021 34
EGFR EGFR (WT)/TGF-a separated Homo sapiens FL 7SZ5 2021 3.6
EGFR(L834R)/EGF .
EGFR juxtaposed Homo sapiens FL 7SZ0 2021 3.3
EGFR EGFR(L834R)/EGF separated Homo sapiens FL 7SZ1 2021 33
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Receptor SPTMR Protein Complex Organism in© PDBID Year Resolution
Family Domain
| PlexinA4 Sema3A/PlexinA4/Nrpl Mus musculus ECD 7MOR 2021 3.7
Plexin
PlexinC1 PlexinC1/A39R Homo sapiens ECD 6VXK 2020 31
Integrin avp8 avps Homo sapiens ECD 6DJP 2018 48
Integrin avp8 avp8/TGF-pl Homo sapiens ECD 6UJA 2020 33
Integrin

Integrin a5p1 a5p1/fibronectin Homo sapiens FL TNWL 2021 3.1
Integrin a5p1 a5p1 Homo sapiens FL 7NXD 2021 46
TLR3 TLR3/UNC93B1 Homo sapiens FLd 7C76 2021 34
TLR3 TLR3/UNC93B1 Mus musculus ,:Ld 7C77 2021 33

Toll-like receptor
TLR7 TLR7/UNC93B1 Homo sapiens ,:Ld 7CYN 2021 4.2
TLR7 TLR7/Cpd-7 Macaca mulatta ECD 6LW1 2020 2.8
Cytokine receptor 'I'ﬁggg IL-10Ra/IL-LORB/IL-10 Homosapiens ~ ECD  6X93 2021 35
PIgR IgM/J-chain/SC Homo sapiens sC 6KXS 2020 3.4
PIgR IgM/J-chain/SC Homo sapiens SsC 7KOC 2021 3.3
PIgR 1gA/J-chain/SC Homo sapiens SC 6LX3 2020 3.2
Fc Receptor PIgR 1gA/J-chain/SC/SpsA Homo sapiens SC 6LXW 2020 33
PIgR 1gA2M2/J-chain/SC Homo sapiens SsC 6UE7 2020 29
PIgR 1gA2M2/J-chain/SC Homo sapiens SC 6UES8 2020 3.0
PIgR 1gA2M2/J-chain/SC Homo sapiens sC 6UEA 2020 3.0

. ECD+
B cell Coreceptor CD19 CD19/CD81 Homo sapiens TMDd 7ic 2021 3.8
IGF2R IGF2R Bos taurus FL 6UM1 2020 35
IGF2 Receptor
IGF2R IGF2R/IGF2 Bos taurus FL 6UM2 2020 43
Cell Adhesion receptor Teneurin Teneurin/Latrophilin Homo sapiens ECD 6VHH 2020 3.0
TCR TCR/CD3 Homo sapiens R 6IXR 2019 37
T-cell receptor

TCR TCR/CD3/cholesterol Homo sapiens FLd TFJF 2022 3.2

aThis table was last updated in April, 2022.

b . . .
Abbreviations: SPTMR, single pass transmembrane receptor; FL, full-length; ECD, extracellular domain; SC, secretory component; TMD,
transmembrane; WT, wild-type.

C. . . . s
The domain of the constructs of receptors used in the studies. e.g. FL indicates full-length constructs of receptors were used for structure

determination.

a . . .
Indicates the structures in which the TMDs of the receptors are resolved. In other structures where FL constructs were used for structure
determination, TMDs were not resolved due to missing densities.
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