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Abstract

T-cell co-stimulation through CD28/CTLA4:B7-1/B7-2 axis is one of the exten-

sively studied pathways that resulted in the discovery of several FDA-approved

drugs for autoimmunity and cancer. However, many aspects of the signaling

mechanism remain elusive, including oligomeric association and clustering of

B7-2 on the cell surface. Here, we describe the structure of the IgV domain of

B7-2 and its cryptic association into 1D arrays that appear to represent the pre-

signaling state of B7-2 on the cell membrane. Super-resolution microscopy

experiments on heterologous cells expressing B7-2 and B7-1 suggest, B7-2 form

relatively elongated and larger clusters compared to B7-1. The sequence and

structural comparison of other B7 family members, B7-1:CTLA4 and B7-2:

CTLA-4 complex structures, support our view that the observed B7-2 1D zipper

array is physiologically important. This observed 1D zipper-like array also pro-

vides an explanation for its clustering, and upright orientation on the cell sur-

face, and avoidance of spurious signaling.
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1 | INTRODUCTION

B7-2 (CD86) is a type-1 transmembrane glycoprotein that
belongs to the immunoglobulin superfamily (IgSF) and is
expressed constitutively on antigen-presenting cells
(APCs).1 B7-2 and its close homologue B7-1 act as ligands
for the co-stimulatory/inhibitory receptors CD28/CTLA-4
present on T-cells. According to the two-signal model of
T-cell activation,2,3 T-cells receive the first signal, which
is antigen-specific, when the T-cell receptor (TCR) inter-
acts with the antigenic peptide-loaded MHC (pMHC) pre-
sent on the APC. The second co-signal, which is

nonspecific, is provided by either co-stimulatory or co-
inhibitory molecules that promote activation or suppres-
sion of the T-cell, respectively. The co-signal is provided
by the interaction of co-stimulatory/inhibitory receptors
of the CD28 family on the T-cell (CD28, CTLA-4, ICOS,
PD-1, etc.) with their cognate ligands that belong to the
B7 family present on APC.4 These co-signaling molecules
and clusters of adhesion molecules are shown to encircle
the TCR-pMHC complex and form an immunological
synapse (IS) between the T-cell and APC leading to a sig-
nificant event in T-cell activation.5–7 CD28/CTLA-4:
B7-1/B7-2 axis is one of the earliest discovered and most

Received: 13 April 2021 Revised: 16 June 2021 Accepted: 22 June 2021

DOI: 10.1002/pro.4151

1958 © 2021 The Protein Society. Protein Science. 2021;30:1958–1973.wileyonlinelibrary.com/journal/pro

https://orcid.org/0000-0002-5733-6694
https://orcid.org/0000-0002-2103-1653
https://orcid.org/0000-0003-1045-9838
mailto:ramagopal.udupi@gmail.com
http://wileyonlinelibrary.com/journal/pro


studied pathways where the interaction of CD28 with B7s
synergizes the T-cell activation,8 in contrast, the interac-
tion of CTLA-4 with B7s attenuates the same.9 The
opposing functions of CD28 and CTLA-4 have an impor-
tant role in maintaining peripheral tolerance and in
avoiding auto-immunity.10 Although B7-1 and B7-2
appear to have redundant functions, the differences in
their temporal expression, their affinities towards the
partners, and their oligomerization potential have
established them as nonredundant but functionally over-
lapping molecules.11 B7-2 is shown to be expressed con-
stitutively on APCs while B7-1 is induced following
activation.12 Likewise, among CD28 and CTLA-4, CD28
is shown to be constitutively expressed on the T-cells
while CTLA-4 is induced after activation. The equilib-
rium disassociation constants (Kd) of B7-2 for CD28 and
CTLA-4 are ~2.6 μM and ~ 20 μM, respectively, while the
corresponding values for B7-1 are ~0.2 μM and 4 μM,
respectively.13 Thus, the binding affinity of B7-2 for CD28
and CTLA-4 are ~5 to ~10 fold lower compared with that
of B7-1. Based on the differences in the expression pat-
terns, binding affinities and other supporting data per-
taining to these receptor-ligand partners, it has been
proposed that B7-2 is the preferential partner for CD28
and B7-1 for CTLA-4.14 The molecules of CD28 axis
have been shown to be in close proximity to the TCR:
MHC complex in the central supramolecular activation
complex (cSMAC) region of the IS and play a central
role in the regulation of T-cell activation.15 Demonstrat-
ing the prominence of these receptor-ligand interac-
tions, the manipulators of this pathway are proven to be
effective therapeutics to combat autoimmunity
(e.g., Abatacept, Belatacept-immunomodulatory drugs
that block CD28-B7-1/B7-2 interaction)16,17 as well as
cancer (e.g., the first-in-class mAb called Ipilimumab,
an immune checkpoint inhibitor that works by blocking
CTLA-4:B7-1/B7-2 interaction).18

Apart from the much-established role of B7-2 as a sig-
naling partner for CD28 and CTLA-4, recent studies sug-
gest an important role of B7-2 in hepatitis C virus (HCV)
entry, entry of adenovirus species, and the progression of
HIV infection.19–21 The immunomodulatory role of B7-2
along with other B7 family members in renal, breast, and
pancreatic cancers has also been elucidated.22–24 Hence,
there is a need for a detailed understanding of this pro-
tein with respect to its structure and physiological organi-
zation on the cell surface to strategically design
therapeutic molecules that are effective manipulators of
B7-2 mediated pathways.

B7-2 shares a sequence identity of only 26% with its
close homologue B7-1, yet both of them bind to CD28
and CTLA-4.25 The domain organization of B7 molecules
comprises a membrane distal IgV domain and a

membrane-proximal IgC domain, that extends into an
extracellular juxtamembrane linker (EJ-linker) followed
by a single-pass transmembrane domain and an intracel-
lular cytoplasmic domain (Figure S1A). The structure of
B7-1 ectodomain comprising both IgV and IgC domains
has been determined both in apo form and in complex
with CTLA-4.26,27 In contrast, the B7-2 structures
reported so far (including the present study and the one
in complex with CTLA-4) are only that of the IgV
domain.28,29 The IgV domain of B7-1/B7-2 harbor the
binding site of their cognate partners and the IgC domain
is proposed to stabilize the IgV domain and provide the
required length to interact with their cognate partners at
the IS. Both structural and biophysical studies have
shown that B7-1 is a homodimer in its apo form as well
as in complex with CTLA-4.26,27 In contrast, the apo B7-2
was shown to be monomeric in solution and in the crys-
tal structure,29,30 whereas based on the crystal structure
of B7-2:CTLA-4 complex, it was proposed that B7-2 forms
a receptor-induced dimer.28 The dimeric association of
B7-2 as seen in B7-2:CTLA-4 complex structure is very
similar to that observed for B7-1 dimer.28 Further, the
mode of association of B7-2 dimer with CTLA-4 dimer is
similar to the association of B7-1 dimer with CTLA-4
dimer (Figure S2). In both the complexes, continuous
and alternate arrangements of CTLA-4 dimer with B7-1
or B7-2 dimers observed in the crystal structures results
in a one-dimensional array mimicking the co-stimulatory
receptor-ligand interactions and clustering that is remi-
niscent of the immunological synapse proposed for this
class of molecules. Although, B7-2 exist as a monomer in
solution, it has also been shown that B7-2 exist as a clus-
ter, both on the vesicle and on the surface of the cell
membrane of dendritic cells by immunoelectron micros-
copy (IEM).31 Further, CTLA-4 dimer binds to B7-2 on
the surface of APC with high avidity, but with lesser avid-
ity in solution. Based on this observation and together
with other supporting data B7-2 has been proposed to
exist as clusters or oligomerizes on the APC even prior
to its interaction with CTLA-4.32 Notably, since both B7-2
and its preferred partner CD28 are constitutively
expressed,14 the presence of B7-2 as a pre-existing cluster
calls for a probable physiological significance. This kind
of pre-existing cluster is important for the avoidance of
spurious signaling in the case of Zap7033 and probably
might be true in the case of B7-2 too.

Numerous experimental observations largely support
the view that the nanoclustering of cell surface proteins
is a dominant organizing principle of the plasma mem-
brane.34 However, the physicochemical factors that gov-
ern the sorting of these macromolecules into specified
clusters with little overlapping on the cell membrane is
still a matter of debate. Popular models including the
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“lipid-raft” model35 and the “fence and pickets” model36

fail to capture and emulate the mechanistic details of spe-
cific association of a diverse class of proteins on the cell
surface. Indeed, among the many mysteries of the cell,
how cell-surface receptors stand in an orientation favor-
able to interact with their cognate partner (which we call
as “upright” orientation) is a question of interest. This
question is more pertinent particularly to those proteins
containing several extracellular domains (many IgSF
family members, adhesion molecules like cadherins,
etc.,) and with a single pass transmembrane helix travers-
ing through flexible cell membrane. Unfortunately, the
limitations of the existing biophysical and biochemical
techniques make it extremely difficult to visualize the
intricacies of the protein conformation and dynamics on
the cell membrane.37 Probably, transient and weak cis
oligomerization or clustering of these molecules, at least
in some cases, appears to provide the answer for the
unsolved puzzle of how monomeric cell surface proteins
stand in an “upright” orientation on the cell membrane.
Such cis association has been proposed for some of the
adhesion proteins and other proteins involved in immune
signaling.38–40 In particular, B7-2 being a monomer in
solution, either cis oligomerization or clustering appear
to support its “upright” orientation and effective function
on the cell surface.

Here, we present a high-resolution crystal structure of
the receptor-binding domain of human B7-2 solved at
1.9 Å with four molecules in the asymmetric unit (ASU).
The structure revealed a preferred and physiologically
relevant dimer-like orientation, where the C-terminal
ends of the IgV domains of associating molecules are in
proximity. Interestingly, the two dimers present in the
ASU are similar to each other, which is unusual consider-
ing the possibility of repetition of an accidental dimer-
like association being infinitesimally small. Crystal pack-
ing analysis suggests that each dimer in ASU is part of a
two distinct supramolecular organization of 1D zipper-
like array that runs through the crystal. The C-terminal
end of all the molecules in the array face in one direction
mimicking the situation required for clustering of these
molecules on the cell surface. Our super-resolution
microscopy experiments also indicate that B7-2 form
clusters on the cell-surface. We believe, the crystal struc-
ture provides the first atomic-level description of cluster-
ing of B7-2, which is driven by shape complementarity
together with polar interactions (velcro of weak interac-
tions) that drive the ordered association of these mole-
cules at higher concentrations. We are intrigued that the
observed dimer-like association in our crystal structure
probably represents a relic of transient weak oligomers
on the APC that is formed to avoid spurious signaling
events. Further, we validate our observations by

comparing them with many other protein structures
already reported and did a detailed bioinformatic analysis
to define the possible reasons that might be contributing
to the “upright” orientation of B7-2 on the cell surface.

2 | MATERIALS AND METHODS

2.1 | Cloning, expression, and
purification of B7-2

The hB7-2 gene spanning the IgV domain (Uniport Id:
P42081, amino acids 26–134) was cloned into
pNIC28-Bsa-4 vector by ligation independent cloning.41

The protein was overexpressed in BL21(DE3) competent
cells by inducing with 1 mM IPTG at 37�C. The protein
was insoluble and formed an inclusion body which was
purified and refolded by fast dilution method as described
in reference 30. The refolded protein was concentrated
and buffer exchanged to 20 mM HEPES, pH = 7.2,
150 mM NaCl, 1 mM EDTA using Amicon stirred cell
with 3KDa Molecular weight cut-off membrane and puri-
fied by FPLC on a superdex-75 size exclusion column.

2.2 | Crystallization of B7-2

The N-terminal 6xHis-tag was cleaved using Tobacco Etch
Virus (TEV) protease and the protein was further concen-
trated to 3.9 mg/ml using Millipore 3KDMW cut-off concen-
trator. The concentrated protein was screened with an
MCSG-2 crystallization screen from Microlytic, USA. The
crystallization was set up using the sitting drop vapour diffu-
sion method in 96-well Intelliplates (Art Robbins). Sitting
drops with a 1:1 mixture of 0.8 μl each of the protein solu-
tion (3.9 mg/ml of protein in 20 mM HEPES, pH = 7.2,
150 mM NaCl, 1 mM EDTA) and reservoir solution were
equilibrated against 50 μl of reservoir solution at room tem-
perature. Crystals appeared in more than five conditions.
However, most crystals appeared as an agglomeration of
several crystals. Best crystals from the condition containing
100 mM Tris–HCl, 2.4 M Ammonium phosphate dibasic
pH = 8.5 were flash-frozen in the mother liquor sup-
plemented with 20% glycerol as cryoprotectant.

2.3 | Data collection and structure
solution

Data sets were collected at the beamline MASSIF-3,
European Synchrotron Radiation Facility (ESRF), Greno-
ble, France, at a wavelength of 0.968 Å, on a DECTRIS
EIGER X 4M PIXEL detector and the best crystal
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diffracted to 1.90 Å resolution. As mentioned above, even
after several optimization trials, most crystals were looking
like an agglomeration of multiple lattices and diffraction
was consistent with such observation and required data col-
lection on several crystals. One of those crystals diffracted to
high-resolution and it was possible to index the lattice
parameters. The data sets were integrated and scaled using
the program HKL2000.42 The diffraction was consistent with
the space group P21. (a = 32.90, b = 81.64, c = 73.49,
β = 90.32�, solvent content 35.94%).

The structure was determined using the molecular
replacement program MOLREP with B7-2 IgV domain
structure (PDB entry: 1NCN) as a model.43 The structure
was refined using REFMAC5, CCP4-suite.44 Model build-
ing was carried out using the program COOT.45 The
model was improved further by iterative cycles of
restrained refinement followed by model improvement
with COOT. Final coordinates were refined with TLS
refinement and validated before submission to Protein
Data Bank (PDB entry: 5YXK). The details of the data
collection and refinement statistics are given in Table 1.

2.4 | Sequence conservation analysis

For sequence conservation analysis, the human B7-2
sequence (Uniprot Id: P42081) was chosen as a query
sequence and the BLAST search was done using the non-
redundant database of NCBI-BLAST.46 The residues 33–225
spanning the IgV and IgC domains of hB7-2 were used as a
query sequence. The initial hits were further filtered by
choosing a percent identity cut-off of minimum-50% and a
maximum identity cut-off of 95% with a query coverage of
85%. The resultant hits were manually curated to further
remove any close isoforms and a final list of 86 unique
sequences of B7-2 from different organisms was generated.
The sequences were aligned using the multiple sequence
alignment program Clustal Omega.47 For better visualiza-
tion, colored sequence alignment images were generated
using ESPript 3.048 and the sequence logos were generated
using BlockLogo.49 The sequence conservation analysis of
human B7-1 (Uniprot ID: P33681) was done in a similar
way with the residues 35–230 covering both IgV and IgC
domains. For sequence conservation analysis of B7-family
members, individual sequences of B7-family members were
taken from uniport and aligned using Clustal Omega.

2.5 | Super-resolution microscopy
experiment

Plasmid construction: The plasmid pEZ-M98 vector with
B7-1:GFP gene was a generous gift from prof. Steven

C. Almo, Albert Einstein College of Medicine, New York. To
generate plasmid with B7-2:GFP fusion construct, B7-2 and
monomeric GFP genes were fused with overlap PCR and the
B7-2:GFP fusion construct was cloned into pEZ-M98 vector
using the restriction enzymes BstbI and XhoI. Both B7-1 and
B7-2 genes have monomeric GFP as a C-terminal fusion to
their transmembrane domain that eventually places GFP in
the cytosol and the B7-2/B7-1 proteins will be tethered to the
membrane on the extracellular side. Monomeric GFP was
chosen as the fluorescent marker to avoid the influence of
dimeric GFP on the clustering of the proteins under study.

Mammalian cell culture and transfection: Neuroblas-
toma cells (Neuro-2a, ATCC CCL-131) were cultured in
DMEM supplemented with Glutamax, 1% fetal bovine
serum and 1% penicillin—streptomycin at 37�C. Cells
were grown in a 5% CO2 incubator as discussed previ-
ously.50 The transient transfection of the foresaid with
plasmids using Turbofect reagent (Thermo Fisher

TABLE 1 Data collection and refinement statistics for high

resolution structure of hB7-2

PDB code 5YXK

Source ESRF MASSIF-3

Wavelength (Å) 0.968

Resolution limits (Å) 36.74–1.90

Space group P 1 21 1

Unit-cell parameters (Å) a = 32.90, b = 81.64, c = 73.49,
β = 90.32�

No. of observations 125,778

No. of unique reflections 30,622

Completeness (%) 98.7 (97.8)

Mean I/σ(I) 11.82(3)

Rmerge on I† 0.107(0.351)

Rpim 0.057(0.243)

CC1/2 0.986 (0.780)

Redundancy average 4.1

Refinement statistics

Resolution limits (Å) 36.74–1.90

No. of reflections 28,723

Protein/water atoms 3603/81

Rwork 0.199

Rfree 0.248

Ramachandran plot
statistics %

97 (favoured), 3(allowed),0
(outlier)

Note: Values in parentheses indicate statistics for the high-resolution data
bin for X-ray and refinement data.
Rmerge =

P
hkl

P
ijI(hkl)i – <I(hkl) > j/Phkl

P
i < I(hkl)i>.

Rpim =
P

hkl {1/[N(hkl)�1]}1/2 � P
ijI(hkl)i � <I(hkl) > j/Phkl

P
i < I

(hkl)i>, where N is the redundancy.
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Scientific) as described in the manufacturer's guidelines
and consistent with previous reports.50,51 The cells
expressing B7-2:GFP and B7-1:GFP will be referred to as
B7-2 and B7-1, respectively. Morphologically similar cells
with comparable expression of B7-2 and B7-1 were cho-
sen for microscopy.50,51

2.6 | Immunocytochemistry

Neuro2A cells transfected with the plasmids were fixed with
4% paraformaldehyde and 4% sucrose in PBS for 10 min at
4�C and incubated in 0.1 M glycine in PBS for 5 min at
room temperature. Fixed cells were washed using 1XPBS.
Cells were permeabilized with 0.25% TritonX-100 in PBS for
5 min and washed with 1X PBS. Cells were treated with the
blocking solution (10%BSA in PBS) for 30 min at room tem-
perature. Then, cells were incubated with the primary anti-
body in 3% BSA in PBS for 1 h in a humidified chamber
and washed with 3% BSA in PBS. Next, the cells were coun-
ter labelled with secondary antibody in 3% BSA in PBS for
45 min in a humidified chamber and washed with IXPBS.
Prior to dSTORM imaging, the immunolabeled cells were
fixed in 2% paraformaldehyde and 2% sucrose in PBS for
10 min at 4�C and washed with 1XPBS. In the study, we
have used rabbit anti-GFP antibody (Thermofisher A-11122)
with the dilution of 1:1000 and anti-rabbit Alexa fluor-647
dye with the dilution of 1:500 (Invitrogen, A-21245).

2.7 | dSTORM imaging

dSTORM imaging was performed using a super-resolution
PALM/STORM microscope (Roper Scientific, France) cus-
tomized with a motorized inverted Olympus microscope
(IX83). The imaging was carried out using �100
TIRF/1.49NA at an inclined TIRF angle at the near mem-
brane surface using 647 laser. dSTORM imaging was done as
described in Reference 52,53. Under these experimental con-
ditions, the precision of localization for single molecules in
dSTORM was between 21 ± 4.3 nm for Alexa 647 as quanti-
fied from 2D intensity distributions of 25 isolated single mol-
ecules. Sub diffraction limited fiduciary markers of 100 nm
diameter (Invitrogen, cat. no. T7279) were used to correct for
2D drift occurring during dSTORM acquisition.52,53

2.8 | Image analysis and segmentation:
Analysis of nanoscale clusters and shape
factors

Clusters of high molecular density (nanodomains) were
identified from super-resolution images by a custom

algorithm written as a plug-in supported by MetaMorph
as described earlier.53,54 Nanodomains were quantified
using bi-dimensional Gaussian fitting, from which the
principal (2.3σ long) and the auxiliary axes (2.3σ short,
data not shown) were determined.53–55 The fitting was
performed on each cluster that was identified as a
domain. The parameters like area and intensity of
nanodomain were computed for each category.53,55 Shape
factors for the nanodomain were calculated as the ratio
of the minor (axillary axis) to major (principal axis).

The morphometric analysis was also validated with
the reference protein PSD95 as reported previously.53 All
experiments and analysis were performed to minimize
the errors in quantifying morphology and molecular con-
tent of nanodomains.56,57

2.9 | Statistical analysis

Graphing and statistical significance was performed
using Graph pad prism version 7.04 for windows. All sta-
tistical values were shown as Median-IQR (25–75%).
Statistical significance was carried out using Mann–
Whitney test. Significance was represented by p values
described as ***p < 0.001 and ****p < 0.0001.

3 | RESULTS AND DISCUSSION

3.1 | Dimer-like association of B7-2

The B7-2 IgV domain (residues 0–109, numbering starts
after the signaling peptide) was crystallized in the P21
space group with four molecules in the ASU, named—
chains A, B, C, and D (Figure 1a) The structure was
refined to Rwork and Rfree of 19.9% and 24.8%, respec-
tively, using the data to 1.9 Å. Electron density is con-
tinuous for all the residues ranging from 0 to 109 in all
the four molecules observed in the ASU. The overall
structure is geometrically well defined with 100% resi-
dues in the favorable/allowed regions of the Ram-
achandran plot. A total of 410 residues and
81 molecules of water are present in the ASU. The
details of the data and refinement statistics are given in
Table 1. All the four molecules in the ASU assume simi-
lar antiparallel β-sandwich domain architecture charac-
teristic of the Immunoglobulin superfamily members.
The β-sandwich architecture is formed by the antiparal-
lel β sheets, A'BED constituting the back face and the
sheets GFCC0 and C00 forming the front face. The front
face together with the CC0 and FG-loops of B7-2, harbor
residues responsible for binding to CTLA-4.28 All the
four molecules of the ASU are similar to each other
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(Figure S1B) with an average RMSD of 0.747 Å as calcu-
lated by the program SUPERPOSE (CCP4i).58 The four
molecules in the ASU forms two identical dimer-like
associations involving chains AB and CD. Both the
dimers are similar to each other with a Cα RMSD of
0.761 Å which is close to RMSD observed between the
monomers. The dimer-like interface is formed by three
close backbone to backbone hydrogen bonds between
N-terminal A strands of both the interacting molecules.
Additionally, five potential hydrogen bonds between
the protomers of the dimer involving residues Lys2,
Gln4, Tyr6, Thr10, and Asp12. Further, such an
arrangement results in an extended and highly twisted
β-sheet comprising 12 β strands (A, G, F, C, C0 and C00

strands) from the front-face of both protomers involved
in the dimer-like association, where each protomer con-
tribute six β strands to the extended β-sheet (Figure 1b).
This mode of association brings the C-terminal of the
IgV domain (the linking region between the IgV domain
and IgC) of two associating molecules close in space
separated by a distance of ~18.6 Å (Figure 1c). The
interface area buried due to dimerization is around
504 Å2. Interestingly, this mode of association of mem-
brane distal IgV domains with the C-termini from the
associating monomers facing in the same direction

appears to be biologically relevant in the context of two
monomers emanating from a single cell forming
homodimers (cis-dimers). To ascertain whether or not
this novel dimer-like structure is a result of the altered
monomeric structure of the B7-2-IgV domain, we com-
pared the overall structure of the B7-2-IgV domain
reported here with the earlier reported structures. The
structure of the individual IgV domain is similar to pre-
viously determined apo structures of the B72-IgV
domain (two molecules in ASU; PDB-entry 1NCN,
space group P21212) (Figure S1C). Structural compari-
son revealed that Cα RMSD values vary between a mini-
mum of 0.474 Å and a maximum of 1.074 Å with an
average of 0.809 Å. Similarly, these values when com-
pared with B7-2 in the structure of B7-2: CTLA-4
complex (PDB-entry 1I85) had an average Cα RMSD of
1.036 Å, with a maximum deviation of 6.4 Å observed
for Thr93 on the FG loop involved in CTLA-4 binding.
Despite the similarity in their monomeric structures,
the mode of dimer-like association of two B7-2 IgV
domains observed in all three structures differs consid-
erably. However, it is interesting to note that the three
structures (PDB entries: 1I85, 1NCN, and 5YXK) crys-
tallized in different space groups contain at least one
dimer-like orientation with the C-terminus of the

FIGURE 1 (a) Cartoon representation of four B7-2 molecules in the asymmetric unit labelled as chains A, B, C, and D. Chains AB and

CD forms two similar dimers. (b) Dimer interface is mediated by three close hydrogen bonds (shown as red dotted lines) between A strands

of two protomers of the dimer. The continuous beta sheet formed by the strands A, G, F, C, C0, C00 of both the protomers of the dimer is

shown in cartoon representation while the surface view of rest of the molecule is made transparent. (c) Cartoon representation of chain A

and chain B is shown in VIBGYOR colours. The N-terminus of both chains is in violet and the C-terminus of both chains is shown in red.

Note that the C-terminus of both the associating chains is facing the same direction and are placed close together. The same orientation is

maintained with respect to chains C and D in the asymmetric unit
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interacting monomers facing in the same direction
(Figure S1D[i-iii]).

Whether the dimer-like association observed in our
B7-2 structure has any physiological significance or a ser-
endipitous occurrence is a question of interest. Although
this kind of dimer-like association is seen for the first
time in the case of B7-2, we have found a similar dimer-
like association in the case of mouse 2B4 (CD244) (PDB-
entry: 2PTU)59 and human CD58 (PDB entry: 1QA9;
chains B and D; Figure 2a–c). Similar to the continuous
and fused beta-sheet observed in the B7-2 structure
reported here, front-face β-strands of the two associating
molecules fuse together to form an extended twisted
β-sheet in the above referred two structures too. Further,
this mode of association positions the C-terminal ends of
both the protomers of the dimer in proximity similar to
that observed in our B7-2 dimer-like structure. Similar
association has also been observed in many IgV domain-
containing structures. For example, five different crystal
structures involving TIGIT (apo and complex structures,
PDB entries: 3Q0H, 3RQ3, 3UCR, 3UDW, and 5V52)
(Figure S3A). In all the cases, the back-face to back-face
association is conserved and this association although
results in a slightly different relative orientation of proto-
mers of the dimers, involves fusing of β strands of associ-
ating protomers to form a single β sheet. Biochemical and
cell based experiments confirm that the crystallographi-
cally conserved association is important for clustering
and signaling through TIGIT/CD226:PVR/nectin-2 axis.60

A similar edge-edge strand association is observed in four
different crystal structures of PD-L1 (PDB entries: 4Z18,
3FN3, 5JDR, 3BIS). Here, in contrast to the other exam-
ples, the fusing of β-strands is observed in IgC domain of
PD-L1 but not in the IgV domain (Figure S3B). In the
example of Axl-Gas6 (Growth arrest-specific gene-6), Axl
is a receptor tyrosine kinase which interacts with the
ligand-Gas6 and the major interaction surface between
them is formed by the β-strands of Axl and Gas6 which
align edge-to-edge forming a continuous β-sheet involv-
ing both the interacting molecules (Figure S3C).61 Thus,
the fusing of β-strands appears to be a more common
mode of association in both homomeric as well as hetero-
meric interactions. A detailed analysis on the occurrence
of fused β-sheets or β-strand interfaces between non-
dimeric proteins that form transient oligomers is reported
earlier and its physiological significance has been dis-
cussed elaborately.62

3.2 | Is the observed dimer-like
association physiologically relevant?

Analytical ultra-centrifugation, gel filtration and native
PAGE analysis suggest B7-2 is a monomer in solution30,63

and FRET as well as BRET analysis are also suggestive of
its monomeric conformation on the membrane.64,65 In
the BRET analysis, B7-2 was used as a standard for
monomer together with CD2 with an the assumption that

FIGURE 2 Dimer like association observed in hB7-2 structure is similar to that of mouse CD244(2B4) and human CD58 structures.

(a) mouse CD244 (PDB entry: 2PTU) structure shown in cartoon representation. (b) human CD58 (PDB entry:1QA9) structure shown in

cartoon representation. (c) structures of CD244 and CD58 superposed on B7-2(PDB entry: 5YXK; structure reported in this study) and

represented in ribbons. The colours in all the three figures are maintained in VIBGYOR where the N-terminus is shown in violet and the C-

terminus is shown in red. Note that all three structures are oriented in a similar fashion and the C-termini of both protomers in all the

structures face the same direction in a biologically relevant orientation
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the BRETeff maxima observed for B7-2-Luciferase and
B7-2-GFP-, BRET-pair represent signal from the mono-
mer. Although B7-2 monomers were observed in the
FRET based study. It should be noted that the protein
construct used here, however, contains an altered
sequence in the EJ-linker part and they propose the pos-
sibility of B7-2 oligomerization and clustering at higher
concentrations.64 This situation leads to the question,
whether the observed association of B7-2 molecules has
any relation to expected oligomerization and cluster-
ing31,64 on the cell surface or in some way helps in the
upright orientation of B7-2 molecules on the cell surface
or is just an artifact of crystal packing? However, the
observed dimer-like association appeared physiologically
relevant for the following reasons (1) the front face
β-sheets of associating monomers are fused together to
form a single twisted β-sheet running through both mole-
cules, which is also observed in the structures of few
other important immune receptors (2) assuming such an
association is accidental, the probability of repetition of
similar dimers in the ASU is infinitesimally small and
generally observed only in the case of real dimers. At this
stage, we speculated that if this association(cis-dimer) is
true, it might probably help in the “upright” orientation
of B7-2 and hence positions the receptor-binding IgV
domain distal to the cell membrane. Since the structure
is of only IgV domain, for the observed cis-dimer to be
relevant, the dimer-like cis-association should satisfy the
following criteria (1) the IgC domain attached to the cis-
dimer of IgV domain should be accommodative without
any clash or the linker connecting the two domains
should be flexible enough to allow large re-arrangements
(2) the predicted glycosylation sites should not be the part
of the dimeric interface. Since the complete ectodomain
structure of B7-2 with IgV and IgC domains is not yet
reported, we have employed a systematic study compar-
ing the related structures to answer the above questions.

3.3 | A conserved inter-domain motif of
the B7 family

The relative orientation of IgV and IgC domains is
expected to have a role in the stability of B7-2
ectodomain, as too much interdomain flexibility could be
detrimental to its upright orientation. To this end, we
first analyzed the structure of its closest homologue,
hB7-1. From this structure (PDB entry: 1DR9), it was
clear that the relative orientation of IgV and IgC domains
of hB7-1 is constrained by a hydrophobic core formed by
the residues Val8, Pro74, Val104, Ala106, Phe134, and
Leu163 (Figure 3a). Of these residues, Val8, Pro74,
Val104 are part of the IgV domain, and the residues

Phe134, Leu163 are from the IgC domain and Ala106 lies
on the linker connecting the two domains. The role of
the interdomain hydrophobic core on the probable
upright orientation of the hB7-1 was speculated in an ear-
lier study.27 To understand whether this hydrophobic
core is also conserved in hB7-2, we modelled the struc-
ture of hB7-2 ectodomain (containing both IgC and IgV
domains) using the program I-TASSER.

The modelled structure of B7-2 and the crystal struc-
ture of B7-1 superposed well with each other (Figure 3a).
Although the core structures of the IgC domains are gen-
erally similar, the sequence of the B7-2 IgC domain
shows low sequence identity with any known IgSF struc-
tures, and hence the conformation of the loops varied
between different models created by the same program
and between different programs used. Similar to hB7-1, a
hydrophobic core between IgV and IgC domains con-
sisting of residues Phe8, Ile78, Val108, Ala110, Tyr139,
and Leu172 connect the two domains. Hence, although
there might be some flexibility, the two domains of B7-2
appear to maintain the relative orientation (Figure 3a).
We wondered whether this important structural feature
observed in both the human B7 structures is conserved in
other species. Sequence analysis of both B7-1 and B7-2,
across species with a sequence identity cut-off of
min50%–max95% (and with a query coverage of at least
85%) revealed that the inter-domain hydrophobic core is
conserved across species in both B7-1 and B7-2
(Figure 3b,c). At this stage, we superposed the modelled
B7-2 ectodomain containing both IgV and IgC domain
onto individual protomers of the observed β-sheet fused
dimer of B7-2 IgV (reported in this study). It was con-
firmed that the IgC domains thus superposed do not
result in any clash (Figure S4), suggesting the front-face
fused dimeric association is possible in the presence of
the IgC domain. All these observations, together
supported the view that the interdomain hydrophobic
core indeed has a significant role in the structural integ-
rity of B7-1 and B7-2 proteins and the observed β-sheet
fused dimer accommodates the IgC domain without any
clash.

To know whether the inter-domain core is a con-
served feature in other B7 family members too, multiple
sequence alignment of human B7 family members
(hB7-1, hB7-2, hB7-H1, hB7-DC, hB7-H2, hB7-H3,
hB7-H4, hB7-H6) using Clustal Omega confirmed that
the hydrophobic core-forming residues are conserved
among all the B7-members (Figure 4a). The sequence
alignment also revealed an interesting feature that the
inter-domain hydrophobic core contains a conserved
-Phe/Tyr-Pro (-F/Y-P)- cis-peptide motif in all the B7
family members (Figure 4a,b). Interestingly, despite the
low sequence identity among B7 family members, proline
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involved in the cis-peptide is the only residue that is 100%
conserved other than the cysteines involved in the canon-
ical disulfide bridge common to the IgSF family
(Figure 4b). Also, F and Y together are 100% conserved.

To understand the role of the -F/Y-P- cis- peptide
motif, we analyzed all the available structures of B7 fam-
ily members. Our analysis revealed that the aromatic resi-
due (Phe or Tyr) of -F/Y-P- cis-peptide motif stacks
between the hydrophobic residues of both IgC and IgV
domain at the interdomain region and the proline of the
cis peptide restricts the orientation of the adjacent aro-
matic residue (F/Y) towards the hydrophobic core
(Figure 4c). Thus, -F/Y-P- cis-peptide appears to be cru-
cial for maintaining the interdomain hydrophobic core
and this core, in turn, might be very crucial in restricting
the relative orientation of the two domains in an upright
position. Further, hB7-2 contains eight predicted glyco-
sylation sites at positions 8, 22, 110, 121, 129, 152,
167, and 188 (as per Uniprot Id: P42081 and the number-
ing is based on the sequence devoid of the signal pep-
tide), out of which, two sites are in the IgV domain, five
are located in the IgC domain and one site lies in the
linker connecting both the domains. Among all
the predicted glycosylation sites, only the one at position

8 has been identified at the interface of the observed B7-2
dimer (Figure S4). But close examination of the structure
reveals that the sidechain of Asn8 protrudes out of the
dimeric interface and the glycan at this position do not
hinder the observed dimer-like association.

As mentioned earlier, a 11-residue juxta-membrane
linker connects the B7-2 ectodomain with the single-pass
transmembrane domain. The flexibility of this linker is
also expected to have an impact on the expected
“upright” orientation of B7-2 on the cell surface. Interest-
ingly, this linker connecting the IgC domain and the
transmembrane domain of B7-2 is rich in conformation
constraining proline residues, where a total of five pro-
lines with three in tandem are observed in the sequence
(237EDPQPPPDHIP247). This proline-rich sequence sug-
gests that the linker is probably not very flexible. Overall,
all the above observations suggest that the ectodomain of
B7-2 including the linker is probably rigid enough and
hence, even a pliant interaction at the membrane distal
IgV domain is sufficient enough to support the “upright”
orientation of the complete ectodomain. The front face
fused dimer observed here, although weak, is probably
capable of providing enough support to keep the B7-2
ectodomain in an erect orientation on the cell surface.

FIGURE 3 Comparison of

complete ectodomain structures

of hB7-1 (1DR9-green) and

hB7-2 modelled with I-TASSER

(blue). (a) Ectodomain structure

with both IgV and IgC domains

of hB7-1 superposed on

ectodomain structure of hB7-2

modelled with ITASSER. The

superposition reveals over-all

similar domain architecture of

hB7-1 and hB7-2. The enlarged

view of superposed interdomain

core of hB7-1 and hB7-2 shows

similar hydrophobic interactions

in both the structures.

(b) Sequence logos representing

conserved hydrophobic residues

in interdomain core in hB7-1

and (c) in B7-2
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3.4 | B7-2 cluster to form a 1D molecular
zipper

Analysis of the crystal-packing leads to another surprise
that B7-2 dimers cluster and form 1D nanowire of width
around 7 nm (~73 Å) running parallel to crystallographic
a-axis (Figure 5). The association of both the dimers

named AB and CD in the ASU is similar, and each dimer
is a part of two distinct 1D arrays that are antiparallel to
each other. In this arrangement, the parallel association
of dimers creates wedges and groves at the end of the
growing 1D nanowire, which is highly complementary to
the wedges and groves on the incoming dimer. Further,
the C-terminal end of all the molecules in the array are

FIGURE 4 F/Y-P cis-peptide in interdomain hydrophobic core is a signature of B7 family members. (a) Sequence logo representing

conserved hydrophobic residues in the interdomain core of human B7-family members. The logo was generated from multiple sequence

alignment of human B7-family members (hB7-1, hB7-2, hB7-H1, hB7-H2, hB7-H3, hB7-H4, hB7-DC, and hB7-H6). cis-peptide forming

proline183 which is 100% conserved and the adjacent aromatic residue F/Y182 are highlighted in rectangular box. (b) MSA of human

B7-family members. Note that, despite the over-all similarity among the sequences being very less, the cis-peptide proline is 100% conserved

besides the IgSF characteristic canonical disulfide forming cysteines. 100% conserved residues are highlighted in red. (c) Superposition of

interdomain hydrophobic core of the available structures of B7-family members—hB7-1 (PDB entry:1DR9; green), hB7-H1(PD-L1; PDB

entry: 3BIS; orange), mB7-DC (PD-L2; PDB entry:3BP5; red), and hB7-H6(PDB entry:3PV7; blue). F/Y-P cis peptide is highlighted with a

red-dotted circle. Note that the proline of cis-peptide restricts the adjacent aromatic ring to face the hydrophobic core

FIGURE 5 B7-2 IgV forms a physiologically relevant 1D molecular zipper in the crystal: one-dimensional zipper like molecular array

running parallel to the crystallographic a-axis Note that much of the surface of B7-2 is buried while its CTLA-4/CD28 binding surface,

highlighted in light gray, is exposed for all the molecules of the array. The C-termini of all the molecules (shown in red) is facing one

direction as if emerging from membrane of a single cell
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in the same direction, as if these clustered molecules
are emerging from the surface of the same cell. The
dimerization of B7-2 and wedge-to-grove arrangement of
these dimers in a 1D zipper-like association bury a signif-
icant surface area (~1550 Å2) of each molecule. Consis-
tent with the burial of the significant surface area of each
molecule, the observed number of water molecules in the
ASU were very less (81 water molecules for 500 residues
in ASU). In a 2.0 Å resolution structure, typically the
number of water molecules that can be located from
the electron density is approximately equal to the num-
ber of residues in the ASU, which should have been
around 500 water molecules. To understand the orienta-
tion and packing of IgC domains in this array, the indi-
vidual molecules of the complete ectodomain of modeled
B7-2 (IgV + IgC) were superposed onto each molecule of
the 1D cluster of the IgV domains. It was observed that
the IgC domains of each dimer make crisscrossed interac-
tions with the IgC domain of the succeeding and preced-
ing dimers. This way both IgV and IgC domains of each
dimer, interact with both preceding and succeeding
dimers. However, as mentioned above, the modelling of
loops on the IgC domain by any of the programs used (I-
TASSER, SWISS-MODEL, Robetta) did not give consistent
information on the conformation of the loops probably
due to the very low sequence identity of the B7-2 IgC
domain with any known structures in wwPDB. Hence,
additional studies will be required to determine the com-
plete structure of the ectodomain of B7-2 including juxta-
membrane proline-rich sequence to validate our model.

3.5 | Evaluation of B7-2 clustering on the
cell surface using super-resolution
microscopy

Clustering of B7-2 along with that of MHCII was reported
earlier on dendritic cells.31 To verify whether B7-2 alone
forms clusters, we performed dSTORM microscopy on
heterologous cell lines expressing B7-2 and counter label-
ing against the GFP using a combination of anti-GFP
antibody and secondary antibody tagged to Alexa647. For
comparison, we decided to verify the clustering propen-
sity of both B7-2 and B7-1 on the cell surface. The super-
resolved image of B7-2 showed nanoscale compartmen-
talization of these molecules (Figure S5A–F). A gallery of
nanodomains of B7-2 with varying morphology is pres-
ented in Figure 6a. Bidimensional gaussian fitting indi-
cated that the larger principal axis of these domains to be
0.16 μm (IQR: 0.10–0.26 μm; Figure 6c). Shape factor was
calculated as a ratio of the minor (auxiliary axis) to the
major (principal axis) as obtained for the gaussian fitting
of nanodomain (Figure 6d). The shape factor for B7-2

was observed as 0.75 (IQR: 0.53–0.89). The intensity of
B7-2 in these nanodomains was observed to be 6.61 Gy
levels (IQR: 4.56–10.63; Figure 6e). These data indicated
that B7-2 is organized into diffraction-limited domains.
To verify if this was indeed an organizational signature of
B7-2, we collected additional dSTORM images of B7-1
expressing cells, where the protein is known to form sta-
ble homodimers. A gallery of nanodomains obtained for
B7-1 is presented in (Figure 6b). It was observed that the
principal axis of nanodomains of B7-1 was significantly
lower than B7-2. The principal axis of B7-1 was 0.11 μm
IQR (0.08–0.18 μm) (Figure 6c). Next, we probed the
morphology of the nanodomain for B7-1 by evaluating
the shape factors. The distribution of the shape factors
confirmed that nanodomains of B7-2 were more ellipsoi-
dal than the nanodomains of B7-1 (0.84, IQR: 0.63–0.93)
(Figure 6d). This indicates that the inherent clustering of
B7-2 and B7-1 are different, and elongated or ellipsoidal
organization is observed for B7-2. We then evaluated if
there are any differences in the density of molecules in
the nanodomains. We extracted cluster intensity for each
condition. We found that in the case of B7-1 (6.49; IQR
4.61–9.56; Figure 6e), the cluster intensity was reduced in
comparison to B7-2.

3.6 | Is the cluster functionally relevant?

We pondered, whether the CTLA-4 or the CD28 from the
opposing cell can access the binding site on B7-2 involved
in clustering? The key interacting residues of the CTLA-4
and the CD28 are located on the FG loop, which is identi-
cal (sequence: -MYPPPY-) between the two proteins. The
binding site for CD28/CTLA-4 on B7-2 has already been
defined based on the mutational studies.66 Further, the
crystal structure of the CTLA-4:B7-2 complex also gives a
detailed information on their binding interface,28

although no structural details of the CD28: B7-2 complex
are available. As mentioned before, in the 1D array, the
major part of the exposed surface on B7-2 is the binding
surface of CTLA-4/CD28. Also, the exposed binding site
is carved out of the CC' loop, the front-face and the FG-
loop of B7-2 IgV domain and this binding site is located
on both sides of the array (Figure 5). Further, from the
crystal structures of apo and CTLA-4 bound B7-2, it can
be observed that the FG-loop undergoes a slight confor-
mational change of ~6.4 Å upon CTLA-4 binding. Consis-
tent with this observation, the FG-loop of B7-2 is a part
of the exposed surface and is free to accommodate con-
formational changes required for CTLA-4 binding. Fur-
thermore, superposition of B7-2 from B7-2:CTLA-4
structure containing an individual molecule of B7-2 and
CTLA-4 (PDB entry: 1I85) on to the individual domains
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of observed B7-2 array, positions the monomeric CTLA-4
molecules without any clash. Moreover, this arrangement
of B7-2 and CTLA-4 places their C-termini in opposite
direction that is appropriate for CTLA-4 molecules from
the juxtaposed cell (Figure S6A). The above observations
collectively assert the physiological relevance of observed
B7-2 clustering.

As mentioned before, the dimer-like association of
B7-2 in our structure resembles that of human CD58
(in hCD2-hCD58 complex, PDB entry: 1QA9). hCD2
expressed on T-cells and NK cells makes heterophilic
interaction with hCD58 (LFA-3) expressed on APCs.67

Both CD2 and CD58 belong to the subset of IgSF and
mediate the adhesion of T-cell and APC. Moreover, they
are shown to be part of cSMAC where CD28: B7 mole-
cules are also clustered at the IS.15 Surprisingly, in the
CD58:CD2 complex, CD58 forms 1D zipper-like array
similar to what we observed in our B7-2 structure. Fur-
ther, while most of the surface of CD58 is buried in the
array, the CD2 binding site located on either side of
the array is exposed (similar to the CTLA-4 binding site

on the B7-2 array). In fact, the superposition of one of the
dimers of the B7-2 array onto the CD58 dimer of the
CD58 array superposes the complete array with each
other. Also, in the hCD2:hCD58 structure (PDB entry:
1QA9), CD2 binds along and on both sides of the CD58
array as if the two partners approach from juxtaposed
cells (Figure S6B). This might also explain the conun-
drum of a high 2D affinity exhibited by these molecules
on cell surface despite their low affinity and faster disso-
ciation rates.68–70 It appears to be inevitable for constitu-
tively expressed molecules like B7-2, to have an efficient
mechanism that avoids spurious signaling. In the case of
T-cell receptors (TCR) and Lat, it has been proposed that
clustering and spatial segregation of these receptors have
a role in the avoidance of spurious ZAP-70 activation.33

Similarly, if the self-clustering of B7-2 is also designed to
avoid spurious signaling, then, the architecture of such a
cluster should hinder unintended association of CD28/
CTLA-4 dimer with B7-2 on the opposing cell and conse-
quent signaling. On the other hand, this clustering
should not completely bury the CTLA-4/CD28 binding

FIGURE 6 Super-resolution microscopy to observe clustering of B7-2: A and B represents the gallery of nanodomains for B7-2 and B7-1,

respectively. Top panel represents the nanodomains having shape factor 0.75 to 1 and the panel below represents the nanodomains having

shape factor <0.75. C, D, and E indicate the principal axis, shape factor and average intensity for the nanodomains of B7-2 and B7-1,

respectively. n = 4,661 nanodomains for B7-2 and n = 9918 nanodomains for B7-1. Data points represent interquartile range-Median

(IQR25% to 75%). Statistical test is Mann–Whitney test; ***p < 0.001 and ****p < 0.0001. Scale bar at A and B is 0.5 μm
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surface on B7-2 making its interaction with the receptors
difficult. Superposition of B7-2 from CTLA-4:B7-2 com-
plex (in this case with a CTLA-4 dimer, PDB entry:1I85)
on to a B7-2 monomer on the array suggests that when
one molecule of the CTLA-4 dimer binds B7-2, the sec-
ond protomer of the CTLA-4 dimer is positioned away
from the array without any interaction with the array
(Figure S7A). The observation is consistent with the
expected behavior, as the mode of B7-2 dimerization in
the pre-existing array observed here should be different
from that of receptor-induced dimeric B7-2 array which
has an alternate 1D arrangement of induced B7-2 dimers
and CTLA-4 dimers. Then the question remains, how the
pre-existing B7-2 1D array or cluster rearrange to form
induced dimer?

During the activation phase of the T-cell, the expres-
sion of cognate partners of B7-2 are upregulated on the
T-cell and are abundantly available at IS. To mimic this
situation, we engaged all the B7-2 molecules of the 1D
array with the CTLA-4 dimer to verify whether the pre-
existing cluster can accommodate the over-expressed
receptors. It was interesting to observe that the second
protomer of each CTLA-4 dimer (which is not interacting
with B7-2 on the array) makes steric clash with adjacent
CTLA-4 molecules, suggesting this array cannot accom-
modate two dimers adjacent to each other on the array
(Figure S7A). Probably, the strain exerted on the weak
B7-2 assembly due to successive association of strong
disulfide-linked CTLA-4 dimers on to B7-2 results in dis-
sociation of the pre-existing B7-2 assembly. This paves
way for its rearrangement into alternate B7-2 and
CTLA-4 dimers resulting in a 1D lattice as observed in
the crystal structure of CTLA-4:B7-2 complex
(Figure S7B) that is proposed to represent postsynaptic
situation. This way, the observed B7-2 clustering proba-
bly avoids spurious signaling despite its constitutive
expression, and only sufficient expression and concentra-
tion of dimeric cognate receptors (CTLA-4/CD28) can
dissociate the pre-signaling cluster of B7-2 and induce
signaling.

4 | CONCLUSION

Compartmentalization of receptors on the membrane
and their dynamics are the key regulators of cell signal-
ing. Despite its importance, the exact nature of these clus-
ters and the underlying principles that govern the
organization of these cell surface proteins are not clear.
The B7-2 array presented here appears to provide impor-
tant insights on the signaling through CTLA-4:B7-2 axis.
First, it provides insight regarding how monomeric pro-
teins like B7-2 stand upright on the cell surface keeping

their IgV domains (that interacts with the receptors) distal
to the membrane. Second, such inherent self-association
into an array is the probable reason for the observed B7-2
clustering on the cell surface, where 1D arrays can stack
adjacent to each other on the cell-surface forming clusters of
different architecture and size. Thirdly, the array appears to
provide an explanation for the avoidance of spurious signal-
ing and rearrangement into a receptor-induced dimer in the
presence of sufficient expression of CTLA-4 dimers on the
juxtaposed T-cell. Although, super-resolution microscopy
experiments suggest that B7-2 clusters are relatively larger
and elongated compared to B7-1 cluster, we could not
resolve the association preference of these molecules on the
cell surface. Unfortunately, we lack the tools and techniques
to observe such an array with a width close to 7 nm (super-
resolution microscopy, which is proposed to supersede its
theoretical limit of 200 nm can only reach around 10–
20 nm). We believe, in the future, electron-tomography or
other similar techniques will resolve the mysteries related to
compartmentalization and clustering of these signaling
receptors.
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