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A B S T R A C T   

Human Leukocyte Antigen (HLA) complexes are critical cell-surface protein assemblies that facilitate T-cell 
surveillance of almost all cell types in the body. While T-cell receptor binding to HLA class I and class II com
plexes is well-described with detailed structural information, the nature of cis HLA interactions within the plasma 
membrane of the surveyed cells remains to be better characterized, as protein-protein interactions in the 
membrane environment are technically challenging to profile. Here we performed extracellular chemical 
crosslinking on intact antigen presenting cells to specifically elucidate protein-protein interactions present in the 
external plasma membrane. We found that the crosslink dataset was dominated by inter- and intra-protein 
crosslinks involving HLA molecules, which enabled not only the construction of an HLA-centric plasma mem
brane protein interaction map, but also revealed multiple modes of HLA class I – HLA class II interactions with 
further structural modeling based on crosslinker distance restraints. Collectively, our data demonstrate that HLA 
molecules colocalize and can be densely packed on the plasma membrane.   

1. Introduction 

Proteins on the outer cell surface are critical determinants of cell-cell 
interactions and how cells respond to their surroundings. From me
chanical support to signal transmission, many of these processes require 
multi-protein assemblies in the plasma membrane, for example integrins 
in focal adhesion (Sun et al., 2016), or T cell receptors and CD3 mole
cules in the immunological synapse (Alcover et al., 2018). In the specific 
case of GPCR activation, structural changes of plasma membrane pro
teins may also be required to kickstart a short pulse of downstream and 
intracellular signaling (Gurevich and Gurevich, 2017). Studying such 
membrane complexes with biochemical and structural methods is not 
easy since the extraction of membrane proteins from the native mem
brane environment could already alter their structure and interactions 
(Zhang and Cherezov, 2019). Therefore, which sample processing steps 
to use prior to structural measurements often requires a carefully 
deliberated choice, to maximize the preservation of the native protein 
complexes while minimizing possible artifacts. 

To study membrane protein interactions under more native condi
tions, numerous indirect and visualization techniques have been 
applied. These include resonance energy transfer, protein-fragment 
complementation assays, and colocalization studies using super- 
resolution microscopy (Cui et al., 2019), all of which can make mea
surements while the protein complexes remain in the native membrane 
environment. Although these are very useful to report physical prox
imity between proteins, none of these methods can provide sufficient 
structural information needed to reveal interacting residues or structural 
models. Moreover, engineering of fluorescence reporters and two-hybrid 
tags for each plasma membrane protein to be studied is still a demanding 
bottleneck. Lastly, to be able to employ these methods, prior knowledge 
of the interaction or at least the identity of the interaction partners are 
still required. 

In recent years, crosslinking mass spectrometry (XL-MS) has devel
oped into a very promising method to study protein-protein interactions. 
Regardless of its application, to study purified protein complexes (Fer
nandez-Martinez et al., 2016; Leitner et al., 2012; Tüting et al., 2020) or 

Abbreviations: HLA, Human Leukocyte Antigen; HLA-I, HLA Class I; HLA-II, HLA Class II; TCR, T-cell Receptor; XL-MS, Crosslinking Mass Spectrometry; DSSO, 
Disuccinimidyl Sulfoxide; SASD, Solvent Accessible Surface Distance; CSM, Crosslink Spectrum Match; SCX, Strong Cation Exchange. 

* Corresponding author at: Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and Utrecht Institute for Pharmaceutical 
Sciences, Utrecht University, Padualaan 8, 3584 CH, Utrecht, The Netherlands. 

E-mail addresses: g.armony@uu.nl (G. Armony), a.j.r.heck@uu.nl (A.J.R. Heck), w.wu1@uu.nl (W. Wu).  

Contents lists available at ScienceDirect 

Molecular Immunology 

journal homepage: www.elsevier.com/locate/molimm 

https://doi.org/10.1016/j.molimm.2021.05.010 
Received 1 February 2021; Received in revised form 23 April 2021; Accepted 19 May 2021   

mailto:g.armony@uu.nl
mailto:a.j.r.heck@uu.nl
mailto:w.wu1@uu.nl
www.sciencedirect.com/science/journal/01615890
https://www.elsevier.com/locate/molimm
https://doi.org/10.1016/j.molimm.2021.05.010
https://doi.org/10.1016/j.molimm.2021.05.010
https://doi.org/10.1016/j.molimm.2021.05.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2021.05.010&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Molecular Immunology 136 (2021) 16–25

17

proteome-wide interactome studies (Bartolec et al., 2020; Chavez et al., 
2018; Liu et al., 2018b), XL-MS relies on small bifunctional reagents 
(crosslinkers) to covalently connect between residues (usually lysine) in 
close proximity. By reliable crosslinker fragmentation during mass 
spectrometry analysis (Klykov et al., 2020; Liu et al., 2018a, 2017), both 
the identity of the crosslinked proteins as well as the positions of the 
crosslinked residues can be simultaneously uncovered in one mass 
spectrometry experiment. In addition, the crosslinked positions reveal 
valuable structural information that may be used to model the archi
tecture of protein complexes, since the distance between crosslinked 
residues must be shorter than the length of the crosslinker used. In other 
words, the crosslinker length places a distance restraint that can be used 
to model structures of a protein, or a protein complex. When the 
crosslinked positions are on the same protein, an intra-link, the distance 
restraint may provide information about the tertiary structure of the 
protein. When the crosslinked positions are on different proteins, an 
inter-link, it provides information about the quaternary structure of a 
protein complex which can be used to assist in elucidating the binding 
interface through molecular docking (van Zundert et al., 2016; Vreven 
et al., 2018; Webb and Sali, 2016; Yang et al., 2015). Collectively, the 
combination of interacting protein identities, site-specific evidence, and 
distance restraints make XL-MS a valuable method to directly assemble 
the structure of protein complexes. 

In this work, we applied extracellular XL-MS to an antigen presenting 
JY cell line, to probe the plasma membrane interactions that enable its 
immunological function. On the JY cell surface, both main classes of 
Human Leukocyte Antigen (HLA) proteins present short peptide frag
ments to CD4+/CD8+ T-cells for immune surveillance, by binding to T 
cell receptors (TCRs) and CD4/8 co-receptors. The HLA class I (HLA-I) 
complexes consist predominantly of the allotypes HLA-A, HLA-B, and 
HLA-C that are membrane-anchored, and each complexed with a free 
β2M subunit, whereas the HLA class II (HLA-II) complexes consists of 
dimeric assemblies of HLA-IIα and HLA-IIβ that are both membrane- 
anchored. While the bases for HLA-TCR, HLA-CD8, and HLA-CD4 trans 
interactions are well characterized with detailed structural information 
(Cole et al., 2017; Gao et al., 1997; Yin et al., 2012), cis HLA interactions 
within the plasma membrane of the surveyed cells, which can modulate 
the dynamics of T-cell recognition, are not as well-documented. The data 
we present here thus provide critical structural information to model 
different modes of HLA interactions. 

2. Material and methods 

2.1. Whole-cell extracellular crosslinking 

JY cells were cultured in RPMI 1640 media (Lonza, Switzerland) 
supplemented with 10 % fetal bovine serum (GE Healthcare, IL, USA), 
10 mM L-glutamine, 50 U/mL penicillin and 50 ug/mL streptomycin, at 
37 ◦C in a humidified incubator supplemented with 5 % CO2. In two 
separate experiments, 2.5 × 108 cells were harvested each by centrifu
gation at 1000 g for 1 min then gently washed four times with 50 mL 
warm PBS. Cells were further washed with 20 mL crosslinking buffer 
(50 mM HEPES pH 7.8, 150 mM NaCl), and resuspended in crosslinking 
buffer at a density of 108 cells/mL. The cell density was carefully titrated 
to ensure minimal artifacts due to high cell density. The chemical 
crosslinker reagent Disuccinimidyl sulfoxide (DSSO) was added to a 
final concentration of 1 mM, and cell suspension was crosslinked for 
15 min with gentle end-to-end inversion at room temperature. The 
crosslinking reaction was quenched with 10 mM Tris pH 8.5 for 10 min. 
Crosslinked cells were then pelleted at 2000 g for 1 min (with slow 
deceleration) and snap-frozen in liquid nitrogen. 

2.2. Plasma membrane fractionation 

Plasma membrane was enriched using a membrane fractionation kit 
(ab65400, Abcam, Cambridge, UK) as described previously (Mezzadra 

et al., 2017). All steps were performed at 4 ◦C or on ice. Briefly, the 
crosslinked cell pellets were thawed, and gently resuspended in isotonic 
and detergent-free homogenisation buffer supplemented with 1 ×
cOmplete protease inhibitors (Roche Diagnostics, Switzerland), 
50 μg/mL DNase I (Sigma-Aldrich, MO, USA), and 50 μg/mL RNase A 
(Sigma-Aldrich). Cells were disrupted manually with a hand-held glass 
homogeniser. Cells that remained intact were pelleted at 700 g, for 
10 min, and discarded. From the supernatant, total membranes were 
pelleted at 10,000 g, for 30 min, and further partitioned in partially 
miscible gradients established by mixing 200 μl each of the upper and 
lower phase solutions (Abcam ab65400). Plasma membrane proteins 
were retrieved from the upper phase and precipitated, for 30 min, by 5 
times dilution with ultra-pure water. Plasma membrane proteins were 
then pelleted at 20,000 g, for 30 min, resuspended in 8 M Urea, 50 mM 
Ammonium bicarbonate, 0.2 % Sodium deoxycholate, and then 
snap-frozen in liquid nitrogen. 

2.3. Proteolytic digestion 

The protein content of plasma membrane lysates was estimated with 
a Bradford assay (BioRad, CA, USA). 240 μg of plasma membrane pro
teins were reduced with 4 mM Dithiothreitol (DTT) for 60 min, alkylated 
with 16 mM Iodoacetamide (IAA) for 30 min in the dark which was then 
quenched with another 4 mM DTT. Alkylated proteins were diluted 5 
times with 50 mM Ammonium bicarbonate, and digested with Lys C 
(ratio 1:75; Wako, Japan) and Trypsin (ratio 1:50; Sigma-Aldrich, MO, 
USA) at 37 ◦C for 16 h. Digested peptides were acidified to 5 % Formic 
acid and centrifuged at 20,000 g for 10 min. The clear supernatant was 
desalted using Sep-Pak C18 cartridge (Waters, MA, USA), vacuum-dried, 
and stored at − 80 ◦C. 

2.4. Strong cation exchange (SCX) chromatography 

The desalted peptides were dissolved in 10 % formic acid, 2 % DMSO 
and loaded on a Luna 100A SCX column (50 mm × 2 mm, 5 μm, Phe
nomenex product number 00B-4398-B0) with the help of a C18 Opti- 
Lynx trap column (4.6 mm × 5 mm, 49 μm, Optimize Technologies 
product number 11-02874-TA). Solvent A consisted of 0.05 % formic 
acid, 20 % acetonitrile in water and solvent B consisted of 0.05 % formic 
acid, 20 % acetonitrile, and 0.5 M NaCl. The SCX gradient was: 0–10 % B 
in 10 min, 10–40 % B in 15 min, 40–80 % B in 5 min, 80–100 % B in 
20 min, 100 % B for 10 min. One-minute fractions were collected and 
pooled into 20 approximately equal fractions by mean UV intensity. The 
pooled fractions were desalted with Oasis HLA 96-well μElution plate 
(Waters, MA, USA), vacuum-dried and stored at − 80 ◦C. 

2.5. Liquid chromatography with tandem mass spectrometry (LC–MS/ 
MS) 

Desalted SCX fractions were analyzed in triplicates by reversed- 
phase (RP) LC–MS/MS with an UHPLC 1290 system (Agilent, CA, 
USA) coupled to an Orbitrap Fusion mass spectrometer (Thermo Fischer 
Scientific, CA, USA). Peptides were trapped on a homemade 2 cm 
×100 μm pre-column packed with Reprosil C18 (3 μm) and separated on 
a homemade 50 cm ×75 μm column packed with Poroshell EC-C18 
(2.7 μm). The resolving gradient was established by mixing solvent A 
(0.1 % formic acid) and solvent B (0.1 % formic acid, 80 % acetonitrile). 
To maximize peptide separation in each fraction, the resolving gradients 
varied between 5–32 % Solvent B to 8–39 % Solvent B. The gradient was 
as follows: 5 min at 100 % A (trapping), 97 min resolving gradient, 2 min 
up to 100 % B, 5 min hold at 100 % B, 1 min lower to 100 % A, 10 min 
equilibrate for next sample at 100 % A. In all cases, the flow was 
passively split to ~200 nL/min. 

MS1 was performed at 60,000 resolution, from 310 to 1600 m/z, 
after accumulation of 5 × 105 ions (125 %) in a maximum injection time 
of 50 ms. Top 10 most intense precursors with a minimum intensity of 
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2 × 104 and a charge of 3–8 were selected for MS2 by CID fragmentation 
(30 % collision energy). MS2 was performed using the orbitrap at 30,000 
resolution with automatically defined m/z range (normal setting) and 
5 × 104 AGC target (100 %), in a maximum injection time of 54 ms. 
Signature peaks of DSSO (a targeted mass difference of 31.9721) were 
selected for MS3 and fragmented by HCD (30 % collision energy). MS3 
was performed using the ion trap in rapid mode, automatically defined 
m/z range (normal setting) and 104 AGC target (100 %) in a maximum 
injection time of 150 ms. 

2.6. Database search 

The raw MS data was processed with Proteome Discoverer 2.4 
(version 2.4.1.15) using the integrated XlinkX nodes. The 
DSSO_MS2_MS3 analysis template was used with the following modifi
cations: minimum precursor mass 350 Da and minimal peptide mass of 
300 Da; two peptides were considered for each spectrum; deamidation 
on N/Q and N-terminal acetyl were added as variable modification. Data 
of each of the six replicates (two biological experiments measured in 
triplicates) was grouped in a processing workflow which were all under 
the same consensus workflow. The data was searched against the 
SwissProt human database (downloaded on 09/2019, containing 20,442 
protein sequences, curated to match the JY HLA type – A*02:01, 
B*07:01, C*07:01, DRA*01:01, DRA*01:02, DRB1*04:01, DRB1*13:01, 
DQA1*01:03, DQA1*03:01, DQB1*03:02, DQB1*06:03, DPA1*01:03, 
DPB1*02:01, DPB1*04:01 (see first 17 sequences in the database file 
deposited to PRIDE, identifier PXD022675). Signal peptides and mito
chondrial transit peptides as annotated in UniProt were removed to 
allow for correct mapping of crosslinks to the mature N-terminus, but 
residue numbers for all proteins remained as annotated in the UniProt 
sequence database. 

2.7. Visualization 

Crosslinking maps were constructed with proteins detected by at 
least 2 CSMs, using CrossID (de Graaf et al., 2019) or xiNET(Combe 
et al., 2015). Solvent accessible surface distances were calculated using 
Jwalk (Bullock et al., 2016). Molecular models were aligned and visu
alized using either Pymol 2.5 or UCSF chimera 1.14rc. 

2.8. Molecular docking 

The structures of HLA-I A2 (PDB ID 1HHI) and HLA-II DR (PDB ID 
5NI9) were used to represent HLA-I and HLA-II, respectively. DisVis 
webserver (van Zundert et al., 2017; van Zundert and Bonvin, 2015) was 
used to check compatibility between crosslinks for HLA-I to HLA-II. 
Molecular docking was performed with HADDOCK 2.4 web-service 
(van Zundert et al., 2016). The docking was guided by ambiguous re
straints based on DisVis interaction prediction (over 0.5) and unam
biguous restraints based on the crosslinks, supplemented with a restraint 
between two atoms placed at the membrane facing side of the HLA 
structures to represent being tethered to the same membrane. The 
default parameters of HADDOCK were used except for the energies of 
ambiguous restraints which were reduced to 0.3 of their default values. 
The HADDOCK structures were scored based on the crosslinks solvent 
accessible surface distances (SASDs) using XLM tools (Sinnott et al., 
2020). The best docking models were picked based on both the 
HADDOCK clustering and the cMNXL score (Bullock et al., 2016). 

2.9. Sequence alignment 

HLA sequences were aligned using Clustal Omega webservice 
(Madeira et al., 2019). 

2.10. Immunoprecipitation and western blot 

For reciprocal IP, 3.6 × 108 JY cells were lysed with 15 ml Pierce IP 
lysis buffer (Thermo Fischer Scientific, MA, USA) supplemented with 1 
× cOmplete protease inhibitors (Roche Diagnostics, Switzerland), 
50 μg/mL DNase I (Sigma-Aldrich, MO, USA), and 50 μg/mL RNase A 
(Sigma-Aldrich) for 30 min at 4 ◦C. The lysate was cleared by centrifu
gation at 20,000 g for 10 min at 4 ◦C and protein concentration was 
determined with Pierce BCA assay (Thermo Fischer Scientific). HLA-I or 
HLA-II were immunoprecipitated at 4 ◦C for 21 h, from 25 mg of lysate, 
with 125 μL of Protein A/G beads (Santa Cruz, TX, USA) coated with 
0.5 mg antibody, W6/32 (gift from Prof. Dr. Stefan Stevanović) or B8- 
11-2 (Bioceros, The Netherlands) respectively. The beads were washed 
with Pierce IP lysis buffer, eluted with 750 μL IgG elution buffer 
(Thermo Fischer Scientific) and neutralized with 45ul of 1 M Tris pH 9.5. 
The elution fractions were subsequently depleted from contaminating 
antibodies using 125 μL protein A/G beads at 4 ◦C for 20 h, then 
concentrated to 60 μL using a 10,000 MWCO filter (Millipore, MA, USA). 

HLA-I and HLA-II co-immunoprecipitated proteins, together with 
1 μg JY cell lysate, were separated by SDS-PAGE, and transferred to 
PVDF membrane. Blocking was performed with 5 % non-fat milk in 
TBST at room temperature. W6/32 primary antibody was used at 
1.25 μg/mL, while HRP-conjugated goat anti-mouse secondary antibody 
(Dako, Denmark) was used at 1:2,500 dilution. HRP signal was visual
ized with Pierce ECL reagent (Thermo Fischer Scientific). 

3. Results 

3.1. Whole-cell extracellular crosslinking 

To obtain an unbiased plasma membrane interactome, our strategy 
was to perform chemical crosslinking on intact cells, and rely on two 
sequential fractionation procedures to boost the eventual detection of 
crosslinked peptide pairs by mass spectrometry (Fig. 1). With the clear 
focus on extracellular interactions, we chose to perform the chemical 
crosslinking with disuccinimidyl sulfoxide (DSSO) which does not 
readily cross cell membranes (Staros, 1982). This should largely prevent 
abundant intracellular proteins from consuming the crosslinkers (Fürsch 
et al., 2020), and increase the effective crosslinker concentration in the 
extracellular space, where our main interest lies (Fig. 1A). DSSO is also 
MS cleavable, thereby facilitating confident identification of crosslinks 
by combining mass spectrometry evidence at both MS2 and MS3 levels. 
With a double fractionation, first for plasma membrane proteins, and 
then for crosslinked peptide pairs from digested plasma membrane 
proteins (Fig. 1B), we aim to reduce the sample complexity prior to 
LC–MS analysis, to further boost selectivity and sensitivity of detecting 
crosslinks. We chose strong cation exchange (SCX) chromatography for 
pre-fractionation of crosslinked peptides (Fig. 1B), since SCX has been a 
reliable method to separate crosslinked peptides with higher charge and 
has been widely-adopted for deeper proteome-wide crosslinking ana
lyses (Albanese et al., 2020; Chen et al., 2010; Fritzsche et al., 2012; 
Rinner et al., 2008). 

Employing such a strategy (Fig. 1), we crosslinked the external sur
face of JY cells to map the extracellular interactions between plasma 
membrane proteins. This led to the identification of 334 unique inter- 
link crosslinks between 317 different proteins, and 543 intra-link 
crosslinks between proximal residues on the same protein. As ex
pected, compared to proteins identified from a whole-cell lysate, we 
significantly enhanced the detection of proteins annotated with 
membrane-associated keywords (Fig. 2A). This provided confidence that 
our workflow has good specificity, and can boost the MS intensity and 
likelihood of detecting crosslinks of extracellular proteins. From the 
large number of intra-links identified, we further checked the proximity 
of crosslinked residues (in red) on the surface of four well-documented 
plasma membrane proteins (Fig. 2B). In particular for the LAT1 trans
porter, crosslinks were detected only on the extracellular domain; no 
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crosslinks were detected in the intracellular domain, although non- 
crosslinked peptides from the intracellular region were detectable 
before SCX enrichment. Together, these provide further confidence that 
plasma membrane integrity was not breached during the extracellular 
crosslinking procedure, and that the DSSO did not cross the plasma 
membrane (Supplementary Fig. A.1). By calculating solvent accessible 
surface distance (SASD) on these four presented structures (Fig. 2B), we 
validated that the crosslinked residues are largely within 34 Å, the 
maximal distance DSSO can span (Fig. 2C, top). All the crosslinked 
residues were also within expected distances apart by considering direct 
Cα-Cα Euclidean distances, as an alternative measure (Fig. 2C, bottom). 
Collectively, these data demonstrate the feasibility of whole-cell extra
cellular crosslinking as a strategy to study interactions on the external 
cell surface. 

3.2. Cell surface HLA interactome 

Amongst all the plasma membrane proteins identified with cross
links, HLA proteins contributed significantly with a total of 100 cross
links containing either HLA-I or HLA-II as one of the crosslinked 
proteins. This is concordant with the documented high abundance of 
HLA proteins on the JY cell plasma membrane (Neumann et al., 2013), 
and makes HLA proteins a relevant starting point to nucleate plasma 
membrane interaction networks on these cells (Fig. 3A). Notably, within 
these 100 crosslinks, more than half were identified either between 
HLA-I molecules, between HLA-II molecules, or between HLA-I and 
HLA-II molecules (Supplementary Tables A.1–A.3), leading us to 
conclude that the most prominent HLA interactor on the plasma mem
brane is another HLA molecule. Crosslinks usually originate from the 
abundant complexes (Fürsch et al., 2020) and any crosslink formed by a 
random proximity is not likely to generate enough copies of the cross
linked peptides to be identified. Therefore, the data suggests that 
higher-order HLA complexes are likely to be present frequently and 
abundantly on the plasma membrane surface of JY cells. 

Next to interactions between HLA proteins, a number of other plasma 
membrane proteins (e.g. CD48, CD59, CD53, ICAM1, TFRC, and 
SLC3A2) were also detected as crosslinked to HLA proteins (Fig. 3A, 
outer ring). Some of these interactions have been hinted at previously by 
other methods, for instance, using affinity-purification mass spectrom
etry methods (Huttlin et al., 2020, 2017) or cytometry and imaging 
methods (Bene et al., 1994; Lebedeva et al., 2004; Szöllósi et al., 1996). 
Nevertheless, in these reported studies the proposed interactions were 
not characterized structurally and no interaction domain or site infor
mation was established. The simultaneous detection of many such 

reported plasma membrane interactions in our whole-cell crosslinking 
approach indicates that our strategy is reliable and coherent with find
ings in existing studies, with the added value of directly obtaining 
structural information about these complexes. 

By mapping the crosslinked positions on these plasma membrane 
HLA-interactors, the directionality and topology of interactions may be 
rationalized. For instance, two crosslinks between the transferrin re
ceptor TFRC (K585; K177) to HLA-I (both to K92) seem to support the 
same mode of interaction, since both residues on TFRC are on the same 
interaction face (Supplementary Fig. A.2). When crosslinked positions 
are far apart on the protein structure, for instance on the extracellular 
domain of LAT1 (K615 and K266), it is then more likely that an HLA 
molecule approach LAT1 from either one of two sides (Supplementary 
Fig. A.2). Such guided interpretations of the interaction may benefit the 
structural analysis of multimeric assemblies and protein complexes be
tween partners with high sequence homology. 

3.3. HLA class I – HLA class I interactions 

Multimeric states of HLA proteins have been inferred previously in 
several studies (Lavi et al., 2012; Matko et al., 1994; Szöllósi et al., 
1996), some dating over 20 years ago. Yet, there is still neither 
consensus nor resolution achieved regarding the contact sites and modes 
of interaction. Part of the difficulty in determining these rises from the 
high sequence and structural similarity between the HLA proteins 
(Supplementary Figs. A.3, A.4) in the same complex. For instance, the 
sequence similarity between HLA-A, HLA-B, and HLA-C is as high as 89 
%, with 75 % sequence identity, where about 12 % of the sequence codes 
for the variable peptide binding groove. In terms of three-dimensional 
structure, HLA-A, HLA-B, and HLA-C are also almost identical with 
RMSDs of less than 3 Å between these structures. Such an extent of 
similarity makes it very difficult to distinguish HLA-A homodimers from 
heterodimers of HLA-A, HLA-B, and/or HLA-C. 

In this study, we relied on the unique sequences in the crosslinked 
peptide pairs to assign unique crosslinks between different HLA-I pro
teins. This is possible with single amino acid resolution. For instance, 
HLA-A was detected to be crosslinked to HLA-B (sequence [K]WEAAR) 
and HLA-C (sequence [K]LEAAR) (Supplementary Table A.1). Further
more, we could also identify interactions shared by all HLA-I allotypes 
expressed in JY cells (A*02:01, B*07:02, C*07:02). For instance, β2M 
was crosslinked to K145 of HLA-A, HLA-B, and HLA-C separately (se
quences GYHQYAYDG[K]DYIALK, LLRGHDQYAYDG[K]DYIALNEDLR, 
and GYDQSAYDG[K]DYIALNEDLR respectively), as evidenced by three 
different peptides connected by DSSO to position 21 of β2M 

Fig. 1. Extracellular crosslinking. (A) Crosslinking mass spectrometry (XL-MS) strategy. JY cells grown in suspension were harvested, and whole cells were 
resuspended in PBS containing DSSO for extracellular crosslinking. Plasma membrane material was isolated from crosslinked cells, and digested for subsequent 
purification of crosslinked peptide pairs by strong cation exchange (SCX) chromatography. (B) SCX pre-fractionation and LC–MS/MS analysis. Crosslinked peptides 
were collected from SCX fractions. Peptides in each fraction were further analyzed by reversed-phase LC–MS/MS and identified using Proteome Discoverer with the 
XlinkX node. 
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Fig. 2. Validation of plasma membrane crosslinks. (A) Validation of plasma membrane enrichment using UniProt Keywords for the proteins identified by 
crosslinks, when compared to protein identifications in the whole-cell proteome. (B) Mapping of intra-links on plasma membrane proteins with reported structures. 
Solvent accessible surface distances (SASDs) between intra-link positions were visualized as black tubes between crosslinked residues (red spheres) on reported PDB 
structures. SASD was calculated with Jwalk, and visualized on the structures of Transferrin receptor (PDB ID: 1CX8), LAT1 amino acid transporter (PDB ID: 6IRS), 
HLA Class I (PDB ID: 1HHI), and HLA Class II (PDB ID: 5NI9). (C) Binned distances of crosslinks mapped in (B). Top, SASDs; Bottom, Cα-Cα Euclidean distances. 
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(Supplementary Table A.1). Such interactions would thus be equivalent 
since β2M is crosslinked to equivalent positions on all HLA-I allotypes. 

By systematically dissecting sequence information of crosslinked 
peptide pairs, we generated a comprehensive list of crosslinking sites 
and equivalent interactions between HLA-I proteins (Supplementary 
Table A.1), and illustrated these in Fig. 3B, C. We further arrived at a 
non-redundant set of crosslinked residues between HLA-I molecules by 
retaining crosslinks that can only be inter-protein. These would be links 
that either connect two distinct HLA allotypes or connect residues that 
are more than 45 Å apart on the same allotype (these cannot be intra- 
links, since SASD within the same molecule exceeds length of DSSO) 
(Supplementary Table A.2). This adds residue-level resolved informa
tion to existing reports of HLA-I – HLA-I interactions (Dirscherl et al., 
2018; Matko et al., 1994; Szöllósi et al., 1996) and provides structural 

coordinates as orthogonal evidence of such interactions. 

3.4. HLA class I – HLA class II interactions 

Unlike the HLA-I proteins that form the complex by association with 
the free β2M subunit, HLA-II complexes are formed by the dimerization 
of HLA-IIα and HLA-IIβ. In our data, both HLA-IIα and HLA-IIβ were 
detected as crosslinked to HLA-I and β2M at multiple positions, 
providing ample evidence that HLA-I – HLA-II complexes are prevalent 
on the plasma membrane (Fig. 3D, Supplementary Table A.3). In addi
tion, we also verified that HLA-I proteins co-immunoprecipitate abun
dantly with HLA-II by reciprocal immunoprecipitations with an anti- 
HLA-DR antibody (Fig. 4A). Using the same strategy described to 
consolidate equivalent HLA-I – HLA-I crosslinks, we also obtained a set 

Fig. 3. HLA interactome map as defined by XL-MS. (A) 
Overview of proteins crosslinked to HLA proteins. Proteins 
detected with crosslinks to HLA proteins (≥2 Crosslink Spectra 
Matches, CSMs) are visualized by CrossID, in a map centered 
around the HLA class I (green) and HLA class II (blue) mole
cules. The size of the nodes represents number of interlinks. 
Lines within each node indicate intra-links. Line thickness be
tween nodes represents the number of CSMs. (B) Crosslinks 
between HLA-A and β2M subunits. Structural and functional 
domains are annotated by color. Unique crosslinks are visual
ized as black lines. Red circle marks a position on all HLA-I 
types with equivalent crosslinks to β2M. (C) Crosslinks 
observed between HLA-A, HLA-B and HLA-C. Red circle marks 
a position on all HLA-I types with equivalent crosslinks to β2M. 
(D) Crosslinks between HLA class I and HLA class II, regardless 
of the HLA-I or HLA-II type. See Tables A.1–A.3 for further 
details.   

G. Armony et al.                                                                                                                                                                                                                                



Molecular Immunology 136 (2021) 16–25

22

of crosslinking restraints summarizing the contact regions between HLA- 
I and HLA-II. This includes, for instance, equivalent links between po
sition 92 on HLA-A to position 64 on HLA-DRα and to the equivalent 
position 65 on HLA-DQα (Supplementary Table A.3). In particular, the 
flexible new N-terminus of HLA-IIβ, after cleavage of the signal peptide, 
appears to be proximal to HLA-I, as supported by multiple crosslinks 

(Fig. 3D). 
Although it is succinct to visualize these consolidated crosslinks on 

linear HLA-I and HLA-II protein sequences (Fig. 3D), distant regions in 
the sequence may still be in close spatial proximity considering the 
three-dimensional protein structures. As such, summarizing these re
straints into possible modes of interaction would be critical for structural 

Fig. 4. HLA class I and HLA class II docking models. (A) Reciprocal IP with HLA-II antibody. HLA-I co-immunoprecipitated with HLA-II was detectable by western 
blot using a pan-HLA-I antibody. (B) Two possible modes of HLA-II interactions with HLA-I. On HLA-I green ribbon structure (PDB ID: 1HHI), spheres mark the Cα 
positions of residues crosslinked to HLA-II. An HLA-II molecule may approach from either side 1 (orange) or side 2 (purple). Occupancy volumes calculated by DisVis 
are shown in orange and purple. (C, D) Highest-scoring docking models for side 1 (C) and side 2 (D) respectively. Red spheres represent Cα of crosslinked positions 
connected by SASDs (black tube). 
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modeling of these complexes. To this end, we next marked the cross
linked residues on a 3D structure of HLA-II, and observed that all the 
residues crosslinked to HLA-I are located on the same side of HLA-II 
(Supplementary Fig. A.5). This suggests that HLA-II likely approaches 
HLA-I through one contact surface on one side of HLA-II (one mode of 
interaction from HLA-II to HLA-I). On the contrary, crosslinked positions 
mapped on the structure of HLA-I were not one-directional (Fig. 4B), 
suggesting that the crosslinking restraints likely cannot be satisfied all at 
once by one mode of interaction. Indeed, DisVis (van Zundert et al., 
2017; van Zundert and Bonvin, 2015) analysis revealed two possible 
modes of interaction (from HLA-I to HLA-II) that would collectively best 
satisfy the crosslinking restraints obtained experimentally. In one mode 
of interaction (side 1), HLA-I residues in orange could be linked to 
HLA-II, and in the second mode of interaction (side 2), HLA-I residues in 
purple (Fig. 4B) could be linked to likely another molecule of HLA-II 
(Supplementary Table A.3). It is key to note that in this model, one 
molecule of HLA-I need not interact with two molecules of HLA-II 
simultaneously. Taken together, our crosslinking evidence and 
modeling suggest that HLA-II has a single interacting interface with 
HLA-I, whereas HLA-I could interact with HLA-II via either one of the 
two inferred interacting surfaces (side 1 and side 2, Fig. 4B). 

By performing molecular docking with HADDOCK (van Zundert 
et al., 2016) using these two sets of distance restraints, together with a 
further restraint for the membrane protein orientation (since HLA pep
tide loading grooves should always be outward-facing), we retrieved 
200 docking models each for side 1 and side 2, which were scored and 
clustered by HADDOCK. Since HADDOCK uses Euclidean distance as a 
restraint, the models with the best HADDOCK score will have no over
length Euclidean distances but could still have an overlength SASD. We 
thus ranked the docking models additionally by means of cMNXL scores, 
which were calculated based on SASDs with XLM tools (Sinnott et al., 
2020) (Supplementary Fig. A.6). The top cMNXL scoring models were 
also members of the high scoring HADDOCK clusters, suggesting these 
are indeed the best models based on our data. With these considerations, 
we arrived at two potential HLA-I to HLA-II docking models (side 1 in 
Fig. 4C; side 2 in Fig. 4D). 

Hence, based on our plasma membrane XL-MS data we can conclude 
that HLA molecules interact with each other on the plasma membrane of 
the antigen presenting cell. By using structural docking, we can also 
better describe the nature of these HLA-I – HLA-II interactions within the 
plasma membrane environment of whole cells. HLA-II likely has a single 
interaction interface with HLA-I that consists predominantly of HLA-IIα 
and the N-terminus of the HLA-IIβ, whereas HLA-I could engage HLA-II 
via one of two different modes of interactions. The first is from the side 
of the β2M whereas the second is from the side of the Ig-like domain 
(Fig. 4C, D). Both modes of interaction involve the rims of the peptide 
binding domain of HLA-I but since the interaction interfaces are suffi
ciently far apart, we cannot rule out a scenario where both modes of 
interaction could occur simultaneously (Supplementary Fig. A.7). 

4. Discussion 

In mammalian cells, the fine diversity in signaling outcomes far ex
ceeds the number of signaling proteins or pathways we know, and as
sembly into protein complexes is one of the most important means to 
expand signaling intricacy (Bludau and Aebersold, 2020). The plasma 
membrane of each cell is particularly crucial as a signaling interface 
with other cell types, which is, for instance, also constantly screened by 
the immune system for signs of infection or poor health. Despite these 
obvious incentives to better characterize the external cell surface, native 
protein-protein interactions in the plasma membrane are notoriously 
difficult to preserve, and could be easily lost during protein solubiliza
tion with detergents or become fundamentally changed when isolated 
from the membrane milieu. As such, the consensus approach to this 
challenge in the scientific community has been to isolate and purify as 
little as possible before analysis readout. This is evident from the 

concerted efforts into perfecting techniques such as FRET (Santos et al., 
2015), protein-fragment complementation assays (Fujii et al., 2018), 
super-resolution light microscopy (Pi et al., 2014), and cryo electron 
microscopy (Lučić et al., 2013), to investigate plasma membrane 
protein-protein interactions. 

In this work, we performed extracellular plasma membrane cross
linking, starting from intact cells, with the goal of preserving protein- 
protein interactions in the plasma membrane. The DSSO chemical 
crosslinking was performed in physiological pH and solvent environ
ment to best preserve extracellular protein-protein interactions, before a 
double-purification for plasma membranes and crosslinked peptides was 
performed. With such a strategy any sample preparation steps after 
crosslinking would not introduce structural artefacts, thereby providing 
native structural information in a manner similar to cryo-electron mi
croscopy of intact cells (Irobalieva et al., 2016; Schaffer et al., 2017). 
Using this approach, we could detect a large number of crosslinks that 
exemplify native protein-protein interactions on the cell exterior, 
without protein tagging or over-expression. We also verified that many 
of these crosslinks conformed to the documented crystal structures, and 
that SASDs of these crosslinks on these structures are within the DSSO 
length constraints (Fig. 2 and supplementary Fig. A.1). 

With a set of distance restraints revealed by DSSO crosslinking of JY 
cells, we delved deep into the HLA-centric cell-surface interactome. 
Such an extensive HLA-interactome profiling is one of its kind, and 
provides exquisite information to delineate the cell surface terrain and 
architecture surrounding HLA molecules, which are known to be crucial 
determinants of T-cell recognition and binding (Cole et al., 2017; Gao 
et al., 1997; Yin et al., 2012). Interestingly, we found HLA proteins to be 
prominently interacting with other HLA proteins within and between 
classes I and II. Such interactions have been postulated, sporadically 
verified, and shown to be frequent and abundant on the cell membrane 
(Bene et al., 1994; Jenei et al., 1997; Szöllósi et al., 1996; Szöllösi et al., 
1989), that might also have functional consequences on T-cell recogni
tion (Anikeeva et al., 2019; Fooksman et al., 2006). However, to our 
knowledge, these interactions were never investigated systematically 
with site-specific resolution. More importantly, using a combination of 
modeling tools, we could summarize the modes of interaction between 
HLA-I and HLA-II molecules, and determine the interaction interfaces in 
these complexes, relying only on the endogenous HLA expression and 
interactions. In addition, with sequence-specific evidence in the form of 
crosslinked peptide pairs, we could further demonstrate that different 
HLA-I allotypes engage in the same kind of interactions interchangeably. 

A dominant mode of interaction between HLA-I proteins, however, 
could not be resolved using only crosslinking information acquired 
herein. This may suggest that more structural variants exist in the HLA-I 
multimers, such that co-occurring multimers of HLA-I may be too 
diverse to characterize individually using this methodology. Indeed, 
heterogenous clusters of HLA-I complexes in the cell membrane have 
been suggested (Bodnár et al., 2003), where some HLA-I molecules in 
the cluster are a free heavy chain, lacking the β2M subunit (Dirscherl 
et al., 2018), thereby introducing additional structural diversity in the 
interactions between HLA-I molecules. The XL-MS methodology cannot, 
a priori, distinguish between a free HLA-I heavy chain and a full HLA-I 
complex since they have exactly the same sequence. Therefore, struc
tural modelling of the HLA-I – HLA-I modes of interaction would still 
require complementary structural data obtained by other methods. It is 
also important to note that lack of crosslinks on a certain region or 
domain does no directly imply lack of interaction, and may also be due 
to the lack of crosslink-able lysine residues. 

Intriguingly, by aligning the docking complexes of HLA-I and HLA-II 
with the structures of CD8, CD4 and their respective TCRs (Supple
mentary Figs. A.8, A.9), we noticed that, according to our models, some 
of these proteins cannot simultaneously engage in interactions with HLA 
molecules. The binding interfaces of HLA-II (on side 2, but not on side 1) 
and CD8 on HLA-I overlap, and as a result HLA-II and CD8 cannot bind 
HLA-I simultaneously. We also noticed that HLA-II (on side 2, but not on 
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side 1) cannot engage HLA-I and the TCR at the same time. These ob
servations seem to imply that specific interaction configurations be
tween HLA molecules may functionally preclude TCR binding, or vice 
versa, albeit these hypotheses require more experimental verification. 
With further improvements in sensitivity, we could envision that in 
future experiments we might be able to structurally map the immuno
logical synapse between a T-cell and an antigen presenting cell. 

In summary, here we present orthogonal structural information to 
support and reconcile previously reported hints of multimeric HLA as
semblies present on the cell surface. Using extracellular chemical 
crosslinking on whole cells, we show that we could directly retrieve a 
large set of extracellular crosslinking restraints, to model cell-surface 
interactions. We envision that using this approach, many more plasma 
membrane complexes could be studied in a similar manner. Even for 
membrane proteins with lower endogenous expression levels, the same 
approach may still be feasible, by replacing the plasma membrane 
isolation step with immunoaffinity purification, which would improve 
the crosslinking coverage of the desired complexes. This may also 
further boost specificity when only a single protein complex is to be 
studied in greater detail. 
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