
An Integrated Approach for Determining a Protein-Protein 
Binding Interface in Solution and an Evaluation of HDX Kinetics 
for Adjudicating Candidate Docking Models

Mengru Mira Zhang1, Brett R. Beno2, Richard Y.-C. Huang3, Jagat Adhikari1, Ekaterina G. 
Deyanova3, Jing Li3, Guodong Chen3,*, Michael L. Gross1,*

1Department of Chemistry, Washington University, St. Louis, MO 63130, United States

2Molecular Structure & Design, Molecular Discovery Technologies, Research and Development, 
Bristol-Myers Squibb, Princeton, New Jersey 08540, United States

3Pharmaceutical Candidate Optimization, Research and Development, Bristol-Myers Squibb 
Company, Princeton, New Jersey 08540, United States

Abstract

We describe an integrated approach of using hydrogen deuterium exchange mass spectrometry 

(HDX-MS), chemical crosslinking mass spectrometry (XL-MS), and molecular docking to 

characterize the binding interface and to predict the three-dimensional quaternary structure of a 

protein-protein complex in solution. Interleukin 7 (IL-7) and its α-receptor, IL-7Rα, serving as 

essential mediators in the immune system, are the model system. HDX kinetics report widespread 

protection on IL-7Rα but show no differential evidence of binding-induced protection or remote 

conformational change. Crosslinking with reagents that differ in spacer lengths and targeting 

residues increases the spatial resolution. Using five cross-links as distance restraints for protein-

protein docking, we generated a high-confidence model of the IL-7/IL-7Rα complex. Both the 

predicted binding interface and regions with direct contacts agree well with those in the solid-state 

structure, as confirmed by previous X-ray crystallography. An additional binding region was 

revealed to be the C-terminus of helix B of IL-7, highlighting the value of solution-based 

characterization. To generalize the integrated approach, protein-protein docking was executed with 

a different number of cross-links. Combining cluster analysis and HDX kinetics adjudication, we 

found that two intermolecular crosslink-derived restraints are sufficient to generate a high-

confidence model with root mean square distance (r.m.s.d.) value of all alpha carbons below 2.0 Å 

relative to the crystal structure. The remarkable results of binding-interface determination and 

quaternary structure prediction highlight the effectiveness and capability of the integrated 
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approach, which will allow more efficient and comprehensive analysis of inter-protein interactions 

with broad applications in the multiple stages of design, implementation, and evaluation for 

protein therapeutics.

Introduction

Precisely regulated but complex protein-protein interactions are paramount to safeguard 

homeostasis in the immune system1. Protein-binding events initiate vast arrays of signal 

transduction, communicating critical information to orchestrate multiple health-related 

immune responses2. Comprehensive characterization and impartial understanding of the 

binding interfaces at high spatial resolution are imperative for both academic and 

pharmaceutical research. A traditional approach to obtain binding information is X-ray 

crystallography3. The need for fastidious crystallization and long growth times can limit its 

application. In addition, the delivered solid-state information can raise questions about its 

relevance to the physiological environment. Nuclear magnetic resonance (NMR), on the 

other hand, provides a liquid-phase characterization but at the expense of large amounts of 

isotopically-labelled sample, demanding signal averaging, and complicated data 

interpretation4. Mass spectrometry (MS)-based methods are exceptionally appealing in this 

context given their low detection limit, fast throughput, and compelling use of native 

proteins.

HDX-MS5,6 is a robust analytical technique for characterizing protein-protein interactions,7 

protein-ligand binding, higher-order structure8, and conformational dynamics.9–11 

Conformational changes induced by protein-protein binding lead to changes in deuterium 

uptake kinetics, enabling comparisons between different states (e.g., bound and unbound), 

thus permitting the determination of binding interfaces and changes in dynamics. Spatial 

resolution exceeding the peptide-level can be achieved by multi-protease digestion for 

overlapping peptides, by ETD/ECD fragmentation12–14, or by combining HDX results with 

other characterization approaches (e.g., chemical cross-linking and docking, as in this 

study).

Chemical crosslinking with subsequent MS analysis has considerable value in the structural 

biology toolbox.15–16 It can deliver topological information of protein complexes by 

bridging the neighboring domains in close proximity, defined by characteristic spacer 

lengths on cross-linkers. Advanced analysis software17–19 and new crosslinking reagents and 

protocols20 have greatly escalated its application. The obtained information is even more 

propitious to uncover higher-order quaternary structure when coupled with other methods 

(e.g., macromolecular docking).

Complementing X-ray crystallography and NMR, protein-protein docking is a 

computational methodology that also yields complete three-dimensional structural 

information for protein complexes. Despite rapid and regular increases in computer speed, 

parallel processing, acceleration of computation through the use of GPUs and the 

development of improved algorithms and scoring functions, accurate modeling of protein 

complexes remains challenging, even starting with high-quality structural models (e.g., X-

ray crystal structures) of the binding partners21. This is due in part to the large number of 

Zhang et al. Page 2

Anal Chem. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potential complex structures that must be evaluated in the absence of additional information 

(sampling problem)22 and to limitations in the ability to score accurately the models 

generated (scoring problem)23–24. An integrated platform25–28 that utilizes experiment-

derived information (i.e., HDX-MS and XL-MS data) to define restraints that guide the 

sampling stage of protein-protein docking has the potential to provide models with high 

accuracy and resolution.

In this study, we chose interleukin 7 (IL-7) as a test case to demonstrate the integrated 

characterization platform. IL-7 is a representative member of the cytokine family, 

modulating immune cell physiology through receptor recognition2, 29. IL-7 sequentially 

binds to IL-7Rα, its α-receptor, and γc through its extracellular domain to form a ternary-

complex that activates the Janus kinase (JAK) and enables phosphorylation of the signal 

transducer and activator of transcription (STAT).30 Downstream signal transduction switches 

on transcription of the anti-apoptotic genes, promotes cell survival, and causes proliferation 

of both naïve and memory T cells.31 Many investigators consider recombinant human IL-7 

an ideal treatment agent in cancer immunotherapy. 32 It can promote immune 

reconstitution33–34 through peripheral T cell expansion, increase the efficacy of tumor 

regression,35 and antagonize the immunosuppressive network.36 Understanding the critical 

role of regulating immune functions requires characterization of the involved binding 

interface, further motivating the choice of IL-7/IL-7Rα as a model system. The approach, 

once established, will doubtlessly benefit other protein systems (e.g., other cytokine 

complexes, antigen/antibody complexes). Deeper understanding will aid many steps in 

biomedical design37 including protein interface engineering2 and epitope-based preventive 

vaccines38 that are crucial to maintain homeostasis and physiological well-being.

Our goal is to implement and test an analytical approach that is comprised of HDX, 

chemical crosslinking and protein-protein docking to characterize the binding interface of 

IL-7/IL-7Rα. With the integrated methods, we generated an accurate three-dimensional 

model that allows detailed description on the direct inter-protein contacts in the binding 

region. Furthermore, we investigated how HDX kinetics can adjudicate candidate docking 

models to an ultimate high-confidence complex structure. A previous X-ray crystallographic 

study39 of IL-7/IL-7Rα is available for final comparison purposes.

The binding regions assigned by using the approach are in good accord with the published 

crystal structure and, moreover, indicate another involvement (i.e., C-terminus of helix B in 

IL-7). Docking results generated with different numbers of cross-links further demonstrate 

that, with HDX kinetics adjudication, a high-confidence model can be delivered by using 

only two intermolecular cross-links. Although HDX-MS has been employed for 

complementary information in some biological studies40–44 along with XL-MS, the two 

methods are usually treated individually. Other studies27–28 that incorporated XL-based 

docking have shown that HDX kinetics can be utilized to examine the constructed 3D 

model; however, none has deployed the process in a systematic way. The integration and 

evaluation of the three approaches convincingly shows the combination can yield high-order 

structural information and provide basic and practical insights for further applications.
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Experimental

Material

A description of the materials used in this study is given in SI Material and Method.

Hydrogen-Deuterium Exchange

The HDX experiments were performed with three states: IL-7 unbound state, IL-7Rα 
unbound state, and IL-7/IL-7Rα bound state (details see SI Material and Method). Data 

were acquired on a custom-built HDX platform coupled with Linear Ion Trap-Fourier 

Transform mass spectrometer (Thermo Fisher, Waltham, MA) and analyzed by HDExaminer 

(Sierra Analytics, Modesto, CA). Per residue deuterium uptake difference for each time 

point was calculated and exported from the software based on available overlapping 

peptides. The cumulative uptake differences and the associated propagation error were 

calculated manually. Three times propagation error was considered to give 99.7% certainty.

BS3 and BS2G Crosslinking

Prior to any experiments, IL-7 and IL-7Rα were incubated as 1:1 ratio for 1 h in 10 mM 

PBS buffer (2.7 mM KCl, 137 mM NaCl, pH = 7.4). The BS3-h12/d12 crosslinker (1 mg) 

was dissolved in PBS buffer to make a 25 mM stock solution. The IL-7/ IL-7Rα complex 

was then mixed with the fresh BS3-h12/d12 solution at 1:25, 1:50 and 1:100 ratio, where the 

concentration of IL-7/ IL-7Rα was 10 μM. The reaction mixture was kept at 25 °C for 45 

min. Tris-HCl solution (1 M, pH = 7.4) was added at a final concentration of 50 mM and 

incubated for 15 mins to stop the crosslinking chemistry. For the BS2G crosslinking, the 

experimental procedure was identical except that BS2G-d4 and BS2G-h4 stock solutions 

were prepared separately at 25 mM and manually mixed later at 1:1 ratio prior to the XL 

reactions. Cross-linking experiments were in triplicates for each condition.

EDC Crosslinking

IL-7 and IL-7Rα were incubated in 35 mM MES buffer (15 mM KCl, pH = 6.5) with 1:1 

ratio for 1 h. A freshly made EDC/sulfo-NHS stock solution (400 mM EDC/sulfo-NHS in 

MES buffer, pH = 6.5) was added to the IL-7/IL-7Rα solution for 1 h at 25 °C to allow the 

XL reactions; the protein concentration was 17 μM and EDC/sulfo-NHS was 5-20 mM in 

different trials. To quench the reaction, 2 M Tris-HCl (pH = 7.4) was added to a final 

concentration of 200 mM, followed by 15 mins incubation. Cross-linking experiments were 

in triplicates for each condition.

Enzymatic In-solution Digestion and LC-MS/MS Analysis

The protein mixture was desalted with a Zeba column and denatured by RapiGest. After 

reduction and alkylation of disulfate bonds with DTT and IAM, the cross-linked sample was 

further digested and deglycosylated wih trypsin and PNGase F. Peptides mixture was further 

desalted by C18 NuTip and submitted for LC-MS/MS analysis. Data was acquired on a 

Thermo W Exactive Plus orbitrap mass spectrometer coupled with a Nano Ultimate 3000 

Rapid Separation system (Dionex, Co). A detailed description is given SI Material and 

Method.
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Identification of Crosslinked Products

The raw LC-MS/MS files were analyzed by pLink19, 45 (ver. 2.3.1, Institute of Computing 

Technology, Chinese Academy of Sciences, Beijing, China) and Protein Prospector (ver. 

5.22.1, UCSF MS Facility). IL-7 and IL-7Rα sequence were added manually to the search 

database. XL information, including monoisotopic linker mass of light and heavy form of 

BS3 (156.079 Da and 168.154 Da) and BS2G (118.057 Da and 114.032 Da), linked sites and 

composition were all required in pConfig. Trypsin/chymotrypsin digestion was manually 

defined and added to the library. Search parameters in pLink were: enzyme: trypsin/

chymotrypsin; missed cleavage: 3; precursor tolerance: 10 ppm; fragment tolerance: 30 ppm; 

variable modification: oxidation of M, deamidation of N, Q and N-terminus; fixed 

modification: carbamidomethyl of C; minimal peptide length: 6 aa; maximal peptide length: 

60 aa; minimal peptide mass: 600 Da; maximal peptide mass: 6000 Da. The crosslinked 

peptides were examined in pLabel to give corresponding summary reports. The identified 

XL peptides were equal or smaller than a 5% false discovery rate at spectral level with a 10 

ppm MS1 filter tolerance. Isotopic doublets were manually confirmed in the raw file, and 

product ion (MS/MS) spectra were further validated and compared with the calculated 

product ions.

Protein-protein Docking

IL-7/IL-7Rα protein-protein docking analyses were performed with the Rosetta (v. 3.846–48) 

docking_protocol (RosettaDock) code49–50 on a cluster of multi-processor Linux servers. 

For the docking analyses, the A chain from the X-ray crystal structure of unbound IL-7R 

extracellular domain (PDB ID: 3UP1) was used as the protein model for IL-7R51. 

Unfortunately, no crystal structure of unbound IL-7 was available either in-house or in the 

public domain. Thus, the A chain from the IL-7/IL-7R complex crystal structure (PDB ID: 

3DI2) provided the model for IL-739. The protein models were prepared for docking in a 

two-stage process starting with the Rosetta score_jd2 program which added residue atoms 

that were not present in the PDB files, added hydrogen atoms, and removed non-protein 

residues. The second preparation step utilized the Rosetta relax program to perform energy 

minimization of the structures output by score_jd2 within the context of the Rosetta energy 

model. With the relax application, 10 models were generated for each structure using the 

“constrain_relax_to_start_coords” and “coord_constrain_sidechains” options to limit 

structural changes, and the model of each protein with the lowest Rosetta total energy score 

was selected.

The IL-7 and IL-7R models were imported into Maestro (Schrödinger Release 2019-1: 
Maestro, Schrödinger, LLC, New York, NY, 2019.) and manually displaced relative to each 

other to arbitrary extents and then merged into a single two-chain model that was written to 

a PDB format file as input for the subsequent protein-protein docking analyses. The details 

of docking study utilizing different number of cross-links as the distance restraints is given 

in SI Material and Method. All data are available upon request.
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Results and Discussion

Hydrogen Deuterium Exchange (HDX).

We conducted HDX on the unbound IL-7 and the bound-state in presence of IL-7Rα (Figure 

S1) and collected kinetic plots with 94% sequence coverage and 48 unique peptides (see 

Figure 1A for representative HDX kinetic plots). Regions 17-24 (a), 58-66 (c) and 81-91 (e) 

of IL-7 show less deuterium uptake across the incubation time up to 2 h, indicating their 

involvement in the binding interaction. On the other hand, region 35-42 (b) takes up more 

deuterium, showing exposure when bound to IL-7Rα. Another region, represented by 

peptide 71-76 (d), is an example not affected by binding, serving as a negative control. 

Statistical analysis of the cumulative deuterium uptake differences further supports these 

observations sometimes up to near residue-level (Figure 1B). We consider the difference as 

significant when they are greater than three times the propagated error, giving 99.7% 

confidence. We mapped the cumulative HDX differences on the IL-7 structure (Figure 1C) 

to show that the most protected regions lie on helix A (Region a) and helix C (Region e). 

The C-terminus of helix B (Region c) also shows moderate protection, whereas the loop 

region (Region b) between helix A and B becomes more flexible upon binding.

To map the binding interface of IL-7Rα, we compared HDX kinetics of its bound and 

unbound states (Figure S2A and Figure S3) and obtained 80% sequence coverage and 45 

unique peptides. The N-terminal peptide (Region a) shows identical uptake kinetics between 

the two states. All other peptides, however, present various extents of protection in the HDX 

profiles, as is clearly demonstrated in the statistical analysis of cumulative deuterium uptake 

difference (Figure S2B). The most protected residues, colored black in the IL-7Rα structure 

(Figure S2C, region c), comprise the elbow region on domain 1 (D1), indicating high 

probability to be the binding interface. Other regions with pronounced protection are on the 

other elbow region (Region e) and on one beta-strand (Region d) of domain 2 (D2). The 

widespread protection indicates that IL-7Rα exhibits a more structured and compact 

conformation upon binding; however, there is no differential evidence for being the binding 

interface or undergoing remote conformational changes with the stand-alone HDX. To 

increase the resolution, to reveal the associated peptide regions in IL-7/ IL-7Rα, and to 

provide distance restraints needed for docking, we applied crosslinking coupled with MS to 

obtain complementary information.

Cross-linking of IL-7/IL-7Rα Complex.

To address the interacting regions in the IL-7/ IL-7Rα complex, we chose isotope-encoded 

BS3-H12/D12 (11 Å), BS2G-H4/D4 (8 Å) and EDC/NHS (“zero-length crosslinker”) as the 

cross-linking reagents. Their spacer lengths cover a range of distance length restraints, and 

their use combined with that of BS3 allows interrogation of not only lysine (K) and the N-

terminal -NH2 groups but also glutamic (D) and aspartic acids (E), affording broad coverage. 

We incubated IL-7Rα and IL-7 at a 1:1 molar ratio to allow complex formation and then 

mixed them with the cross-linkers at various excess concentrations in separate experiments. 

We monitored the yields with gel electrophoresis (Figure S4). The cross-linked complexes 

present clearly at approximately 64 kDa, and the yields are estimated accordingly to the 

intensities of the bands. We found that 100-fold excess BS3 and BS2G (1 mM) gives more 
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abundant cross-linked IL-7/ IL-7Rα than does an excess of 25 (0.25 mM) and 50-fold (0.5 

mM). For EDC/NHS crosslinking (Figure S4B), use of 10 mM and 20 mM of reagent results 

in product bands of nearly equal intensity. We submitted the crosslinked IL-7/ IL-7Rα from 

individual trials to in-solution digestion followed by LC-MS/MS analysis, in which the 

“light” and “heavy” encoding aids the identification of cross-links (corresponding cross-

links are shown in Figure S5–S14). We manually validated the isotope-encoded doublets and 

the product ions formed in MS/MS from raw files, establishing that the experimental masses 

agree with their theoretical values.

In total, we identified 16 intermolecular cross-links. Six of them contain one cross-linked 

site on a long and flexible loop between helix C and D of IL-7, suggesting the flexibility of 

the loop region but providing no evidence of the binding interface. This loop can be ruled 

out as a binding interface, even in the absence of an X-ray structure, because it does not 

show protection in HDX upon binding. Of the remaining 10 inter cross-links (Table 1), those 

on IL-7 are K11 on helix A (cross-link 1 and 2), D75 on helix C (cross-link 3), K69 on the 

C-terminus of helix B (cross-link 4) further support the previously assigned protected 

regions in the HDX kinetics study. In addition, we observed several cross-links on a series of 

residues on the N-terminus (crosslink 6 to 10) and one on helix D, all of which deliver 

topological information about the binding complexes.

For the IL-7Rα, there are four cross-linked residues; three of them, K77, K78 (cross-link 3 

and 4) and K84 (cross-link 1 and cross-link 6 to 10) are on the elbow region of D1, and the 

fourth, K141 (cross-link 2 and 5) is located on the elbow loop of D2, showing discriminating 

evidence that the two elbow regions constitute the binding interface of IL-7Rα rather than 

allosteric regions. To delineate the interacting regions and the three-dimensional structure of 

the binding complexes, we turned to protein-protein docking based on crosslinking distance 

restraints to elucidate the quaternary structure.

Restraint-based protein-protein docking.

Protein-protein docking calculations were performed with the RosettaDock program to 

discern the likely structure of the IL-7/IL-7Rα complex in aqueous solution. Five 

representative intermolecular cross-links (i.e., crosslinks 1-5 in Table 1) were selected to 

define distance restraints. The other five cross-links involve N-terminal residues of IL-7 that 

are not resolved in the input X-ray crystal structure and, thus, are not included as docking 

restraints. Initial protein-protein docking experiments with RosettaDock utilized all five 

crosslink-derived restraints simultaneously. Clustering of the top-scoring 100 IL-7/IL-7Rα 
complex models (RosettaDock total score) was performed with the Rosetta cluster program 

with a 2.0 Å cluster radius. The largest cluster contained 53 similar models. We chose one 

representative model (Figure 2, IL-7 in purple and IL-7Rα in green) and overlaid it with the 

X-ray crystal structure (Figure 2, black). The r.m.s.d. difference across all alpha carbons is 

1.7 Å which is less than 2.0 Å cutoff used to define a high-confidence model.

We further mapped cross-links 1-6 onto the generated model (Figure 2). Although the N-

terminal region from M1 to K8 in IL-7 is not resolved, cross-link 6 is located more closely 

than cross-links 7-10 to the resolved residue D9, allowing its Cα-Cα distance to be 

estimated and taken for mapping (Figure 2). Cross-links 7-10, therefore, are not mapped in 
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the complex model. All of the measured Euclidean Cα- Cα distances are within the reported 

range5253 for each specific cross-linker (Table 1). The excellent accord between the model 

and the X-ray crystal structure demonstrates the validity of solution-based data and the 

feasibility of using an integrative approach to obtain an accurate structure. In contrast, 

clustering of the top-scoring 100 models from an unrestrained docking exercise where more 

extensive sampling was performed (100K models) resulted in identification of only four 

two-membered clusters, none of which contained models that recapitulated the X-ray 

structure of the complex. The success of generating an accurate model provides insight 

about the binding interface, especially direct contacting regions that cannot be assigned by 

either stand-alone crosslinking or HDX.

Binding interface for IL-7 and IL-7Rα.

On D1 of IL-7Rα, the elbow region (Figure S2–c) is heavily protected upon binding and 

considered to interact primarily with helix C of the IL7. Not only the adjacent positions of 

these two domains, from directly viewing the docking model, but also a short EDC cross-

link 3 further support their proximity. The observation is consistent with the contacting 

residues resolved from the crystal structure39, where K77 on the D1 elbow region of IL-7Rα 
forms H-bonds with D75 and K82 on helix C of IL-7. Furthermore, HDX kinetics reveals 

another participating region on the C-terminus of helix B, evidenced by the low deuterium 

uptake (Figure 1A–c) and cross-link 4. In addition, additional short cross-links (i.e., cross-

links 8-10) indicate a third direct contacting region, the N-terminus of helix A, with D1 

elbow region; the information is not found in the crystallographic study due to the partially 

unresolved structure. The other elbow region (Figure S2–e) on D2 of IL-7Rα is bridged to 

helix A of IL-7 by cross-link 2, closely locating those regions in the generated model. The 

cross-linked residue, K11, is the nearest linkable residue to Q23, which contributes to H-

bond formation with the paired residue K138 in domain 239. The C-terminus of helix D 

adjoins the D2 elbow loop, as represented by cross-link 5. The less than 10% cumulative 

deuterium uptake difference in region 138-152 (Figure 1B) and distant location in the 

docking model, however, suggest involvement but not prominent interaction. Cross-link 1 

and cross-links 6 and 7 obtained with BS3 span the D1 domain and helix A, delivering 

topological information about the binding complex and further show the limited information 

from stand-alone cross-linking chemistry. Those long cross-links are not highly effective 

restraints in terms of defining the interface unless coupled with other orthogonal methods. 

The integrated platform of using multiple cross-linkers, especially shorter ones, and of 

incorporating protein-protein docking significantly increases the certainty and defines better 

the directly contacting regions.

The number of intermolecular cross-links needed for a high-confidence model.

Excellent results were obtained in the protein-protein docking exercise that utilized five 

crosslink-derived restraints. However, in the context of the integrated approach, it is possible 

that accurate models might be obtained with fewer restraints. To examine this possibility, we 

conducted docking runs with all possible combinations of using 1 to 5 cross-links as 

distance restraints. For each restraint combination, we identified the top-scoring 100 IL-7/

IL-7Rα docking models with RosettaDock total score and clustered them with the Rosetta 

cluster program by using the aforementioned criteria (Cα atom r.m.s.d. ≤ 2.0). For an 
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unknown system, the clusters with the largest size are likely to be the most promising ones 

to choose. Thus, we summarized and evaluated all the largest clusters for each of the 

combinations (Figure 3). When using a restraint combination, multiple clusters of equal size 

are possible (e.g., for cross-link 1 and the combination of cross-links 4 and 5). Docking with 

larger number of restraints generally leads to larger cluster sizes; however, the size also 

depends on the cross-links chosen. We found that shorter cross-links are more demanding 

and lead to larger clusters. Supporting this contention is that the largest clusters in each 

category (e.g., one restraint, two restraints) all contain cross-link 3, the EDC cross-link. This 

observation further emphasizes the importance of employing a multiple-cross-linker strategy 

to provide both tight requirements for crosslinking and, at the same time, relatively loose 

restraints that allow many cross-links to form, thus aiding the downstream analysis.

Protein-protein docking with 10 different combinations of 5 crosslink-derived restraints 

taken two at a time yielded 11 largest clusters in total (Figure 3 and Table 2). Based on the 

structural similarity, we grouped and overlaid them into three different types (Figure 4). Our 

approach utilizes HDX results at this stage to evaluate the accuracy of the models. The 

omnipresent protection of IL-7Rα upon binding make IL-7Rα a poor choice to adjudicate 

the models. Instead, we chose only IL-7 HDX kinetics for the evaluation and mapped the 

residue-level cumulative deuterium uptake difference onto its structure as shown before 

(Figure 1). To place the comparison on a quantitative basis, we calculated the solvent 

accessible area (SASA) of the two most protected regions, 19VSIDQL24 and 
83VSEGTTIL90, as indicated by HDX, for each generated model (Table 2). In the type 1 

models, which are the most populated models given by seven different combinations (Table 

2), the averaged SASA is 143 ± 12 Å and 212 ± 6 Å for 19VSIDQL24 and 83VSEGTTIL90, 

respectively. The values are significantly smaller than 230 Å and 319 Å in the unbound IL-7, 

suggesting there would be less deuterium uptake in the bound IL-7/IL-7Rα, as is seen in the 

HDX kinetics.

For the type 2 models (Figure 4B), however, the two regions are outside the contacting 

interface and nearly entirely exposed, evidenced explicitly by a SASA for the region 
19VSIDQL24 of 230 ± 1 Å that is identical to the SASA of the unbound IL-7. This identity 

indicates no binding-induced protection on this region, in contradistinction to the HDX 

results. This inconsistency is further shown in other regions, for example the loops that 

connect different helices. Although type 2 models suggest the loops are the binding 

interface, HDX reports they either become more exposed upon binding or show no 

differences between two states (Figure 1B). The conflicting conclusions from HDX and 

docking forcefully decrease the likelihood of type 2 models to be correct. From similar 

reasoning, the type 3 model (Figure 4C) is also inconsistent with the HDX kinetics. 

Although the SASA of 83VSEGTTIL90 is 268 Å, smaller than that of unbound IL-7, the 

SASA of the other most protected region, 19VSIDQL24, is the same as that of unbound, 

indicating no involvement in the IL-7/IL-7Rα interaction. Instead, the suggested binding 

interface is consisted of a mini-helix and a flexible loop, which shows more deuterium 

uptake (Figure 1A–b) in HDX upon binding. Guidance from the HDX data allows us to 

reasonably rule out dubious docking models.
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A subsequent evaluation between the remaining models, i.e. type 1 models, after HDX 

adjudication and comparison with the published crystal structure reveals only subtle 

structural differences (Table 2), all smaller than 2 Å r.m.s.d for all alpha carbons. These 

latter models meet the criteria promoted in this study to define a high-confidence model. 

Using this integrated platform, we can conclude that docking restraints based on two 

intermolecular cross-links are adequate to identify an accurate quaternary model for this 

binding complex.

Using three or four inter cross-links as restraints leads to better populated clusters and more 

well-defined IL-7/IL-7Rα models. Only two types of models (Figure S15) are generated and 

the second type can be excluded by incorporating the HDX results in the decision, where not 

the SASA values of both two peptides show differences between the bound and unbound 

IL-7 (Table S1). The remaining models are all considered as high-confidence models upon 

comparison to the X-ray structure. Although using more than two cross-links also gives an 

accurate model with no surprise, the successful exercise provides confidence for utilizing 

integrated methods to obtain HOS information.

When using only one cross-link as the docking restraint, however, seven different model-

types are generated (Figure S16 and Figure 4D). Although some of these can survive HDX 

adjudication, they still deliver erroneous structures. Type 3 model (Figure 4D) is an example, 

showing the two most protected regions interacting with the IL-7Rα. The SASA value for 
19VSIDQL24 and 83VSEGTTIL90 are 65 Å and 182.3 Å, respectively, all smaller than that of 

the unbound IL-7, suggesting consistent protection behavior observed from HDX kinetics. 

However, due to the mis-orientation of IL-7Rα, the r.m.s.d. difference in comparison with 

the crystal structure is 14.8 Å (Table S2), far exceeding the 2 Å threshold for a good model. 

A similar situation also applies to type 5 and type 7 models. Serving as a comparison 

control, one cross-link is insufficient to assign an accurate quaternary structure, thus the 

minimal number of cross-links to fulfill this goal is two.

Conclusion

This work highlights the effectiveness of the integrated approach to deliver quaternary 

structural information. Although the generality of the number “two cross-links” may vary 

from system to system, the prospect of generating a high-confidence model based on a few 

cross-links is clearly demonstrated. More crosslinks-derived restraints increase the 

likelihood of generating accurate models, but only modestly, and extensive efforts to identify 

large numbers of cross-links may not be justified for some protein-protein complexes.

The study also demonstrates successful utilization of HDX results in combination with XL-

enabled docking studies to identify the IL-7/IL-7Rα binding interface and to predict the 

quaternary structure of the complex in solution. Use of multiple cross-linkers spanning 

diverse distances and targeting different amino acids increases the chances of identifying 

inter-protein contacting regions and the spatial-resolution; restraints derived from shorter 

crosslinking reagents more effectively focus the docking results towards native-like models. 

The excellent results achieved for the IL-7/IL-7Rα system may be due in part to the rich 

concentration of lysine residues along the binding interface, but for interfaces that are not 
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lysine-rich, employing non-selective crosslinkers, (e.g., sulfo-NHS-SDA), can overcome that 

limitation.

Implementation of several complementary methods significantly enriches the structural 

information from tertiary to quaternary, compared to any stand-alone method. The delivery 

of a high-confidence model with only two experimental cross-links as restraints demonstrate 

the capability of an integrated platform. It can not only categorize changes arising from 

either binding-induced protection or remote structural changes but also define the binding 

interface more precisely with modeling. For many other protein complexes, which require 

considerable effort to crystalize or don’t crystallize at all, the approach is an intriguing 

alternative to obtain structural information. That information applies to the proteins in 

solution and can fill in regions that do not diffract well. The established approach will 

certainly aid the design of protein therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Representative HDX kinetics of unbound IL-7 (purple) and of bound with IL-7Rα (red). 

(B) Statistical analysis of cumulative HDX difference for each residue. Residues are 

considered being affected upon binding with IL-7Rα when the difference is greater than 

three times the propagated error (shaded in faint yellow) of all time points. (C) The 

cumulative HDX difference of each residue mapped onto the crystal structure of IL-7 

(PDB:3DI2).
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Figure 2. 
X-ray crystal structure of the IL-7/IL-7Rα (black, PDB: 3DI2) overlaid with generated 

docking models (green for IL-7Rα and purple for IL-7) that were generated using five 

intermolecular cross-links (1-5) as restraints. Cross-linked residues are in red, and dashed 

lines depict the corresponding crosslinked spans. The adjoining number corresponds to 

cross-links shown in Table 1.
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Figure 3. 
Cluster sizes for largest clusters of IL-7/IL-7Rα models generated with each possible 

combination of 1-5 crosslink-derived restraints from protein-protein docking. Several 

clusters with nearly equal members are formed for restraint combinations of cross-link 1 and 

combinations of cross-links 4 and 5.

Zhang et al. Page 17

Anal Chem. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Different IL-7/IL-7Rα model-types, including type 1 (A), type 2 (B) and type 3 (C), 

generated from protein-protein docking with different combinations of two crosslink-derived 

restraints. IL-7 is mapped with the cumulative HDX uptake difference whereas IL-7Rα is 

colored in green. Similar models in each type are overlaid. (D) Type 3 IL-7/IL-7Rα model 

generated using only cross-link 1.
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Table 1.

Identified inter cross-links with BS3, BS2G and EDC cross-linking.

IL-7 IL-7Rα Cross-linker Reported Cross-linkable Cα- Cα Distance, 
Å

Measured Cα- Cα Distance in the Generated 
Model, Å

1 K11 K84 BS3 9-3052 14.3

2 K11 K141 BS3 9-3052 13.9

3 D75 K77 EDC 6-1653 9.8

4 K69 K78 BS3 9-3052 17.2

5 K152 K141 BS3 9-3052 24.2

6 K8 K84 BS2G / BS3 6-26/9-3052
12.3

a

7 N-term K84 BS2G / BS3 6-26/9-3052 -

8 D2 K84 EDC 6-1653 -

9 D4 K84 EDC 6-1653 -

10 E6 K84 EDC 6-1653 -

a
Cross-linked distance is measured at the Cα of D9 instead of K8 in crystal structure (PDB: 3DI2) because the N-terminal region from M1-K8 is 

missing in the X-ray structure.
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Table 2.

Summary of representative models from the largest clusters by using any two cross-links as docking restraints. 

The solvent accessible area (SASA) of two most protected regions in IL-7, as indicated by HDX kinetics, are 

calculated for each docking model and for the unbound-state IL-7 in Pymol.

Crosslink-based 
Restraints

Size of 
Largest 
Cluster

Model 
Category

SASA of Peptide in IL-7, Å

Matching 
with HDX 

(Y/N)

Compared to 
X-ray 

Structure, 
r.m.s.d, Å

19VSIDQL24 83VSEGTTIL90

Bound 
IL-7 in 
Models

Unbound 
IL-7

Bound 
IL-7 in 
Models

Unbound 
IL-7

1_2 10 Type 3 230

230

268

319

N 12.3

1_3 26 Type 1 133 220 Y 1.7

1_4 22 Type 2 230 247 N 11.0

1_5 11 Type 1 141 211 Y 1.4

2_3 25 Type 1 158 213 Y 1.9

2_4 10 Type 2 230 269 N 10.9

2_5 12 Type 1 137 209 Y 1.5

3_4 15 Type 1 142 214 Y 1.7

3_5 62 Type 1 160 201 Y 1.7

4_5
4_5.1 13 Type 1 127 213 Y 1.3

4_5.2 13 Type 2 230 253 N 10.9
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