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Abstract

The precise and unambiguous elucidation and characterization of interactions between a high 

affinity recognition entity and its cognate protein provides important insights for the design and 

development of drugs with optimized properties and efficacy. In oncology, one important target 

protein has been shown to be the epidermal growth factor receptor (EGFR) through the 

development of therapeutic anticancer antibodies that are selective inhibitors of EGFR activity. 

More recently, smaller protein derived from the tenth type III domain of human fibronectin termed 

an adnectin has also been shown to inhibit EGFR in clinical studies. The mechanism of EGFR 

inhibition by either an adnectin or an antibody results from specific binding of the high affinity 

protein to the extracellular portion of EGFR (exEGFR) in a manner that prevents phosphorylation 

of the intracellular kinase domain of the receptor and thereby blocks intracellular signaling. Here 

the structural changes induced upon binding were studied by probing the solution conformations 

of full length exEGFR alone and bound to a cognate adnectin through hydrogen/deuterium 

exchange mass spectrometry (HDX MS). The effects of binding in solution were identified and 

compared with the structure of a bound complex determined by X-ray crystallography.
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Introduction

The epidermal growth factor receptor (EGFR) is a key molecular target in oncology. EGFR 

is overexpressed or mutated in many cancers and its activation is important in tumor growth 

and progression [1]. EGFR is composed of a large extracellular ligand-binding region, a 

single transmembrane domain, an intracellular juxtamembrane region, a cytoplasmic 

tyrosine kinase domain and a C-terminal regulatory domain [2]. The extracellular region of 

EGFR (exEGFR) contains two homologous ligand binding domains (domain I and III) and 

two cysteine rich domains (domains II and IV) [3] (see also Figure 1A). Upon binding to 

epidermal growth factor (EGF), exEGFR forms a homodimer through its dimerization arm 

which projects from the cysteine-rich domain II [4]. Dimerization positions the intracellular 

kinase domains in proximity so that transphosphorylation can occur [5,6]. When the kinase 

domain of EGFR becomes phosphorylated, it can lead to activation of pathways that are 

involved in regulating cellular processes [7]. Activation of EGFR may contribute to tumor 

growth including promotion of proliferation, invasion, and metastasis [8,9]. Therefore, from 

a medical point of view, blocking signaling can modulate cancer progression.

To inhibit EGFR activation, molecules have been developed that block binding of ligands to 

exEGFR. For example, monoclonal antibodies (mAbs) directed against exEGFR physically 

block EGFR binding and thereby inhibit EGFR signaling pathways [1]. Amongst the mAbs 

directed against EGFR, Cetuximab (Erbitux), for example, is successfully used for the 

treatment of tumors, such as breast, cervix, colon, head and neck [10]. While mAbs are 

effective, designing and manufacturing full length mAbs is challenging and the cost of 

treatment can be prohibitive. Less complex molecules that elicit the same extracellular 

blocking effects are therefore desirable, including, for example, antibody mimetics [11]. 

Adnectins are a type of antibody mimetic that have shown tight and specific target binding 

with low toxicity, high thermal stability, good solubility, and relative ease of manufacturing 

[12]. Adnectins are derived from the 10th fibronectin type III domain (10Fn3) [13,14] 

containing complementarity-determining regions (CDRs) (BC, DE and FG loops) that are 

structurally analogous to the antibody heavy chain CDRs H1, H2 and H3 [11,14-16]. During 

drug discovery, adnectins can be designed to bind with high affinity (low nM range) and 

specificity to relevant targets [11,17,18], such as exEGFR.

To better understand binding interactions with exEGFR, biophysical characterizations have 

been performed with an anti-EGFR adnectin (Adnectin 1). Chief among studies of the bound 

state is a crystal structure of the exEGFR:adnectin complex wherein the binding interface 

was described [19]. While X-ray crystallography and NMR structural analyses of complexes 

are desirable, especially for providing information about binding interactions with atomic 

level resolution, it is not always possible to obtain such data. As we have and others have 

pointed out before [20-33] there are many properties of protein:protein interactions in 

solution that can be elucidated by hydrogen/deuterium exchange mass spectrometry (HDX 

MS). In the present study, we used HDX MS to measure the flexibility and solution 

dynamics of both unbound exEGFR and unbound Adnectin 1. Then, the interactions 

between exEGFR and Adnectin 1 were investigated by HDX MS at the peptide level and, 

for selected regions, at the amino acid level using directed HDX MS measurements 

involving electron transfer dissociation (ETD). The results were interpreted in light of the 
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crystallographic structure of the complex, allowing us to draw further conclusions, including 

a better understanding of what information can and cannot be revealed by HDX MS analysis 

of protein:protein complexes. In a related paper [34], the same complex was probed with 

oxidative labeling, a technique that can provide complementary information. In total, the 

results provide a clearer picture of the solution conformation and the conformational 

properties of this biologically important complex.

Methods

Proteins

Human exEGFR (residues 1-642) was expressed in Sf9 cells with a C-terminal His tag and 

purified as described previously [19]. The final purified protein was in phosphate buffer 

saline (PBS) consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 

pH 7.2. The expression and purification of Adnectin 1 was previously described [19]. 

Purified Adnectin 1 was also in PBS buffer (pH 7.2).

Hydrogen-deuterium exchange

For hydrogen exchange labeling, 50 pmol of EGFR protein were incubated with Adnectin 1 

for a final EGFR:Adnectin 1 concentration ratio of 1:2 during deuterium labeling. Under 

these conditions, >99.94% of the EGFR protein molecules were bound based on 2nM Kd (as 

reported elsewhere [11,15,19]). Mixtures were incubated for 30 min at room temperature (21 

°C) before deuterium labeling. As a control, EGFR and Adnectin 1 were incubated alone in 

PBS buffer (pH 7.2) and treated exactly as the EGFR:Adnectin 1 complex. Deuterium 

exchange was initiated by dilution of each protein with 15-fold PBS buffer made with 99% 

D2O, (pD 7.2) at room temperature. At each deuterium exchange time point (from 10 s to 4 

hours) an aliquot from the exchange reaction was removed and labeling was quenched by 

adjusting the pH to 2.5 with an equal volume of quench buffer [4M GnHCl, 0.5M Tris (2-

carboxyethyl) phosphine hydrochloride (TCEP-HCl), 200mM sodium phosphate, H2O]. 

Quenched samples were immediately frozen on dry ice and stored at −80 °C until analysis.

Chromatography and Mass Spectrometry

Each frozen sample was thawed rapidly and injected into a custom Waters nanoACQUITY 

UPLC HDX ManagerTM [35] and analyzed on a Xevo-G2 mass spectrometer (Waters Corp., 

Milford, MA, USA) as previously described [36]. The average amount of back-exchange 

using this experimental setup was 18% to 25%, based on analysis of highly deuterated 

peptide standards. All comparison experiments were done under identical experimental 

conditions such that deuterium levels were not corrected for back-exchange and are 

therefore reported as relative [31]. All experiments were performed in duplicate. The error 

of measuring the mass of each peptide was ± 0.20 Da in this experimental setup, consistent 

with previously obtained values [37,38], see also [39] for a review. Deuteration uptake was 

calculated by subtracting the centroid of the isotopic distribution for peptide ions from 

undeuterated protein from the centroid of the isotopic distribution for peptide ions from the 

deuterium labeled sample. The resulting relative deuterium levels were plotted versus the 

exchange time using Waters DynamX 2.0TM software. Identification of the peptic peptides 

was accomplished through a combination of exact mass analysis and MSE [40] using 
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Identity Software (Waters Corp., Milford, MA, USA), as previously described [41,42]. All 

assignments, deuterated spectra, and data processing were manually checked and verified.

Targeted ETD fragmentation

For ETD fragmentation, free exEGFR and Adnectin 1-bound exEGFR were prepared, 

labeled (a single labeling time of 30 min was chosen), and quenched as described above. All 

analyses (undeuterated controls and deuterated samples for both free and bound EGFR) 

were run in triplicate. A Waters Synapt G2-S HDMS system in resolution mode was used 

for ETD. The conditions were derived from similar experiments in this instrumental format, 

as described previously [43]: source capillary 3.0 kV, cone 20 V, offset 10; triwave trap 

wave height 0.3 V; RF setting trap ETD 450 V; gas control for trap 22.0 mL/min and gas 

control for transfer 0.7 mL/min. The reagent used for ETD fragmentation was 1,3-

Dicyanobenzene. Targeted ETD on exEGFR peptic peptide 1-19 (+4 charge state) was 

performed with a selection mass of 520 m/z for unlabeled and 522 m/z for the labeled 

peptide. Control experiments for ETD fragmentation and validation of low-scrambling 

conditions were performed with the P1 peptide [43,44], +3 charge state, with a set mass of 

517 m/z for unlabeled and 518 m/z for labeled P1 peptide (see Supplemental Figure S5). 

The c and z ions were assigned using BioLynx software and deuterated ETD spectra were 

manually processed using HX-Express [45,46].

Data Visualization

Peptic maps were obtained with the help of DynamX 2.0™. Pymol [47] was used to map the 

conformational changes on the crystal structure of the exEGFR (PDB id: 3QWQ).

Results and Discussion

Characterization of exEGFR by HDX MS

To form the basis for comparison of the exchange into the Adnectin 1 bound form, we first 

measured the incorporation of deuterium into exEGFR (residues 1-642, 69 kDa) free in 

solution and not bound to Adnectin 1. Undeuterated exEGFR was digested with pepsin 

using the same experimental conditions that were used later for deuterium labeling. Peptides 

constituting 84% linear coverage were identified (Supplemental Figure S1) and deuteration 

of exEGFR was then followed in 76 peptic peptides covering 80.3% of the exEGFR 

sequence (Supplemental Figure S2). The hydrogen exchange results for exEGFR are 

summarized in graphical form in Figure 1A (deuterium incorporation graphs for exEGFR 

alone are presented in Supplemental Figure S3).

Deuterium labeling of exEGFR alone showed that the majority of the molecule was resistant 

to rapid labeling, with most regions becoming only 40% deuterated after 4 hours of labeling 

and only a few mobile or dynamic regions becoming 60% deuterated. These HDX MS data 

are consistent with the structure observed by crystallography (i.e., regions where exchange is 

predicted to be slow based on the secondary and tertiary stricter exchanged slowly, etc.) and 

provide insight into the solution dynamics of full length exEGFR.
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Interestingly, domain I and III share similar β-helix solenoid structures and have only 37% 

sequence homology [3], however their exchange patterns are somehow different with most 

of the domain III peptides being protected from exchange even after 4 h of labeling. On the 

contrary, some of the domain I peptides exchanged more than 50% of their available amide 

hydrogens after 4 h, indicating different backbone amide hydrogen environments despite the 

structural similarity. Both of these domains are known for their ability to recognize and bind 

ligands [2].

In vivo, upon epidermal growth factor (EGF) binding, EGFR undergoes dimerization 

accompanied by a conformational change: EGFR transitions from a tethered into an 

extended conformation [2,3]. All contacts across the dimer interface are mediated through 

domain II. This domain contains a β-hairpin (the “dimerization arm”) located between 

amino acids 240-260. HDX MS data showed that in the monomeric form, the dimerization 

arm is solvent exposed and after 4 h of labeling more than 60% of this region becomes 

deuterated. However, some studies [48-50] have indicated that in the absence of the ligand 

(epidermal growth factor, EGF), EGFR could also exist as preformed homodimers, and that 

would be consistent with the observed lack of deuteration in other regions encompassing 

domain II, but excluding the dimerization arm.

Maintaining EGFR in a tethered (down-regulated) conformation is important for its 

autoinhibitory function. It is believed that interactions between domain II and IV are 

responsible for maintaining the down-regulated conformation, however small angle X-ray 

scattering (SAXS) results have indicated that actually interactions between domains II and 

III contribute to the down-regulated conformation [51]. It was proposed that the region 

linking domain II and III may be extremely rigid and that this region is actually responsible 

for maintaining EGFR in a tethered configuration. Interestingly, HDX MS data for the 

peptide 298-311 encompassing that area shows that this loop is protected from exchange and 

only partially dynamic at earlier time points (10 sec). After 10 min of labeling it reaches its 

“full” deuteration potential of 40% and then it remains unchanged throughout the 4 h 

labeling time.

Domains II and IV are cysteine-rich domains, each of them having 10 intra-domain disulfide 

bonds. These domains also contain sites of N-linked glycosylation [3]. While these domains 

have a structure comprised mostly of β-hairpins and loops, the deuterium incorporation 

results (Figure 1A) indicated that they exchange slowly, with the exception of several 

peptides that incorporated more than 50% deuterium after 4 h of labeling. Amongst these, 

regions in domain II between amino acids 245-253 (a β-hairpin loop corresponding to the 

dimerization arm, which is in close proximity to domain IV) and 254-267 incorporated more 

than 50% deuterium at the longest time point. Peptides between amino acids 518-539 from 

domain IV also were heavily labeled after 4 h, also exchanging 50% of their available 

backbone amides.

Analysis of Adnectin 1 by HDX MS

Hydrogen/deuterium exchange MS data for Adnectin 1 alone were also obtained. Upon 

pepsin digestion, a total of 13 peptides covering 90.3% of the amino acid sequences were 

identified (Supplemental Figure S4A) and exchange into all of these peptides was followed. 

Iacob et al. Page 5

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The results for HDX MS of Adnectin 1 alone are shown in Figure 1B (see also 

Supplemental Figure S4B for deuterium incorporation graphs). Adnectin’s higher-order 

structure is mainly formed of anti-parallel β-sheets, with connecting loops (BC, DE and FG) 

that are equivalent to the CDRs of an antibody heavy chain [13,14,16]. After 10 sec of 

deuteration, most parts of Adnectin 1 were protected from exchange with the exception of 

the BC loop that exchanged up to 40% of its available backbone amide hydrogens (NHs). In 

time, after 4 h of labeling, most of the molecule was more than 50% labeled, including all 

three loops FG, BC and DE, indicating a dynamic solution conformation. Only one β-strand 

(peptide 91-97) remained protected from exchange after 4 hours of labeling, displaying only 

20% deuterium incorporation.

HDX MS of exEGFR upon Adnectin 1 binding

To characterize the complex, we next incubated exEGFR with Adnectin 1 and labeled the 

complex with deuterium. The concentrations were set up such that we monitored only the 

impact of Adnectin 1 on exEGFR and not the opposite; therefore, no data regarding changes 

in deuteration of Adnectin 1 when bound to exEGFR were obtained. In the protein complex 

experiment, 76 exEGFR peptic peptides were followed by HDX MS (Supplemental Figures 

S2, S3). Overall, deuterium incorporation, and therefore protein dynamics, was the same (up 

to 4 hours) for most of the peptides when comparing unbound and bound exEGFR. 

However, several important regions showed differences in deuterium uptake and provided 

insight into the impact of Adnectin 1 binding on both protection from deuteration in 

exEGFR and on exEGFR dynamics. A summary of all of differences in all the 76 peptic 

peptides at all the time points is provided in Figure 2A.

Three regions of exEGFR were affected by Adnectin 1 binding (Figure 2A). A series of 

overlapping peptides covering the N-terminal region between amino acids 1-24 of exEGFR 

domain I had decreased deuteration upon Adnectin 1 binding. Amongst them, overlapping 

peptides 1-14, 1-17, 1-19 and 15-24 had a difference of more than 3 Da upon binding, 

indicating that at least three amide hydrogens became protected from exchange in the 

exEGFR:Adnectin 1 complex. These peptides became protected even at the earliest time 

points (10 sec labeling) suggesting an immediate occlusion from the solvent [52-54] upon 

Adnectin 1 binding. The deuterium uptake plot for peptide 1-19 is shown in Figure 2B and a 

significant decrease in deuterium incorporation in the bound form is clearly seen. Peptides 

18-24 and 20-24 (see Figure S3) also had reduced deuterium uptake at longer time points 

(from 10 min and greater), indicating that the solvent exposure of these peptides was not 

nearly as affected as the long-term dynamics and breathing of this region. Another region, 

with overlapping peptic peptide coverage, that exchanged less upon ligand binding was 

region 96-120 from domain I where at least a 1 Da decrease in uptake at multiple time points 

was observed upon binding (see Figure S3), mostly from 10 min of labeling onward and 

concentrated in peptide 96-108 (Figure 2B). exEGFR peptides 45-54 and 46-54 (see Figure 

2A and S3) showed very subtle differences in deuteration upon Adnectin 1 binding, 

indicating that these regions were either not directly involved in binding, that their 

conformation was only modestly altered in the presence of Adnectin 1, or both. A summary 

of all regions of exEGFR displaying altered deuterium exchange upon binding is shown in 

Figure 2C and mapped onto the exEGFR crystal structure [19]. Interestingly, all the peptides 
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that had reduced deuterium uptake upon Adnectin 1 binding were located in domain I of 

exEGFR and in close proximity to, although not necessarily in direct contact with, Adnectin 

1 as observed in the co-crystal.

Targeted ETD fragmentation for binding site refinement

A well-known limitation of peptide-level HDX MS is the inability to locate deuterium to the 

single residue level [55-57]. This limitation was apparent in the peptide-level results for 

exEGFR bound to Adnectin 1. The deuterium difference between bound and unbound 

peptide 1-19 after 30 minutes of labeling was approximately 4-5 deuterium atoms (when 

considering back exchange, see Figure 2B) but at peptide-level resolution, it was unknown 

where these 4-5 deuterium atoms were located in these 19 residues. In order to better refine 

the amino acids that were involved in Adnectin 1 binding, we performed targeted ETD 

fragmentation [43,44,58] on deuterium labeled exEGFR (at the 30 minute labeling time 

point) peptide 1-19, from both the free and bound forms of exEGFR. Peptides covering 

other regions (e.g., 96-108) provided poor ETD fragmentation and no useful data could be 

obtained. The +4 ionization state of peptide 1-19 provided a good number of ETD fragments 

(Figure 3A) corresponding to z and c ions [44,59] and there were significant differences in 

deuterium content between several c and z ions of bound and unbound exEGFR.

As shown in Figure 3B, all z ions except z3 showed different deuterium content between 

bound and unbound exEGFR. Changes in the difference between deuteration levels for 

bound and free peptide 1-19 occurred for z ions z3 to z6 (highlighted in green box, Figure 

3B). While bound exEGFR showed no significant increase in deuteration in this region (z3 

to z6) – an indication of protection – unbound exEGFR showed an increasing amount of 

deuterium when moving from z3 to z6. The change in mass from z3 to z6 for the bound form 

was only 0.18 Da while the change in mass of the unbound form was 1.78 Da from z3 to z6. 

From z6 to z8, in bound exEGFR there was a gradual increase in deuterium content while 

unbound exEGFR showed a greater increase in deuterium, likely resulting from uptake of 

one more deuterium in the unbound form. Finally, from z9 ion to z17, in both bound and 

unbound forms, the uptake curve showed a constant increase in deuteration and the 

difference between deuterium content for the unbound and bound forms (3 deuterium) was 

constant. The conclusion from analysis of deuterium in z ions was that binding of exEGFR 

protects primarily the region involving residues 13KLTQ16 of peptide 1-19. Analysis of 

deuterium levels in the c ions (Figure 3C) confirms the conclusions gleaned from the z ions. 

The c ions from c2 to c10 showed no difference in deuterium uptake between the bound and 

unbound exEGFR (highlighted in brown dotted box, Figure 3C) and the uptake difference 

started to become apparent for ions c11 to c16. Combining c and z ions, the results point to 

the same region of differences (residues from K13 to Q16). The X-ray crystal structure [19] 

shows the contact residues of sequence 1-19 to be at L14, T15, Q16, L17 and G18, although 

the contact residue side-chains are not the same as the backbone amide hydrogens that 

would be protected by binding. Figure 4 attempts to rationalize the HDX MS ETD data in 

light of the crystal structure as detailed further below.
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Conclusions

The unambiguous characterization of the binding interfaces of a protein to its ligand(s) can 

play a significant role in the development process of improved biotherapeutic agents. Such 

information can best be obtained with a crystal or NMR structure wherein the position of the 

atoms from each member of the complex becomes apparent. However, it is not always 

possible to obtain a crystal structure of a protein complex and if one can be obtained, 

defining the interface could be confounded by crystal packing effects. Protein complexes 

may not be amenable to NMR for various reasons, especially for complexes where the total 

size exceeds that possible for conventional NMR. As a result, other techniques for 

determining protein:protein interactions / epitope mapping strategies are also important 

[60-62]. Some of these techniques, e.g., screening peptide libraries for binding, may not be 

ideal because they might only detect short, linear stretches of amino acids that are 

recognized by a certain ligand/ antibody which may or may not adopt the relevant 

conformation. In the present study, amide hydrogen/deuterium exchange of a protein free 

and then in complex with a binding partner was monitored with mass spectrometry. HDX 

MS, like the other techniques, is also not without its limitations. The final output of HDX 

MS is a description of where in the protein(s) deuterium incorporation became altered by 

complex formation. The most useful information comes from changes in exchange of highly 

solvent exposed backbone amide hydrogens, as those that exchange slowly and are solvent 

inaccessible and protected by hydrogen bonding are generally not affected by complex 

formation [30,32,53,54]. Because HDX MS samples the local environment of backbone 

amide hydrogens (NHs), it is not always possible to delineate binding interfaces, particularly 

those involving primarily side-chain interactions driven by electrostatics or by hydrophobic 

forces [30]. So what then, if any, is the value of HDX MS measurements of protein:protein 

interactions, particularly when the structure of a protein complex is already known? The 

present study of exEGFR bound to Adnectin 1 was undertaken to define some of the insights 

that can be obtained by HDX MS.

The crystal structure of Adnectin 1 bound to exEGFR has been published and the contact 

areas are known [19]. All three adnectin loops make contact with exEGFR with interactions 

occurring through the FG loop (175 Å2 of buried surface), the DE loop (70 Å2) and the BC 

loop (40 Å2). Three hydrogen bonds are formed between atoms in residues T15, Q16 and 

L17 of exEGFR and a series of Van der Waals interactions take place between Adnectin 1 

and exEGFR primarily involving exEGFR residues L14, L69, S99 and Y101. Based on the 

structure of the complex, one should be able to predict with some certainty what the HDX 

MS might be, assuming of course that the crystalline conformation is also found in solution. 

Not surprisingly, the HDX MS data reveal the regions of exEGFR with reduced deuteration 

upon binding to be in the same regions as indicated by the crystal structure (Figure 5). 

Therefore, if a structure were not known, and one were to rely on HDX MS solely to define 

the interface of exEGFR and Adnectin 1, the conclusions from HDX MS for this particular 

complex would be mostly correct – not to the same level of detail – but certainly sufficiently 

defining the interface areas. The HDX MS results from Figure 5 could be used to design 

other tests to validate the interface, such as informed site-directed mutation or peptide 

screening.
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Closer inspection of the HDX MS data reveals a few other details. Upon binding, several 

regions from exEGFR showed reduced deuteration as described in Figure 2. Particularly, the 

N-terminal loop in exEGFR domain I between amino acids 1-24 underwent reduction in 

deuterium uptake upon adnectin binding, where more than 3 amide hydrogens were 

protected in the complex. From the crystal structure, this N-terminal region consists of a 

long β-hairpin loop (residues 1-19) followed by an α-helix. In unbound exEGFR, the loop is 

rapidly deuterated while the α-helix shows maximum deuteration after 4 h labeling of only 

between 20-40%. Upon Adnectin 1 binding, the beginning of the α-helix (residues 20-24) 

incorporates less deuterium, likely as a result of stabilization of the hydrogens bond network 

at the beginning of the helix, while residues 1-19 were much more affected.

Fortunately, a multiply charged (+4) peptide ion that covered residues 1-19 provided a 

strong signal that was compatible with ETD fragmentation. This permitted better delineation 

of what part of the 1-19 sequence was protected upon Adnectin 1 binding. Bearing in mind 

that NHs alternate the direction they face along a purely linear sequence of polypeptide 

chain, binding along one face of such a linear sequence would cause protection of every 

other NH in the stretch of linear polypeptide chain. Rotation of the phi and psi bonds could 

change the direction the NHs are oriented and this could then play a role in what is protected 

and what is not. HDX followed by ETD MS restricted the deuterium protection region to 

residues K13-Q16 (Figure 3). Close inspection of this area in the crystal structure (Figure 4) 

showed that the NHs of residues L14, Q16 and G18 would be directly occluded by Adnectin 

1 in the complex while the NH of T15 would form a stable hydrogen bond with the 

backbone carboxyl oxygen of N12 and the NH of L17 would point away from the binding 

interface. The HDX MS results indicating that exchange in K13-Q16 was reduced are there 

therefore highly consistent with what is seen in the co-crystal.

Protection from exchange in the peptide covering residues 96-108 (Figure 2) involved 

stabilization and/or protection of 2-3 NHs. As is clear in the crystal structure (Figure 4), this 

part of exEGFR forms a loop, originating from one strand of a parallel beta sheet, that 

comes into close proximity with Adnectin 1. Without further refinement of the position by 

ETD, which was not possible for this region, one could speculate that the protected NHs 

reside in the loop that would make most contact with Adnectin 1. Residues 45-54 had 

somewhat less protection upon complex formation. These residues form another loop that 

makes contact with Adnectin 1, primarily involving a tyrosine residue (Y45) that points 

directly towards the Adnectin 1 (Figure 4). Stabilization of this tyrosine via interaction with 

Adnectin 1 could cause a ripple effect of stabilization that would influence NHs in the other 

parts of peptide 45-54.

As we have just demonstrated, it is easy to rationalize the HDX MS when the structure is 

known. What about when the structure is not known? One would not be certain which 

regions (1-19, 96-108 or 45-54) were the primary determinants of binding/interaction, but it 

would still be clear that those regions were important. Caution must be taken, however, as 

not all interactions are as straightforward as A binding to B, and other protein factors such as 

allostery must be considered [63]. Subsequent experiments such as site-directed mutagenesis 

would then be required to validate which regions were the most critical for binding, if any, 

and which were a function of allostery. An initial round of HDX MS followed by 
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mutagenesis and then re-examination of each mutant with HDX MS might be done more 

quickly than structure determination by other means, especially in cases where the complex 

is recalcitrant to analysis. The present results on exEGFR and Adnectin 1 emphasize the 

effectiveness of HDX MS, in addition to other structural methods such as those reported by 

Yan et al. in an accompanying paper [34], when it comes to characterization of interactions 

between proteins, and certainly so for those with therapeutic potential. Finally, the data 

presented in this manuscript are the first that report on the solution conformation of the full-

length extracellular domain of EGFR, opening insights into how the dynamics influence the 

function of this medically important target protein. It is hoped that such knowledge can lead 

to a better understanding of the structure-function relationship and therefore to new 

strategies for improved cancer therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Summary of all HDX MS data for (A) extracellular EGFR (exEGFR) free in solution and 

(B) Adnectin 1 free in solution. The HDX MS data are not corrected for back-exchange (see 

Methods) and are therefore reported as relative. PDB entry 3QWQ [19] was colored using 

the color code indicated for the deuteration times shown at the bottom of each image.
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Figure 2. 
Differences in HDX in exEGFR upon binding to Adnectin 1. A. Comparability profile [38]. 

The difference (y-axis) is [D levelexEGFR – D levelexEGFR with Adnectin 1]. Orange, red, cyan, 

blue, and black lines correspond to data acquired at 10 sec, 10, 60, and 240 min of 

deuteration, respectively. The black dotted lines at y-axis values ±0.4 Da represent the 98% 

confidence limits for differences between each single exchange time point while the green 

dotted lines at y-axis values ±1.0 Da indicate the boundary of significance for the sum of all 

differences from all time points (see also Ref. [38] for more details). Peptides displaying 

obvious differences are marked with magenta boxes and the corresponding peptide numbers 

are given above. A region with subtle differences (45-54) in uptake is marked with a black 

dotted box. B,C. Comparison of deuterium exchange in two exEGFR peptides where 

obvious differences were found: (B) residues 1-19; (C) 96-108; exEGFR (blue lines) and 

exEGFR bound to Adnectin 1 (red lines). Deuterium uptake graphs for all peptides are in 

Supplemental Figure S4. D. Location of the exEGFR peptides showing less deuterium 

uptake upon Adnectin 1 binding, mapped onto the structure of exEGFR in the 

exEGFR:Adnectin 1 co-crystal (PDB entry 3QWQ Ref. [19]). Adnectin 1 has been colored 

green. Obvious changes in deuterium levels upon binding (colored red) were defined as a 

difference between deuterium exchange-in curves of 1.0 Da or more. Subtle changes in 

deuterium levels upon binding (colored yellow) were 0.5-1.0 Da. No changes (colored gray) 

were differences of 0.0-0.5 Da.
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Figure 3. 
Targeted ETD analysis of deuterated exEGFR bound to Adnectin 1. A. The sequence of the 

N-terminal exEGFR peptic peptide (residues 1-19) that was selected for ETD fragmentation, 

with the c and z ions that could be observed indicated. Residues highlighted with a red star 

showed significant differences in uptake between bound and unbound forms. Note that 

peptide backbone cleavage which produces c, z ions occurs on the phi bond, which is to the 

right (going N- to C-terminally) of the next amino acid amide hydrogen, e.g. c1 contains 

both the amide hydrogen for amino acid 1 and the amide hydrogen for amino acid 2 [64]. B. 

Deuterium content of z ions in peptide 1-19 of unbound and bound exEGFR. The green 

highlighted box indicates ions with differences in deuterium levels between bound and 

unbound forms. Notice the bound form in this region remained constant whereas uptake in 

the unbound form increased at higher z ion value. C. Deuterium content of c ions in peptide 

1-19 of unbound and bound exEGFR. The brown highlighted box around the ions up to c10 

shows the c ions which incorporated the same amount of deuterium between unbound and 

bound exEGFR.
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Figure 4. 
HDX MS contact areas: the interacting region of exEGFR (grey with color-coded residues) 

with Adnectin 1 (green) (PBD ID: 3QWQ Ref. [19]). The backbone amide hydrogens are 

illustrated as blue balls. The peptides that were found to have significant protection from 

deuteration upon Adnectin 1 binding are shown in pink (1-19, 96-108) and the ones with 

moderate protection from deuteration are shown in yellow (45-54). Targeted ETD reveals 

that exEGFR residues cyan (K13), red (L14), orange (T15), blue (Q16), magenta (L17) and 

bronze (G18) were protected from deuteration when bound to Adnectin 1, overlapping with 

the same residues previously confirmed by X-ray crystal structure (T15, Q16, L14, and G18) 

[19]. The view of the main figure is from a spot indicated with a small black arrow in the 

lower left inset.
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Figure 5. 
Summary of the regions of exEGFR with differences in deuterium uptake as determined by 

HDX MS (top) and by the x-ray crystal structure [19] (bottom). A surface view of the 

complex (left) and linear (right) representations of exEGFR regions that are involved in 

Adnectin 1 binding are both shown. Adnectin 1 is shown in green. The residues participating 

in complex formation that were identified by each method have been indicated in both views 

(red); a region (45-54) that was subtly affected, likely as a result of protein stabilization, is 

shown in yellow.
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