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Abstract

Hydrogen−deuterium exchange-mass spectrometry (HDXMS) is a powerful technology to 

characterize conformations and conformational dynamics of proteins and protein complexes. 

HDXMS has been widely used in the field of therapeutics for the development of protein drugs. 

Although sufficient sequence coverage is critical to the success of HDXMS, it is sometimes 

difficult to achieve. In this study, we developed a HDXMS data analysis strategy that includes 

parallel post-translational modification (PTM) scanning in HDXMS analysis. Using a membrane-

delimited G protein-coupled receptor (vasopressin type 2 receptor; V2R) and a cytosolic protein 

(Na+/H+ exchanger regulatory factor-1; NHERF1) as examples, we demonstrate that this strategy 

substantially improves protein sequence coverage, especially in key structural regions likely 

including PTMs themselves that play important roles in protein conformational dynamics and 

function
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Hydrogen−deuterium exchange-mass spectrometry (HDXMS) directly measures changes 

in solvent accessibility and hydrogen bonding and is a powerful tool for characterizing 

conformations and conformational dynamics of proteins and protein complexes in 

solution.1–4 In recent years, advances in MS instrumentation, hydrogen−deuterium exchange 

(HDX) automation robotics, and informatics technologies have made HDXMS indispensable 

for many academic research laboratories and biopharmaceutical/biotech companies. 

HDXMS technology has been widely applied in protein therapeutics for the discovery and 

development of protein-based drugs.5–7

In an HDXMS experiment, a protein or protein complex is incubated at its physiological 

conditions in the buffer containing deuterium oxide (D2O). During the incubation process, 

exogenous deuterium (D or 2H) exchanges with hydrogen (H or 1H) in backbone amide 

positions at measurable rates that are affected by protein conformational changes and/or 

protein complex formation. Incorporation of D into a protein increases its mass. After 

completion of the HDX, the protein or protein complex is quickly digested by a protease 

(e.g., pepsin), and the resulting peptic peptides are separated by liquid chromatography 

(LC). A high resolution mass spectrometer is used to accurately measure changes in mass of 

peptides corresponding to different regions of the protein or protein complex.8–11

Sufficient protein coverage is critical to the success of HDXMS. To improve protein 

coverage, digestion tuning is often conducted to determine the optimal experimental 

conditions. Good protein coverage may be challenging to achieve due to the nature of the 

proteins and peptides. Some peptides, such as large or hydrophobic peptides, are difficult 

to ionize and analyze by MS. Further, purified proteins used in HDXMS experiments may 

have post-translational modifications (PTMs) that could significantly influence the protein 

conformations.7 However, many HDXMS experiments do not include PTM information. 

We hypothesized that incorporation of PTM information in HDXMS analysis will improve 

protein sequence coverage. Because PTMs are often located in key regions of proteins and 

are essential for protein functions, incorporation of PTMs could provide insight into these 

structurally and functionally important protein regions.

To test this hypothesis, we first used the human vasopressin type 2 receptor 

(V2R), a seven-transmembrane spanning, G protein-coupled receptor (GPCR), as an 

example. Overexpressed V2R protein was purified from Sf 9 cells as described 

previously.12,13 After digestion tuning to optimize experimental conditions, 75% protein 

sequence coverage was achieved for the purified V2R protein (Figures 1a and S1a 
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and Supplementary Methods). However, to our surprise, no peptides were found 

between residues 340 and 365 in the C-tail, even though GPCR C-tails usually lack 

secondary structure (α-helices and β-sheets)14–16 and can theoretically freely undergo 

H−D exchange. We suspected the absence of protein coverage in the V2R C-tail 

region is due to PTMs because previous reports demonstrated that the V2R C-tail 

could be phosphorylated17–20 (Table S1). In addition, we performed phosphorylation 

search/analysis using the liquid chromatography with tandem mass spectrometry 

(LC/MS/MS) raw data sets collected from nondeuterated samples in HDXMS experiments. 

We discovered two quadruply phosphorylated peptides (Table S2 and Figure S2). 

When these peptic phosphopeptides (342CARGRTPPSLGPQDESCTTASSSLAKDT369 and 
339LLCCARGRTPPSLGPQDESCTTASSSLAK367) were added to the peptide pool (Table 

S2) during HDXMS data analysis, the protein sequence coverage increased from 75% to 

79%, and we gained coverage of the entire V2R C-tail (Figures 1b,c and S1b).

Similar issues to the V2R transmembrane protein were found during HDXMS analysis of 

Na+/H+ exchanger regulatory factor-1 (NHERF1), a cytosolic scaffold phosphoprotein that 

connects plasma membrane proteins, including receptors and transporters, with cytoskeletal 

proteins like actin. Regardless of phosphorylation modification, protein sequence in the 

distal C-terminal tail, critical for establishing the NHERF1 open/close conformational 

switch, was not covered. Specifically, overexpressed NHERF1 protein was purified from 

E. coli. After digestion tuning to optimize experimental conditions, 90% protein sequence 

coverage was achieved for purified NHERF1 (Figures 2a and S3a and Supplementary 

Methods). However, sequence coverage was lacking for several regions, including residues 

325−344. We suspected that some residues in these regions are post-translationally modified, 

and these PTM-containing peptides were not included in the peptide pool (Table S3) 

used during HDXMS analysis. We conducted a literature search and found multiple PTM 

sites in these regions were previously reported21–26 (Table S4): S77, T95, T156, S162, 

S280, S290, S302, S339, and S340 are phosphorylation sites; K19 is an acetylation 

site; K50 and K101 are ubiquitination sites. We also performed phosphorylation search/

analysis using the LC/MS/MS raw data collected from nondeuterated samples in HDXMS 

experiments. One doubly phosphorylated peptide containing phosphorylated pS326 and 

pS339 (319PILDFNISLAMAKERAHQKRSSKRA-PQM346) (Table S3 and Figure S4) was 

identified. When this phosphopeptide was included in the peptide pool during HDXMS 

analysis, the major 325−344 sequence gap of the previous analysis was recovered and 

protein coverage increased from 90% to 95% (Figures 2b and S3b). It is worthwhile to 

mention that the measured HDX rates for two residues “MD” in the NHERF1 C-tail were 

<10% even at 10 000 s, which agrees perfectly with our previous structural model27,28 

in which these two residues are in the middle of a short α-helix composed of residues 

“QMDW” (Figures 2b–d and S3).

The recovery of the 325−344 sequence permitted structural analysis of the NHERF1 C-tail 

region. In a follow-up study to compare the structural difference between WT and S290A 

mutant NHERF1 proteins, we found that the deuteration rate is faster in mutant S290A 

than in WT NHERF1, suggesting Ser290 dephosphorylation might promote the NHERF1 

open conformation by releasing its C-terminal tail from PDZ2 as indicated by more 

deuterated C-tail in S290A than in WT NHERF1 (Figure 2c,d). This finding further led us 
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to explore a mechanistic explanation of how Ser290 phosphorylationdependent conformation 

change regulates NPT2A-mediated phosphate transport.28 The results revealed extensive 

differential D incorporation within the unstructured linker region between PDZ2 and the 

ezrin-binding domain, reflecting global conformational changes. These findings increase 

our understanding of target protein-associated physiological activity. We also detected 

several ubiquitination sites during the PTM scanning of NHERF1, but we did not enroll 

ubiquitinated peptides because pepsin digestion of the NHERF1 protein does not yield 

ubiquitinated peptides with known masses.

In both cases, the phosphopeptides we identified contain more than one phosphor-group 

(quadruply and doubly phosphorylated peptides for V2R and NHERF1, respectively). It is 

possible that other forms of the same peptides with different numbers of phosphor-groups 

(e.g., 0, 1, 2, or 3, etc.) could also be present in the samples. After carefully checking the 

LC/MS/MS raw data collected in the HDXMS experiments for V2R and NHERF1, we found 

the phosphopeptides described above are the dominant forms and other possible versions 

of the phosphopeptides were not found in the MS/MS spectra. However, one should bear 

in mind that the presence of heterogeneous PTMs in a peptide may reveal complicated 

but useful structural information. For example, it is possible that different phosphorylated 

forms of a peptide are present in a sample at similar levels and HDX rates are obtained 

for all these phosphopeptides. In this scenario, any difference in HDX kinetics of different 

phosphopeptide isoforms reflects different impacts of different phosphorylation patterns or 

“barcodes” on protein structure at least in the phosphor-group bearing regions, although 

differences in other regions of the same protein are averaged if different isoforms of the 

phosphoprotein are not separated prior to HDXMS experiments.

Glycosylation is also a very common PTM, and many proteins isolated from eukaryotic cells 

are glycoproteins. For the V2R purified from Sf 9 cells, we perceived that sequence coverage 

was lacking for N-terminal residues 18−38, a region that contains an N-glycosylation 

consensus sequence of “Asn-X-Ser/Thr”, where X is any amino acid except proline. N22 

in this consensus sequence “22NSS25” was reported to be N-glycosylated.29 Therefore, we 

suspected that missing coverage in this region might be due to lack of consideration for 

glycosylation. Since we did not know the glycan forms attached to N22, we attempted to 

predict the glycopeptides using GlycoMod,30 a tool to predict the possible oligosaccharide 

structures. Manually inspecting the LC/MS/MS raw data from the V2R nondeuterated 

samples and uploading masses of possible glycopeptides to GlycoMod predicted a 

glycopeptide “18PSLPS*NSSQE27” (Table S2 and Supplementary Methods). The region 

between residues 18 and 27 was recovered after this possible glycopeptide was included 

(Figure S5). The resulting HDX information for this recovered region might provide 

structural insight into ligand−V2R binding.

On the basis of these studies, we conclude that PTM scanning augments HDXMS 

analysis and improves protein sequence coverage of key structural regions in proteins. An 

experimental platform is thus recommended for HDXMS experiments (Figure 3). On this 

platform, parallel PTM scanning is incorporated into the HDXMS experiments as a routine 

procedure. The PTM scanning includes two steps. The first is to search for possible PTMs 

using available PTM databases or regular proteomic experiments, and the second step is to 
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identify PTM-containing peptic peptides from the LC/MS/MS data collected from HDXMS 

experiments. Some well-curated PTM Web sites, such as PhosphoSitePlus,31 dbPTM,32 

and GlycoMod, provide excellent resources for the first step in searching for possible 

PTMs for proteins of interest. In some cases, if there is no PTM record in the literature, 

one can use an aliquot of protein sample prepared for HDXMS and perform trypsin or 

other protease digestion followed by LC/MS/MS analysis. The collected LC/MS/MS data 

are subjected to database search scanning for possible PTMs, including phosphorylation, 

acetylation, methylation, and glycosylation (Table S5 and Supplementary Methods). It is 

generally not necessary to perform PTM enrichment for two reasons. First, the sensitivities 

of many modern mass spectrometers are capable of characterizing these PTMs from purified 

protein preparation. Second, PTM enrichment may possibly identify post-translationally 

modified peptides that are at low abundance and are not detected by HDXMS. However, 

for phosphorylation and glycosylation, electron transfer dissociation (ETD) can be used as 

a complementary alternative MS tool to preserve these liable modifications in both PTM 

identification and HDXMS experiments.33–37 After PTM types and sites are identified, one 

can proceed to the second step of PTM scanning and search for PTM-containing peptic 

peptides using LC/MS/MS data sets collected from nondeuterated samples. The resultant 

peptic peptides are manually confirmed by examining both MS1 and MS2 spectra. The 

confirmed PTM-containing peptic peptides are used in HDXMS data analysis. Addition of 

these PTM-containing peptides in the HDXMS peptide pool increases protein coverage and 

reveals structural information on key functional regions.

It is worth noting that recovering sequence coverage of glycan-containing regions of 

glycoproteins can present a challenge due to the complex nature of glycans. HDXMS 

analysis of N-linked glycoproteins can be performed by enzymatic deglycosylation using 

PNGase F prior to HDXMS since this enzyme efficiently removes most intact N-linked 

glycans.38 However, currently, there is no enzymatic equivalent to PNGase F for releasing 

intact O-linked glycans. Thus, the analysis of O-linked glycosylation is more difficult 

compared to N-linked glycosylation. Indeed, removing glycans may affect the conformation 

of a glycoprotein. To reveal structural information on native glycoprotein, it would be 

preferable to perform a complete glycosylation profiling to determine the glycosylation sites 

and the structures of glycans by LC/MS/MS.38 The information can then be included in 

processing of HDXMS data to identify glycopeptides and improve sequence coverage of the 

glycan containing regions (Figure S6a). An alternative approach to specifically improve 

sequence coverage of native N-linked glycoprotein is to perform deglycosylation after 

quenching of the HDX reaction (post-HDX) using a PNGase A at HDX quench conditions 

(i.e., at pH 2.5 and 0°C) (Figure S6b).39 These strategies should enhance protein sequence 

coverage and improve the ability to characterize the conformational properties of native 

glycoproteins, such as many protein-based pharmaceuticals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Incorporation of PTM analysis improves V2R protein coverage of key structural regions 

in the HDXMS analysis. (a) Without considering PTMs, the HDXMS heat map of V2R 

indicated that there is no sequence coverage between residues 340 and 360 (boxed) in 

the C-tail. (b) After the phosphopeptides were added to the peptide pool during HDXMS 

analysis, the sequence coverage for residues 340−360 (boxed) was obtained. The figure 

here demonstrates the improved protein sequence coverage. Enlarged heat maps with a 

detailed description are shown in Figure S1. (c) Sequences of two peptic phosphopeptides 

are indicated. Phosphorylation sites are highlighted in red.
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Figure 2. 
Incorporation of PTMs in HDXMS data analysis improves protein coverage of NHERF1. 

(a) Without considering PTMs, the HDXMS heat map of NHERF1 showed no sequence 

coverage between residues 325 and 344 (boxed) in the C-tail. (b) After a phosphorylation-

containing peptide was added to the peptide pool for HDXMS analysis, the sequence 

coverage for residues 325−344 (boxed) was obtained. (a) and (b) are used to demonstrate 

the improved protein sequence coverage. Enlarged heat maps are shown in Figure S2. (c, 

d) The HDX rates of the C-tail of WT and mutant S290A NHERF1 were mapped to the 

structural model of the C-tail of NHERF1. N- and C-termini of the C-tail are indicated. 

A phosphorylation site was labeled with a circled red P. Residues “MD” in the middle of 

the α-helix were more protected (blue) from HDX. In contrast, residues in the loop show 

variable D incorporation (red). The predicted structural model shown in (c) and (d) was built 

on the basis of the NHERF1 C-terminal 22 residues (sequences and cartoon representation 

were shown in (b)) using the program Leap (AMBER 9) as described previously.27,28 Shown 

are secondary structures in ribbon format.
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Figure 3. 
Suggested HDXMS platform with parallel PTM scanning that improves protein coverage of 

key structural regions.
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