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Abstract. The application of hydrogen/deuterium exchange mass spectrometry
(HDX-MS) to localize ligand binding sites in carbohydrate-binding proteins is de-
scribed. Proteins from three bacterial toxins, the B subunit homopentamers of Chol-
era toxin and Shiga toxin type 1 and a fragment of Clostridium difficile toxin A, and
their interactions with native carbohydrate receptors, GM1 pentasaccharides (β-Gal-
(1→3)-β-GalNAc-(1→4)[α-Neu5Ac-(2→3)]-β-Gal-(1→4)-Glc), Pk trisaccharide (α-Gal-
(1→4)-β-Gal-(1→4)-Glc) and CD-grease (α-Gal-(1→3)-β-Gal-(1→4)-β-
GlcNAcO(CH2)8CO2CH3), respectively, served as model systems for this study.
Comparison of the differences in deuterium uptake for peptic peptides produced in
the absence and presence of ligand revealed regions of the proteins that are

protected against deuterium exchange upon ligand binding. Notably, protected regions generally coincide with
the carbohydrate binding sites identified by X-ray crystallography. However, ligand binding can also result in
increased deuterium exchange in other parts of the protein, presumably through allosteric effects. Overall, the
results of this study suggest that HDX-MS can serve as a useful tool for localizing the ligand binding sites in
carbohydrate-binding proteins. However, a detailed interpretation of the changes in deuterium exchange upon
ligand binding can be challenging because of the presence of ligand-induced changes in protein structure and
dynamics.
Keywords: Protein–carbohydrate complexes, Hydrogen/deuterium exchange mass spectrometry, Hydrogen
bonds
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Introduction

Protein–carbohydrate interactions are implicated in a wide
range of cellular processes, including cell–cell and cell–

matrix interactions, signal transduction, inflammation, cancer
metastasis, bacterial and viral infections, and the immune re-
sponse [1]. Elucidating the structures of protein–carbohydrate
complexes, as well as the kinetics and thermodynamics of the
interactions, is vital to a complete understanding of many
physiological and pathologic cellular processes and can guide
drug discovery and design efforts [2–4]. High resolution

techniques, such as X-ray crystallography and nuclear magnet-
ic resonance spectroscopy, have been extensively used to elu-
cidate the three dimensional structures of protein–carbohydrate
complexes [5–7]. However, many such interactions are not
amenable to these techniques because of limitations associated
with protein size, solubility, or ease of crystallization, as well as
the cost and availability of pure oligosaccharide ligands [8].
Consequently, there is a need for alternative structural tech-
niques capable of probing protein–carbohydrate interactions.

Recently, hydrogen/deuterium exchange mass spectrometry
(HDX-MS) has emerged as a promising method for character-
izing the interactions between proteins and their ligands [9–13].
When a ligand binds to a protein, some of the amide H’s may
become (more) protected against exchange (due to the forma-
tion of new or stronger inter- or intramolecular H-bonds or a
reduction in solvent accessibility), resulting in decreased rates
of exchange for the peptides containing these groups [10, 14].
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Consequently, comparison of the D-uptake for peptides pro-
duced from the ligand-bound and unbound forms of a protein
can, in principle, reveal residues involved in ligand binding
[15]. HDX-MS has been applied to a variety of noncovalent
protein complexes, including protein–protein and multiprotein
complexes [16, 17], antibody-antigen [18], protein–peptide
[19], and protein–small molecule complex [20, 21]. Addition-
ally, it has been used to study ligand-induced changes in
protein conformation and dynamics [15, 22–24].

To date, however, there have been few HDX-MS studies
reported for protein–carbohydrate interactions [25–27]. One
possible reason for this is the low affinities that are typical of
protein–carbohydrate interactions (association constants {Ka}
of ~103 M−1 [3]). In order to obtain detectable differences in
peptide D-uptake, high ligand occupancy (approaching satura-
tion of the binding site) is needed. A large and sometimes
prohibitive amount of carbohydrate ligand is required to
achieve this condition in the case of low affinity interactions.
Another consideration is the relatively small size of many
carbohydrate ligands, typically mono-, di-, or trisaccharide.
Binding of small ligands, which form few intermolecular in-
teractions, generally affords protection to only a few residues in
the protein. Moreover, binding is usually dominated by inter-
molecular interactions involving amino acid side chains rather
than the peptide backbone, which may offer limited protection
to the amide H’s. Finally, carbohydrate binding can be accom-
panied by changes in protein structure and dynamics. These
changes may lead to a decrease or increase in D-uptake of
residues remote from the carbohydrate binding site [27, 28].
Consequently, the measured differences in peptide D-uptake
may reflect the formation of intermolecular interactions or
ligand binding-induced changes in protein conformation or
dynamics, or a combination of these effects [9, 10]. Addition-
ally, ligand-induced changes in the population of different
protein conformers may also affect the rate of D-uptake [14,
29, 30]. It has been proposed that docking simulations or site-
directed mutagenesis, in combination with HDX-MS data, may
help to localize the ligand binding site [15, 28]. Alternative
strategies to distinguish direct ligand protection from ligand-
induced changes in protein dynamics or conformation involve
comparing the HDX-MS profiles measured for the protein
binding to a homologous series of ligands [31] or through the
use of a second ligand, which binds at an alternative site and
suppresses allosteric effects [32].

Here, HDX-MS was applied to proteins from three bacterial
toxins, the B subunit homopentamers of Cholera toxin (CTB5),
Shiga toxin 1 (Stx1B5), and a fragment of Clostridium difficile
toxin A (TcdA-A2), and their interactions with native carbo-
hydrate receptors, GM1 pentasaccharide (GM1-os, β-Gal-
(1→3)-β-GalNAc-(1→4)[α-Neu5Ac-(2→3)]-β-Gal-(1→4)-
Glc), Pk trisaccharide (Pk-OH, α-Gal-(1→4)-β-Gal-(1→4)-
Glc), which is the oligosaccharide of the globotrioside Gb3,
a nd CD-g r e a s e (α -Ga l - ( 1→3 ) -β -Ga l - ( 1→4 ) -β -
GlcNAcO(CH2)8CO2CH3), respectively, to test the reliability
of the method for localizing carbohydrate binding sites. Crystal
structures have been reported for all three protein–carbohydrate

complexes (Figure 1). It is known that CTB5 has five GM1-os
binding sites and the step-wise association constants range
from 106 to 107 M−1 [33]. According to the crystal structure
reported for the (CTB5 + 5GM1-os) complex (PDB 3CHB),
each GM1-os interacts primarily with a single subunit, with the
binding site formed by three loops (loop 1–loop 3) from the
same subunit and a fourth loop (loop 4) containing residues
from the adjacent subunit (Figure 1a) [33]. Although it is
known that the stepwise binding of GM1-os to CTB5 exhibits
positive cooperativity [32], no obvious protein conformational
change is detectable (based on X-ray crystallography) upon
ligand binding [33]. Stx1B5 is structurally similar to CTB5.
According to the reported crystal structure (PDB 1BOS), each
subunit of Stx1B5 can bind up to three Pk trisaccharide ligands
(Figure 1b). The three binding sites (referred to as site 1, site 2,
and site 3) are located on the same face of the homopentamer
[34]. Site 1 is composed of residues within a single subunit,
whereas site 2 and site 3 also contain residues from adjacent
subunits. According to available binding data, the three binding
sites are independent and non-equivalent, with Pk binding
preferentially to site 2, although with low affinity, ~350 M−1

[35, 36]. Based on crystallographic data available for free (PDB
2XSC) and Pk-bound Stx1B5, no significant conformational
change occurs upon Pk binding [37]. The TcdA-A2 fragment is
from the C-terminal repetitive domain of TcdA, which contains
nine short repeats separated by two long repeats [38]. Within
the TcdA-A2 fragment, a long repeat and the following short
repeat create a shallow carbohydrate binding site, and two
carbohydrate binding sites are present in the fragment (PDB
2G7C) [38]. Previous studies showed that TcdA-A2 displays a
low affinity for CD-grease, with an apparent Ka of ~500M

−1 at
25°C, and that the two binding sites exhibit similar affinities
[39].

Experimental
Materials

CTB5 (MW 58,020 Da) was purchased from Sigma-Aldrich
Canada (Oakville, ON, Canada). A stock solution (60 μM) of
CTB5 was prepared by dissolving a known amount of protein
in ultrafiltered water (Milli-Q; Millipore, Billerica, MA, USA)
and was stored at 4°C until needed. Stx1B5 (MW 38,450 Da)
was a gift from Professor G. Armstrong (University of Calgary)
as a stock solution prepared in 0.05 M Tris buffer (pH 7.5).
TcdA-A2 (MW 29,575 Da) was expressed and purified as
previously described [38]. The TcdA-A2 stock solution was
at a concentration of 57.5 μM in 60 mM imidazole (pH 7.0),
150 mM NaCl, and 50 g L−1 glycerol (>99.5% purity). Both
Stx1B5 and TcdA-A2 stock solutions were stored at −80°C
until needed. Prior to analysis, the protein solutions were
diluted with Milli-Q water to the desired concentrations.
GM1-os (β-Gal-(1→3)-β-GalNAc-(1→4)[α-Neu5Ac-(2→3)]-
β-Gal-(1→4)-Glc, MW 998.9 Da), and Pk-OH (α-Gal-
(1→4)-β-Gal-(1→4)-Glc,MW504.4 Da) were purchased from
Elicityl SA (Crolles, France). CD-grease (α-Gal-(1→3)-β-Gal-
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(1→4)-β-GlcNAcO(CH2)8CO2CH3, MW 715.7 Da) was a gift
form Professor D. Bundle (University of Alberta). Stock solu-
tions of each of the carbohydrate ligands were prepared by
dissolving a known amount of solid in Milli-Q water to give a
final concentration of 1 mM (GM1-os) or 0.4 M (Pk-OH and
CD-grease); the stock solutions were stored at −20°C until
needed.

HDX-MS

The HDX-MS experiments were carried out using a Synapt
G2-S HDMS mass spectrometer equipped with a
nanoACQUITY UPLC system with HDX technology (Waters,
Manchester, UK), and a PAL HTX-xt automatic sample prep-
aration and injection system. Two sample stacks in the PAL
system provided accurate temperature control for the labeling
reactions (20°C) and for the reaction quench (1°C), respective-
ly. Protein solutions (4 μM, 6 μM, and 12 μM for CTB5,
Stx1B5, and TcdA-A2, respectively) alone or in the presence
of excess ligand (0.2 mM GM1-os, 0.2 M Pk-OH, and 0.2 M
CD-grease) were diluted 15-fold with either equilibrium buffer
(10 mM potassium phosphate in H2O at pH 7.0) for control
experiments, or labeling buffer (10 mM potassium phosphate
in D2O at pD 7.0) [40] for labeling experiments. Under these
experimental conditions, >97% of CTB5 ligand binding sites
are expected to be occupied (assuming a stepwise association
constant of 1 × 106 M−1, whereas for Stx1B5 and TcdA-A2 the
binding sites are predicted to be 82% and 79% occupied (based
on association constants of 350 M−1 and 250 M−1, respective-
ly). For the labeling experiments, diluted samples were incu-
bated at 20°C for time intervals of 1, 5, and 10 min. After that,
samples (both for control and labeling experiments) were
quenched with quench buffer (4 M guanidine hydrochloride
and 0.5 M tris(2-carboxyethyl)phosphine (TCEP) in H2O at

pH 2.6 for CTB5 and Stx1B5, and 4M guanidine hydrochloride
in 100 mM potassium phosphate in H2O at pH 2.6 for TcdA-
A2) using a 1:1 dilution ratio at 1°C. Quenched samples were
incubated for 30 s prior to injection into a 50 μL injection loop
of a nanoACQUITY UPLC system with HDX technology.
Online digestion was performed using an immobilized pep-
sin column (Life Technologies, Burlington, Canada) with
0.1% formic acid in H2O at a flow rate of 200 μL min−1 at
20°C. Peptic peptides were trapped online using an
ACQUITY UPLC BEH C18 1.7 μm VanGuard Pre-
column at 1°C and desalted for 2 min. Peptide separation
was carried using an ACQUITY UPLC C18 1.7 μm 1.0 ×
100 mm column with a 12 min gradient elution at a flow rate
of 40 μL min−1. The content of solvent A (solvent A, 0.1%
formic acid and 5% acetonitrile in H2O; solvent B, 0.1%
formic acid in acetonitrile) in the mobile phase was de-
creased over a 7 min period from 95% to 63% and held
constant for 1 min before a further reduction from 63% to
16% over a 0.5 min period. After 0.5 min at 16%, the
percentage of solvent A was increased to 95% over a
0.5 min period. The eluent was introduced to the Synapt
G2-S HDMS using the ESI source. Mass spectra were ac-
quired in MSE mode from m/z 50 to 2000 with a scan rate of
0.4 s scan−1 and lock-mass correction (using [Glu]-Fibrino-
peptide). The capillary and cone voltages were kept constant
at 3 kV and 40 V, respectively. At a given labeling time (t),
the free and ligand-bound protein samples were analyzed
back-to-back, with a blank sample (water) in between, to
avoid the effects of sample carry-over.

Data Analysis

ProteinLynx Global Server 2.5.2 software (PLGS,Waters) was
used to identify peptic peptides produced for each protein, in

Figure 1. Protein–carbohydrate complexes considered for HDX-MS analysis: (a) (CTB5 + 5GM1-os) complex (each subunit has one
GM1-os binding site), PDB ID 3CHB,50 (b) (Stx1B5 + 15Pk) complex (each subunit has three Pk binding sites), PDB ID 1BOS,37 and (c)
(TcdA-A2 + 2CD-grease) complex (each TcdA-A2 has two CD-grease binding sites), PDB ID 2G7C.40 (d) The structures of the
carbohydrate ligands, GM1-os, Pk-OH and CD-grease
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the absence and presence of the ligand, prior to HDX (i.e., at
t = 0min). To minimize redundancy, the DynamX 2.0 software
(Waters) was used to generate a smaller peptide list consisting
of peptides that were detected in all replicate measurements and
that provided maximum sequence coverage. The average MW
for each peptide was calculated by DynamX using the centroid
of the entire envelope of the corresponding isotopic peaks; for
each peptide, one or more than one charge states were consid-
ered. The D-uptake value (Di, units of Da) for peptide i was
determined as the difference of the MW measured for this
peptide in labeled and control (no exchange) samples, for all
labeling times. Illustrative mass spectra for the peptides con-
sidered in this study at deuterium exposure times of 0, 1, 5, and
10 min are shown in Figures S1–S3, Supplementary Data. The
corresponding D-uptake values are shown in Figures S34–S36,
Supplementary Data. The relative D-uptake (ΔDi, units of Da)
was calculated as the difference in the Di values for peptide i
measured in the absence and presence of ligand. Back ex-
change was determined [41] using the model peptide [Glu]-
fibrinopeptide and found to be ~30%. Because the extent of
back exchange (during protein digestion and LC separation
[42, 43]) was expected to be the same for identical peptides
produced in the absence and presence of ligand (under identical
experimental conditions), no correction for back exchange was
performed [41]. However, given the possibility of differential
back exchange [44], no attempt was made to improve the
spatial resolution of the exchange data through the subtraction
of the ΔDi values for overlapping peptides. To compare the
HDX rates for peptides produced in the absence and pres-
ence of ligand, the ΔDi values were summed over all
labeling times [13]. Error analysis was carried out using a
procedure described previously—the standard deviation in
D-uptake values measured in triplicate at different deuteri-
um exposure times was calculated and the corresponding
confidence intervals were evaluated at 95% confidence
level [13, 45]. Absolute errors in the ΔDi values were
calculated using random error propagation of six errors
(three deuterium exposure times for the free and ligand-
bound protein) as the square root of the sum of the squares
of the absolute errors of D-uptake at three different deute-
rium exposure times for the free and ligand-bound protein.
The ΔDi values were considered significant if the values
exceeded three times the standard deviation. In addition,
statistical analysis of the difference in D-uptake between
free and ligand-bound proteins was done using the Stu-
dent’s paired two-tailed t-test [46, 47]. The results of the
statistical analysis are shown in Tables S1–S3, Supplementary
Data.

Results and Discussion
Time-resolvedHDX-MSmeasurements were performed on the
free and ligand-bound forms of CTB5, Stx1B5, and TcdA-A2.
A summary of the results obtained for each protein-
carbohydrate interaction is given below.

CTB5 and Its Interaction with GM1-os

Pepsin digestion of CTB5 under denaturing conditions pro-
duced approximately 80 different peptides per analysis, of
which 40 were identified in all measurements. In order to
decrease redundancy (while maintaining a high sequence cov-
erage), ΔDi values of only 14 of these reproducible peptides,
covering 96.1% of CTB monomer sequence, were considered
(Figure 2a). It can be seen that in the presence of GM1-os,
seven of the peptides (4–15, 27–38, 41–55, 49–66, 57–72, 83–
94, and 80–103) exhibited a significant decrease in Di values
(leading to positive ΔDi values ranging from 1.1 to 4.6 Da). It
should be noted that peptides 80–103 and 99–103, which share
common C-termini, have different retention times (5.4 min and
4.4 min, respectively). This result confirms that peptide 99–103
is an authentic peptic peptide and not a y-ion fragment origi-
nating in the gas phase from the dissociation of peptide 80–
103. In Figure 2b, the corresponding ΔDi values are mapped
onto the structure of the (CTB5 + 5GM1-os) complex for one
subunit, with the peptides exhibiting positive ΔDi values
highlighted in red. Notably, the peptides with positive ΔDi

values are from the four loops that make up the binding site
for GM1-os [48, 49]. According to the crystal structure, GM1-
os forms direct intermolecular H-bonds with seven residues
located within loops 1–3, namely residues E11, H13, E51,
Q56, Q61, N90, and K91 (Table 1). With the exception of
H13, all of these residues interact with the ligand through their
side chains or backbone carbonyl oxygens rather than amide
H’s. Importantly, the present results indicate that the protein–
carbohydrate interactions involving amino acid side chains can
slow down the exchange rate of the associated backbone amide
H’s of the peptides containing that residue. The protection may
originate from reduced solvent accessibility or changes in the
local dynamics of the protein. According to the reported crystal
structure, there exists a solvent-mediated H-bond between
GM1-os and the backbone amide H of residue G33 from the
adjacent subunit. It is interesting to note that peptide 27–38
exhibited a positive ΔDi (Figure 2b), suggesting that solvent
mediated H-bonds involving amide H’s can also influence the
rate of exchange [15, 50].

Stx1B5 and Its Interaction with Pk-OH

Pepsin digestion of Stx1B5 produced approximately 70 differ-
ent peptides, of which 34 were identified in every analysis.
Since the Stx1B subunit is a small protein consisting of only 69
residues, there was significant overlap amongst the proteolytic
peptides, and the D-uptake of only seven of these, which
provided 95.6% sequence coverage, was considered. The cor-
responding ΔDi values measured for these seven peptides are
shown in Figure 3a. Upon binding of Pk-OH, peptides 1–20,
12–20, 30–40, and 52–66 exhibited modest protection, with
ΔDi values ranging from 0.6 Da to 0.7 Da. Based on the
measured retention times for the overlapping peptides 1–20
and 12–20 (5.6 min and 5.0 min, respectively), it was
established that peptide12-20 is a peptic peptide. For peptides
40–48, 65–69, the ΔDi values were smaller (0.2 and 0.3 Da,
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respectively), indicating little change in protection upon ligand
binding. In Figure 3b, the peptides with significant ΔDi values
are highlighted in red for one B subunit in the (Stx1B5 + 15Pk)
complex. As noted above, each Stx1B subunit has three Pk
binding sites located on one face of the homopentamer [35].
The residues that make up the binding sites are present in either
a single subunit (site 1) or two adjacent subunits (sites 2 and 3).
Consistent with the reported crystal structure, the HDX-MS
results reveal that the peptides exhibiting the greatest protection
against exchange upon ligand binding are located within the
ligand binding sites, and contain residues involved in direct H-
bonds (through side chains or amide groups) with the ligand
(Table 1). Because three of the peptides exhibiting increased
protection (namely 12–20, 30–40, and 52–66) include amino
acid residues that belong to all three sites (site 1: D17 and G60,
site 2: D16, N32, R33, N55, and F63, and site 3: D18,W34 and
N35), it is not possible to establish the contribution of ligand
binding at each of these sites. However, it is notable that for
peptide 20–31, which contains residues T21 and E28 and form
direct H-bonds with Pk in site 1, no protection was observed
upon ligand binding. The absence of protection at T21 (the
second residue the 20–31 peptide) is likely due to rapid back-
exchange. However, examination of the crystal structure re-
veals that E28 (and T21) is located in a β-sheet and interacts

with the Pk ligand through the side chain. Therefore, the
absence of protection could reflect the fact that the E28 amide
H is located in structured regions and, therefore, already expe-
riences a certain degree of protection against exchange. Con-
sequently, the influence of ligand binding on the rate of ex-
change may not be pronounced, such that no significant differ-
ence in D-uptake is observed. In addition, it is also possible that
the absence of protection for this peptide reflects the fact that no
ligand binding occurs at this site. It has been suggested, based
on solution NMR data [51], that the Pk trisaccharide ligand
only binds to site 2. Since residues T21 and E28 belong to site 1
(Table 1), the absence of protection can be explained by an
absence of binding or, at least, very low ligand occupancy of
this binding site at the ligand concentration used.

TcdA-A2 and its Interaction with CD-grease

Pepsin digestion of TcdA-A2 produced approximately 100
different peptides, 54 of which were identified in every analysis
carried out. The D-uptake values for 23 of these peptides,
covering 92.4% of the TcdA-A2 sequence, were considered.
The ΔDi values measured for these peptides are shown in
Figure 4a and in Table S3, Supplementary Data. Notably, the
ΔDi values are small and have significant uncertainties.

Figure 2. (a) Difference plot of peptide level D-uptake between free CTB5 and (CTB5 + 5GM1-os) complex for a subset of peptides
that cover 96.1% of CTBmonomer sequence. The x-axis indicates the position (residue number) of the peptides considered. The y-
axis shows the ΔDi values for each peptide, summed over all of the labeling times. The error bars correspond to one standard
deviation. (b) Cartoon illustration ofΔDi valuesmapped onto the crystal structure of the (CTB5 + 5GM1-os) complex (PDB 3CHB). The
colored region corresponds to one representative CT B subunit. The regions highlighted in red (with corresponding residue numbers
indicated) exhibited protection from deuterium exchange upon ligand binding, whereas the regions highlighted in cyan were
unaffected by ligand binding

Table 1. Summary of the Intermolecular H-bonds Identified in the Crystal Structures of the Three Model Protein–Carbohydrate Complexes: (CTB5 + 5GM1-os),
PDB ID 3CHB; (Stx1B5 + 15Pk), PDB ID 1BOS; and (TcdA-A2 + 2CD-grease), PDB ID 2G7C

Protein–carbohydrate complex Amino acid residues that participate in H-bonds with the carbohydrate ligandsa

(CTB5 + 5GM1-os) E11(O), H13(N, ND1), G33 (N),b,c E51(OE1), Q56(O), Q61(NE2), N90(OD1, ND2) and K91(NZ)
(Stx1B5 + 15Pk) Site 1: D17(OD2), T21(OG1), E28(OE2), G60(N, O)

Site 2: D16(OD2),c N32(N, OD1), R33(NH2, NE), N55(N, OD1) and F63(N, O)
Site 3: D18(OD1, OD2),c W34(N) and N35(N)

(TcdA-A2 + 2CD-grease) Site 1: D92(OD2), Q99(NE2), R102(N), N119(O), S121(OG) and K122(NZ)
Site 2: D183(OD2), Q190(NE2), R193(N), N210(O), S212(OG) and K213(NZ)

aSpecific atoms of the amino acid residue that participate in the intermolecular H-bonds
bWater mediated H-bond between the specified residue and ligand
cH-bond involves residue from an adjacent subunit
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However, from the results of the statistical analysis (t-test), it
was possible to establish peptides for which the differences in
D-uptake measured in the absence and presence of ligand are
significant (Table S3, Supplementary Data). Overall, the HDX
results indicate that the binding of CD-grease to TcdA-A2 does
not lead to a simple pattern of protection in all of the peptides
where intermolecular H-bonds are observed in the crystal
structure. Additionally, and unlike the two other protein–car-
bohydrate complexes considered in this work, ligand binding
to TcdA-A2 led to both regions of increased and decreased
protection. In Figure 4b, the ΔDi values are mapped onto the
crystal structure of the (TcdA-A2 + 2CD-grease) complex and
highlighted in red (protected) and dark blue (de-protected).

Importantly, none of the peptides associated with site 2
exhibited protection in the presence of CD-grease. Also, pep-
tides 111–120, 117–135, and 121–147, which contain residues
N119, S121, and K122 that, based on X-ray data, interact with
the ligand in site 1, exhibited no change in protection upon
binding with CD-grease. However, the two overlapping

peptides 85–107 and 96–107 (with distinct retention times,
6.2 min and 4.6 min, respectively) did exhibit positive ΔDi

values. These two peptides contain three residues (D92, Q99,
and R102) that are predicted, based on the crystal structure, to
interact directly with CD-grease in site 1. This result is, there-
fore, consistent with ligand binding to site 1 under the exper-
imental conditions used. A number of peptic peptides (31–48,
31–55, 158–167, 183–198, 199–207, and 208–225) exhibited
negative ΔDi values (as large as −3.9 Da), indicating an in-
crease in D-uptake upon ligand binding. It can be seen in
Figure 4b that the de-protected regions are mainly located close
to the N-terminus, which is the artificial truncation point of the
fragment [38]. Notably, changes in D-uptake rates at residues
remote from the binding sites have been demonstrated previ-
ously for protein–carbohydrate complexes [25, 27], as well as
other protein–ligand interactions [52–54]. Both decreases [25,
52, 53] and increases [25, 27, 53, 54] in the D-uptake outside of
binding sites have been observed. These data suggest that
changes in the structure or dynamics of the N-terminal region

Figure 3. (a) Difference plot of peptide level D-uptake between free Stx1B5 and (Stx1B5 + 15Pk-OH) complex for a subset of
peptides that cover 95.6% of Stx1B monomer sequence. The x-axis indicates the position (residue number) of the peptides
considered. The y-axis shows the ΔDi values for each peptide, summed over all of the labeling times. The error bars correspond
to one standard deviation. (b) Cartoon illustration of ΔDi values mapped onto the crystal structure of the (Stx1B5 + 15Pk) complex
(PDB 1BOS). The colored region corresponds to one representative Stx1 B subunit. The regions highlighted in red (with corre-
sponding residue numbers indicated) exhibited protection from deuterium exchange upon ligand binding, whereas the regions
highlighted in cyan were unaffected by ligand binding

Figure 4. (a) Difference plot of peptide level D-uptake between free TcdA-A2 and (TcdA-A2 + 2CD-grease) complex for a subset of
peptides that cover 92.4% of the TcdA-A2 sequence. The x-axis indicates the position (residue number) of the peptides considered.
The y-axis shows the ΔDi values for each peptide, summed over all of the labeling times. The error bars correspond to one standard
deviation. (b) Cartoon illustration of ΔDi values mapped onto the crystal structure of the (TcdA-A2 + 2CD-grease) complex (PDB
2G7C). The regions highlighted in red and dark blue exhibited protection or de-protection, respectively, against deuterium exchange
upon ligand binding; the regions shown in cyan were unaffected by ligand binding
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of the TcdA-A2 fragment may occur upon binding of CD-
grease. Interestingly, no such ligand-induced structural chang-
es are evident from X-ray crystallography data [38]. It is also
possible that ligand binding leads to a depopulation of some of
the conformers, as this also can influence HDX rates [14].

Influence of Protein–Carbohydrate Interactions
on Deuterium Exchange Rates

Several general conclusions regarding the relationship between
the nature of protein–carbohydrate interactions and the mea-
sured changes in the exchange rates can be drawn from the
results of this study. Intermolecular H-bonds between the li-
gand and backbone amides generally lead to a decrease in D-
uptake. Notably, this observation is consistent with those re-
ported previously for other protein–carbohydrate complexes
[26]. That protection is also conferred by water-mediated H-
bonds involving backbone amides, has not, to our knowledge,
been previously reported for protein–carbohydrate interactions,
although it was demonstrated for other noncovalent protein
complexes [15, 50]. As an example, for the CTB5 interaction
with GM1-os, positive ΔDi values were observed for peptides
containing residues H13 (direct H-bond with ligand) and G33
(water mediated H-bond). In contrast, putative intermolecular
H-bonds involving backbone carbonyl oxygens or side chains
did not always lead to protection. For example, residues D16,
D17, D18, T21, and E28 of Stx1B5 participate in direct H-
bonds with Pk through their side chains (Table 1). However,
based on HDX-MS results, only residues D16, D17, and D18
in peptide 12–20 were protected, whereas T21 and E28, which
are contained in peptide 20–31, were unaffected by ligand
binding. It should be emphasized that this analysis is predicated
on the assumption that all of the carbohydrate binding sites
identified by X-ray crystallography are extensively populated
under the solution conditions investigated.

Conclusions
In summary, the application of HDX-MS to localize ligand
binding sites for three model carbohydrate-binding proteins is
described. Comparison of the differences in D-uptake for pep-
tic peptides produced in the absence and presence of native
carbohydrate ligand revealed regions of the protein that are
protected against deuterium exchange upon ligand binding.
Notably, for all three proteins, the peptides exhibiting protec-
tion contain residues known to make up the carbohydrate
binding sites, as identified by X-ray crystallography. For the
interaction between CTB5 and GM1-os, peptides associated
with each of the four loops in the CTB monomer that make
up the GM1 binding site were found to exhibit protection
against exchange upon ligand binding. For the interaction
between Stx1B5 and Pk-OH, peptides containing residues as-
sociated with each of the three ligand binding sites were also
found to exhibit protection in the presence of ligand. However,
because the peptides exhibiting protection include amino acid
residues that belong to all three sites (sites 1, 2, and 3), it was

not possible to establish unambiguously whether all three sites
were occupied under the experimental conditions investigated.
For the interaction between TcdA-A2 and CD-grease, one (site
1) of the two known binding sites was identified based on the
observation of protection against exchange in the presence of
ligand. However, ligand binding was also found to induce
changes in either the structure or the dynamics of the protein
that resulted in significant de-protection of the peptic peptides
associated with the N-terminus of the protein. Taken together,
the results of this study suggest that HDX-MS can serve as a
useful tool for localizing the ligand binding sites in
carbohydrate-binding proteins. However, a detailed interpreta-
tion of the changes in deuterium exchange upon ligand binding
can be challenging because of the presence of ligand-induced
changes in protein structure and dynamics.
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