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ABSTRACT: Epitope mapping of antibodies (Abs) is crucial for
understanding adaptive immunity, as well as studying the mode of
action of therapeutic antibodies and vaccines. Especially insights into
the binding of the entire polyclonal antibody population (pAb)
raised upon vaccination would be of unique value to vaccine
development. However, very few methods for epitope mapping can
tolerate the complexity of a pAb sample. Here we show how
hydrogen−deuterium exchange mass spectrometry (HDX-MS) can
be used to map epitopes recognized by pAb samples. Our approach
involves measuring the HDX of the antigen in absence or presence
of varied amounts of pAbs, as well as dissociating additives. We apply
the HDX-MS workflow to pAbs isolated from rabbit immunized
with factor H-binding protein (fHbp), a Neisseria meningitidis vaccine antigen. We identify four immunogenic regions located on the
N- and C-terminal region of fHbp and provide insights into the relative abundance and avidity of epitope binding Abs present in the
sample. Overall, our results show that HDX-MS can provide a unique and relatively fast method for revealing the binding impact of
the entire set of pAbs present in blood samples after vaccination. Such information provides a rare view into effective immunity and
can guide the design of improved vaccines against viruses or bacteria.

Antigen−antibody interactions play a key role in
immunology. The specific region on the antigen bound

by a B-cell-derived antibody is known as a B-cell epitope.
Notably, most licensed vaccines elicit a protective immune
response against infectious diseases by stimulating B-cells for
production of pathogen-specific Abs.1 In particular, insights
into B-cell epitopes are crucial not only for a fundamental
understanding of the immune response but also for the
discovery and development of novel therapeutic antibodies, the
understanding of vaccine mode of action and effectiveness, as
well as for antigen design.2,3 Although it is more than 100 years
ago since the first Nobel Prize in Medicine was awarded for the
discovery of serum antitoxins,4,5 the diversity and binding
properties of the pool of polyclonal Abs (pAbs) raised against a
target antigen remains unpredictable. Today, cloning of human
B-cells and subsequent production of corresponding recombi-
nant monoclonal antibodies (mAbs) as well as IgG or B-cell
receptor sequencing have fueled investigations into the
protective human immune response upon immunization or
infection.6−12 Also state-of-the art tools of structural biology
greatly contribute to a better understanding of protective
immunity via epitope mapping.13,14 Since epitope mapping
reveals detailed structural information about the binding
interface of an antibody and the complexed target antigen,
immuno-dominant epitopes can be defined.
For epitope mapping, a variety of methods may be used with

varying degrees of accuracy and ability to identify linear or

conformational epitopes. Hydrogen−Deuterium Exchange
coupled to Mass Spectrometry (HDX-MS) has emerged as
one of the techniques of choice for mapping epitopes of Abs to
a cognate antigen.13−16 By HDX-MS, the exchange of protein
backbone amide hydrogens with deuterium is monitored using
mass spectrometry. The resulting HDX information can
provide detailed insights into the dynamic conformation of a
protein and changes in HDX induced by the presence of a
ligand or protein binding partner. The comparison of
deuterium incorporation of the unbound versus the bound
protein state (ΔHDX) can be used to identify sites in the
target protein involved in binding. Of significant utility, HDX-
MS allows proteins to be studied at almost any solution-phase
condition and with a considerable tolerance to protein size,
including full-length antigen−antibody complexes. Besides,
HDX-MS is a relatively fast analytical technique for which only
a small quantity of sample (pmol ranges per injection) is
usually required.13,15
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So far epitope mapping studies almost exclusively employ
mAbs, rather than the entire spectrum of Abs present in a
polyclonal sample. However, it is not guaranteed that isolated
analyses of multiple recombinantly produced mAbs deriving
from B-cells would lead to a comprehensive understanding of
the simultaneous and competitive binding of a polyclonal Ab
population.17 Thus, to pinpoint immuno-dominant epitopes,
the entire population of elicited Abs should also be evaluated.
Due to method tolerance to low sample amounts, purity, and
complexity, HDX-MS has the inherent potential to be adapted
to analyze the binding of pAb samples. pAbs consist of a
heterogeneous mixture of Abs in a wide range of concen-
trations and affinities toward the cognate antigen, resulting in
complex competitiveness and the targeting of multiple
epitopes. Presumably due to the molecular complexity of
pAbs, to our knowledge, only one study has been reported
where the conventional HDX-MS workflow was used to
perform epitope mapping using purified (antigen affinity
enriched) Fab fragments from a pAb sample.18

In this work, we describe an HDX-MS workflow capable of
epitope mapping using nonenriched pAb samples (meaning
the entire set of full-length IgGs). We demonstrate the utility
of the workflow on pAb samples isolated from rabbit
immunized with factor H-binding protein (fHbp).19 FHbp
represents one of the widely studied Neisseria meningitidis
antigens, which elicits a robust and protective immune
response in humans.20,21 FHbp is included in 4CMenB
(Bexsero) and Trumenba, the two approved vaccines with a
broad range of coverage against Neisseria meningitidis
serogroup B (MenB), which is a major cause of sepsis and
invasive meningococcal disease.22,23 We identify several
epitopes on recombinant fHbp and achieve an understanding
of the binding and relative abundance of different Ab
populations, which derive from the fHbp-vaccinated rabbit.
The HDX-MS approach should be broadly applicable, also to
other antigens of interest, as well as pAbs from other species,
including human.

■ EXPERIMENTAL SECTION
fHbp Production and Purification. Briefly, fHbp protein

var1.1 (from strain MC58, UniProt Q6QCC2) was expressed
and purified as described previously.24 Sample purity was
controlled by densitometry analyses of 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS−PAGE)
analysis. Protein sample concentrations were determined
using the Bradford method (Bio-Rad, Protein Assay), the
BCA method (Pierce), or Nanodrop (ThermoFisher). The
expected amino acid sequence of fHbp was confirmed by LC−
MS.
Generation of fHbp Peptic Peptides. For control

experiments as later described in the manuscript, peptides
were generated prior to labeling by digesting fHbp on a pepsin
column (IDEX) packed in-house. The peptides were trapped
on a C18 column (ACQUITY UPLC BEH C18 1.7 μm
VanGuard column, Waters), desalted for 3 min, and finally
eluted and collected in a tube. The mobile phase was
evaporated using a SpeedVac (ThermoFisher). The predi-
gested samples were resuspended in PBS buffer for 1 h on ice
and incubated in deuterated buffer for 5 and 30 s and
quenched as described for other HDX samples.
Rabbit Immunization and IgG Purification. Serum

from three fHbp-immunized rabbits, here referred to as rabbit
1−3, was collected 14 days after administration of the third

dose of fHbp antigen. Purification of both polyclonal and
fHbp-specific antibodies was performed using an ÄKTA
purifier (GE Healthcare). Before purification, rabbit serum
was filtered through a sterile filter (Millex GP 0.22 μm) and
diluted 1:1 (v/v) with binding buffer (300 mM NaCl, 50 mM
NaH2PO4, pH 7.2). Purification of polyclonal antibodies was
performed using a HiTrap 5 mL Protein A HP column (GE
Healthcare). For purifying fHbp-specific antibodies, 10 mg
recombinant fHbp was immobilized on a 5 mL NHS HP
SpinTrap and corresponding buffer kit (GE Healthcare)
according to manufacturer’s protocol. The sample was loaded
on the column at a flow rate of 3 mL/min until complete
loading of total sample volume. The column was washed with
50 mL binding buffer at a flow rate of 5 mL/min. The
antibodies were eluted from the column at a flow rate of 5 mL/
min with 25 mL elution buffer (100 mM glycine, pH 2.6) into
0.5 mL fractions collected in tubes containing neutralizing
buffer (1 M Tris, pH 9.0). Fractions were run on a NuPAGE 4
to 12% Bis-Tris gel (Invitrogen) and fractions containing
antibodies were pooled and dialyzed (PBS, pH 7.4) at 5 °C
overnight.

HDX-MS Experiments. HDX-MS analysis of fHbp was
performed as follows. (a) fHbp in absence and presence of
pAbs (Ag:pAb binding ratio of 1:2, 15 pmol fHbp, and 30
pmol pAbs) was incubated in deuterated PBS (96% D2O) at
pH 7.4 and quenched after 30 s, 5, 10, or 20 min. (b) fHbp in
absence and presence of pAbs (Ag:pAb binding ratios of 1:2,
1:5, 1:10, 1:15, and 15 pmol fHbp and 30, 75, 150, or 225
pmol of pAbs, respectively) incubated in deuterated PBS (81%
D2O) at pH 7.4 and quenched after 10 min. (c) fHbp in
absence and presence of pAbs (Ag:pAb binding ratio of 1:10,
7.5 pmol fHbp and 75 pmol pAbs) incubated in deuterated
PBS (81% D2O) without or with 0.5 M NaCl/urea/
ammonium thiocyanate (AT), 2 M urea/AT or 4 M urea/
AT at pH 7.4 and quenched after 10 min. (d) fHbp peptic
peptides were incubated on ice in deuterated PBS (81% D2O)
at pH 7.4 and quenched after 5 or 30 s. Of note, all chaotropes
used were deuterated by lyophilization and resuspension in
D2O (repeated twice) to ensure that the mole fraction of
deuterium was the same across all labeling solutions. Further,
all labeling buffers were adjusted to the same pH and used
under temperature-controlled conditions during all HDX
experiments. The sample solution for fHbp with pAbs was
equilibrated for 30 min at 25 °C before labeling at 25 °C. To
quench all labeling reactions, ice cold quench buffer (4 M
GndHCl, 215 mM KH2PO4, pH 2.3) was added 1:1 to the
HDX reactions to a final volume of 100 μL. Quenched samples
were immediately frozen at −80 °C until analysis by LC−MS.
If not stated differently, all experiments were performed in
triplicates. Maximally labeled control samples were prepared by
labeling fHbp in deuterated buffer (6 M deuterated GndHCl,
pH 2.3) for 24 h at 25 °C and quenched 1:1 using 300 mM
phosphate buffer (pH 2.3) to not exceed the amount of
chaotropic agent for the subsequent online peptic digestion.
To limit back-exchange, quenched samples were quickly

thawed and immediately injected into a refrigerated (0 °C)
UPLC system (NanoACQUITY HDX technology, Waters)
coupled to a hybrid Q-ToF Synapt G2Si mass spectrometer
(Waters). Online digestion was performed at 20 °C and a
constant flow rate of 200 μL/min in a separate chamber, using
a column (IDEX) packed in-house with immobilized pepsin on
agarose resin beads (Thermo Scientific, Pierce). The generated
peptic peptides were trapped on a C18 column (ACQUITY
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UPLC BEH C18 1.7 μm VanGuard column, Waters) and
desalted for 3 min with solvent A (0.23% (v/v) formic acid in
MQ water, pH 2.5). Subsequently, the peptide mixture was
separated on a C18 analytical column (ACQUITY UPLC BEH
C18 1.7 μm, 1 × 150 mm column, Waters) using a 9 min linear
gradient at a 40 μL/min flow rate with increasing solvent B
(acetonitrile, 0.23% (v/v) formic acid) concentrations (8%−
40% (v/v)). Peptides were eluted into a Synapt G2Si mass
spectrometer with an electrospray ionization source, which was
operated in a positive ionization and ion mobility mode with a
capillary voltage of 2.8 kV, source temperature of 90 °C, and
sampling cone of 30 kV. For lock-mass calibration, human Glu-
Fibrinopeptide B (Sigma-Aldrich) was recorded throughout
the analysis to ensure mass accuracy.
For peptide identification, nondeuterated samples of fHbp

were analyzed using the same LC method and peptides were
fragmented by collision-induced dissociation (CID) with argon
as collision gas using both data-dependent (DDA) or data-

independent (DIA) acquisition modes. To identify fHbp
peptides, MS/MS data were processed in ProteinLynx Global
Server (PLGS) version 3.0 (Waters), using the sequence of
fHbp and a decoy database of randomized sequences. For the
DDA method, peptides identified with a ladder score higher
than 1.0, a mass error below 15 ppm for the precursor ions
with a fragment tolerance of 0.1 Da, were considered reliable.
For confirmation, manual inspection of fragmentation spectra
was performed. To filter peptides identified by DIA, the
minimum amount of fragment ions per peptide was set to 3
with a maximal mass error of 10 ppm for precursor ions and a
minimum of 0.2 fragmentation products per amino acid.
Furthermore, peptides had to be reproducibly identified in 2
out of 3 of the acquired MS/MS files. All identified peptides
were manually checked in DynamX version 3.0 (Waters), and
noisy or overlapping mass spectra with a S/N ratio less than 10
were excluded from analysis. Furthermore, the intensity of all
identified fHbp peptides was confirmed not to increase during

Figure 1. Effect of different Ag:pAb ratios on local HDX of fHbp. (A) Differences in the average relative deuterium uptake (ΔHDX) of fHbp in
absence and presence of pAbs for the 67 identified peptides at the 10 min time point. Four different Ag:pAb ratios were tested, including 1:2 (light
orange), 1:5 (orange), 1:10 (red), and 1:15 (dark red). The individual peptides are arranged along the x-axis starting from the N-terminus and
ending at the C-terminus of fHbp. In the presence of pAbs, positive values indicate reduced HDX. Values represent means of two independent
measurements. Dotted lines indicate the 98% CI (± 0.29 Da) obtained from previous experiments done in triplicates (see Figure S1). (B, C)
Illustration of the crystal structure of fHbp (PDB: 3kvd), showing epitopes recognized by pAbs with increasing ratios. All data transferred to the
fHbp crystal are normalized to the MX control. HDX plots of peptides 15−31, 44−71, 102−120, and 209−234, respectively, in the absence (gray)
and the presence (red) of the pAbs. The maximally labeled control (MX, 24 h) is indicated on the scale at a ratio of 1:15 for convenience.
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pAb titration experiments, thus further confirming that these
did not originate from the pAb sample.
The majority of HDX measurements were performed in

triplicate (Figures S1, S6b, S6c, and S10) with a subset of data
performed in duplicate (Figures 1, 3, S6a, and S7). The relative
deuterium uptake of peptides was based on the average of
replicates. A significance threshold was used to assign
significance to differences in HDX between states compared
in each data set, and this was equal to the 98% confidence
interval calculated from triplicate measurements performed for
each comparative HDX data set as described earlier.25−27 The
values for the 98% confidence interval range from 0.29 to 0.65
Da depending on the data set and were found to be similar to
those calculated for other HDX-MS data sets collected in-
house using the same instrumental HDX-MS setup. For
visualization, HDX results were mapped onto the fHbp crystal
structure (PDB code 3kvd) using PyMOL (http://pymol.
sourceforge.net/). To enable access to the HDX data obtained
in this study, the HDX Summary Table and the HDX Data
Table (Tables S6−S12) are included in the Supporting
Information, as stated in the community-based recommenda-
tions.26

VADAR Analysis. The VADAR v1.8 algorithm28 was used
to measure the surface accessibility of individual residues of
fHbp, based on the X-ray atomic coordinates of the protein
(PDB code 3kvd). The structural information from X-ray
crystallography and VADAR output were coupled to results
from HDX to further delineate the epitopic regions of fHbp.
PEP2D Analysis. The Peptide Secondary Structure

Prediction server29 was used to predict the regular secondary
structure in the generated fHbp peptides, applying the multiple
peptide sequence module.

■ RESULTS AND DISCUSSION
Identification of fHbp Regions Recognized by the

pAb Population. fHbp is a structurally well characterized 27-
kDa lipoprotein that consists of two antiparallel ß-strand
domains connected by a linker. The N-terminus forms a taco-
shaped ß-sheet and the C-terminus an eight-stranded ß-
barrel.24,30,31 HDX-MS experiments were first performed by
monitoring the HDX of recombinant fHbp with or without
pAbs (Ag:pAb ratio of 1:2) at regular time intervals from 30 s
to 20 min (Figure S1). For the first HDX experiment with
pAbs, we were able to obtain an effective sequence coverage of
99.2% for fHbp, after manually checking identified peptic-
peptides in the DynamX software (Figure S3). Reductions in
HDX due to the presence of pAbs were detected in multiple
antigen regions (Figures 1 and S1), including the N-terminal
domain covering residues 3−26 and 44−72, which lie in close
spatial proximity and each spanning one of the two N-terminal
α-helices. The same trend in HDX was observed for residues
104−120, spanning a more distant N-terminal ß-strand
including a loop. At the Ag:pAb of 1:2 peptides 137−164
and 137−166 within the C-terminal ß-barrel and residues
209−234 were protected from HDX upon Ab binding. The
most significant change in HDX of fHbp in the presence of
pAbs was obtained after 10 min of labeling (Figure S1). Thus,
the 10 min time point was chosen for the following HDX-MS
experiments.
Investigating the Relative Binding Affinities/Abun-

dances of Ab Populations. We next performed a series of
HDX-MS experiments in which fHbp was labeled for 10 min at
increasing Ag:pAb ratios from 1:2, 1:5, 1:10 to 1:15 (Figure 1).

Despite high amounts of pAbs, which reduces the S/N ratio of
target fHbp peptides, 67 selected peptides corresponding to a
sequence coverage of 99.2% with a redundancy of 5.36 could
still be monitored for all Ag:pAb ratios (Figure S5).
On the basis of the data summarized in Figure 1, the

response of epitopes of fHbp to changes in pAb amount could
be differentiated, thus providing some indication as to the
relative affinities/abundances of Ab populations present in this
polyclonal sample. Three N-terminal regions covering residues
3−26, 44−72, and 104−120 are significantly protected from
HDX in the presence of pAbs already at a Ag:pAb ratio of 1:5.
In detail, residues 104−120 reached the highest difference in
HDX with an averaged reduction of all contributing peptides
of 3% (fHbp alone vs 1:2) up to 16% (fHbp alone vs 1:15).
Residues 3−26 and 44−72 are also significantly protected from
HDX in the presence of pAbs with an average protection in
HDX of 2%−12% (fHbp alone vs 1:2−1:15) and 1%−11%,
respectively (Table S2). These data are indicative for one or
more prominent Ab populations capable of binding those
regions with high (<nM range) affinity. In addition to three N-
terminal epitopes, our data revealed two C-terminal areas on
fHbp that are protected from HDX upon pAb binding, namely
residues 133−166 and 209−234. For both C-terminal regions
effects only exceed the significance threshold (98% CI) at
elevated pAb concentrations (Ag:pAb ratio of 1:10). On
average, residues covering 133−166 or 209−234 reach a
maximum of 7% or 9% protection from HDX (fHbp alone vs
1:15), respectively (Table S2).
Studies have shown that Abs in a rabbit pAb sample bind

with a KD of 1 nM or less.32,33 Thus, the significant increase in
protection from HDX in regions 3−26, 44−72, 104−120, and
209−234, upon increase in pAb concentrations (from Ag:pAb
ratios of 1:2 to 1:15), is likely due to the individual binding
Abs being present at less than 1:1 Ag:Ab ratios at the lower
pAb concentrations used. Thus, the observed pAb concen-
tration-dependent effect rather reflects on the relative
abundance or titer of binding Abs in the pAb sample than
their affinity.
In previous works, HDX-MS has already been used to

characterize the binding of bactericidal and cross-reactive
mAbs against all three phylogenetic fHbp variants.14,34−37 This
includes a study describing two murine mAbs that recognize
conformational, partly overlapping cross-protective epitopes.34

One of the Abs recognizes residues 31−43, 77−83, and 102−
118 (mAb 17C1). The latter region is in alignment with our
data (residues 104−120) and confirms this N-terminal loop to
function as immunogenic determinant. Some published
epitopes span both N- and C-terminal fHbp domains, as
described for the bactericidal murine mAb 12C1.14 Also, this
epitope shares some common regions with our data from
rabbit polyclonal sample, including residues 104−120 (102−
132 for mAb 12C1) and 209−234 (209−246 for mAb 12C1).
Ab 12C1 was studied together with murine mAb JAR5 to
investigate structural features of cooperativity. Apart from
residues D80 and Q82, mAb JAR5 recognized also S112,
G116, and K117,38 which cover the loop region 104−120 that
we identified in our polyclonal sample as an immuno-dominant
epitope. Of note, some studies also discovered only C-terminal
regions of fHbp variants that function as immunogenic
determinant.36,37,39−42 Recent work on a cross-reactive and
cross-protective human mAb (1A12) revealed D156, G157,
K175−K180, P182, N185-D187, L208-Q211, and V238 to be
recognized,36,42 which partially overlaps with epitopic residues
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133−166 and 209−234 in our study. With regard to functional
immunity and subsequent bacterial clearance, earlier studies
highlighted the importance of Abs recognizing C-terminal or
N-terminal epitopes to act in synergy. For instance, it has been
stated that mAb 1G3/1A3 (N-terminal epitopes) or mAb
1A12 (C-terminal epitope) are nonbactericidal when tested
alone but become protective when used in combination.35

Thus, the multiple epitopic regions that could be identified
also in our pAb sample are most likely reflecting the functional
criteria needed for bactericidal and/or cross-reactive immunity.
Interestingly, in studies on human mAbs deriving from
4CMenB vaccines, residues 2−30 and 43−70 (mAb 1G3)35

or 2−27 and 101−119 (mAb 1A3)36 were identified as
epitopes. Those immunogenic epitopes are in good agreement
with all three N-terminal regions identified using this pAb
sample from a rabbit (3−26, 44−72, and 104−120), which
underlines the immunological relevance of the identified
regions, also in humans. Of note, data interpretation is limited
to local information gained from overlapping peptic peptides.
It thus cannot be excluded that some residues involved in
epitopes could be missed if for instance the contributing AA(s)
is/are part of a peptide that was statistically excluded applying
a 98% CI, or if deuterium uptake could not be aligned with
overlapping peptides, as for residues 73−91 and 235−
246.14,34,42 Those regions could potentially cover AAs that
contribute to epitopic determinants; however, we focused on
regions with the most prominent changes in ΔHDX upon Ab
binding. Overall, obtained data from pAb titration suggest that
N- and C-terminal regions of fHbp are recognized and based
on current literature reveal immunologically relevant epitopes.
Use of VADAR Analysis to Investigate the Main

Epitopic Areas of fHbp. To further delineate the epitopic
regions of fHbp recognized by the rabbit pAbs as defined by
HDX-MS, structural information from X-ray crystallography

and the according VADAR output (accessible surface area)
was used. AAs with a fractional accessible surface area (ASA)
above 50% are considered to be exposed (Table S5). Figure 2
summarizes all exposed AAs mapped onto the fHbp crystal.
Overlaying this information with the HDX data, four epitopic
regions could be identified, which allocate around each corner
of the N- or C-terminal domain (Figure 2). The N-terminal
regions of residues 3−26 and 44−72 (black/gray) are in close
vicinity and thus appear to constitute one epitopic region,
whereas the residues 104−120 (light green) are on the
opposite end of the N-terminal domain. The epitope region
209−234 (dark green) is mainly concentrated on the C-
terminal ß-barrel opposite from residues 133−166 (dark blue).
In previous studies, it has been proposed that epitope surface
areas recognized by a single Ab can range from 900−2000
Å2.43 In good agreement, based on total ASA, our data revealed
that each of the epitopic regions identified range from 1992 to
2509 Å2. With regard to where exposed AAs reside on each
epitopic region identified by our HDX data, the first N-
terminal residues 3−26 cover six exposed AAs, 44−72 cover
seven, and all remaining cover eight, respectively (Table S5).
Notably, exposed AAs are not necessarily or exclusively
involved in epitopes and the magnitude of protection from
HDX is not strictly correlated to the number of residues
forming an immunogenic region. This is due to possible
contributions of indirect stabilizing effects upon Ab binding
that could also impact the observed reduction in HDX.44−46

Regarding fHbp v1, b-factor analysis based on X-ray
crystallography revealed the loop region covering residues
104−120 to be the most flexible structural element.30 In good
agreement, fast HDX was observed for peptide segments
spanning this region, with complete labeling within 5 min. The
relatively strong binding response of those residues, as
discussed in the previous section, could thus in part derive

Figure 2. Epitopic regions combining VADAR and HDX data. The structural information from X-ray crystallography based VADAR analysis
coupled to results from HDX revealed four main epitopic regions, two in the N-terminal domain (black/gray and light green) and two in the C-
terminal domain (light/dark blue and dark green). Exposed AAs (top panel) identified via VADAR analysis have been marked in magenta if not
within one of the main epitopic regions that were identified via HDX.
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from additional conformational stabilization that further lowers
the HDX upon Ab binding. In general, it is important to keep
in mind that not only directly exposed regions of a target
antigen can be of immunological relevance, as demonstrated
for instance in studies on HIV-1 envelope glycoprotein
gp12047 or gp41.48 In this context, HDX-MS is very useful
as the method can detect regions directly involved in Ab
binding in solution but also detect indirect yet immunologi-
cally important conformational changes upon Ag-Ab inter-
actions, both of which can be important to guide vaccine
design.
Evaluating the Use of Chaotropic Agents and Salts to

Assess Binding Specificity and Limit Nonspecific
Interactions. Avidity is a measure for the overall stability of
the Ag-Ab complex. It is defined by Ab affinity, the valence of
both the Ag and Ab, and the structural arrangement upon
interaction. These three key factors define antibody specificity
and therefore the likelihood that the antibody will bind to a
particular antigen epitope. A common method to assess Ab

avidity is to perform an ELISA assay utilizing dissociating
agent.49,50 When analyzing pAbs low-avidity IgGs can
dissociate from the antigen in the presence of protein
denaturants such as urea, ammonium thiocyanate (AT), or
GndHCl. We investigated a similar strategy in the context of
HDX-MS experiments in order to test Ag-Ab binding
specificity and ultimately limit nonspecific interactions. HDX
was performed on samples (Ag:pAb ratio of 1:10), with
labeling buffer containing D2O with and without salt (0.5 M
NaCl) or chaotropic reagent (AT/urea). To enable an analysis
of the impact of these additives solely on binding-induced
changes in HDX, we performed control experiments to assess
the influence, if any, of different concentrations of urea, AT, or
NaCl first on the HDX of the antigen alone (i.e., its
conformation) (Figures 3a,c and S6a,b) and second on the
chemical exchange rate (kch) which will be described in more
detail in the next paragraph (Figure S6c). To first assess the
influence of NaCl, urea, and AT on the protein conformation,
we compared the HDX of fHbp alone under regular labeling

Figure 3. Effect of additives on antigen structure and Ag-pAb binding. (A) Illustration of the crystal structure of fHbp (PDB: 3kvd), showing
residues with increase in HDX in the presence of 0.5 M AT at 30 s (blue). (B) Impact of Ab binding on fHbp (Ag:pAb ratio of 1:10). Data are
normalized to the MX control. (C, D) Differences in the average relative deuterium uptake (ΔHDX) of fHbp for the 49 identified peptides at 30 s,
(C) in absence and presence of 0.5 M AT (blue) or 0.5 M urea (magenta) or (D) in absence and presence of pAbs (Ag:pAb ratio of 1:10) without
(orange) and with 0.5 M NaCl (light blue) or 0.5 M urea (magenta). The individual peptides are arranged along the x-axis starting from the N-
terminus and ending at the C-terminus of fHbp. Positive values indicate increase or reduction in HDX in the presence of the additive or pAbs,
respectively. Values represent means of two independent measurements. Dotted lines indicate the 98% CI (± 0.29 Da) obtained from other
experiments of this data set done in triplicate (see Figure S1).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c00696
Anal. Chem. 2021, 93, 11669−11678

11674

https://pubs.acs.org/doi/10.1021/acs.analchem.1c00696?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00696?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00696?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00696?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conditions (PBS buffer in D2O) to the HDX of the antigen in
the presence of salt or one of the above-mentioned chaotropic
agents. Data obtained for the HDX of fHbp in the presence of
0.5 M, 2 and 4 M AT clearly show a significantly higher uptake
in multiple regions of fHbp (Figures 3a,c and S6a). Already in
the presence of 0.5 M AT N-terminal residues 3−26 and 44−
71, as well as C-terminal residues 176−184 show an increase in
HDX. We thus concluded that AT significantly affects fHbp
conformation, even at low (0.5 M) concentrations and thus
excluded AT for HDX-MS-based Ag-Ab binding studies. The
same applies to the condition with 2 M urea which resulted in
a perturbation of fHbp conformation at residues 3−12 after 30
s, as well as residues 3−26 and 44−72 after 10 min of labeling
(Figure S6b). In contrast, addition of 0.5 M urea or 0.5 M
NaCl did not appear to significantly change the HDX of fHbp
(Figures 3c (n = 2) and S6b (n = 3)), indicating that the
conformation of fHbp is kept in a native state. However, the
rate of exchange of an amide hydrogen in an unstructured
peptide, referred to as the chemical exchange rate (kch), can be
affected by solvent ionic strength, in addition to pH,
temperature, and inductive and steric effects from neighboring
AA side chains.51−56 We thus tested if 0.5 M urea or NaCl
impacted the kch of backbone amides in fHbp (Figure S6c).
The HDX of predigested fHbp peptides was monitored after 5
and 30 s of labeling at the reference condition (PBS buffer)
and after adding 0.5 M urea or NaCl to the PBS labeling buffer
(Figure S6c). Of note, all buffers were adjusted to the same pH
and labeling was performed under temperature-controlled
conditions on ice. Almost the same set of peptides could be
recovered with 56 out of 61 (91.8%) peptides when compared
to the classical online peptic digest of fHbp, maintaining a high
sequence coverage of 99%. In accordance with the PEP2D
analysis, seven of the identified fHbp peptides (Table S4) are
predicted to not have any secondary structure that would
influence HDX. Besides, after 5 s of labeling 21 out of 56
(37.5%) peptides did not reach maximum deuterium uptake.
This is key to probe possible differences in HDX in the
presence of urea or NaCl. As summarized in Figure S6, neither
the presence of 0.5 M urea nor 0.5 M NaCl revealed any
significant (n = 3) influence on deuterium uptake of any of the
analyzed peptides during labeling. We thus concluded that the
presence of 0.5 M urea and 0.5 M NaCl does not impact the
chemical HDX nor the conformation of fHbp and thus
represent suitable dissociating additives to test in pAb epitope
mapping experiments. For epitope mapping in the presence or
absence of 0.5 NaCl/urea, the HDX of fHbp was measured for
30 s (Figure 3d) and 10 min (Figure S7, Table S3) at RT with
or without pAb. HDX analysis revealed that all epitopes on
fHbp are still significantly protected from HDX upon Ab
binding in the presence of 0.5 M NaCl or urea, ruling out the
possibility of nonspecific binding. Notably, protection from
HDX due to Ab binding is somewhat reduced throughout all
epitopic regions in the presence of NaCl or urea but with
different changes of magnitude, especially after 30 s of labeling.
HDX was more reduced either in the presence of salt or urea,
probably evidencing the different nature of Ag-Ab interactions
regarding the contribution of electrostatic interactions (res. 3−
26, 104−120) or H-bonds (res. 133−166, 209−234). With
comparison of the HDX of all peptides covering each epitopic
region under regular conditions (PBS) to 0.5 M urea, the
impact of urea on the reduction in HDX(%) induced by pAbs
is very low (<1%) for residues 3−26 and 104−120 compared
to all other epitopes at 30 s (Table S3). This observation is

indicative for an Ag-Ab complex of high stability that maintains
the N-terminal regions in an HDX incompetent state. When
adding higher amounts of pAbs, as described in the previous
section, those two regions covering residues 3−26 and 104−
120 showed the greatest protection from HDX upon Ab
binding among all identified epitopes and all Ag:pAb ratios
tested. Both observations confirm that those two regions are
conformationally impacted the most upon Ab binding and
form comparably stable interactions. Interestingly res. 3−26
and 104−120 in turn displayed a more significant impact of
NaCl on the pAb-induced reduction in HDX(%) correspond-
ing to a decrease of 4% (30s) and 1% (10 min) and 2% (30s)
and 4% (10 min), respectively (Table S3). Thus, those data
could indicate that electrostatic interactions, that are disrupted
or destabilized by NaCl, contribute to the conformation of the
N-terminal Ag-Ab complex. For residues 44−72, 0.5 M NaCl
revealed an almost equal effect as 0.5 M urea. The measured
decrease in pAb-induced HDX reduction was 4/2% at 30 s and
3/2% at 10 min when comparing buffer with or without 0.5 M
NaCl or urea, respectively. In contrast, 0.5 M NaCl had very
little impact on pAb binding to C-terminal residues 133−166
and 209−234, with <1% at 30 s, respectively. However, the
two C-terminal epitopes showed an immediate response in the
presence of 0.5 M urea with 2% (133−166), 3% (209−234)
increase in HDX at 30 s, and 2% in both cases at 10 min
(Table S3). Thus, those data could indicate that H-bonds that
contribute to the conformation of the Ab-bound C-terminal
epitope in the ß-barrel of fHbp are disrupted or destabilized by
urea. Interestingly, it has been reported earlier, that it is crucial
for mAb couples to bind stably and simultaneously to the same
antigen to increased SBA titers.36 Thus, apart from affinity, also
overall complex stability/avidity between Ag and one or more
Abs from a pAb sample is of importance. By mapping the
simultaneous conformational impact of both isolated mAbs
and pAb samples (in the presence and absence of a chaotropic
agent) via HDX-MS, unique insights into such immunologi-
cally important Ab binding can be gained.

Comparing fHbp Regions Recognized by Different
pAb Samples. To evaluate if similar epitopes are recognized
across subjects, we performed epitope mapping with pAbs
deriving from two other fHbp-immunized rabbits, as
summarized in Figure S10. On the basis of the HDX data, it
is apparent that epitopes recognized by total IgGs deriving
from rabbit 1, as previously described (res. 3−26, 44−73,
104−120, 133−166, and 209−234), are also recognized by
total IgGs isolated from rabbits 2 and 3. We can conclude that
the effect in HDX upon Ab binding is the result of well-defined
and commonly shared epitopes on fHbp that are immuno-
dominant across different subjects. Furthermore, we also
compared epitopes recognized by the total set of IgGs with
fHbp-specific IgGs that were extracted via an additional
enrichment step for rabbits 2 and 3 (Figure S10). For both
animals, the epitopes recognized on the fHbp antigen were
identical for total vs antigen-specific IgG populations. Thus, for
fast epitope screening, antigen-specific IgG purification/
enrichment appears not to be necessary to pinpoint specific
Ag-Ab interactions. This reduces both time for sample
preparation (no purification of antigen specific IgG) and the
amount of serum needed (from mL to μL range). Overall, our
data suggest that efficient epitope mapping can be performed
using nonenriched pAb samples.
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■ CONCLUSION
Here we show how HDX-MS can be used in a step-by-step
manner (summarized in Table S1) to map epitopes on a target
antigen recognized by the complex pAb mixture raised after
vaccination. The workflow, which was applied to the fHbp
antigen, involves initial optimization of the concentration of
pAbs and dissociative agent used in the HDX-MS epitope
mapping experiment. We demonstrate that the methodology
has considerable practical utility and was capable of identifying
a limited, well-defined number of immuno-dominant epitopes
on fHbp recognized by pAb samples from different animals.
Several of the identified epitopes were in good agreement with
previously reported epitopes recognized by murine or human
mAbs. We show that the approach can be used directly on pAb
samples, meaning total IgGs that have not undergone prior
antigen-specific enrichment. Furthermore, by investigating the
impact of different concentrations of pAbs and dissociative
agents, one can gain insight into the relative abundance and
avidity of binding Ab populations, as well as a dissection of
potential nonspecific binding effects. Our HDX-MS based
workflow for “epitope mining” thus allows for more than a
mapping of epitopes but also a more in-depth characterization
of the epitopes recognized by Abs in a pAb sample. We believe
the approach should be broadly applicable, also to other
antigens and pAb samples of interest, and could also be of use
to monitor the immune response to vaccination in humans. As
such, the HDX-MS method could provide a valuable tool in
immunology, structural serology, and rational vaccine design.
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