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ABSTRACT: Characterization of antigen−antibody interactions is crucial for understanding antibody-mediated protection against
pathogens, biopharmaceutical development, as well as evaluation of the immune response post vaccination. Bexsero is a
multicomponent vaccine against Neisseria meningitidis serogroup B in which one of the key vaccine antigens is Neisserial adhesin A
(NadA), a trimeric coiled-coil protein. Two NadA-specific monoclonal antibodies (mAbs) isolated from Bexsero-vaccinated
individuals have been shown to have similar binding affinity and appear to recognize a similar antigen region, yet only one of the
mAbs is bactericidal. In this study, we use hydrogen/deuterium exchange mass spectrometry (HDX-MS) to perform an in-depth
study of the interaction of the two mAbs with NadA antigen using a combined epitope and paratope mapping strategy. In addition,
we use surface plasmon resonance (SPR) to investigate the stoichiometry of the binding of the two mAbs to NadA. While epitope
mapping only identifies a clear binding impact of one of the mAbs on NadA, the paratope mapping analyses shows that both mAbs
are binding to NadA through several complementarity determining regions spanning both heavy and light chains. Our results
highlight the advantage of combined epitope and paratope mapping HDX-MS experiments and supporting biochemical experiments
to characterize antigen−antibody interactions. Through this combined approach, we provide a rationale for how the binding
stoichiometry of the two mAbs to the trimeric NadA antigen can explain the difference in bactericidal activity of the two mAbs.

KEYWORDS: HDX-MS, epitope mapping, paratope mapping, NadA, binding stoichiometry

■ INTRODUCTION

Antibodies play an important role in immunity against
infectious agents such as bacteria and viruses. Insights into
the antigen−antibody interaction is important for the
fundamental understanding of immune responses as well as
for the development of therapeutic antibodies and efficient
vaccines. Antibodies can recognize an antigen through six
hypervariable complementary determining regions (CDRs).
Characterization of the antigen−antibody interaction is often
focused on the epitope, the binding site on the antigen. The
paratope, the binding site on the antibody, is generally
attributed to the CDRs.1,2 The antibody-mediated protection
against bacteria can be assessed through the serum bactericidal
activity (SBA) assay, which measures the ability of antibodies
to lyse bacteria through complement-mediated killing.3 SBA

titer is defined as the test serum dilution factor at which the
bacterial colony formation is reduced ≥50%.4 In studies of
both natural and vaccine-induced immunity against Neisseria
meningitidis serogroup B (MenB), it has been established that
an SBA titer above 4 is a good correlation of both short- and
long-term protection against meningococcal disease.5−7 The
multicomponent vaccine Bexsero (or 4CMenB) was the first
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MenB vaccine able to induce a robust bactericidal immune
response against a broad range of serogroup B isolates.8

Neisserial adhesin A variant 3 (here referred to simply as
NadA) is one of the key soluble recombinant antigens of the
4CMenB vaccine. The native NadA protein is a homotrimer
composed of an N-terminal head domain with three
protruding winglike structures, an extended trimeric coiled-
coil stalk region, and a C-terminal membrane anchor
domain.9−11 NadA is synthesized with an N-terminal signal
peptide of 23 amino acid residues, and therefore, the
numbering of the N-terminal head domain of NadA starts at
residue 24.11 The head domain consists of residues 24−85, the
coiled-coil stalk region consists of residues 86−344, and the
membrane anchor domain consists of residues 345−405.8,10
The recombinant NadA vaccine antigen consists of residues
24−350, thus lacking the C-terminal membrane anchor
domain.12 The crystal structure of NadA has been solved for
a construct comprising only residues 24−170.10 The overall
topology of the full-length NadA antigen has been analyzed
with transmission electron microscopy (TEM), and an in silico
model has been generated.9 In the TEM analysis, NadA was
observed in both linear and curved conformations suggesting a
high degree of flexibility of the long stalk region, which could
explain the inability of the full-length protein to crystallize.
A large panel of antibodies isolated from Bexsero-vaccinated

individuals have been sequenced and expressed as recombinant
IgG1 monoclonal antibodies (mAbs) and extensively charac-
terized.13 Two of the studied NadA-specific mAbs, 1C6 and
7F11, had highly similar affinity for NadA (16.2 pM and 7.7
pM, respectively) determined as the KD derived from surface
plasmon resonance (SPR) using the full-length mAbs.13 In a
protein microarray experiment using various fragments of
NadA generated with the PROFILER technology14 using the
Fab-fragment of the mAbs, it was found that mAb 1C6 and
mAb 7F11 binds to a region consisting of residues 100−170
and 95−170, respectively. The functionality of the two mAbs
was investigated in an SBA assay which resulted in an SBA titer
of 262144 for mAb 1C6 and <4 for mAb 7F11. Thus, despite
the two mAbs having similar affinity for the same apparent
region of NadA, mAb 1C6 is capable of eliciting a protective
immune response while mAb 7F11 is not.13

Many of the existing techniques widely used for rapid
characterization of the antigen binding of antibodies produced
as a response to vaccination are useful for gaining an overview
but are insufficient to provide detailed structural information.
Hydrogen/deuterium exchange mass spectrometry (HDX-MS)
is a sensitive analytical method to probe conformational
dynamics of proteins and how these change upon protein−
protein interaction.15−17 HDX-MS has proven to be a very
useful analytical tool for epitope mapping of structural and
discontinuous epitopes.18−21 In a recent study, HDX-MS was
used for a combination of epitope and paratope mapping using
the antibody Fab-fragment.22 Here, we adopt a similar strategy
and use HDX-MS for epitope and paratope mapping of the
interaction between the antigen NadA and the two intact
mAbs 1C6 and 7F11 to gain insight into the difference in
bactericidal activity despite similar binding affinities and
apparent binding sites. In addition, we use SPR to support
our HDX-MS data. Our data shows that the combination of
HDX-MS based epitope and paratope mapping and SPR
provides information about the antigen−antibody interaction
that would not have been provided through other methods or
by analysis of the epitope or paratope alone.

■ EXPERIMENTAL SECTION

Recombinant mAb Production and Purification. The
recombinant monoclonal antibodies were produced by trans-
fection of Expi293 cells (Thermo Fischer Scientific), and
antibodies were purified using Protein GT beads (GE
Healthcare), as previously described.13

Hydrogen−Deuterium Exchange. HDX-MS analysis
was performed using the following samples: (a) NadA epitope
mapping: NadA in absence or presence of antibody,
NadA:1C6 ratio 1:1 (14 pmol NadA (monomer), 14 pmol
1C6 mAb, 99% bound) and NadA:7F11 ratio 1:1 or 1:3 (14
pmol NadA (monomer), 14 pmol 7F11 mAb (1:1) or 42 pmol
7F11 mAb (1:3), 100% bound) was diluted 10-fold in 99.9%
D2O (PBS, pH 7.4) to a final D2O content of 90%. Notably, no
significant difference in HDX was observed in NadA between
using a NadA:7F11 ratio of 1:1 and 1:3 and all data presented
here is for the 1:3 ratio experiment. (b) 1C6 and 7F11
paratope mapping: mAb in absence or presence of NadA, 1:2
ratio (20 pmol mAb, 40 pmol NadA (monomer), 100%
bound) was diluted 10-fold in 99.9% D2O (PBS, pH 7.4) to a
final D2O content of 90%.
Samples were preincubated 30 min followed by deuterium

labeling at 25 °C for the following time intervals: 0 min, 15 s, 1
min, 10 min, 100 min and 24 h. Aliquots (50 μL) was removed
from the labeling reaction at the specified time intervals and
quenched 1:1 to a final pH of 2.5 in ice-cold quench buffer and
immediately frozen to −80 °C until LC−MS analysis. The
quench buffers used were in (a) NadA epitope mapping: 300
mM phosphate, pH 2.3 and (b) 1C6 and 7F11 paratope
mapping: 300 mM phosphate, 6 M GndHCl, 0.5 M TCEP, pH
2.3. In the NadA epitope mapping, labeling time points 15 s
and 100 min were performed in triplicate. In the paratope
mapping, labeling time point 15 s was performed in triplicate
for the mAbs in absence of NadA and in duplicate in the
presence of NadA. Maximally labeled controls were prepared
in triplicate by incubating (a) NadA, (b) mAb 1C6, or mAb
7F11 in 6 M deuterated GndHCl for 24 h at 25 °C (final D2O
content of 90%).

HDX-MS Analyses. Quenched deuterated protein samples
were quickly thawed and immediately injected onto a UPLC
system (NanoACQUITY HDX Technology, Waters, Milford,
MA) coupled to a hybrid Q-TOF Synapt G2-Si mass
spectrometer (Waters, Milford, MA). The UPLC system was
operated at 0 °C and equipped with an in-house packed pepsin
column (IDEX, Oak Harbor, WA) containing pepsin
immobilized on agarose beads (Thermo Scientific Pierce,
Rockford, IL), a trap C18 column (ACQUITY UPLC BEH
C18 1.7 μm VanGuard column (Waters, Milford, MA)), and
an analytical C18 column (ACQUITY UPLC BEH C18 1.7
μm, 1 × 100 mm column (Waters, Milford, MA)). Online
protein digestion was performed at 20 °C at a flow rate of 200
μL/min with mobile phase A (0.23% (v/v) formic acid in mQ
water, pH 2.5), and the generated peptic peptides were trapped
and desalted for 3 min. Peptides were eluted from the trap and
onto the analytical column at a flow rate of 40 μL/min and a 7
min gradient from 8% to 40% of mobile phase B (0.23% (v/v)
formic acid in acetonitrile) and into the Synapt G2-Si mass
spectrometer for mass analysis. The ESI source was operated in
positive-ion mode, and the instrument was enabled for ion
mobility analysis. Glu-Fibrinopeptide (Sigma-Aldrich, St.
Louis, MO) was used for internal calibration and as reference
lock-spray signal.
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For identification of peptides, nondeuterated samples of (a)
NadA or (b) mAb 1C6 or mAb 7F11 were analyzed with the
same LC−MS method, and peptides were fragmented by
collision-induced dissociation (CID) using the data-dependent
acquisition (DDA) mode. Peptide identifications were made
through processing of MS/MS data using ProteinLynx Global
Server (PLGS) version 3.0 (Waters) with a peptide tolerance
of 15 ppm and a fragment tolerance of 0.1 Da. Peptides with a
ladder score below 4 were discarded, and all of the remaining
peptides were manually evaluated through inspection of the
fragmentation spectra. HDX-MS data was processed in
DynamX 3.0 (Waters), all peptides were manually checked,
and mass spectra with a S/N ratio below 10 were excluded
from the analysis.
Back-exchange was calculated for each of the analyzed

peptides, as described in the community-based recommenda-
tions for HDX-MS experiments.23

In the NadA epitope mapping experiment, a statistical
significance threshold was calculated based on the HDX
measurements performed in triplicate. In the paratope
mapping experiment, a statistical significance threshold was
calculated for each mAb separately based on the HDX
measurements performed in triplicate. The significance thresh-
olds were determined with a 99% confidence interval as

described previously24 using four degrees of freedom according
to the comment by Weis et al.25

The HDX results from the NadA epitope mapping were
mapped onto the in silico model of NadA in PyMOL.9 The
HDX results of the 1C6 and 7F11 paratope mapping was
mapped onto the crystal structure of human IgG1 antibody
(PDB code 1HZH).26 To allow access to the HDX data of this
study, the HDX Data Tables and the HDX Data Summary
Tables (Supplementary Tables S1−S6) are included in the
Supporting Information according to the community-based
recommendations.23 The sequence coverage maps from the
NadA epitope mapping (Figure S1), the paratope mapping of
1C6 (Figure S2) and 7F11 (Figure S3) are included in
Supporting Information. Uptake plots from epitope mapping
(Figure S4) and paratope mapping of 1C6 (Figure S5) and
7F11 (Figure S6) is also included in the Supporting
Information.

Surface Plasmon Resonance. The stoichiometry of
NadA interaction with the two mAbs 1C6 and 7F11 was
investigated using SPR binding analysis. Experiments were
performed using a Biacore T200 instrument at 25 °C (GE
Healthcare) and applying a flow rate of 30 μL/min. HBS-EP+
buffer was used as running buffer (10 mM HEPES, pH 7.4, 150
mM NaCl, 3 mM EDTA, 0.05% (v/v) surfactant P20). Using
amine chemistry, mAb 7F11 and mAb 2A3 were immobilized

Figure 1. Epitope mapping of NadA with 1C6 and 7F11. Differences in the relative deuterium uptake (ΔHDX) of NadA in the absence and
presence of (A) 1C6 or (B) 7F11. Five time points were probed, 15 s (orange), 1 min (red), 10 min (light blue), 100 min (dark blue), and 24 h
(black). The ΔHDX is depicted on the y-axis and all the identified peptides are listed on the x-axis starting from the N-terminus of the monomeric
NadA sequence. Positive and negative ΔHDX values in the presence of mAb indicate reduced and increased HDX, respectively. The 15 s and 10
min values represent the mean of three independent measurements. The dotted lines indicates the 99% CI (ΔHDX ≥ ± 0.3 D), calculated based
on the triplicate measurements. The in silico model of NadA9 is used to visualize the regions with significant ΔHDX upon binding with (C) 1C6 or
(D) 7F11. The in silico model of NadA have gaps in the regions were the model was unable to predict the structure. In the NadA structure models,
the regions with ΔHDX above 2 x CI (ΔHDX ≥ ± 0.6 D) are colored in dark blue while regions with significant ΔHDX below 0.6 D are colored
cyan and regions with significant ΔHDX below −0.6 D are colored light pink.
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on the chip in flow cell (FC) 2 and 3, respectively, while the
blank-immobilized FC 1 served as reference. Using a dual-
injection protocol, SPR experiments were initiated by a 120 s
injection of 100 nM NadA, followed by 120 s injections of
either 100 nM mAb 1C6, 100 nM mAb 7F11, or HBS-EP+
buffer. Binding was evaluated by measuring RU values
averaged over a 5 s window centered at a time point 5 s
before end of each injection. The mAb binding levels on
captured NadA were determined after subtraction of the HSB-
EP+ buffer signal measured on captured NadA.

■ RESULTS AND DISCUSSION

Epitope Mapping of NadA by HDX-MS. The conforma-
tional impact on NadA of 1C6 or 7F11 was investigated with
HDX-MS. The HDX was probed at time points over the range
of 15 s to 24 h. In total, 44 NadA peptides were identified in all
states, covering 89% of the sequence of NadA (Figure S1).
From triplicate measurements, a 99% confidence interval (CI)
was calculated and used as threshold for significant differences
in HDX (ΔHDX). The incubation of NadA with 1C6 resulted
in very pronounced and significant reductions in HDX (up to

Figure 2. Paratope mapping of NadA on 1C6 and 7F11. Differences in the deuterium uptake (ΔHDX) of 1C6 and 7F11 in absence and presence
of NadA is shown for (A) 1C6 heavy chain and (B) 7F11 heavy chain and (C) 1C6 light chain and (D) 7F11 light chain. Five time points were
probed, 15 s (orange), 1 min (red), 10 min (light blue), 100 min (dark blue), and 24 h (black). The ΔHDX is depicted on the y-axis and the
identified peptides are listed on the x-axis starting from the N-terminus of the respective mAb. Positive and negative ΔHDX values in the presence
of NadA indicate reduced and increased HDX, respectively. The dotted lines indicate the 99% CI (ΔHDX1C6 ≥ ±0.4 D and ΔHDX7F11 ≥ ±0.27
D), calculated based on the triplicate measurements of the mAbs in absence of NadA. The crystal structure of the human IgG1 molecule (PDB
code: 1HZH) is used to visualize the regions with significant ΔHDX upon binding of NadA by (E) 1C6 or (F) 7F11. Peptides with significant
positive and negative ΔHDX are shown in blue and red, respectively. In both mAbs, the involved CDR peptides with significant ΔHDX as well as
residues 220−237 in 1C6 are shown as spheres and highlighted in different blue colors to distinguish the regions.
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6−7 D) in peptides of NadA spanning the residues 137−189
(Figure 1A) of the stalk domain (Figure 1C). Residues 137−
189 overlap with the binding region identified in the protein
chip data (residues 100−170).13 However, a smaller yet
significant reduction in HDX was also observed in residues
94−122 located in the part of the stalk that borders the head
domain. An increase in HDX was seen in residues 121−140
and in residues 250−275, located in a more remote part of the
stalk domain closer to the C-terminus. In contrast, incubation
of NadA with 7F11 resulted in only a few minor changes in
HDX in NadA that exceed the significance threshold (Figure
1B). Reductions in HDX was observed in residues 94−122,
137−153 and 171−189, all located in the stalk domain (Figure
1D).
A small yet significant increase in HDX was observed in

residues 121−140 as seen with 1C6, which could be due to
allosteric effects upon binding events in neighboring peptides.
As for 1C6, an increase in HDX was also observed in residues
250−275. The pronounced reduction in HDX seen in residues
137−189 in the presence of 1C6 is probably the main epitope
of NadA recognized by 1C6. We performed a more rigorous
statistical analysis to assess whether the mAb-induced changes
in HDX were significantly different between the two mAbs.
First, we performed an F-test (α = 0.05) to determine if the
variances were equal or unequal. Then, depending on the
outcome of the F-test, we performed either a homoscedastic or
heteroscedastic t test (α = 0.01). The reduction in HDX
observed in peptides 137−152, 137−153 and 153−170, were
significantly different between the two mAbs. In contrast, the
reduction in HDX in peptides 94−122 and 171−189, were not
significantly different between the two mAbs. Also, the increase
in HDX observed in peptides 121−140 and 250−275 were not
significantly different in the two mAbs. Since the two mAbs
have similar binding affinity for NadA,13 it is surprising that the
mAb-induced reduction in HDX in region 137−170 was
significantly different between the two mAbs and differed, in
some cases, by up to 7 D. To investigate this further, we
decided to study the paratope of both mAbs to better
understand the individual antigen−antibody interactions.
Paratope Mapping of 1C6 and 7F11 by HDX-MS.

HDX-MS was used to investigate the conformational impact
on each of the two mAbs upon binding to NadA. The HDX
was monitored at the same time points as in the epitope
mapping experiments. Generally, the experiment was per-
formed as for the epitope mapping with the only exception that
NadA was added in excess (1:2) to ensure maximum NadA
occupancy on each mAb. In the experiment, a sequence
coverage above 80% was obtained for 1C6 (Figure S2) and a
sequence coverage above 65% was obtained for 7F11 (Figure
S3). The peptide coverage of 1C6 included CDR-H1, CDR-
H2, CDR-H3, CDR-L2, and CDR-L3, while no peptides
covering CDR-L2 were identified. The peptide coverage of
7F11 included CDR-H2, CDR-H3, and CDR-L2, while CDR-
L3 was only partly covered, and no peptides covering CDR-H1
and CDR-L1 were identified. A 99% CI was calculated based
on the triplicate measurements of the mAbs in absence of
NadA, and used as threshold for significant differences in HDX
(ΔHDX). The thresholds were calculated for heavy and light
chain separately for each mAb and applied accordingly.
Both mAbs showed HDX reductions in regions covering

several CDRs spanning both heavy and light chain (Figure
2A−F). The reduction in HDX in the heavy chain of 1C6
spans CDR-H1, CDR-H2 and CDR-H3, and in the light chain

a reduction was observed in CDR-L2 and CDR-L3 (Figure
2A,C). Besides the CDRs, a small yet significant reduction in
HDX was also observed in heavy chain residues 317−369,
covering the Fc domain. A small increase in HDX was
observed in residues 185−202, located in the Fab domain. In
addition, a significant reduction in HDX was seen in residues
220−237, covering the hinge region. The regions showing
significant changes in HDX are illustrated on an IgG1 model
structure (Figure 2E). The reduction in HDX in the heavy
chain of 7F11 spans CDR-H2 and CDR-H3, and in the light
chain reduction in HDX was observed in CDR-L2 and to
much less extent CDR-L3 (Figure 2B,D). Reduction in HDX
was also observed in heavy chain residues 6−23, located in the
Fab domain. A small yet significant reduction was also seen in
residues 359−375 and 387−408, located in the Fc domain. In
the light chain, reduced HDX was also observed in residues 1−
52 and 122−177, located in the Fab domain. The regions
showing protection from HDX are illustrated on an IgG1
model structure (Figure 2F).
The HDX reduction in 1C6 CDR-H1, CDR-H3, and CDR-

L2 was observed at all time points probed in this experiment.
This indicates that CDR-H1, CDR-H3, and CDR-L2 in mAb
1C6 in the absence of NadA are highly flexible and readily
exchange with the solvent. Upon binding of NadA, these
regions are protected and exchange significantly less with the
solvent. The hinge region is only covered in 1C6, where the
data indicates that the hinge region is flexible in absence of
NadA and that the binding to NadA induces conformational
changes in the hinge region that makes it more rigid. The HDX
reduction in 7F11 CDR-H2 was most clearly observed at the
15 s time point, while in CDR-H3 the HDX reduction was
observed at the first three time points ranging from 15 s to 10
min. In the light chain, the HDX reduction in CDR-L2 was
observed at all time points. The paratope mapping shows that
both 1C6 and 7F11 binds to NadA and that NadA has a
significant impact on the conformation of the Fab domain and
to a smaller extent the Fc domain of both mAbs.
In the previously published SPR experiments used to

determine the KD of the two mAbs, the mAbs were
immobilized through an antihuman Fab before injection of
NadA.13 Thus, the determined KD relates to one mAb binding
to one trimeric molecule of NadA. Since NadA is a
homotrimer it is possible that up to three mAb molecules
can simultaneously bind to each NadA molecule, thus, one
mAb molecule per monomer of NadA. The paratope mapping
of the two mAbs showed that both mAbs bind to NadA while
the epitope mapping showed a clear and significant conforma-
tional impact on NadA of 1C6 but not for 7F11. This
difference could thus be related to a difference in the
stoichiometry of the binding of the two mAbs to NadA. To
investigate this further, we performed additional SPR experi-
ments.

Surface Plasmon Resonance for Determination of
Binding Stoichiometry. The stoichiometry of the binding of
1C6 and 7F11 to NadA was investigated with SPR. Two
different mAbs were used for immobilization in two separate
SPR experiments. In a first experiment, mAb 2A3 was used to
capture NadA and to assess their individual binding
stoichiometry. 2A3 is a mAb specific for the stalk region
proximal to the C-terminal of NadA, distal to the epitope
recognized by 1C6.13 In a second experiment, 7F11 was used
to capture NadA to test whether 1C6 and 7F11 compete for
the same epitope and to assess their individual binding
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stoichiometry in this context. During experiments, NadA was
captured on either immobilized 2A3 or 7F11, resulting in an
increase in response units (RU) indicative of binding (0−120
s) (Figure 3). The injection of NadA was followed by a
subsequent injection of either 1C6, 7F11, or buffer (120−240
s).

Making sure by visual inspection that binding of injected
mAb had reached saturation level, the stoichiometry of the
additional binding of the injected mAb to NadA was estimated
using the equation

= ×n
RU

RU
MW
MW

mAb

NadA

NadA

mAb (1)

where n is the stoichiometry, RUmAb is the blank-subtracted
binding level for the injected mAb, RUNadA is the RU observed
for NadA bound to the immobilized mAb, and MWNadA (103.7
kDa) and MWmAb (150 kDa) are the molecular weights of the
NadA trimer and the injected mAb, respectively. Equation 1 is
based on Tobita et al.,27 modified to fit our experimental setup,
where we calculate the binding stoichiometry of the binding
between the injected mAb and a known amount of captured
NadA. Equation 1 was used to calculate binding stoichiometry

for 1C6 and 7F11 using the observed RU values of bound mAb
from both SPR experiments (Table 1).

When using 2A3 for capturing NadA, injection of both 1C6
and 7F11 resulted in a significant increase in RU (Figure 3 A).
The difference in magnitude of the RU increase upon injection
of the two mAbs showed that 1C6 and 7F11 bind to NadA in
different stoichiometry. An average of three molecules of 1C6
was able to bind to NadA, while an average of 1.5 molecules of
7F11 was able to bind to NadA (Table 1). When using 7F11
for capturing NadA, injection of 1C6 resulted in an increase in
RU, demonstrating that binding of the two mAbs is not
mutually exclusive (Figure 3 B). Nevertheless, the reduction of
the binding stoichiometry of 1C6:NadA from 3:1 to 2:1
indicated that 1C6 and 7F11 recognize epitopes in the same
proximity and that 7F11 blocks the binding site for the third
possible 1C6 molecule. This observation also indicates that,
under these conditions, only one molecule of 7F11 bound to
NadA. Injection of 7F11 resulted in a sharp decrease in RU
which indicates that the injected 7F11 molecules are in
competition for binding to the same epitope on NadA already
bound by 7F11 on the chip surface. Injection of buffer resulted
in a slightly slower decrease in RU due to noncompetitive
dissociation of NadA.
This difference in binding stoichiometry of the two mAbs

could explain the lack of a measurable impact of 7F11 on
NadA in the epitope mapping experiment. Our data suggest
that 7F11 binds at a ratio of one to two mAb molecules to one
NadA molecule, meaning that in the epitope mapping
experiment, only the HDX of one or two out of three
monomers of NadA will (on average) be affected by 7F11. The
reduction in HDX upon binding of 7F11 will therefore be
masked by the HDX of the one to two unbound monomers of
NadA. Oppositely, mAb 1C6 is able to bind three mAb
molecules to one NadA molecule, which means that the HDX
will be the same in the three NadA monomers. This could
explain the more pronounced and significant reduction of
HDX observed in NadA upon binding of 1C6.
The epitope mapping experiment showed a very large

difference in the magnitude of HDX changes induced by 1C6
and 7F11 on NadA. However, only very subtle differences in
terms of which regions of NadA were impacted by 1C6 and
7F11 were observed. It is possible that these subtle differences
in epitope regions could contribute to the difference in
bactericidal activity. However, it is likely that the detected
difference in binding stoichiometry of the two mAbs is a more
important contributing factor to why mAb 1C6 is bactericidal
while mAb 7F11 is not. It is likely that it requires more than
one mAb molecule binding to NadA to sufficiently initiate

Figure 3. SPR sensorgrams. (A) SPR experiment with 2A3
immobilized on the surface chip. (B) SPR experiment with 7F11
immobilized on the surface chip. All experiments were initiated with
injection of NadA at 0 s. The injection was switched to mAb 1C6
(red), mAb 7F11 (green), or HBS-EP+ buffer (blue) after 120 s. The
y-axis shows the response unit (RU) and the x-axis shows the time in
seconds. All sensorgrams are normalized to a NadA signal response of
100 RU. An increase or decrease of the SPR signal indicates
association or dissociation, respectively.

Table 1. RU Values from SPR Experimentsa

1C6 7F11

RUNadA RUmAb n RUNadA RUmAb n

Im7F11 64.5 179 1.9 69.0 0.0 0.0
Im2A3 28.8 119 2.9 31.5 66.0 1.5

aThe observed RU values of blank-subtracted binding level of the
injected mAb (RUmAb) and NadA bound to the immobilized mAb
(RUNadA) were used for calculating binding stoichiometry (n) of 1C6
and 7F11 using eq 1. RU values and corresponding binding
stoichiometry are listed for both SPR experiments where the
immobilized mAb used for capturing NadA, was either 7F11
(Im7F11) or 2A3 (Im2A3).
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complement-mediated killing. Antibodies activate complement
through the classical pathway initiated by binding of
complement component C1 to an antigen−antibody com-
plex.28 The C1 protein is a hexamer and binds through the
C1q subunit to the Fc portion of the antigen−antibody
complex. It has been shown that efficient C1q binding requires
a stoichiometry of C1q:IgG1 of 1:6.29 In our case where the
antigen is a homotrimer, the six antibodies required for
efficient binding of C1q will most likely be bound to different
molecules of NadA to allow sufficient proximity of the six Fc
regions required for the binding of C1q. Thus, the difference in
binding stoichiometry of mAb 1C6 and 7F11 will result in a
significant difference in the density of mAbs bound to NadA. A
high density of bound mAbs will increase the possibility of
forming the hexamerization of mAbs required for C1q binding.

■ CONCLUSION
Here, we show how the combined use of epitope and paratope
mapping HDX-MS experiments and SPR can yield compre-
hensive and detailed insights into antigen−antibody inter-
actions. Epitope mapping by HDX-MS showed a pronounced
and significant conformational impact of mAb 1C6 but not for
mAb 7F11 on NadA. However, paratope mapping by HDX-
MS showed that NadA clearly impacts the conformation of
both mAbs. We used SPR to show that three molecules of 1C6
can bind to each trimer of NadA while only one to two
molecules of 7F11 appears to bind to the NadA trimer. The
lower binding stoichiometry of 7F11 to NadA thus makes the
HDX-MS epitope mapping experiment less sensitive to detect
the binding impact of 7F11. The paratope mapping HDX-MS
experiment is not influenced by the binding stoichiometry,
which means that binding can be detected and the paratope
CDRs can be identified with equal sensitivity for both mAbs.
We propose that the difference in binding stoichiometry of the
two mAbs is responsible for the observed difference in
bactericidal activity. A higher binding stoichiometry results in
higher density of mAbs bound to the NadA antigen, which will
result in greater possibility of forming the correct hexameric
mAb conformation required for recruitment of complement
component C1.
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