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ABSTRACT: Wall teichoic acids (WTAs) are glycopolymers decorating
the surface of Gram-positive bacteria and potential targets for antibody-
mediated treatments against Staphylococcus aureus, including methicillin-
resistant (MRSA) strains. Through a combination of glycan microarray,
synthetic chemistry, crystallography, NMR, and computational studies, we
unraveled the molecular and structural details of fully defined synthetic
WTA fragments recognized by previously described monoclonal antibod-
ies (mAbs 4461 and 4497). Our results unveiled the structural
requirements for the discriminatory recognition of α- and β-GlcNAc-
modified WTA glycoforms by the complementarity-determining regions
(CDRs) of the heavy and light chains of the mAbs. Both mAbs interacted
not only with the sugar moiety but also with the phosphate groups as well
as residues in the ribitol phosphate (RboP) units of the WTA backbone, highlighting their significant role in ligand specificity. Using
elongated WTA fragments, containing two sugar modifications, we also demonstrated that the internal carbohydrate moiety of α-
GlcNAc-modified WTA is preferentially accommodated in the binding pocket of mAb 4461 with respect to the terminal moiety. Our
results also explained the recently documented cross-reactivity of mAb 4497 for β-1,3/β-1,4-GlcNAc-modified WTA, revealing that
the flexibility of the RboP backbone is crucial to allow positioning of both glycans in the antibody binding pocket.

■ INTRODUCTION
Staphylococcus aureus is a Gram-positive bacterium that
asymptomatically colonizes 30% of the human population.
However, it can also cause severe infections, including
bacteremia, staphylococcal toxic shock syndrome, endocarditis,
and osteomyelitis.1,2 The World Health Organization has
ranked antibiotic-resistant S. aureus (e.g. methicillin-resistant S.
aureus, MRSA) as a high-priority pathogen, as there is a
growing health concern.3 Therefore, the development of new
nonantibiotic therapeutic approaches is urgently needed.

The thick peptidoglycan layer that characterizes the cell wall
of Gram-positive bacteria is densely conjugated with wall
teichoic acids (WTAs).4 These linear anionic glycopolymers
are crucial not only for bacterial physiology but also for
interaction with the host through its contribution to
colonization and pathogenesis.5 WTAs, which can represent
up to half of the cell wall mass,6 are anchored to peptidoglycan
and are composed of ribitolphosphate (RboP) repeating units.7

S. aureus WTAs show limited structural variation among
different S. aureus strains, which is influenced by gene
expression and environmental conditions.8 First of all, the
RboP subunits can be functionalized by the amino acid D-
alanine, commonly linked to C2 of the RboP subunits through
an ester linkage (see Figure 1). In addition, the WTA RboP
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Figure 1. S. aureus WTA is composed of repeating ribitol-5-phosphate
(RboP) residues that can be decorated on the C-2 position with D-
alanine esters and N-acetyl-D-glucosamine (GlcNAc) residues. The
biosynthesis enzymes TarS, TarM, and TarP decorate the RboP
backbone at C4 with β-GlcNAc, at C4 with α-GlcNAc, and at C3 with
β-GlcNAc, respectively, to create different WTA glycoforms.
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backbone can be modified by the action of three dedicated
glycosyltransferases, which attach N-acetylglucosamine
(GlcNAc) moieties with different stereochemistries (α or β)
to different positions of the RboP subunits, resulting in β-1,3-
(TarP), β-1,4 (TarS), and α-1,4 (TarM) glycotypes.9,10 These
modifications are differently recognized by both innate and
adaptive immune components, thereby affecting the capacity of
host-mediated immune detection and clearance.11 Further-
more, these WTA GlcNAc moieties represent antigenic
epitopes, being promising targets for active12 and passive
immunization strategies as well as antibiotic delivery2 through
targeting with monoclonal antibodies (mAbs).13,14

Previous binding studies have shown the ability of patient-
derived MRSA-targeting mAbs to recognize β-GlcNAc-
modified WTA.2,14 Using “minimal epitopes” comprising a
single RboP monomer with a single β-1,4-GlcNAc and a single
phosphate group, it was revealed that both the carbohydrate
and the phosphate group contribute to the binding with the
mAb germline encoded heavy- and light-chain residues
interacting with the GlcNAc.2,14 However, structural informa-
tion regarding binding for mAbs targeting different glycoforms
(β-1,3- and α-1,4GlcNAc) is currently lacking. Such studies
require the use of well-defined synthetic fragments of these
targets, which have only recently become available. We are
now able to assemble all three WTA glycotypes through
effective synthetic chemistry using (automated) DNA-syn-
thesis techniques.15 The resulting library of synthetic WTA
fragments consists of molecules that vary in RboP-chain length,
glycotype (β-1,3-, β-1,4, and α-1,4), and the exact position and
number of GlcNAcs on the RboP chain.15 Using this WTA
library, we determined the fine specificities of four different
WTA-specific mAbs, which were produced based on published
sequences.16 The β-1,3-GlcNAc glycotype has been suggested
to play a role in antibody immune evasion by S. aureus.10

However, we have previously shown, through the use of our
well-defined WTA fragments, that β-1,3-GlcNAc-reactive
antibodies are abundantly present in human serum.17 More-
over, β-1,4-GlcNAc mAbs are cross-reactive with β-1,3-
GlcNAc WTA.17 We set out to determine the molecular
basis for the cross-reactivity of β-1,4-/β-1,3-binding antibodies
and pinpoint structural features that determine the recognition
of α-1,4-GlcNAc WTA. To this end, we mapped the binding of
two mAbs, i.e. the β-GlcNAc specific mAb 4497 and the anti-
α-1,4-GlcNAc-WTA mAb 4461, using different well-defined
synthetic WTA fragments. To unravel antibody−WTA binding
at the atomic level, we performed WTA-microarray binding
studies, X-ray crystallography, and NMR spectroscopy in
combination with docking and molecular dynamic simulations.
For crystallographic studies, we designed three WTA epitopes
that consist of three ribitol residues carrying a single GlcNAc at
the central ribose (WTA trimers 1−3; see Figure 2). We
reasoned that these structures would allow us to not only
investigate the role of the GlcNAc in binding, as previously
reported by Fong et al.,14 but also assess the contribution of
the two flanking phosphates and ribitol moieties.

The structural investigation of the α-1,4-GlcNAc-specific
mAb revealed how GlcNAc is positioned in the binding pocket
of the antibody, with the RboP backbone making contact to
the Ab surface, demonstrating that the nature of the backbone
is critical in specificity. In addition, the internal α-GlcNAc
residues are better recognized than the α-GlcNAc moieties at
the terminal ribitol phosphate chains. For the β-GlcNAc-
specific mAb 4497, we showed that the flexibility of the RboP

backbone is crucial to accommodate both the β-1,3- and β-1,4-
regioisomers.

■ RESULTS
mAb-WTA Binding Studies Using Teichoic Acid (TA)

Microarrays. We recently developed a TA microarray to
evaluate antibody binding to a large set of poly-
(glycerolphosphate) (GroP)-based lipoteichoic acid (LTA)
oligomers.18 We have applied this TA microarray to map the
recognition of different mAbs as well as polyclonal sera.15,19,20

To start our binding studies of the mAbs 4497 and 4461, we
here generated an array presenting both WTA and LTA
fragments (Figure 3).

Different WTA-glycotypes 4−9, carrying none, one, or two
GlcNAc-residues, were included in the array (Figure 3a). We
also included a GroP-based pentadecamer (GroP, n = 15) and
GroP oligomer 10, featuring α-GlcNAc at the C-2 position of a
glycerol unit. The compounds, equipped with an aminohexanol
linker, were immobilized on an epoxide-functionalized glass
slide in three different concentrations (30, 10, and 3 μM) in
triplicate. Figure 3b,c shows the binding specificities of mAb
4497 and mAb 4461, respectively. In line with our previous
reports, mAb 4497 recognized both the β-1,3- and β-1,4-
GlcNAc glycosylated RboP hexamers 5 and 6, and the
presence of a single β-GlcNAc substituent was sufficient for
recognition (as in WTAs 4 and 7). mAb 4461 showed clear
specificity for the RboP hexamers decorated with α-1,4-

Figure 2. Ligands to probe antibody binding. The structures were
designed to incorporate all structural features that were deemed
important for mAb binding, a central glycosylated ribitol moiety
flanked on each side by a RboP residue: (1) α-1,4-WTA; (2) β-1,4-
WTA; (3) β-1,3-WTA.
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GlcNAc substituents (7−9). The array revealed that the mAbs
interacts more strongly when α-GlcNAc is present in the
middle of the RboP chain (as in WTA 9) in comparison to
binding when the α-GlcNAc is positioned at the terminal RboP
residues (in 7 and 8). Notably, GroP-based TA 10 was not
recognized, indicating that the RboP backbone plays a crucial
role in antibody binding.
IgG 4461 Binding of α1,4-GlcNAc WTA Fragments.

mAb 4461−(α-1,4)-GlcNAc WTA-Trimer 1: Crystallographic
Data. We solved the crystal structure of IgG mAb 4461 in a
complex with the (α-1,4) ligand 1 at 1.45 Å resolution (PDB
code 7QXC). mAb 4461 interacted with the α-GlcNAc-
modified WTA in a cavity formed between the complemen-
tarity-determining region (CDR) of the heavy and light chains
of the antibody (Figure 4a).

The structure also revealed that both phosphate groups are
involved in ligand binding. This provides an explanation for the
observation with the TA microarray that this mAb binds more
strongly to internal GlcAc residues, being flanked by two
phosphates, than to GlcNAc appendages of a terminal RboP
moiety, having only one neighboring phosphate. The crystal
structure revealed the amino acid residues of both the light and
heavy chains involved in binding WTA trimer 1. The carbonyl
group of the light-chain residue Y98 was involved in a H-bond
with the amide of the GlcNAc at 2.9 Å and with the Rbo-B
hydroxyl group 3 at 2.6 Å, while its hydroxyl group made a H-
bond with an oxygen atom (not involved in the phosphodiester
linkage) of phosphate 1 at 2.8 Å. The carbonyl group of Y97
established two H-bonds, with the GlcNAc C3 hydroxyl group
at 2.7 Å and with the GlcNAc acetamide at 3.5 Å (Figure 4b).
S100 could form a H-bond with the GlcNAc C4-OH and the
phosphate group 5 through two water molecules at 2.9 and 2.7
Å, respectively. This residue also formed a third H-bond with
the Rbo-A 2 hydroxyl group at 3 Å (Figure 4c). Although the
external Rbo units of the ligand are flexible and Rbo-A is
therefore not completely defined in the crystal structure, we
observed that RboA as well as phosphate groups 1 and 5 were
involved in ligand interactions. The heavy-chain residue Y33
interacted with the WTA ligand through the hydroxyl group,
which could establish a H-bond with the GlcNAc C6-OH at

3.6 Å (Figure 4c). Finally, residue S31 established a H-bond
with an oxygen of phosphate 1 at 2.8 Å (Figure 4d). The
interactions revealed by the crystallographic structure also
provided insight into why the α-GlcNAc attached to the GroP
backbone is not recognized by the antibody. This LTA ligand
lacks the interactions of the properly positioned phosphate
groups. In addition it likely experiences repulsive steric and
charge interactions, for example between the glycerol

Figure 3. (a) Schematic overview of the TA microarray library. Microarray results for (b) mAb 4497 and (c) mAb 4461 at different concentrations.
Legend: 1 μg/mL, blue; 0.5 μg/mL, orange; 0.25 μg/mL, gray. Values refer to the average of the fluorescent median intensity of three spots for
each compound printed at 30, 10, and 3 μM concentrations. n = number of repeating units.

Figure 4. Different views of the binding site of IgG mAb 4461 in
complex with (α-1,4)-GlcNAc WTA (ligand 1). (a) The α-GlcNAc-
modified WTA 1 is bound in a cavity formed between the CDR of the
heavy and light chains of the antibody. Residues S31, Y97, Y98, S100,
and Y33 are involved in H-bond interactions with the ligand. (b)
Residues Y97 and Y98 establish H-bonds with the GlcNAc ring, with
the phosphate group 1, and with the Rbo-B3 OH. (c) Residue S100
forms a H-bond with the Rbo-A2 OH as well as the GlcNAc C4-OH
and phosphate group 5 through a water molecule. Residue Y33
interacts via an H-bond with GlcNAc C6-OH. (d) Residues S31 and
Y98 establish H-bonds with an oxygen atom of phosphate group 1.
The ligand (α-1,4)-GlcNAc WTA 1 is shown in magenta.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.2c00125
ACS Cent. Sci. 2022, 8, 1383−1392

1385

https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00125?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


phosphate and the amide of Y98, which makes a positive
contribution to the binding of the RboP ligand 1.
mAb 4461−(α-1,4)-GlcNAc WTA-Trimer 1: NMR and MD

Data. The interactions between mAb 4461 and the synthetic
glycosylated WTA oligomers were next explored in solution by
NMR spectroscopy (see Table S2). To this end, STD NMR
experiments were first performed on WTA-trimer 1 (Figure 5),
allowing us to map positions involved in binding.21

As inferred from the intense STD signals of the sugar
protons, the carbohydrate ring strongly contributed to the
mAb interaction, while lower STD effects were observed for
the ribitol chain residues (Figure 5a,b). To estimate the
contacts of the ligand protons with the mAb 4461 antibody
surface, the highest STD enhancement, observed for the acetyl
group of GlcNAc, was set to 100% and all the other STD
percentages were normalized accordingly (Figure 5b). The
GlcNAc H3, H4, and H5 showed %STD values between 60%
and 90%, indicating significant contribution to the binding.
The magnetization was also transferred from the antibody to
the GlcNAc H2 and to the anomeric proton, resulting in STD

effects in the range of 40−60%. Lower STD responses were
obtained for the GlcNAc H6 protons, indicating that this
group associated in a weaker fashion with the antibody surface.
Finally, lower STD signals, around 20−30%, attributed to the
portion of the “internal” ribitol phosphate unit B and to some
protons of the terminal Rbo chains, were also observed.
Overall, the STD NMR analysis in solution confirmed the
importance of the GlcNAc moiety and the involvement of the
RboP backbone in the interaction with mAb 4461.

Molecular dynamics simulations performed on the mAb
4461−WTA-trimer 1 complex permitted further investigation
of the recognition of the (α-1,4)-GlcNAc-modified WTA. The
MD simulation corroborated the results achieved by crystallo-
graphic and NMR data, confirming the strong contribution of
the GlcNAc, inserted in the cavity formed between the CDRs
of the heavy and light chains of the antibody, to mAb binding.
Interactions between the Y97 and Y98 residues of the light
chain and C3-OH and the acetamide group of GlcNAc were
observed along the simulation. The MD data also validated the
interaction of phosphate 5 with S100, and a H-bond between
this phosphate group and T99 was also detected. This latter
interaction cannot be seen in the crystallographic structure.
Moreover, MD established transitory interactions of the
phosphate group 1 with Y98 and S31 and, differently from
X-ray analysis, also with R32 (see Figure S1). In accordance
with the STD NMR and crystallographic data, the MD
simulation allowed the identification of an interaction between
the C3-OH of the Rbo-B chain with Y98. Finally, despite the
flexibility of the Rbo A and C arms, interactions of the C unit
and the antibody could be observed. The A unit was more
solvent exposed. In the crystallographic structure this chain
was poorly defined, indicating its significant freedom of motion
also in crystallo.
mAb 4461−(α-1,4)-GlcNAc WTA-Hexamer 9. The inter-

action of mAb 4461 with WTA hexamer 9, containing two α-
GlcNAc units, was investigated next (Figure 6).

The STD NMR spectra revealed that the RboP monomers
carrying the GlcNAc moieties (the C and F units) interacted
differently with the antibody than the RboP monomers that
were not glycosylated, displaying different STD enhancements.
The STD NMR data further revealed that the “internal”
GlcNAc contributed more to the binding than the “terminal”
sugar (Figure 6a), corroborating the microarray results (Figure
3). This is more clear from a comparison of the two STD
signals belonging to the acetyl groups of the “terminal” and
“internal” GlcNAc residues, indicated in green and purple,
respectively, in Figure 6a,b,c. Indeed, the acetyl group of the
internal GlcNAc gave rise to the highest STD effect, set to
100% (Figure 6a, b), while the terminal GlcNAc showed less
than half of the %STD value. Accordingly, the proton H1 of
the internal GlcNAc residue (purple in Figure 6) revealed a
major STD contribution, while the STD signal of the anomeric
proton of the terminal sugar ring (green in Figure 6) was
significantly lower.

A 3D view of ligand binding to mAb 4461 was achieved by
manually docking the ligand to the mAb as depicted in Figure
6c. The internal sugar moiety (depicted in purple) was inserted
in the antigen-binding site and provided the main interactions
with mAb 4461, together with the RboP C and D units. In
contrast, the terminal RboP moieties protruded away from the
binding site. The 2D diagram of interactions (Figure 6d)
shows the internal sugar embedded in the binding site of the
mAb together with the protons of the neighboring Rbo chains;

Figure 5. STD NMR and MD results of mAb 4461 and (α-1,4)-
GlcNAc WTA, ligand 1 binding. (a) Epitope map of 1 interacting
with mAb 4461 (only protons exhibiting %STD above 30% are
indicated in the epitope mapping). (b) STD-NMR spectrum (red) of
IgG 4461−1 and the unsaturated reference spectrum (black). (c) 3D
view of the mAb4461−1 complex obtained from a molecular
dynamics simulation. (d) Diagram of the interactions between mAb
4461 and 1 resulting from the best pose of the MD: solid arrows
represent hydrogen bonds with functional groups of the amino acids
of the antibody; the other residues in the binding pocket participate in
polar and hydrophobic interactions.
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the terminal sugar is instead far away from the binding pocket,
with the Rbo units E and F being solvent-exposed.
Binding of mAb 4497 to β-GlcNAc-Modified WTA

Fragments. mAb 4497−(β-1,4)-GlcNAc WTA-Trimer 2:
Crystallographic Data. We solved the structure of IgG mAb
4497 in a complex with (β-1,4)-ligand 2 at 1.65 Å resolution
(PDB code 7QXD). The CDRs of the heavy and light chains
of mAb 4497 form a cavity in which the β-GlcNAc-modified
WTA is bound (Figure 7a), as previously described by Fong et
al.14

Interestingly, our structure showed that, besides the
GlcNAc, both phosphate groups and the Rbo-C and Rbo-A
units were involved in the interaction with the mAb. The
GlcNAc contributed to mAb binding through a stacking
interaction with residue W33 from the heavy chain. An
extended network of H-bonds further stabilized the sugar ring

within the antibody (Figure 7d,e). A comparison between our
crystal structure with those previously reported by Fong et al.14

(PDB codes: 6DWA, 4497/5P-β-(1−4)-GlcNAc-RboP; 5D6C,
4497/1P-β-(1−4)-GlcNAc-RboP), in which the same antibody
was cocrystallized with a β-(1−4)-Glc-RboP ligand containing
a single RboP moiety, indicated that nearly all the interactions
involving GlcNAc were similar. The main difference was that
in the previously reported structure the carbonyl group of
D100 was pointing upward and thus could not make a H-bond
with GlcNAc C3-OH, as was observed in our solved structure.
The minimal ligands used in the previous study contained one
ribose moiety and a single phosphate monoester, as opposed to
the phosphodiesters present in the naturally occurring WTA
and our ligands. Interestingly, whereas the network interactions
in 5D6C matched quite well with those observed in our
structure, with PO 5 interacting with R31 and R34 residues,
the ribose moiety in 6DWA was placed quite differently
because of the different position of the phosphate group in the
RboP unit. This resulted in a different orientation within the

Figure 6. STD NMR and MD results of mAb 4461 and WTA
hexamer 9 binding. (a) Epitope map of 9 interacting with IgG 4461.
(b) STD-NMR spectrum (red) of mAb 4461−9 and the unsaturated
reference spectrum (black). (c) 3D view of the mAb 4461−9
complex: the “internal” residue into the antibody binding site is
shown in purple, and the “terminal” GlcNAc is shown in green. (d)
Diagram of the interactions between mAb 4461 and 9 resulting from
the manual docking: solid arrows represent hydrogen bonds with
functional groups of the amino acids of the antibody; the other
residues in the binding pocket participate in polar and hydrophobic
interactions.

Figure 7. Different views of the binding site of IgG mAb 4497 in
complex with ligand (β-1,4)-GlcNAc WTA ligand 2. (a) The β-
GlcNAc-modified WTA is located in a cavity formed between the
CDR of the heavy and light chains of the antibody. (b) Residues W33,
D100, and G99 are involved in H-bond interactions with GlcNAc.
Residue W33 stacks with the ligand and establishes a H-bond with the
GlcNAc C4-OH. Residue G99 forms a H-bond with GlcNAc-C4-OH
while D100 makes H-bonds with GlcNAc C3-OH and the Rbo-C4
hydroxyl group. (c) Residues N53 and S31 form H-bonds with
GlcNAc C6-OH and phosphate group 1 via a water molecule. (d)
Residue Y97 interacts with the GlcNAc C3-OH and the acetamide
group while residue R31 interacts with phosphate group 5. (e) R34
establishes H-bonds with two oxygen atoms of phosphate group 5,
with the Rbo-C4, Rbo-B3, and Rbo-A3 hydroxyl groups through two
water molecules, and with the GlcNAc acetamide group. Finally,
residue S33 forms a H-bond with Rbo-A3. Ligand 2 (β-1,4) is shown
in white.
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binding pocket. We did not see the triangulation of the two
arginine residues, which was shown to be crucial for the
binding of 4497 with the β-1,4-GlcNAc WTA phosphomo-
noester, as reported by Fong et al.
mAb 4497−(β1,4)-GlcNAc WTA-Trimer 2: NMR and MD

Data. The binding profile of WTA-trimer 2 bound to mAb
4497 was further examined by STD NMR spectroscopy
(Figure 8a,b and Table S3), confirming a strong binding of the
sugar with the antibody, with a weaker contribution from the
RboP backbone.

The highest STD enhancements were observed for the
GlcNAc acetyl group (set to 100%) and for protons H2−H5 of
the sugar ring (around 50%), while protons at position 6, as
well as those of the RboP B unit, showed lower STD effects.
Finally, weak STD signals were observed for the protons of the
Rbo unit C, as was further confirmed by MD data.

A representative pose of the complex mAb 4497−WTA
trimer 2 obtained from 100 ns MD simulations is depicted in
Figure 8c. Our MD results confirmed the interactions observed
in the crystal structure (Figure 8d). In particular, stable
hydrogen bonds, maintained for more than 90% of the
simulation time, were monitored between G99 and the
GlcNAc C4-OH and the hydroxyl group of Y97 with the
GlcNAc C3-OH. Simultaneous contacts between phosphate
group 5 with the guanidinium groups of R31 and R34 were
established in the simulation. Furthermore, MD revealed
additional interactions with respect to X-ray analysis. In detail,
contacts between E54 with protons of the Rbo chain C, the C2
and C3-hydroxyls, and, to a lesser extent, N52 and N53 with
the C1 and C2 hydroxyls of the same ribitol residue were
found, indicating that this arm participates in antibody
recognition, whereas the other RboP A arm was solvent-
exposed.
mAb 4497−(β-1,3)-GlcNAc WTA-Trimer 3: Crystallo-

graphic Data. Finally, the crystal structure of IgG mAb
4497 in complex with (β-1,3)-WTA, ligand 3, was solved at a
1.84 Å resolution (PDB code 7QXE). The results revealed that
the residues involved in the binding generally correspond to
those observed for ligand 2 in complex with the same antibody.

Indeed, the GlcNAc residue, both phosphate groups (PO 1
and PO 5), Rbo-C and Rbo-A units participated in the
interaction (Figure 9). Residue N53 is farther away from
GlcNac C6-OH (4.1 Å), and no obvious H-bond formation is
observed, as in the case of S31 of the heavy chain, which is
farther away from PO1 and no obvious H-bond formation is
observed. Residues R31 and R34 of the light chain can form H-
bonds directly with phosphate group 5 and R34 also with
phosphate group 1. In a similar way to ligand 2, residue S33
stablishes a H-bond with a hydroxyl group from Rbo-A.
Finally, unlike the case for ligand 2, residue D100 is close
enough to Rbo-C4 to form a H-bond at 3.3 Å, thus stabilizing
the flexible ribitol unit C and assisting the accommodation of
the ligand within the binding site cavity. When superimposing
the crystallographic structures of mAb IgG 4497 in complexes
with ligands 2 and 3, we observed the same orientation of the
GlcNAc residue and nearly the same orientation of both
phosphate groups (Figure 10a−c). Finally, even though the
Rbo units A and C are quite flexible, they were sufficiently well
defined in both crystal structures and interactions with
hydroxyl groups of the Rbo units could be observed.
mAb 4497−(β1,3)-GlcNAc WTA-Trimer 3: NMR and MD

Data. The STD NMR analysis of mAb 4497 in complex with
WTA-trimer 3 (Figure 11a,b and Table S4) confirmed similar
binding modes for ligands 2 and 3. As observed for ligand 2
and further supported by computational studies, we revealed
the strong involvement in the binding of the sugar residue,
which dropped in between the heavy- and light-chain CDRs,
and a smaller contribution to the interaction from the RboP
backbone.

Figure 11c,d reports one of the most representative poses
resulting from the cluster analysis of the MD simulation carried
out on the X-ray-derived structure of 3 in complex with mAb
4497. In agreement with the crystallographic results, the
GlcNAc residue was anchored into the binding site, forming an
extended network of polar and hydrophobic interactions with
the antibody. Despite the flexibility of the Rbo arms along the
trajectory, a partial involvement of the RboP chains in binding
could be observed. In particular, the protons of the hydroxyl
groups at positions 1−3 of the RboP-C unit were all interacting

Figure 8. STD NMR and MD analysis of mAb 4497 and WTA-trimer
2 binding. (a) Epitope map of 2 interacting with IgG 4497 (only
protons exhibiting %STD values above 30% are indicated in the
epitope mapping). (b) STD-NMR spectrum (red) of mAb 4497−2
and the unsaturated reference spectrum (black). (c) 3D view of the
mAb 4497−2 complex obtained from an MD simulation. (d)
Description of the interactions between IgG 4497 and 2 resulting
from a representative pose obtained by an MD simulation: solid
arrows represent hydrogen bonds with functional groups of the amino
acids of the antibody; the other residues in the binding pocket
participate in polar and hydrophobic interactions.
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with D100, while the RboP-A arm was more solvent exposed.
This was in accordance with the corresponding slight STD
effects observed in the NMR analysis.

Overall, our results showed that the binding interactions of
mAb 4497 with ligands 2 and 3 are highly concordant, with six
principal residues (W33, G99, D100, Y97, S31, and N53)
interacting directly with the β-GlcNAc sugar. The interaction
between the antibody and the phosphate groups seemed to be
crucial for stabilizing the binding in both complexes. Moreover,
interactions with the RboP backbone were observed, indicating
its importance in the binding.

■ DISCUSSION
We have described the structural features necessary for the
recognition of S. aureus WTAs by WTA-specific mAbs. We
exploited well-defined synthetic WTA fragments, (α-1,4)-, (β-

Figure 9. Different views of the binding site of IgG mAb 4497 in
complex with (β-1,3)-ligand 3. (a) The β-GlcNAc-modified WTA is
located in a cavity formed between the CDR of the heavy and light
chains of the antibody. (b) Residues D100, Y97, G99, S31, and W33
are involved in H-bond interactions with the GlcNAc. Residue W33
stacks with the GlcNAc and forms a H-bond with GlcNAc C4-OH.
Residues G99, D100, and Y97 interact with the GlcNAc C4-OH and
C3-OH, respectively. Residue D100 interacts with the Rbo-C4
hydroxyl group. (c) N53 is 4.1 Å from the GlcNAc C6-OH, while
residue S31 interacts via H-bonds with GlcNAc C6-OH. Residue Y97
establishes a H-bond with the GlcNAc acetamide group and C3-OH.
(d) R31 and R34 form H-bonds with both phosphate groups (1 and
5) and the acetamide group of GlcNAc. Finally, residue S33
establishes an H-bond with Rbo-A2. Ligand (β-1,3)-ligand 3 is
shown in cyan.

Figure 10. Overlap of the ligands (β-1,4)-WTA trimer (2) and (β-
1,3)-WTA trimer (3) within the binding site of IgG mAb 4497. (a)
Overlap of ligands 2 and 3 within the binding site cavity of mAb IgG
4497. (b) Enlarged view of the overlap of the GlcNAc rings of ligands
2 and 3. (c) Lateral view of the overlapping ligands 1 and 2. Ligands 2
and 3 are shown in green and cyan respectively.

Figure 11. STD NMR and MD analysis of mAb 4497 and WTA-
trimer 3 binding. (a) Epitope map of 3 interacting with mAb 4497
(only protons exhibiting %STD values above 30% are shown). (b)
STD-NMR spectrum (red) of mAb 4497−3 and the unsaturated
reference spectrum (blue). (c) 3D view of the mAb 4461−3 complex
obtained from an MD simulation. (d) Description of the interactions
between mAb 4497 and 3 resulting from a representative pose
obtained by an MD simulation: solid arrows represent hydrogen
bonds with functional groups of the amino acids of the antibody; the
other residues in the binding pocket participate in polar and
hydrophobic interactions.
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1,4)-, and (β-1,3)-GlcNAc-WTA-trimers 1−3 (Figure 2),
respectively, to characterize their interaction with WTA-
targeting antibodies. By using an integrated approach that
combines microarray, synthetic chemistry, X-ray crystallog-
raphy, NMR spectroscopy, and computational studies, we
showed that S. aureus WTA glycoforms bind the mAbs 4461
and 4497 in a cavity formed between the CDRs of the heavy
and light chains. We defined that all the structural features in
the WTA fragments play a role in the interaction. The GlcNAc
moiety is a prime recognition element, being inserted in the
antibody binding pocket, and the RboP residue to which the
GlcNAc is appended and both phosphates interacted with the
antibody surface participating in the binding.

Specifically, we revealed that the (α-1,4)-GlcNAc specific
mAb 4461 displayed an “end-on” insertion binding mode with
the antigen-binding-site amino acids forming numerous
contacts with the α-GlcNAc residue and interactions with
the RboP backbone. The phosphate groups interacted with the
antibody through polar interactions and H-bonds. Differences
in the binding of our ligands and those previously reported
were observed. The structures that were previously used
deviate from our structures and the naturally occurring WTA,
in that they contain a single phosphate monoester as opposed
to the natural phosphodiesters. We also demonstrated that the
internal RboP monomer carrying the α-GlcNAc moiety is
more involved in the interaction with mAb 4461 in comparison
to the terminal RboP units that instead protruded away from
the binding site.

Thus, the set of mAbs and well-defined ligands allowed us to
unveil the binding modes of α- and β-WTA fragments in the
interaction with mAbs 4461 and 4497. This provides an atomic
explanation for the observed binding differences between
internal and terminal α-GlcNAc-modified WTAs as well as
between RboP- and GroP-based teichoic acids. Finally, our
results provided insight into the cross-reactivity of 4497 for β-
1,3-/β-1,4-GlcNAc-modified WTAs. We indeed showed that
ligands 2 and 3 bound to mAb 4497 in a very similar manner,
interacting not only with the antibody via a GlcNAc residue
but also with the flexible RboP chains which permit positioning
of both glycans in the binding pocket of this mAb. The results
presented here have revealed the GlcNAc-RboP trimers to be
the minimal synthetic epitopes that present all structural
features required for binding, indicating that these can be
attractive components in the generation of future synthetic
antistaph conjugate vaccines. However, more research is
needed to investigate the role of D-alanylation of wall teichoic
acids in antibody recognition and interaction. As was
mentioned above, the WTA RboP backbone can be further
decorated, depending on the cellular environment condi-
tions,22 with positively charged D-alanine esters, usually
attached at position 2 of ribitol. D-Alanylation imparts
additional WTA structural diversity and further tunes the
WTA function modulating the polymer surface charge.23

D-Ala
residues indeed have the ability to mask the negatively charged
sites on WTAs, increasing the bacterial resistance against host
defense, antibiotics, and cationic antimicrobial peptides.24

Thus, D-alanylation could alter antibody recognition of teichoic
acids, by direct means and/or through altering the polymer
flexibility. To verify this hypothesis, ongoing efforts are aimed
at the synthesis of appropriate WTA constructs, bearing the
labile D-Ala esters, that will serve as tools to shed light on the
role of D-alanylation in WTA recognition by monoclonal
antibodies. Together with the outcomes presented here, these

structural results may guide the engineering of mAbs to shape
their interactions with different WTA glycotypes. This will
open new avenues for the development of potential therapeutic
approaches against (methicillin-resistant) S. aureus.
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