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Attachment of Norovirus to Histo Blood Group Antigens:

A Cooperative Multistep Process
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Abstract: Human noroviruses recognize histo blood group
antigens (HBGAs) as cellular attachment factors. Recently, it
has been discovered that norovirus infection can be signifi-
cantly enhanced by HBGA binding. Yet the attachment process
and how it promotes host-cell entry is only poorly understood.
The binding of a norovirus protruding (P) domain of
a predominant GII.4 Saga strain to HBGAs at atomic
resolution was studied. So far, independent and equivalent
multiple binding sites were held responsible for attachment.
Using NMR experiments we show that norovirus-HBGA
binding is a cooperative multi-step process, and native mass
spectrometry reveals four instead of two HBGA binding sites
per P-dimer. An accompanying crystallographic study has
disclosed four instead of two L-fucose binding sites per P-
dimer of a related GIL10 strain!’ further supporting our
findings. We have uncovered a novel paradigm for norovirus-
HBGA recognition that will inspire further studies into
norovirus—host interactions.

The first step of norovirus infection requires attachment of
virus particles to histo blood group antigens (HBGAs).”! To
date it is still unknown which cells are infected by noroviruses.
A recent study suggested that noroviruses target B-cells after
passage of the epithelial monolayer in the duodenum and that
infection is facilitated by the presence of enteric bacteria
carrying blood group antigens.”! In parallel, high-resolution
structural data from crystal structure analysis of complexes of
norovirus coat proteins with HBGAs are becoming more and
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more available. The viral coat of human noroviruses consists
of 180 copies of a single coat protein VP1. Binding to HBGAs
requires VP1 dimerization, and the current understanding is
that two binding sites exist for each dimer. Truncated dimers,
so-called P-dimers, have proven excellent models for in vitro
binding studies. Crystal structure analyses have shown that P-
dimers are highly symmetrical suggesting equivalent and
independent binding sites.! Therefore, binding isotherms
from ligand titration experiments should follow a simple one-
site binding model. Here, we have studied binding of a variety
of carbohydrate ligands to P-dimers of a GIL.4 human
norovirus strain (Saga) using STD NMRF! titration experi-
ments. In a complementary approach we have subjected
uniformly 2H,"’N-labeled P-dimers to a chemical shift titra-
tion with methyl a-L-fucopyranoside using 'H,"N-TROSY-
HSQC experiments® as a readout. Finally, we have studied
the binding stoichiometry using native mass spectrometry.”!

For the NMR binding studies we have employed methyl
a-L-fucopyranoside 1, citrate 3, blood group H-disacchar-
ide 4, blood group B trisaccharide 5, Lewis® trisaccharide 7
and Lewis' tetrasaccharide 8 as ligands, and p-galactose 2 as
a negative control (Scheme 1).

For STD NMR experiments expression of P-dimers in
E. coli essentially followed established protocols.”®! For pro-
tein NMR experiments, uniformly *H,"*N-labeled P-dimers
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Scheme 1. Carbohydrate structures studied in this work. Methyl o-L-
fucopyranoside 1, p-galactose 2, citric acid 3, blood group H-disac-
charide 4, blood group B trisaccharide 5, type-1 blood group B
tetrasaccharide 6, Lewis* trisaccharide 7, and Lewis’ tetrasaccharide 8.
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were required. Therefore, we have optimized expression of P-
dimers in minimal medial yielding uniformly *H,*N-labeled
P-dimers in excellent yields. In a first set of experiments we
have determined the degree of dimerization of the P-dimers
under investigation. Dimerization is a known prerequisite for
binding to HBGAs."" Tt is also known that depending on
amino acid sequence and lengths of constructs P-dimer
preparations may contain varying amounts of monomers. As
described in the Supporting Information, P-dimers used in
this study exist exclusively in the dimeric state.

STD NMR titration experiments allow determination of
dissociation constants Kp for ligand molecules binding to
receptor proteins in solution without immobilizing or mod-
ifying ligands or receptor proteins."!! In a direct titration,
intensities of STD NMR signals are monitored as a function
of the concentration of ligand. Here, methyl a-L-fucopyrano-
side 1, blood group H-disaccharide 4, and blood group B
trisaccharide 5 were used as ligands representing the critical
binding epitope of HBGAs for GII.4 strains. Citrate 3 was
also employed as ligand as it has been shown before to act as
a mimic of L-fucose."” Typical STD NMR titration curves are
shown in Figure 1.

It is obvious that the curves cannot be explained assuming
independent and equivalent binding sites."”! In such a case
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Figure 1. STD NMR titration curves for methyl a-L-fucopyranoside

1 and blood group H-disaccharide 4 (first row), citric acid 3 (second
row), and blood group B trisaccharide 5 (third row). The concentration
of P-dimers was 30 um in all cases. The STD amplification factor!' is
shown as a function of ligand concentration. Solid lines result from
fitting Eq. (1) to the experimental data. Dashed lines indicate theoret-
ical curves if binding were restricted to the corresponding number of
sites (number of steps in the binding curve).
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resulting binding isotherms would be smooth without any
steps under all possible conditions. Instead, all binding curves
start out as one-site binding isotherms but when a first plateau
of saturation is approached successive binding events appear
resulting in two or more steps in the titration curve, depend-
ing on the ligand. Increasing the concentration of ligands
finally leads to saturation, which verifies specific binding. For
methyl a-L-fucopyranoside 1 and H-disaccharide 4 we could
not increase the ligand concentration above 20 mm because
direct irradiation of the ligand occurred. It is observed that
the shapes of the curves and the position of the onset of the
successive binding events depend on pH, buffer and affinity
associated with the primary binding event (Supporting
Information, Figure S2). Steps in the binding isotherms reflect
binding events with cooperativity.'¥ Therefore, we have used
a model that superimposes one-site binding as a primary
binding event with subsequent cooperative binding steps as
described in the materials and methods section (Supporting
Information). Non-linear least squares fitting of Equation (1)
to the titration data yielded up to four Ky, values (Kp,; to Kp,)
for each ligand, depending on the number of binding steps
n observed:

L n L h;

0= #4_][“ ® Ot + ;W ® O 1
with O being the observed parameter changing upon titration,
Kp; being the microscopic dissociation constants for each
binding event, O, being the maximum change of the
observable, n being the number of distinct binding steps,
and h; being the Hill coefficient. Here, O is the STD
amplification factor (STD AF) observed at a given free
ligand concentration [L].

Kp, reflects an initial one-site binding process, and the
dissociation constants Kp; with i>1 report on successive
cooperative binding events. We have obtained dissociation
constants Kp,, for methyl a-L-fucopyranoside 1, citrate 3,
blood group H-disaccharide 4, and blood group B trisacchar-
ide 5 (Table 1).

The dissociation constants Kp; are similar to dissociation
constants reported previously for related systems!™! (Table 1).
From STD NMR it is clear that increasing the concentration
of ligands leads to successive binding events, characterized by
additional dissociation constants Kp; and associated with
cooperativity. In the case of methyl a-L-fucopyranoside 1 and
H-disaccharide 4, two dissociation constants were obtained.
Data for further titration points were not acquired because of
difficulties with direct irradiation at these higher ligand
concentrations. For citrate 3, no direct irradiation problems
were experienced, even at concentrations above 50 mm. Also,
the first dissociation constant K, for citrate is lower than for
methyl a-L-fucopyranoside 1 or H-disaccharide 4 shifting the
whole titration curve to lower concentrations. Therefore, for
citrate 3, three binding events are observed as this is clearly
seen in Figure 1. For blood group B-trisaccharide 5, a signifi-
cantly lower K, value of 60 um is observed, and in total four
binding steps are observed resulting in four respective
dissociation constants (Table 1).
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Table 1: Dissociation constants Kp; and Hill coefficients h; from direct STD NMR titrations with corresponding R?/y* values.

Ligand Koy [mm] Ko, [mm] Kos [mMm] Koq [mm] hy hy® h R? 1

1 2.4+0.2 9.6+0.1 - - 129+1.5 0.997 0.00007
4 1.9+0.3 5.5+0.4 - - 8.0+2.4 0.997 0.00016
30 0.84+0.4 3.6+0.3 15.840.5 - 49414 3.3+03 0.996 0.0011
5t 0.06 +0.02 0.7740.03 1.65+0.04 4.8+0.17 12.1£5.8 19.249.5 32404 0.9985 0.00001

[a] In our empirical model given by Equation (1), Hill coefficients h; have no simple relation to the binding stoichiometry (Supporting Information).
[b], [c] Ligand concentrations [L] were corrected applying the law of mass action as described in the materials and methods section of the Supporting
Information for the first [b], or the first and the second term [c] in Equation (1).

Direct STD NMR titrations require substantial amounts
of ligand. Therefore, we also applied a competitive titration
procedure using methyl a-L-fucopyranoside 1 as a reporter
ligand to obtain dissociation constants for Lewis* trisacchar-
ide 7 and Lewis’ tetrasaccharide 8. To compare, we also
subjected H-disaccharide 4 and blood group B trisaccharide §
to this indirect assay format. The dissociation constants from
the competitive assay format for H-disaccharide 4 and B-
trisaccharide 5 were similar to the Ky, values obtained from
direct titration experiments (Table 2). This indirect setup does

Table 2: Dissociation constants Ky, from competitive STD NMR titra-
tions.

Ligand Koy [mm]
4 1.3+£0.2
5 0.10£0.02
7 0.11+0.02
8 0.15+0.09

not easily allow picking up multiple-step binding processes,
and at the concentrations of protein and ligands chosen, the
Kp values obtained via the Cheng-Prusoff equation'
dominantly reflect the first binding event (Table2). It is
observed that the affinities of blood group B trisaccharide 5,
Lewis* trisaccharide 7 and Lewis’ tetrasaccharide 8 are about
one order of magnitude better than those of methyl a-L-
fucopyranoside 1 or blood group H disaccharide 4.

To address the question of whether the successive binding
events are associated with a change in binding epitopes, we
performed STD NMR experiments at a saturation time of 2 s
and qualitatively analyzed the binding epitopes! of H-
disaccharide 4 and B-trisaccharide 5 at low and at high ligand
concentrations (Figure S4). It is found that the resulting
binding epitopes for H-disaccharide 4 are virtually identical.
Likewise, the fucose residue of B-trisaccharide 5 is always
receiving the largest fraction of saturation. In contrast,
saturation transfer to the terminal a-D-galactose and to the
reducing (3-D-galactose units clearly depends on the ligand
concentration, suggesting varying contributions from differ-
ent binding pockets.

To characterize changes of the protein during ligand
binding we subjected P-dimers to chemical shift perturbation
experiments.'”) These experiments reflect changes of the
protein backbone during ligand titrations. Such changes occur
through interactions between ligand molecules and amino

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

acids, or as a result of remote conformational changes
following binding.Therefore, backbone NH chemical shifts
as a function of ligand concentration deliver dissociation
constants, and at the same time report on binding site
topology as well as on potential allosteric conformational
changes. P-dimers have a molecular weight of about 70 kDa,
which is very large for protein NMR spectroscopy.l'! For-
tunately, the 'H,"N-TROSY-HSQC spectra of uniformly
*H,"N-labeled P-dimers were of excellent quality allowing
for chemical shift titration experiments (Figure S5).

To analyze the chemical shift perturbations AJ, we
followed individual differences in the 'H and '°N dimensions
using concentrations of methyl a-L-fucopyranoside 1 ranging
from 0.5 mm to 160 mm. A comparison of STD NMR titration
data with chemical shift titration data at concentrations of
methyl a-L-fucopyranoside 1 larger than 20 mMm is not possi-
ble. Inspection of the raw chemical shift perturbation data
immediately reveals non-linear paths of chemical shifts as
a function of ligand concentration (Figure 2).

To obtain information on the number of binding sites or
bound species, and to denoise the dataset we performed
a singular value decomposition (SVD) of the raw chemical
shift titration data as a first step."” SVD analysis of the
chemical shift data set is described in the Materials and
Methods section and exposes the presence of three spectro-
scopically distinguishable bound states for the binding of
methyl a-L-fucopyranoside 1 to P-dimers (Supporting Infor-
mation).

A chemical shift matrix was then reconstructed using four
non-noise components, yielding a data set that was essentially
identical to the raw data set (Supporting Information). This
reconstructed data set was used to determine significant
chemical shift perturbations Ad for both dimensions, '"H and
5N. Chemical shift perturbations Ad;y and Adsy were
followed as a function of ligand concentration [L], and
global non-linear least squares fitting of Equation (1) to the
titration data delivered dissociation constants Kp,. In this case
O in Equation (1) is the observed chemical shift perturbation
in either dimension (Ad,,). The corresponding titration
curves are shown in Figure S10. In total, 116 denoised binding
curves were globally fitted resulting in three dissociation
constants Ky, Ky, and Kp; corresponding to the formation of
three bound species (Table 3). The values for K, and Ky, are
almost identical with those obtained from STD NMR
titrations (Tables 1 and 2).

It is instructive to analyze individual chemical shifts as
a function of ligand concentration (Figure 2) and correspond-
ing titration curves (Figures S8 and S9). It is apparent that
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Figure 2. Chemical shifts of individual cross peaks of the 'H,"”N-
TROSY-HSQC spectra of uniformly ?H,””N labeled GII.4 Saga P-dimers
as a function of increasing amounts of methyl a-L-fucopyranoside 1.
Peak numbers correspond to the peaks in the complete spectrum
shown in Figure S5.

Table 3: Dissociation constants Kp; from chemical shift titrations.
RZ/XZ
0.9992/1.26x10°*

Ligand
1 2.8+0.3

Koy [mm] Ko, [mMm]

89+0.2

Kos [mm]

36.3+3.1

many peaks such as peak 202, peak 33, and peak 61 follow
non-linear paths during the titration, reflecting multistep
binding events (Figure2). The two largest chemical shift
perturbations were observed for peaks 165 and 201, respec-
tively. For peak 165 a distinctive change of direction of the
chemical shift is observed at a ligand concentration of ca.
7 mMm (Figure 2), which corresponds to a small step in the
corresponding titration curve (Figure S9). This ligand con-
centration corresponds to the value at which the STD NMR
titration curve (Figure 1) exhibits a step indicating the
presence of a second cooperative binding event. Thus, this
titration curve mainly reflects dissociation constants Kp; and
Kp,. For cross-peak 201 the bend at about 7mwm ligand
concentration is less pronounced; therefore, the curve mostly
reflects binding associated with Kp,. Other titration curves
reach saturation at ligand concentrations well below 10 mm
reflecting exclusively the first binding event. Some peaks
show almost no movement during the initial phase of
titration, as seen for example in peak 62 (Figure 2). This
leads to a sigmoidal shape of the corresponding titration curve
(shown for peak 10 in Figure S9). Thus, chemical shift
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titration curves may emphasize individual steps of the binding
process to varying extent depending on the position of the
corresponding amino acid, and on how this amino acid is
involved in ligand binding.

Native mass spectrometry experiments were performed to
directly analyze the binding stoichiometry at different ligand-
to-protein ratios."™! For these experiments we used blood
group B type-1 tetrasaccharide 6 as a ligand. Two ligand
concentrations of 0.2 mMm and 0.5 mMm (at a concentration of
2.25 um of P-dimers) were used employing cytochrome C as
a non-binding reference. The result of this study revealed that
the higher concentration of B type-1 tetrasaccharide 6 leads
to the formation of complexes with one to four ligands bound
(Figure 3).

a. SAGA GII.4 P dimer d.

16+

Cytochrome ¢

P dimer 0.2 mM HBGA

P dimer 0.5 mM HBGA

16+

2000 3000 4000 5000 4000 4200 4400 4600 4800

Figure 3. Native mass spectra of B-type 1 tetrasaccharide 6 binding to
Gl1.4 Saga P-dimers. Cytochrome c served as a reference to correct for
unspecific binding. It is obvious that up to four ligands bind to the P-
dimers. a)—c) Uncorrected spectra at 0, 0.2, and 0.5 mwm tetrasacchar-
ide, respectively; d), e) corrected spectra at 0.2 and 0.5 mwm tetrasac-
charide, respectively. Raw intensities are displayed in pale, specific
ligand binding in bright colors. Numbers above peaks indicate number
of bound ligands. Charge states for each peak are given. Intensities
are normalized to the highest peak.

At a ligand concentration of 0.2 mm, the signals corre-
sponding to three and four bound ligands have the same
intensity, which is a strong indication for cooperative binding.
This is in perfect agreement with the observation of four
cooperatively coupled binding steps as seen in STD NMR
titrations with blood group B trisaccharide 5.

Our findings are in sharp contrast to existing models for
the binding of HBGAs to P-dimers. So far, crystallographic
studies have revealed two symmetrical binding pockets
whereas our data imply the presence of four non-equivalent
sites that are occupied in a stepwise and concentration
dependent manner. Therefore, we predicted that increasing
ligand concentrations would promote binding to hitherto
unknown binding pockets, and we performed co-crystalliza-
tion experiments with increasing concentrations of L-fucose
or blood group B trisaccharide 5. For the GII.4 Saga strain
used in the present study, crystallization under these con-
ditions was not successful so far, although at lower ligand
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concentrations a number of HBGA ligands had been
successfully co-crystallized.[*! For a related GII.10 (Vietnam
026) strain respective co-crystals were obtained and yielded
high quality crystal structures.!'! For L-fucose, two new
binding pockets were identified positioned along the cleft
that is created by dimerization and that runs between the two
known binding sites. This crystallization study also revealed
that occupation of L-fucose binding sites occurred in a step-
wise and concentration-dependent manner. Interestingly, the
known binding sites were also occupied in a stepwise manner,
which had not occurred if the binding sites were independent
and equal. In fact, crystal structure analysis revealed loop
motions in the vicinity to the L-fucose binding pocket that
break the symmetry of P-dimers. These data match the results
from the chemical shift titrations, where three bound species
have been identified for the binding of methyl a-L-fucopyr-
anoside 1 to P-dimers. In the light of the crystallographic data,
the first binding event reflects occupation of one of the known
binding sites. The second binding event shows cooperativity
and reflects occupation of the second known binding site. The
third binding event is due to simultaneous binding of two
methyl a-L-fucopyranoside molecules 1 to the newly discov-
ered adjacent fucose binding pockets. Inspection of available
crystal structures of P-dimers of noroviruses suggests that the
cleft running between the known binding sites is always
present, and most likely exists in any calicivirus. Finally, using
our binding model and dissociation constants from Table 1 for
binding of methyl a-L-fucopyranoside 1 to GII.4 P-dimers, we
have estimated the occupation of binding pockets as a func-
tion of ligand concentration (Figure S11). It is found that our
binding model correctly predicts the stepwise occupation of
fucose binding pockets as seen by crystallography.

Our study reveals that binding and recognition of HBGAs
by noroviruses is much more complex than thought. In
particular, successive binding steps are cooperatively coupled,
as shown in Figure 4 for blood group B trisaccharide 5. We
suggest that the cooperative nature of virus-HBGA inter-
action provides a control or selection mechanism for host-cell
entry. This has important implications. The most direct impact
will be on studies targeting the entry mechanism of norovi-
ruses. As cell culture systems for noroviruses are emerging®! it
will now be of interest to study how stepwise and cooperative
binding appears under in vivo conditions and how it affects
infectivity. Another aspect concerns the development of entry
inhibitors. Clearly, the design of entry inhibitors®” has to be
revisited taking into account the presence of a dense network
of cooperatively coupled HBGA binding sites. We speculate
that our findings are general for the family of Caliciviridae.
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Figure 4. Model for binding of blood group B trisaccharide 5 to Gll.4
Saga P-dimers based on crystal structure data!® (pdb code: 4X06).
Binding occurs in four cooperatively coupled steps as this is reflected
by the STD NMR titration curve in Figure 2. Binding to site 1 (red)
initially impedes binding to the other sites up to a concentration
threshold of ca. 0.5 mm of B trisaccharide 5. The numbers are the
dissociation constants taken from Table 1 in [mm]. The background
picture shows occupation of the two known binding sites 1 and 2 as
seen in the crystal structure.
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