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other P domain residues. A model of the GIL.10 capsid was built as described
above, and the relative solvent accessibility (SASA) of the P domain residues in
the context of the capsid was computed using the ASAView server (2). Residues
were then divided into 10 categories according the estimated relative SASAs, as
follows: >0.45, >0.40, >0.35, >0.30, >0.25, >0.20, >0.15, >0.10, >0.05, and all
SASA. For each SASA category, the average of the already-computed average
per-residue RMSDs was determined separately for the binding site residues and
for the nonbinding site residues.

Protein structure accession numbers. Atomic coordinates and structure fac-
tors were deposited in the Protein Data Bank under the following IDs: for
GIL.10, 30NU (unliganded), 3PA1 (A-trisaccharide), 3Q38 (B-trisaccharide),
3Q39 (H type 2-disaccharide), 3Q3A (H type 2-trisaccharide), 30NY (Le®-
fucose) 3Q6Q (Le* disordered), 3Q6R (Le* disordered), and 3PA2 (Le¥-tetrasa-
ccharide), and for GIL.12, 3R6J (unliganded) and 3R6K (B-trisaccharide).

RESULTS

Unbound structure of the GIL10 P domain. The GIL10 P
domain MBP fusion protein was expressed at a level of ~10
mg/liter in E. coli. The cleaved GII.10 P domain formed rect-
angular plates that diffracted to better than 1.5-A resolution
(Table 1). A molecular replacement solution with the previ-
ously determined GII.4 P domain (4) was obtained in space
group P2, with one P domain dimer in the asymmetric unit
(Fig. 1A and B). Refinement of the GII.10 structure led to an
R, o value of 0.151 (R = 0.167) and well-defined density
for most of the P domain dimer (Table 1). Following the
nomenclature established by Prasad and colleagues (30), the
GIL.10 P1 subdomain was located between residues 222 to 277
and residues 427 to 549, whereas the P2 subdomain was be-
tween residues 278 and 426. The GIL.10 P1 subdomain was
formed primarily by a single a-helix, which was flanked by
seven antiparallel B-strands (Fig. 1B). The GIIL.10 P2 sub-
domain contained 12 antiparallel B-strands, 6 from each sub-
unit, which formed 2 antiparallel B-sheets (Fig. 1B). Overall,
the secondary structure of the GIL.10 P domains was highly
reminiscent of previously published GI and GII structures (4,
30). On one of the asymmetric unit monomers, residues 344 to
351 (chain B) were disordered; these disordered residues were
not modeled into the GII.10-apo structure.

Unbound structure of the GIL.12 P domain. The GIL.12 P
domain MBP fusion protein was expressed at a level of ~2
mg/liter in E. coli. The cleaved GII.12 P domain formed rect-
angular parallelepipeds that diffracted to 1.75-A resolution
(Table 2). The GII.12 P domain structure was determined by
molecular replacement with the GIL10 P domain; structure
solution indicated that the space group was C222,, with one P
domain monomer in the asymmetric unit (Fig. 1C, with its
monomeric P1 and P2 subdomain partners shown in green and
cyan, respectively). Refinement of the GIL12 structure led to
an R, value of 0.185 (R, = 0.203) and well-defined density
for most of the P domain monomer (Table 2). The GIL.12 P1
subdomain was located between residues 222 to 277 and resi-
dues 414 to 536, whereas the P2 subdomain was between res-
idues 278 and 413.

Comparisons of unbound structures of the GIL.10, GIL.12,
GIL.1, and GIL4 P domains. Despite the great genetic diversity
of noroviruses, the GIIL.4 strains have been responsible for the
majority of outbreaks around the world over the past 10 or so
years (25, 35, 36). To examine whether the rare versus out-
break status had bearing on the overall structures, we com-
pared rare and outbreak GII strains. The P domains from rare
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GII.10 and GII.12 were highly similar in structure, with a root
mean square deviation (RMSD) for Ca atoms of 0.64 A. How-
ever, in addition to their shared rare status, they were also
more closely genetically related to each other than to the GI1.4
outbreak strain. Pairwise analysis of RMSD differences in the
P domain structures (Fig. 1) found that the three GII P domain
structures, two rare and one outbreak, were more similar to
each other than to the GI structure. Overall structural differ-
ences thus appeared to reflect genetic distance (see Fig. S1A in
the supplemental material) rather than rare or outbreak status.

Structures of HBGA H type 2-trisaccharide and -disaccha-
ride bound to the GIL.10 P domain. HBGAs are a group of short
oligosaccharides that are expressed in a polymorphic manner on
cell surfaces or found as free antigens and have been shown
through a number of studies, including the aforementioned crys-
tallographic ones, to interact with norovirus (Fig. 2) (11, 19).
HBGAs are generated from a number of different precursor
disaccharides, with additional saccharides added by enzymes,
which are variably present in the human population (see Fig. S2
in the supplemental material) (22). One distinction is made by the
presence of ol,2fucosyltransferase, which adds a terminal
afucosel-2 unit; HBGAs with this saccharide are termed secre-
tors, while those missing the terminal afucosel-2 are termed
nonsecretors.

Because the GIL.10 P domain protein was expressed to
larger amounts and crystals diffracted to higher resolution than
those of GII.12, we chose to examine first the GII1.10 P domain
by X-ray crystallography in complex with a panel of HBGAs
(see Fig. S2 in the supplemental material) representing an
assortment of secretor and nonsecretor HBGAs. The secretor
HBGAs used were H type 2-disaccharide, H type 2-trisaccha-
ride, A-trisaccharide, B-trisaccharide, Le”-tetrasaccharide, and
LeP-tetrasaccharide, whereas the nonsecretor HBGAs used
were Le?-trisaccharide and Le*-trisaccharide.

The HBGA H type 2-trisaccharide is a-L-fucose-(1-2)-B-p-
galactose-(1-4)-2-N-acetyl-B-D-glucosamine, which is the first
secretor in one of the major biosynthetic HBGA pathways (see
Fig. S2 in the supplemental material). Cocrystallization of the
GIL.10 P domain with H type 2 resulted in P2, crystals that
diffracted to 1.40 A, with cell constants virtually isomorphous
with those of the unbound crystals (Table 1). Structure solu-
tion and refinement with the unbound P domain resulted in a
single clearly defined patch of electron density that spanned
two P domain monomers (Fig. 2A and 3A). Placement of the
trisaccharide was assisted by a well-defined fucose density,
which led to an unambiguous orientation of this HBGA. Re-
finement led to an R, value of 0.169 (Rg.. = 0.188) and
well-defined density for all of the saccharide units (Fig. 3A).
No unassigned electron density was observed in the corre-
sponding position of the HBGA on the P domain dimer,
around the molecular 2-fold. Inspection of the lattice indicated
a lattice contact at this position, which would occlude the
presence of a second HBGA molecule (see Fig. S3A in the
supplemental material).

The fucose showed the most well-defined density and was
fixed by a network of P2 subdomain hydrogen bonds, two
contributed by the side chain of Asp385, two by the side chain
of Arg356, and one by the main chain of Asn355 (Fig. 3B; see
also Fig. S1B in the supplemental material). A sixth hydrogen
bond was contributed from the backbone of Gly451 from
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TABLE 1. Data collection and refinement statistics for structures of the GII.10 norovirus P domain alone and with various HBGAs

Value(s) for":

Statistics 026 Le® 026 apo 026 A 026 B 026 H type 2 di 026 H type 2 tri 026 Le? 026 Le* 026 Le¥
(monoglycan) (no glycan) (triglycan) (triglycan) (diglycan) (triglycan) (disordered) (disordered) (tetraglycan)
30NY 30NU 3PAl 3Q38 3Q39 3Q3A 3Q6Q 3Q6R 3PA2
Data collection
Space group C222, P2, P2, P2, P2, P2, P2, P2, P2,
Cell dimensions
a, b, c (A) 80.53, 115.91, 267.80  65.22, 79.11, 69.30 65.19, 78.99, 70.10 65.23, 79.03, 69.64 65.12, 78.77, 69.49 65.17, 79.10, 68.91 65.15, 78.96, 69.24 65.28, 79.02, 69.70 65.27, 79.13, 69.07
o, B,y () 90, 90, 90 90, 99.65, 90 90, 101.06, 90 90, 99.84, 90 90, 99.93, 90 90, 99.54, 90 90, 99.67, 90 90, 99.87, 90 90, 100.27, 90
Resolution range (A) 50-1.85 (1.92-1.85) 50-1.40 (1.45-1.40)  30-1.48 (1.52-1.48)  30-1.28 (1.31-1.28)  30-1.25 (1.28-1.25)  30-1.40 (1.44-1.40)  30-1.43 (1.47-1.43)  30-1.40 (1.44-1.40)  30-1.48 (1.52-1.48)
R 8.4 (58.9) 7.0 (44.9) 6.6 (65.7) 4.1(72.5) 5.2(67.4) 4.0 (67.2) 3.9 (65.3) 4.4 (71.0) 5.7 (64.7)
I /xurll 22.8(22) 18.4 (2.0) 12.5 (2.3) 18.9 (2.1) 16.1 (2.3) 21.3(2.3) 22.0(2.2) 222(24) 16.3 (2.4)
Completeness (%) 99.1(93.3) 95.2 (69.6) 99.8 (99.9) 99.8 (99.8) 99.7 (99.7) 99.8 (99.9) 96.6 (94.1) 99.6 (99.7) 99.7 (99.8)
Redundancy 6.8 (5.2) 3.6 (2.7) 38(3.7) 3.7(3.6) 3.7(34) 3.7(3.7) 3.8(3.5) 3.7(3.7) 3.73.7)
Refinement
Resolution range (A) 30-1.85 30-1.40 30-1.48 30-1.28 30-1.25 30-1.40 30-1.43 30-1.40 30-148
No. of reflections 99,983 122,330 115,862 178,392 190,020 135,210 123,157 136,413 114,698
Ryork/Riree 0.164/0.189 0.151/0.167 0.178/0.198 0.167/0.181 0.168/0.182 0.169/0.188 0.177/0.188 0.165/0.178 0.185/0.204
No. of atoms 7,949 5,755 5814 5,883 5,798 5,719 5,721 5,893 5,778
Protein 7,149 4,814 4,927 4,915 4,861 4,882 4,876 4,826 4,870
Ligand/ion 73 32 110 143 134 149 88 100 143
Water 727 909 777 825 803 748 757 967 765
B-factors
Protein 40.4 20.9 20.8 193 17.5 214 19.9 18.9 19.6
Ligand/ion 41.1 215 28.1 30.6 29.5 28.7 27.6 24.7 23.7
Water 39.5 329 332 324 30.6 33.9 334 35.1 322
RMSD )
Bond length (A) 0.007 0.011 0.008 0.011 0.018 0.009 0.005 0.006 0.007
Bond angle (°) 1.033 1.331 1.155 1.357 1.758 1.244 0.984 1.062 1.120

% Each data set was collected from a single crystal. Values in parentheses are for the highest-resolution shell.
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TABLE 2. Data collection and refinement statistics for structures of
the GII.12 norovirus P domain alone and with triglycan
HBGA type B

Value(s) for*:

Statistics Hiro apo HiroB
(no glycan) (triglycan)
3R6J 3R6K
Data collection

Space group C222, C222,
Cell dimensions :

a, b, c (Z\) 73.01, 99.20, 77.60 73.39, 100.28, 82.15

o, B,y (°) 90, 90, 90 90, 99.84, 90
Resolution (A) 50-1.85 (1.81-1.75)  50-1.60 (1.66-1.60)
Rym 5.0 (44.9) 8.6 (39.5)
Iie() 28.0(2.5) 183 (2.0)
Completeness (%) 98.9 (92.0) 91.7 (61.2)
Redundancy 5139 59(.1)

Refinement

Resolution (A) 25-1.75 25-1.60
No. of reflections 28,478 36,791
Ryork/Riree 0.185/0.203 0.219/0.237
No. of atoms 2,487 2,607

Protein 2,359 2,338

Ligand/ion 4 41

Water 124 228
B-factors

Protein 45.8 321

Ligand/ion 50.7 66.9

Water 42.0 33.8
RMSD

Bond length (&)  0.004 0.005

Bond angle (°) 0.887 0.930

“ Each data set was collected from a single crystal. Values in parentheses are
for the highest-resolution shell.

across the P domain dimer interface, with the aromatic ring of
Tyrd52 packing over the fucose methyl. Both Gly451 and
Tyr452 are located on a loop that extends from the P1 sub-
domain to form part of the P domain dimer interface (Fig. 1E).
Meanwhile, the galactose was fixed by one hydrogen bond, and
the N-acetyl-glucosamine by three, contributed by a mix of
backbone and side chain interactions, including Lys449 on the
aforementioned Pl-interface loop (Fig. 3B; see also Fig. S1B).

To better understand H type 2 recognition, we also deter-
mined the structure of an H type 2-disaccharide [o-L-fucose-
(1-2)-B-p-galactose] in complex with the GII.10 P domain (Ta-
ble 1). The fucose appeared well ordered, but the galactose
ring was substantially less well defined (Fig. 3C). Apparently
the single observed hydrogen bond to the galactose ring in the
trisaccharide structure was not sufficient to fix the galactose in
the disaccharide structure when not also sandwiched by an
N-acetylglucosamine, as in the H type 2-trisaccharide (Fig. 3).

Overall, the unbound and H type 2-bound structures of
the GII.10 P domain were virtually indistinguishable, except
that in the bound structures, saccharides replace a number
of surface waters. Within the bound H type 2 HBGAs, the
primary interactions were observed to be through the ter-
minal afucosel-2 moiety, which was tightly held by both
hydrophobic and hydrophilic interactions at the P domain
dimer interface and involved the P1-interface loop from one
monomer and the P2 subdomain from another monomer
(Fig. 2A and 3).
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Structure of HBGA Le’-tetrasaccharide bound to the GIL.10
P domain. The Le’-tetrasaccharide HBGA is o-L-fucose-(1-
2)-B-p-galactose-(1-4)-2-N-acetyl-B-p-glucosamine-(3-1)-a-
L-fucose, which is the product of al-3fucosyltransferase on
H type 2-trisaccharide HBGA (see Fig. S2 in the supple-
mental material). Cocrystallization of the GII.10 P domain
with Le” resulted in P2; crystals that diffracted to 1.48 A,
with cell constants virtually isomorphous with those of the
unbound and H type 2-bound crystals (Table 1). Similar to
the H type 2 structure described above, the Le’ complex
structure solution and refinement resulted in a single patch
of electron density, which overlapped with the position of
the afucosel-2 in the H type 2 complex structure (Fig. 2A
and 4A). The Le”-tetrasaccharide was tested in the following
two orientations: either with afucosel-2 or with afucosel-3
placed in the P domain interface. Only the afucosel-2 place-
ment refined well. Refinement led to an R, value of 0.185
(Riree = 0.204) and well-defined density for all of the sac-
charide units (Fig. 4A).

As described for the H type 2 complex structures, the
afucosel-2 of Le’ was fixed by a network of six hydrogen
bonds, i.e., two by Asp385, two by Arg356, one by Asn355, and
one by Gly451, and a Tyr452-hydrophobic interaction, (Fig.
4B; see also Fig. S1B in the supplemental material). The ga-
lactose of Le¥ was fixed by one water-mediated hydrogen bond,
the N-acetylglucosamine by two backbone hydrogen bonds,
and the terminal afucosel-3 by a hydrogen bond to the side
chain of Trp381. Interestingly, the positions of the saccharides,
other than afucosel-2, in Le¥ were quite different from those
in H type 2 (Fig. 5A). In Le?, the galactose kinks up away from
the protein, the N-acetylglucosamine swivels closer to the pro-
tein, and the terminal afucosel-3 ends up being positioned
close to the location of the third saccharide (N-acetylgluco-
samine) from H type 2.

HBGA Le"-tetrasaccharide bound to the GIL.10 P domain as
a single ordered fucose. The Le®-tetrasaccharide HBGA is o-L-
fucose-(1-2)-B-p-galactose-(1-3)-2-N-acetyl-B-p-glucosamine-(4-
1)-a-L-fucose, which is the product of al-4fucosyltransferase on
H type 1-trisaccharide HBGA (see Fig. S2 in the supplemental
material). Cocrystallization of the GII.10 P domain with Le” re-
sulted in C-centered orthorhombic crystals that diffracted to 1.85
A, and structure solution with the unbound GIL.10 P domain
structure revealed the crystals to be in space group C222,, with
three monomers of the P domain in the asymmetric unit (see Fig.
S3B in the supplemental material). These three monomers
formed the previously observed dimer, with the monomer ar-
ranged around a crystallographic 2-fold, so that it also formed the
standard dimer.

Refinement to an R, value of 0.164 (R, = 0.189) revealed
that the molecular dimer and the crystallographic dimer were
virtually identical to each other (RMSD = 0.20 A) and to the
unbound dimer (RMSDs of 0.19 and 0.21 A for the molecular
and crystallographic dimer, respectively). Each of the three inde-
pendent monomers contained a single somewhat poorly ordered
ofucosel-2 (average B value of 49 A?), held in place by the
standard six hydrogen bonds that spanned between two P domain
monomers (Fig. 2A). Notably, other than this single fucose, no
additional saccharides were observed (Fig. 4C and D).

Comparison of the structures of the H type 2-di- and -tri-
saccharide HBGAs indicated that without a third saccharide,
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FIG. 2. Surface comparisons of the GIL10 (PDB ID, 30NU), GIL.12, GIL.4 (PDB ID, 20BR), and GIL.1 (PDB ID, 2ZL5) P domain dimer
structures. The GII HBGA binding sites (black circles in panels A to C) involve a dimeric capsid interface that is formed primarily by the P2
subdomain and includes a Pl-interface loop, whereas the GI HBGA binding site (black circle in panel D) is monomeric, involves only a single P2
subdomain, and makes no contact with the P1 subdomain. (A) The GII.10 P2 subdomain had an amino acid insertion (relative to those of the other
GII sequences), which corresponded to a P2-extended loop. (B) The GII.12 P2 subdomain was somewhat unlike the other two GII surfaces, having
a more pointed P2 subdomain. (C) The GII.4 P2 subdomain was more similar to that of GII.10 but had a less pointed P2 subdomain top surface.
(D) The GL1 P domain appears somewhat flatter than that of the GII structures.
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A H type 2-trisaccharide
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C H type 2-disaccharide

B H type 2-trisaccharide
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FIG. 3. GII.10 P domain and H type 2 (trisaccharide and disaccharide) interactions. The H type 2-tri- and -disaccharide binding site is at the
same location on the P domain and utilizes identical residues to bind the terminal afucosel-2 saccharide. (A) Close-up surface and ribbon
representation of the GIL.10 P domain (colored as described in the legend to Fig. 1B) showing the bound H type 2-trisaccharide (cyan) and electron
density map contoured at 1.0 sigma. (B) GIL.10 P domain and H type 2-trisaccharide hydrophilic and hydrophobic interactions (colored as
described in the legend to Fig. 1B). The HBGA outline was shaded in blue, the black dotted lines represent the hydrogen bonds, the red dotted
line represents the hydrophobic interaction from Tyr452, and the sphere represents water molecules. For simplicity, only the backbone was shown

for residues that were backbone mediated. Hydrogen bond distances were less than 3.2 A, though the majority was ~2.8

A. (C) Close-up surface

and ribbon representation of GIL.10 showing the bound H type 2 disaccharide (cyan) and the electron density map at 1.0 sigma. (D) GIL10 P
domain and H type 2-disaccharide hydrophilic and hydrophobic interactions. ’

the intervening galactose became partially disordered (com-
pare Gal in Fig. 3A and C). Moreover, examination of the
differences between the Le® and Le? chemistries indicated that
the differences of these two could be envisioned as a swapping
of the chemistries around the critical third saccharide ring,
such that the two hydrogen bonds which are made at the first
and second positions of that ring in the well-ordered Le’-
bound HGBA would be disrupted (compare GlcNAc in Fig.
4B and D). Thus, while we could not rule out completely
different potential orientations for the bound Le¥ HBGA, anal-
ysis of the other bound HBGAs indicated that only the

afucosel-2 of Le® could bind in a manner similar to that of Le?,
consistent with the singly ordered fucose that was observed.
Structures of HBGA type A- and B-trisaccharides bound to
the GIL.10 P domain. The type A-trisaccharide HBGA is o-L-
fucose-(1-2)-p-p-galactose-(3-1)-2-N-acetyl-a-D-galactosamine,
whereas the type B-trisaccharide HBGA is the same as type
A, except for a terminal o-p-galactose instead of an N-
acetylgalactosamine [a-L-fucose-(1-2)-B-p-galactose-(3-1)-
a-p-galactose]. Both of these HBGAs have the H type 2-di-
saccharide as a precursor (see Fig. S2 in the supplemental
material). Cocrystallization of the GIL.10 P domain with
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C Leb-tetrasaccharide

D Leb-tetrasaccharide

Argd :‘sé‘}(

FIG. 4. GIL10 P domain and Le¥ and Le® (tetrasaccharide) interactions. The complete Le'-tetrasaccharide easily fits into electron density and
shows extensive hydrogen bonding interactions, whereas only afucosel-2 of Le® can be fit into the observed electron density; these differences in
bound HBGA structure are likely the consequences of different glycosidic bonds on the third saccharide ring (see the text). (A) Close-up surface
and ribbon representation of the GIL.10 P domain showing the bound Le’-tetrasaccharide (green) and the electron density map contoured at 1.0
sigma. (B) GIL10 P domain and Le¥ hydrophilic and hydrophobic interactions (colored as described in the legend to Fig. 1B). (C) Close-up surface
and ribbon representation of the GIL.10 P domain showing the bound Le-tetrasaccharide (blue) and the electron density map at 1.0 sigma.
(D) GIL10 P domain and Le®-tetrasaccharide hydrophilic and hydrophobic interactions. The HBGA subunits that could not be fitted were outlined

in light blue.

types A and B also resulted in P2, crystals that diffracted to
1.48 and 1.28 A, respectively (Table 1). Similar to the struc-
tures described above, type A and B complex structure so-
lutions and refinements resulted in a single patch of electron
density, which overlapped with the position of the
afucosel-2 in the H type 2 complex structures (Fig. 2A).
Placement of the afucosel-2 of types A and B at the P
domain interface allowed for the other two saccharides to be
easily built into the remaining density. Refinement led to
R, orc values of 0.178 and 0.167 (R, = 0.198 and 0.181) for
type A and B bound structures, respectively, and well-de-
fined density for all of the saccharide units (Fig. 6).

In addition to the six hydrogen bonds described above,
afucosel-2 was fixed by another water-mediated hydrogen
bond to Lys449 (Fig. 6B and D). In total, five hydrogen
bonds were contributed by one monomer of the P2 sub-
domain (Asn355, Arg356, and Asp385), and two were con-
tributed by the Pl-interface loop on the other monomer
(Lys449 and Gly451), which also contributed the Tyr452-
hydrophobic interaction (see Fig. S1B in the supplemental
material). For type A, the galactose was fixed by one back-
bone-mediated hydrogen bond to Gly451, and the N-acetyl-
galactosamine by two water-mediated hydrogen bonds to
Glu382. For type B, interactions were virtually identical,
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A GlcNAc Fuc GleNAc  GleNAc  Fue  GleNAc
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FIG. 5. Stereo views of H type 2/Le” and type A/B superposition.
For H type 2 and Le¥ HBGAs, only fucose is positioned similarly,
whereas for type A and B HBGAs, all saccharides are held in practi-
cally identical positions. (A) Stereo view of the H type 2 (cyan) and Le¥
(green), showing the similar orientation of afucosel-2 but the different
positions of the other saccharides. (B) Stereo view of types A and B
(yellow and pink, respectively), showing the similar orientations of
each saccharide.

with the a-D-galactose also fixed by two water-mediated
hydrogen bonds to Glu382.

In contrast to H type 2 and Le”, types A and B bound in
remarkably similar manners, with all atoms of fucose and ga-
lactose superimposing after alignment of P domain, with an
RMSD of less than 0.01 A (Fig. 5B).

Nonsecretor HBGAs Le®- and Le*-trisaccharides were not
observed to. bind to the GIL.10 P domain. The HBGAs Le?-
trisaccharide and Le*-trisaccharide are the product of the «1,3/
4fucosyltransferase, which adds a terminal afucosel-3/4 unit to
the standard galactose-N-acetylglucosamine precursor. These
HBGAs are termed nonsecretors because they lack a
afucosel-2 unit. Cocrystallization of these with the GIL.10 P
domain resulted in monoclinic crystals that diffracted to 1.40
and 1.43 A for Le? and Le*, respectively, and molecular re-
placement and refinement revealed the standard P2, structure
(Table 1), though in both cases, the patch of electron density
was quite weak and no saccharide could be fitted (structures
deposited without HBGA).

Structure of HBGA type B-trisaccharide bound to the
GIIL.12 P domain. Having determined structures of the GIL10
P domain with a panel of HBGAs, we next turned to the GIL.12
P domain. Cocrystallization of the GI1.12 P domain with the
type B-trisaccharide HBGA resulted in C222; crystals that
diffracted to 1.60 A (Table 2). Structure solution and refine-
ment with the unbound GII.12 P domain resulted in a small
patch of electron density, located at the P domain interface
(Fig. 2B). Refinement led to an Ry, value of 0.219 (Rg.. =
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0.237). The fucose appeared very well ordered, while the two
other saccharides were less well defined (Fig. 7A). The fucose
was held in place by the standard six hydrogen bonds that
spanned between two P domain monomers (Fig. 7B). How-
ever, in the case of GII.12, a main-chain hydrogen bond from
cysteine (Cys345) replaced the GII.10 main-chain hydrogen
bond from asparagine (Asn355).

Conservation of the HBGA binding motif in GII norovi-
ruses. The structure of the outbreak GIIL.4 (VA387) strain of
norovirus previously determined with HBGA type A- and B-
trisaccharides closely resembles the GII.10 and GII.12 norovi-
rus structures with HBGAs described here. Taken together,
they reveal a coherent picture of HBGA recognition, domi-
nated by afucosel-2 binding, as observed by Tan et al. (41).

Of the 13 potential hydrogen bonds made by a terminal
fucose, 6 are made by all 3 GII P domains in all 9 different
HBGA P domain structures. These six, which are located in
almost exactly the same places in all HBGA-bound structures,
consist of five from a P2 subdomain and one from the P1-
interface loop on another P domain monomer (Fig. 2A to C).
These extensive contacts are quite specific for afucosel-2, with
afucosel-3 unable to fit. The GIL.10 and GII.4 interactions are
further strengthened by a hydrophobic contact with the side
chains of Tyr452 and Tyr443 on the Pl-interface loop, respec-
tively. Saccharides other than afucosel-2 are attached in di-
verse ways, held in place by a rotating cast of surface residues.

To identify regions of high/low structural conservation, the
six structures of GIL.10 bound to different HBGA were further
analyzed. Per-residue nonhydrogen atoms RMSDs were com-
puted for each pair of structures, and the average RMSD
among all structure pairs for each residue was obtained. The
RMSD values for the GII.10 binding site residues were then
compared to the RMSD values of nonbinding site residues,
with a range of solvent accessibility cutoffs. In all cases, resi-
dues interacting with the different HBGAs were more con-
served structurally as opposed to nonbinding site residues,
though the average RMSD values were generally low for both
sets of residues (see Fig. S4 in the supplemental material).

Sequence conservation of GII noroviruses and compari-
son with GI noroviruses. The conserved GII recognition of
HBGAs requires conservation of interacting residues. To
understand the effect on sequence conservation engendered by
this conserved recognition, we aligned a panel of GII norovirus
sequences onto the atomic-level structures of GIL.10 norovirus
and analyzed conservation of surface residues relative to
HBGA recognition. The residues on the surface of the P do-
main corresponding to the outer surface of the capsid were
substantially less conserved than the inward facing surface
residues (Fig. 8A). On the outer facing surface, two major
regions of high conservation were observed. These overlapped
with the two dimer-equivalent regions that interact with
afucosel-2 of the HBGA (Fig. 8A, middle, and B). Notably,
the residues forming the surface of the P domain that in-
teracts with the peripheral saccharides were generally less
conserved than the afucosel-2-interacting residues (see Fig.
S5 in the supplemental material). Thus, the structure-func-
tion relationships involved in HBGA recognition appear to
be reflected in the conservation of the GII norovirus surface
residues.

To test whether this conservation was indeed a reflection of
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HBGA recognition, we aligned a panel of GI norovirus se-
quences (10) onto the previously determined structures (6) of
GL.1 norovirus in complex with the HBGA type A and type H
saccharides. The residues forming the surface of the GI P
domain corresponding to the outer surface of the capsid were
also substantially less conserved than the inward facing surface
residues (see Fig. S6 in the supplemental material). On the
outer facing surface, two regions of high conservation were
observed. These overlapped with the dimer-equivalent regions
on each monomer that interact with the HBGAs (Fig. S6).
Notably, the surface patch formed by conserved residues in the
GI noroviruses was in a different location than the patch in the
GII noroviruses. In both cases, the sites of sequence conser-
vation related to the regions involved in HBGA recognition,

D B-trisaccharide
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HOH“;‘ 3

Ar;;;%ii{i\{\f/

FIG. 6. GIL.10 P domain and type A and B (trisaccharide) interactions. The GII.10 P domain interacts with type A and B HBGAs in virtually
identical ways. (A) Close-up surface and ribbon representation of the GIL10 P domain showing the bound A-trisaccharide (yellow) and the
electron density map contoured at 1.0 sigma. (B) GII.10 P domain and A-trisaccharide hydrophilic and hydrophobic interactions. (C) Close-up
surface and ribbon representation of the GIL.10 P domain showing the bound B-trisaccharide (pink) and the electron density map at 1.0 sigma.
(D) GIL10 P domain and B-trisaccharide hydrophilic and hydrophobic interactions.

which is in agreement with previous observations (4, 6, 41).
Thus, the structure-function relationships involved in HBGA
recognition appear to be reflected in surface-residue conser-
vation for both GI and GII noroviruses. ‘
The region of high conservation on the GII.10 outer fac-
ing surface included an additional residue, His358, which
was not part of the identified HBGA binding sites (see Fig.
S7 in the supplemental material). In our structures and in
the GII.4 structures determined previously (4), this residue
was observed to make a potential hydrogen bond with the
side chain of Asp385. The conservation of both Asp385 and
His358 suggests that these two residues form a hydrogen
bonding network that may be essential for HBGA binding of
GII viruses. Due to its solvent exposure and adjacency to the
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FIG. 7. GIL12 P domain and B-trisaccharide interaction. The
GIL12 P domain binds afucosel-2 of type B HBGA with hydrogen
bonds similar to those of GIL.10, except that the carbonyl of Cys345
replaces that of Asn355. (A) Close-up surface and ribbon representa-
tion of the GI1.12 P domain (colored as described in the legend to Fig.
1C and shown as a dimer) showing the bound B-trisaccharide (pink)
and the electron density map contoured at 1.0 sigma. (B) GIL12 P
domain and B-trisaccharide hydrophilic interactions. The asterisk on
Arg346 indicates that a hydrogen bond interaction was slightly longer
3.3 A) than the other bonds, usually less than 3.1 A.

Cysdis i

fucose-binding site residues, it may be possible for His358 to
also participate in direct binding interactions with some
HBGAs. Likewise for GII.12, His348 (GII.12 numbering)
was observed to form a similar hydrogen bond with the side
chain of Asp375 (data not shown).

DISCUSSION

Viruses often use genetic variability to escape host recogni-
tion. Such variation, however, is limited by function: the virus
cannot alter functionally critical elements while retaining in-
fectivity. In particular, recognition of host factors, such as
receptors or cofactors, generally requires regions on the outer
surface of the virus to remain conserved. In the case of HIV-1,
interaction with the CD4 receptor requires part of the HIV-1

J. VIROL.

gp120 envelope glycoprotein to remain conserved, and this
same site is recognized by antibody VRCO1, which is able to
neutralize over 90% of circulating HIV-1 isolates (45, 48). In
the case of influenza virus, interaction with the sialic acid
receptor results in conservation of a small surface patch on the
hemagglutinin trimer, and small molecules and antibodies that
target this patch have been less successful at broadly neutral-
izing diverse strains of influenza virus (43, 44). With norovi-
ruses, functional requirements related to HBGA recognition
could potentially require substantial portions of the capsid
surface to remain conserved and thereby serve as sites of vul-
nerability to small molecule- or antibody-mediated neutraliza-
tion.

One way that noroviruses might alter such conservation re-
quirements is by varying their modes of interactions with
HBGA:s. If different noroviruses were to use different modes of
interactions, then different conservation schemes—and en-
hanced variation—would result. Indeed, different modes of
HBGA are observed between the GI and GII genotypes of
human noroviruses (3, 4, 6). The crystal structures obtained
here from rare GII isolates (GIL.10 and GIL.12), however,
show means of HBGA recognition virtually identical to those
of the previously determined outbreak GIL4 structures (4).
These results suggest that within GII, a single mode of recog-
nition occurs.

The size of a HBGA is roughly half the size of an antibody
epitope. If HBGA recognition were to require a conserved
surface of roughly this size, such conservation could lead to
significant vulnerability to antibody-mediated neutralization.
Structure-function analysis of the GIL.10 norovirus with a
panel of HBGAs, however, indicates conserved binding at only
one saccharide unit, terminal afucosel-2, with variable recog-
nition at peripheral saccharide units. Apparently, norovirus
uses variation in human HBGAs, along with flexibility between
saccharide units within each HBGA and variation in amino
acid side-chain stereochemistry, so that the same amino acids
can recognize diverse HBGAs in different ways. This allows the
GII noroviruses to reduce the size of the conserved interaction
surface to residues under a single critical saccharide rather
than the entire HBGA. Nevertheless, this conserved surface
defines a potential site of vulnerability on GII viruses (Fig. 8C)
and may thus present a useful target for therapeutic and/or
vaccine design efforts.

The HBGAs analyzed here represent only a fraction of
known HBGAs (22). Those described here are involved in a
primary major biosynthetic pathway, happen to be commer-
cially available, and were described in a number of previous
papers characterizing norovirus HBGA interactions (11-13,
19, 31, 37, 38). We provide definition for this panel with GII.10
and GIL12 noroviruses, with crystal structures at ~1.5-A res-
olution. The high resolution revealed unexpected details. In
the HBGA with H type 2-trisaccharide, the afucosel-2 refined
as an Bfucose, nuclear magnetic resonance (NMR) analysis of
the commercially obtained trisaccharide shows a mixture of at
least four components, including a pfucose-containing impu-
rity (data not shown). The impurities in the commercially avail-
able HBGAs may also explain some of the inconsistencies
among the different laboratories, as recently reported (39).
Nonetheless, as the afucose-(1-2)-B-p-galactose disaccharide
unit is common to most of the HBGAs analyzed here, the
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FIG. 8. Surface representations of GII amino acid conservation and putative site of vulnerability for GII noroviruses. Antigenic diversity of
noroviruses is seen primarily on the outermost surface of the capsid, although patches of conservation on the top surface are observed. The most
prominent of these patches correspond to the P domain-binding sites of the HBGAs described here. (A) An alignment of GII genotypes was used
to map the amino acid conservation and variability on the GII.10 P domain dimer structure. The color-coded conservation ranged from a deep
purple, represented by highly conserved amino acids, to white, represented by highly variable amino acids. GII conservation was mapped onto a
model of the viral capsid (left), with a zoomed-in P domain dimer outer-facing surface (middle) and a 90° dimer rotation that shows the difference
in conservation of the outer- and inner-facing surfaces (right). The outer-facing surface (top portion) is substantially less conserved, with two major
surface patches of conserved residues overlapping the HBGA binding site. (The highly conserved but nonprotruding portions of the capsid
correspond to the shell domain.) (B) Close-up stereo view of panel A, middle, showing the six different HBGAs bound to the GII.10 P domain.
(C) Surface representation of GII.10 amino acid conservation was obtained as described above and mapped onto the GIL.10 P domain structure.
The identified site of vulnerability (yellow) was defined as the surface area of the following GII.10 residues participating in conserved hydrogen-
bonding interactions with afucosel-2: Asn355, Arg356, Asp385 from one subunit, and Gly451 from the other subunit.

placement of the correct disaccharide unit was clear from other
structures. We note, however, that the density observed for a
Bfucose variant of the H type 2-trisaccharide looked very good,
indicating that Bfucose is accommodated by the norovirus
binding pocket, in addition to the standard afucose.

One reason that the recognition of the HBGAs could be
reduced to a single saccharide unit may relate to the avidity
between norovirus and HBGAs on the cell surface. It is likely
that HBGA affinity correlates with the number of saccharide

units fixed in the norovirus-HBGA interaction, and in some
cases, only a single fucose was fixed. The expected low affinity
between a single fucose and a norovirus virion is unlikely to
provide sufficient affinity for receptor or cofactor function;
interactions between a number of cell-associated fucoses and
multiple binding sites on the polyvalent norovirus capsid, how-
ever, might suffice. Similar avidity considerations have been
observed with influenza, where relatively weak interactions
with sialic acid are sufficient to serve as receptors (33). The
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observed primary binding to afucose along with avidity con-
siderations open up a number of possibilities for norovirus
entry: in addition to HBGAs, for example, the al-2fucosyla-
tion of mucin (see references 32 and 42) may potentially allow
mucin to act as a receptor or cofactor. Indeed, since the rarely
detected GII.10 P domain bound a panel of HBGAs and the
afucosel-2 binding interface was similar to that of the domi-
nant outbreak GII.4 strain, other receptors or cofactors may be
important determinants for genotype prevalence and/or viral
entry.

Our structural analysis strengthens the previous observation
that GII noroviruses recognition of HBGAs requires the pres-
ervation of a conserved binding site across a dimer interface,
which involves interactions with both the P1 and P2 sub-
domains (41). It has been previously suggested that the P2
subdomain is an insertion into P1 and may be the determinant
of strain specificity due to its high variability and surface ex-
posure (30). In contrast, P1 is more conserved and more in-
ternal (30), suggesting that its role as a specificity determinant
may be diminished. Our structures, as well as previously de-
termined GIL.4 complex structures (4), indicate that HBGA
binding involves important contacts with residues on a P1-
interface loop (Fig. 3, 4, 6, and 7). These results indicate that,
in addition to being partially responsible for homodimerization
(30), the P1 subdomain plays a prominent role in recognizing
HBGASs and thus may play a more prominent role in strain
specificity than previously suggested.

Overall, the results provide a framework for understanding
how requirements for HBGA interactions influence norovirus
sequence conservation and lead to a highly conserved site on
the outer surface of the capsid. This highly conserved site is a
potential site of vulnerability for inhibition of virus entry.
Whether small molecule competition with or antibody target-
ing to this conserved site allows for effective norovirus inhibi-
tion of entry remains to be seen. As we observe here, diversity
in HBGA recognition (between different genotypes, different
HBGAS, and different units of each HBGA) and reductions in
required HBGA affinity (through avidity) provide a mecha-
nism for viral reduction in the size of the conserved surface
area while maintaining functional requirements for interac-
tions with the host during entry.
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Structural Basis for Norovirus Inhibition and Fucose Mimicry
by Citrate
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Human noroviruses bind with their capsid-protruding domains to histo-blood-group antigens (HBGAs), an interaction
thought to direct their entry into cells. Although human noroviruses are the major cause of gastroenteritis outbreaks, de-
velopment of antivirals has been lacking, mainly because human noroviruses cannot be cultivated. Here we use X-ray crys-
tallography and saturation transfer difference nuclear magnetic resonance (STD NMR) to analyze the interaction of citrate
with genogroup II (GII) noroviruses. Crystals of citrate in complex with the protruding domain from norovirus GI1.10
Vietnam026 diffracted to 1.4 A and showed a single citrate bound at the site of HBGA interaction. The citrate interaction
was coordinated with a set of capsid interactions almost identical to that involved in recognizing the terminal HBGA fu-
cose, the saccharide which forms the primary conserved interaction between HBGAs and GII noroviruses. Citrate and a
water molecule formed a ring-like structure that mimicked the pyranoside ring of fucose. STD NMR showed the protrud-
ing domain to have weak affinity for citrate (460 uM). This affinity, however, was similar to the affinities of the protruding
domain for fucose (460 M) and H type 2 trisaccharide (390 uM), an HBGA shown previously to be specifically recognized
by human noroviruses. Importantly, competition STD NMR showed that citrate could compete with HBGA for norovirus
binding. Together, the results suggest that citrate and other glycomimetics have the potential to block human noroviruses

from binding to HBGAs.

uman noroviruses, family Caliciviridae, are the dominant
cause of outbreaks of gastroenteritis. Many aspects of human
norovirus replication, however, remain unclear, mainly be-
cause these viruses cannot be grown in cell culture. Transmis-
sion predominately occurs through ingestion of contaminated
foods, airborne transmission, and person-to-person contact.
Medical treatment usually involves orally administered fluids
and electrolyte replacement therapy. Currently, there is no ef-
fective vaccine.

Human noroviruses can be divided into 2 main genogroups
(GI and GII), which can be further subdivided into at least 25
different genotypes (GIL1 to -8 and GIL1 to -17) (26, 57). The
norovirus genome has three open reading frames (ORFs) that
encode nonstructural, capsid, and small structural proteins, re-
spectively. The capsid of human norovirus is composed of two
domains, shell and protruding (P) domains. The shell forms a
scaffold around the RNA, and the dimeric P domain contains
determinants for both antigenicity and receptor binding (25, 43,
51). The P domain is further subdivided into P1 and P2 sub-
domains, where the P1 subdomain interacts with the shell domain
and is buried under the outermost P2 subdomain.

Human noroviruses bind to histo-blood group antigens
(HBGAs), with recognition occurring in the P domain. HBGAs
are complex carbohydrates present on mucosal epithelial cells or
free antigens in blood, saliva, and other fluids (32). X-ray crystal
structures of norovirus P domains in complex with different HB-
GAs have defined distinct binding sites for GI and GII viruses (8,
11, 12, 21); in particular, the HBGA binding site of GIT is located at
the dimeric interface of two P domains, whereas the HBGA bind-
ing site in GI is located within a single P domain (8, 11, 12, 21).

A number of recent studies have shown that natural fruits or
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their constituents, including orange juice, pomegranate juice,
cranberry juice, and grape seed extract, can inhibit and/or reduce
feline calicivirus and murine norovirus infectivity (23, 48-50, 54).
Although there have been no studies to support the idea that nat-
ural fruits or their constituents can prevent human norovirus in-
fections, and data on the mode of inhibition of fruits have been
lacking, the stability of human norovirus virus-like particles over a
pH range of 3 to 7 (3) suggested that the effect might be related to
a specific interaction with compounds in fruits rather than a pH
effect. In this study, we used X-ray crystallography and saturation
transfer difference nuclear magnetic resonance (STD NMR) to
provide atomic-level details on the interaction of citrate and GII
human noroviruses. We show that citrate specifically binds at the
HBGA recognition site of GII noroviruses, and this inhibits P
domain binding of both fucose and HBGA.

MATERIALS AND METHODS

Protein expression, purification, and crystallization of the norovirus P
domain. The norovirus Vietnam026 GII.10 P domain (GenBank acces-
sion no. AF504671) (22) was expressed in Escherichia coli as previously
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described (21). Briefly, a truncated form of the GII.10 P domain was
optimized for E. coli expression, cloned in a modified pMal-c2x vector at
the BamHI and NotI sites (New England BioLabs), and transformed into
E. coli BL21 cells (Invitrogen), and expression was induced with 1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) for 18 h at 22°C. After a
series of purifications and cleavage steps, the P domain was concentrated
to 2 mg/ml and stored in gel filtration buffer (0.35 M NaCl, 2.5 mM Tris
[pH 7.0], 0.02% NaNj;) before crystallization. Crystals of the P domain
were obtained by the hanging-drop vapor diffusion method, with the
mother solution containing citric acid triammonium (0.66 M [pH 6.5])
and isopropanol (1.65% [vol/vol]).

Data collection, structure solution, and refinement. X-ray diffrac-
tion data at a 1.000-A wavelength were collected at the Southeast Regional
Collaborative Access Team (SER-CAT) beamline 22-BM at the Advanced
Photon Source, Argonne National Laboratory, Argonne, IL, and pro-
cessed with HKL2000 (41). Prior to data collection, crystals were trans-
ferred to a cryoprotectant solution consisting of the mother liquor in 30%
ethylene glycol, loop mounted, and flash-cooled in a nitrogen cryostat to
100°K. Structures were solved by molecular replacement with PHASER
(35) by using Protein Data Bank (PDB) code 20BR (11) asa search model.
Structures were refined in multiple rounds of manual model building in
COOT (16) and positional together with TLS refinement in REFMAC
(13) and PHENIX (1).

Structure analysis and figures. Citrate and H type 2 interactions were
determined using Discovery Studio (Accelrys, version v2.5.5.9350). Fig-
ures were rendered using PYMOL (Schroedinger, LLC, version 1.2r3) and
ChemDraw Ultra (Cambridgesoft, version 12.0.2.1076).

STD NMR. All NMR data were recorded at 298°K on a Bruker Avance
600 NMR spectrometer equipped with a cryogenically cooled z-shielded
gradient probe. One-dimensional (1D) STD NMR spectra were acquired
with selective irradiation at —1 and +40 ppm (on and off resonance,
respectively) using a train of 50-ms Gaussian-shaped radio frequency
pulses separated by 1-ms delays and an optimized power level of 57 db.
Water suppression was achieved with a binomial 3-9-19 pulse sequence.
Samples were prepared in 20 mM sodium phosphate buffer containing 50
mM sodium chloride at pH 6.8. The NMR data were processed and ana-
lyzed with Topspin 2.1. STD enhancements were expressed as the STD
amplification factor, Agp, defined as Agrpy = (I — Igap) Ip™t ([L/[P]),
where L, and P are the total ligand and protein concentrations, respec-
tively (34). HBGAs, H type 2 disaccharide [a-L-fucose-(1-2)-B-D-
galactose], and H type 2 trisaccharide [a-1-fucose-(1-2)-B-p-galactose-
(1-4)-2-N-acetyl-B-p-glucosamine] were purchased from V-labs, and
L-fucose was purchased from Sigma-Aldrich. For the citrate experiments,
sodium citrate dihydrate (Sigma-Aldrich) was added to sodium phos-
phate buffer and then titrated at pH 6.85 = 0.1.

Computational citrate docking studies of other saccharide-binding
proteins. Citrate docking analyses were performed against six different
saccharide-binding proteins, including Anguilla anguilla agglutinin (PDB
identification no. 1K12) (5), Aleuria aurantia lectin (PDB identification
no. 1IUC) (19), Streptococcus pneumoniae virulence factor SpGH98 (PDB
identification no. 2J18) (7), Pseudomonas aeruginosa PA-IIL lectin (PDB
identification no. 2JDH) (33), parainfluenza virus 5 hemagglutinin-
neuraminidase (PDB identification no. 1Z4X) (56), and porcine adeno-
virus type 4 galectin domain (PDB identification no. 2WSV) (20). Water
molecules and ligands were removed from the PDB files, with the excep-
tion of one water molecule (HOH 935) in 1Z4X, which is present in both
ligand-free and sialyllactose-bound hemagglutinin-neuraminidase struc-
tures. For 2JDH, the two calcium ions in the fucose binding site were kept,
and the partial charges for the calcium ions were assigned to 1.5 as sug-
gested by previous studies (38). AutoDock4.2 (39) was used as the docking
engine, with the grid files generated by Autogrid4.2 using default param-
eters and centered on the cocrystallized ligands. The citrate molecule was
docked to the three structures using default parameters (ga_pop_size =
150, ga_num_evals = 2,500,000, and ga_run = 50). For each structure,
the docking pose with the lowest estimated free energy of binding among
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the 50 docking runs was selected as the predicted binding pose. For com-
parison, for each complex, the cocrystallized ligand (or the terminal
monosaccharide having the largest contact area with the binding site, if
the cocrystallized ligand was not a monosaccharide) was docked in the
saccharide binding site using the same procedure. Fucose and citrate mol-

-ecules were also docked to the fucose-bound GII.10 P domain (PDB iden-

tification no. 30NY) and the citrate-bound GII.10 P domain, respectively,
for comparison. The water molecule (HOH 135) mediating the interac-
tion between citrate and the protein was present during the citrate dock-
ing analysis.

Protein structure accession number. Atomic coordinate and struc-
ture factors for the citrate-bound GII.10 P domain have been deposited in
the Protein Data Bank under accession no. 3RY8.

RESULTS

X-ray crystal structure of citrate bound to the GIL.10 P domain.
The GII.10 P domain protein could be expressed in E. coli to 2
mg/liter and was purified and prepared for crystallization as pre-
viously described (21). To obtain a GII.10 P domain-citrate com-
plex, we chose a crystallization condition that was similar to our
previously reported GII.10 P domain-HBGA complex conditions
(21), though with the addition of citrate. The GII.10 P domain-
citrate complex formed rectangular plate crystals, and X-ray dif-
fraction data revealed a space group of P2, the same as the previ-
ous GIL.10 P domain-HBGA complexes (21), and strong
diffraction to 1.4 A. Structure solution by molecular replacement
revealed one dimer per asymmetrical unit (Fig. 1A), and refine-
ment led to an R, 0f 0.139 (Rgee = 0.151), with well-defined
density for most of the P domain dimer (Table 1). Electron density
for residues 296 to 299 (chain A) and 296 to 300 and 344 to 351
(chain B) was poor, and these residues were not modeled. Extra
electron density was observed at the HBGA binding site, where a
single citrate molecule was clearly distinguished and refined (Fig.
1B; see Fig. S1 in the supplemental material). The structure of the
GII.10 P domain in complex with citrate was highly reminiscent of
the other known structures (GI.1, GI1.4, and GII.12), where the P1
subdomain contains a single o-helix and the P2 subdomain con-
tains six anti-parallel B-strands that form two anti-parallel
B-sheets (21).

Citrate was highly coordinated by the GII.10 P domain. At a
1.4-A resolution, detailed interactions between citrate and the P
domain could be defined. Seven residues of the P domain, many of
which are conserved and located at the dimer interface, are in-
volved in hydrogen bonding interactions with citrate (Fig. 1B and
C). These include the side chain of Tyr452 and main chain of
Gly451 from one P domain subunit as well as side chains Arg356
and Asp385 and the main chain of Asn355 of a second P domain
subunit. Unique to citrate binding, side chains of Asn342 and
Ser387 make a water-mediated hydrogen bond with the C-5 CO
group of citrate. Superposition of citrate-bound and apo GII.10 P
domain structures indicated that the citrate interaction did not
cause any conformation changes in the GII.10 P domain.

Comparisons of citrate and HBGA interaction with the
GIL.10 P domain. Compared with GII.10 P domains in complex
with HBGAs, we found that citrate essentially mimics the fucose
unit of HBGAs. By using H type 2 di- and trisaccharides as exam-
ples, superposition of the P domains revealed that three carbon
atoms, including C-2, C-3, and the C-3 carboxy carbon, and three
oxygen atoms, including the C-1 and C-3 carboxy oxygens and the
C-3 hydroxyl group of citrate closely overlapped with C-5/C-4/C-
3/0-5/0-4/0O-3 of the terminal a-fucose ring (Fig. 2). In addition,
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FIG 1 Citrate binding to the GIL.10 P domain. (A) X-ray crystal structure of the
GIIL.10 P domain dimer (ribbon structure) and the bound citrate (green sticks).
Each P subdomain is colored differently: i.e., chain A, P1, blue; chain A, P2, light
blue; chain B, P1, violet; and chain B, P2, salmon. (B) Surface representation of the

GII.10 P domain (colored as in panel A) showing the residues (sticks) and water -

molecules (red spheres) interacting with the citrate molecule (green sticks). The
2F-F, density was contoured at 1.0 0. (C) Residues interacting with the citrate
molecule were contributed by both monomers (colored as in panel A), where the
black dotted lines represent the hydrogen bonds, the cyan dots near the citrate
represent the hydrophobic interactions with Ala354, and the red spheres represent
water molecules. For simplicity, only the backbone is shown for residues that were
backbone mediated. Hydrogen bond distances were less than 3.1 A, though the
majority were ~2.8 A.

a water molecule, present in the citrate-bound structure but ab-
sent from the HBGA-bound structures, occupied the site of the
C-2 hydroxyl of fucose (Fig. 2). In this configuration, the citrate
and associated water molecule formed a ring-like structure, mim-
icking the pyranoside ring of fucose. Finally, the comparisons
showed that of the seven residues involved in hydrogen bonding
interactions with citrate, five made almost identical interactions
with their comparable atoms in fucose.
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Characterization of binding of citrate, H type 2 trisaccharide,
and fucose to GI1.10 P domain by STD NMR. Given the remark-
able similarities observed for citrate and fucose binding to the
GIL.10 P domain by crystallography, we sought to characterize in
solution by NMR the binding of GI1.10 P domain with citrate,
HBGAs, and fucose and ultimately to determine their relative
binding affinities and whether they bind competitively.

STD enhancements were observed for methylene protons H2A
and H2B of citrate, consistent with their close proximity to the
protein in the bound state (Fig. 3A). In the crystal structure, these
hydrogens are within van der Waals contact of the methyl of
Ala354 (Fig. 1C). With H type 2 trisaccharide, the most prominent
STD signals that could be assigned corresponded to H-1, H-2, and
H-4 of a-fucose; H-3 of galactose; and H-1, H-2, and N-acetyl of
glucosamine (Fig. 3B). We also characterized binding of mono-
saccharide a/B-fucopyranose, as it also would be used in compe-
tition STD NMR experiments. As seen in Fig. 3C, binding of both
anomers was observed, with H-1, H-2, and H-4 of a-fucose versus
H-2, H-4, and H-5 of B-fucose showing the strongest enhance-
ments. Although natural H type 2 HBGAs contain a-Fuc(1-2)Gal
and not B-Fuc, it is interesting that the HBGA binding site of
norovirus can bind both. By NMR, we observed binding of « and
B forms of the monosaccharide (Fig. 3C) as well as synthetic H
type 2 trisaccharide a/B-Fuc(1-2)B-Gal(1-4)B-GlcN (Fig. 3B)
and H type 2 disaccharide «-Fuc(1-2)B-Gal(1-4) (data not
shown), and by crystallography, binding of synthetic H type 2

TABLE 1 Data collection and refinement statistics for structures of the
GII.10 Vietnam026 norovirus P domain?®

Value(s) for citrate
(026_citrate; PDB
accession no.

Parameter 3RY8)¥
Data collection
Space group P2,
Cell dimensions
a, b, c(A) 63.76, 79.81, 69.60
o By (%) 90, 96.84, 90
Resolution (&) 50-1.40 (1.45-1.40)
Reym 7.3 (30.5)
I/ol 18.7 (3.2)
Completeness (%) 99.9 (99.6)
Redundancy 3.7 (3.2)
Refinement
Resolution range (A) 31.98-1.399
No. of reflections 131,576

Revori/ Reree 0.1388/0.1506
No. of atoms:
Total 5,587
Protein 4,722
Ligand/ion 57
Water 808
B-factors
Protein 18.3
Ligand/ion 19.2
Water 30.2
RMSD
Bond length (A) 0.011
Bond angle (°) 1.393

@ Each data set was collected from a single crystal.
b Values in parentheses are for the highest-resolution shell.
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FIG 2 The HBGA and citrate binding site overlapped on the top of the GII.10 P domain. (A) The citrate molecule (green sticks) bound at the HBGA binding site;
shown here are the bound H type 2 di- and trisaccharides (orange and cyan sticks, respectively). (B) Close-up of the black square in panel A, showing the H type
2 disaccharide [a-L-fucose(1-2)-B-D-galactose] and H type 2 trisaccharide [B-L-fucose(1-2)-B-D-galactose(1-4)-2-N-acetyl-B-D-glucosamine].

trisaccharide B-Fuc(1-2)B-Gal(1-4)B-GlcN was observed, in ad-
dition to binding of other HBGAs containing the a-Fuc(1-2)8-
Gal linkage (21). Finally, it is interesting to note that a similar
mode of citrate binding was observed for the soluble GII.12 P
domain (see Fig. S2 in the supplemental material).

Affinity of citrate, H type 2 tri- and disaccharides, and
L-fucose to the GII.10 P domain. We used single-ligand titration
STD NMR experiments to determine the K, (equilibrium disso-
ciation constant) of citrate binding to the GII.10 P domain (Fig.
4A) (2). STD amplification factors (Agrp) (34) were calculated by
integrating the signal at 8y 2.54 ppm in difference and corre-
sponding reference spectra. Initial growth rates (Aggrp) were ob-
tained by measuring the effect on Agyp as a function of various
saturation time (%) and fitting the data to the equation Agrp, =

L1 — exp(—kty,,)] for each concentration (300, 600, 900,

1 200 “and 1,500 uM) of the ligand. The K}, of citrate was in turn
measured as 460 * 80 uM by fitting Aygrp values as a function of
ligand concentration using the equation y = B, ,./(K, + x), where
xistheligand concentration and B, represents the plateau of the
curve (Fig. 4) (2, 37). For H type 2 trisaccharide, the STD enhance-
ments for the N-acetyl signal were sufficiently strong to allow for
accurate integration, even at very short saturation times (0.1 s);
thus, a Kp, value of 390 = 70 uM could be determined directly by
fitting Agrp values as a function ofligand concentration (40) (Fig.
5). Kp values for fucose and H type 2 disaccharides were in turn
obtained from single point competition STD experiments as de-
scribed previously (36) to give values of 460 £ 10 and 420 = 40
1M, respectively (see Fig. S3 in the supplemental material).

Competition of HBGAs and citrate with the GIL.10 P domain.
To confirm the overlapping mode of binding observed in the crys-
tal structure of citrate and fucose of H type 2 ligands, Agrp, values
of L-fucopyranose and H type 2 trisaccharide were monitored
while titrating citrate to the samples. As seen in Fig. 4E, addition of
citrate to a sample of P domain-H type 2 trisaccharide diminishes
the trisaccharide signals in a concentration-dependent manner,
indicating that citrate directly competes with the trisaccharide for
P domain binding, giving a K; of 600 * 20 uM. Upon addition of
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citrate, the pH of the solutions was found to remain constant (pH
7.2 * 0.1), indicating that the competition was a direct result of
citrate binding rather than pH. The same effect was observed in
STD competition experiments with L-fucose (data not shown).
Importantly, the reverse set of experiments showed that HBGAs
can compete with citrate for P domain binding (data not shown),
indicating that the P domain is unaffected by the presence of ci-
trate. Together, these results conclusively demonstrate molecular
mimicry between citrate and fucose of HBGAs.'

DISCUSSION

Despite the discovery of human norovirus nearly 40 years ago
(27), little is known about the capsid interaction with ligands (18,
44) other than HBGAs (8, 11, 12, 15, 21, 45). Our finding that
citrate binds at the terminal fucose binding site was somewhat
unexpected, given that the structure of citrate is unlike the struc-
ture of fucose and considering that the GII.10 P domain could not
bind HBGAs having an a-fucosel-3/4 saccharide (21). In an ear-
lier enzyme immune assay study, Feng et al. screened ~5,000
compounds (the Diversity screening set; Timtec, Inc.) for their
ability to block GI and GII norovirus virus-like particles (VLPs)
from binding to saliva samples of known HBGA type (18). They
found 14 compounds that had strong inhibition; however, the
mode of action was not determined. In a more recent NMR study,
Rademacher et al. screened ~500 compounds (the Maybridge
Ro5 fragment library; Thermo Fisher Scientific, Inc.) for their
ability to bind to a GIL.4 VLP HBGA binding site (44). They
showed that both univalent and multivalent compounds were ca-
pable of binding to the HBGA binding site. Interestingly, for both
studies, the compounds that showed the highest affinities in-
cluded compounds with at least one ring component. Taken to-
gether, these studies indicated that the HBGA binding site was
capable of binding numerous compounds other than HBGAs,
ranging from the small (smallest) citrate molecule to larger mul-
tivalent compounds.

For over a decade, the GIL.4 noroviruses have remained as the
dominant genotype of outbreaks of gastroenteritis around the
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FIG 3 STD NMR spectra for citrate, H type 2 trisaccharide, and L-fucose bound to the GII.10 P domain. STD (lower) and reference (upper) spectra of (A) citrate
(1.2 mM), (B) H type 2 trisaccharide (1.2 mM), and (C) L-fucose (mixture of o and 8 anomers) (1.2 mM) in the presence of the GIL.10 P domain (15 uM).
Nonoverlapping protons that exhibit STD enhancements are labeled and color coded by sugar residue, and signals for -Fuc are red. One group of overlapping

signals appears in italics.

world and as such the most well studied. Most studies agreed that
a dominant GIL.4 norovirus was replaced the following year or
next by a new GII.4 “variant” norovirus that had ~5% amino acid
change in the capsid gene (6, 9, 10, 30, 31, 47). The reason that the
GI1.4 variants dominated and not some other genotype was un-
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known, but studies have shown specific mutations at or surround-
ing the HBGA binding site were capable of altering the HBGA
binding patterns (15, 30, 31, 52). These small changes were
thought to.lead to new GII.4 variants capable of causing pandem-
ics, analogous to influenza A virus evolution (14, 29). Despite
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FIG 4 Binding affinity of citrate and HBGAs to GII.10 P domain by STD NMR. Data were used to obtain the K, for citrate and H type 2 trisaccharide (Trisach)
binding to GII.10 P by single-ligand titration STD NMR experiments (2). (A) Effect on STD enhancement (expressed as Agrp) (34, 37) as a function of saturation
time (#,,,) and ligand concentration; (B) stacked plots of spectra for 1.5 mM citrate as a function of ., (y axis); (C) Langmuir binding curve used to obtain the
Kp from the initial slope of Agrp, as a function of citrate concentration. (D) Stacked plot of various citrate concentrations (f,,,, 2 s, 15 uM protein); (E)
competition STD spectra of H type 2 trisaccharide (top), citrate (middle), and 1:2 H type 2 trisaccharide-citrate (0.75:1.5 mM; bottom) used to calculate the K;

of citrate (36).

these amino acid changes, few if any occurred at the fucose-
binding site, thus highlighting the common site of vulnerability
for GII noroviruses, especially for the pandemic GII.4 variant
noroviruses. It is not known if the GI noroviruses will bind
citrate given that the GI and GII P domain interactions with
HBGAs were different, but since GI.1 P domain interacted with
a-fucosel-2 and it was reported that the HBGA binding site
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was conserved among GI noroviruses (12), we suspect that GI
noroviruses may also bind citrate, although further structural
studies are needed.

Our unexpected finding that citrate and fucose have similar
binding modes to the norovirus GII.10 P domain raises the
question of whether such citrate mimicry of monosaccharide
binding could be a general phenomenon or whether it is spe-
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FIG 5 Binding affinity of H type 2 trisaccharide to the GII.10 P domain (left) effect on STD enhancement, expressed as Agry, as a function of trisaccharide
concentration in the presence of 15 uM GII.10 P domain. t., = 0.1 s. Curve fitting (described in the text) provides the K}, value. (Right) Stacked STD NMR
spectra showing the change in enhancement of the nonoverlapped N-acetyl proton signals as a function of increasing concentration of H type 2

trisaccharide (40).

cific to norovirus and other caliciviruses. To investigate this, we
performed in silico docking studies of citrate against four dif-
ferent fucose-binding proteins (Anguilla anguilla agglutinin,
Aleuria aurantia lectin, Streptococcus pneumoniae virulence
factor SpGH98, and Pseudomonas aeruginosa PA-IIL lectin)
and two other saccharide-binding proteins (parainfluenza vi-
rus 5 hemagglutinin-neuraminidase and porcine adenovirus
type 4 galectin domain), for which fucose or other saccharide-
bound crystal structures were available (see Table S1 in the
supplemental material). Computational docking analyses re-
veal different levels of citrate mimicry of monosaccharide
binding for other saccharide-binding proteins. For Anguilla
anguilla agglutinin, citrate, in its predicted binding pose, over-
lapped with the C-5, C-4, C-3, O-5, O-4, and O-3 atoms of
fucose in a similar way to what was observed in the GII.10 P
domain (Table S1), while forming hydrogen bonds with the
same sets of protein residues as fucose (see Fig. 54 in the sup-
plemental material). Citrate was thus predicted to show a high
degree of mimicry to fucose, similarly to our experimental
findings for the GII.10 P domain. For the other three fucose-
binding proteins, citrate, in its predicted binding poses, did not
overlap with the cocrystallized fucose, although it still formed
the same sets of polar interactions as the cocrystallized fucose
(see Fig. S5 to S7 in the supplemental material). Hence, our
docking studies suggest that the mimicry between citrate and
fucose binding observed for the GII.10 P domain could be a
common, although not universal, phenomenon across other
fucose-binding proteins. For all six fucose- and other
saccharide-bound proteins for which docking was performed,
the predicted citrate binding poses were able to form polar
interactions with the same sets of protein residues as the co-
crystallized ligand see (Fig. $4 to S9 in the supplemental mate-
rial), indicating that citrate might be generally useful as a scaf-
fold for designing glycomimetic inhibitors against these and
other saccharide-interacting pathogens. Furthermore, a search
of the ZINC database (4) revealed that there are more than
three thousand compounds with at least 50% similarity to ci-
trate. Thus, in silico screening of this database may present a
promising approach for identifying small molecules that bind
to saccharide-binding proteins. We note, however, that the
predicted binding pose of citrate docked to fucose-bound
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GII1.10 P domain had a root mean square deviation (RMSD) of
3.60 A, while the predicted binding pose of citrate docked to
citrate-bound GII.10 P domain with the cocrystallized water
molecule had an RMSD of 1.87 A. This indicates that the re-
sulting docking modes could be error prone. Given that calcu-
lating small molecule-receptor binding energies is a difficult
and error-prone task (24, 46), ultimately experimental valida-
tion would be necessary to confirm the generality of the citrate-
saccharide mimicry predicted here.

The STD NMR data provided strong evidence that the integrity
of the GII.10 P domain remained unchanged in the presence of
different concentrations of citrate buffer and since the pH of the
citrate buffer remained more or less the same during the titration,
a specific effect of citrate was responsible for the reduction in
HBGA attachment. Although the K, values of citrate and H type 2
trisaccharide for the GII.10 P domain are in the range of 360 to 490
1M, these relatively weak affinities are typical for univalent
protein-carbohydrate interactions (17, 28). Given that 90 copies
of dimeric P domains are present on norovirus capsid, it is plau-
sible that a multivalent version of citrate- or fucose-like ligands
would greatly enhance affinities and provide a starting point for
norovirus inhibitors. Indeed, Rademacher et al. show that multi-
valent fucose-like compounds have increased avidity over their
univalent counterparts (44).

In conclusion, we have described the structural basis by which
citrate binds to the HBGA binding site of the norovirus GIL.10 P
domain and can in turn inhibit HBGA binding. Natural compounds,
such as juice from lemons and limes, which contain ~300 mM citric
acid (42), may already reduce or inhibit norovirus infections, as sug-
gested by a number of recent studies (23, 4850, 54). In regard to this,
it is tempting to speculate that a few drops of lemon juice with one’s
oysters might reduce norovirus infection. Epidemiological studies on
the ingestion of foods high in citrate and norovirus infection may be
illuminating, as may be correlations with related glycomimetics—
e.g., with ascorbic acid (vitamin C). Controlled possibly volunteer
studies should also provide an accurate assessment of norovirus in-
hibition. Additional compound screening will likely be required to
identify a universal norovirus inhibitor with high potency and broad
reactivity, and the structural basis for norovirus interaction with ci-
trate as revealed here may be helpful in such efforts.
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