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ABSTRACT

Human polyomavirus 9 (HPyV9) is a closely related homologue of simian B-lymphotropic polyomavirus (LPyV). In order to
define the architecture and receptor binding properties of HPyV9, we solved high-resolution crystal structures of its major cap-
sid protein, VP1, in complex with three putative oligosaccharide receptors identified by glycan microarray screening. Compari-
son of the properties of HPyV9 VP1 with the known structure and glycan-binding properties of LPyV VP1 revealed that both
viruses engage short sialylated oligosaccharides, but small yet important differences in specificity were detected. Surprisingly,
HPyV9 VP1 preferentially binds sialyllactosamine compounds terminating in 5-N-glycolyl neuraminic acid (Neu5Gc) over those
terminating in 5-N-acetyl neuraminic acid (Neu5Ac), whereas LPyV does not exhibit such a preference. The structural analysis
demonstrated that HPyV9 makes specific contacts, via hydrogen bonds, with the extra hydroxyl group present in Neu5Gc. An
equivalent hydrogen bond cannot be formed by LPyV VP1.

IMPORTANCE

The most common sialic acid in humans is 5-N-acetyl neuraminic acid (Neu5Ac), but various modifications give rise to more
than 50 different sialic acid variants that decorate the cell surface. Unlike most mammals, humans cannot synthesize the sialic
acid variant 5-N-glycolyl neuraminic acid (Neu5Gc) due to a gene defect. Humans can, however, still acquire this compound
from dietary sources. The role of Neu5Gc in receptor engagement and in defining viral tropism is only beginning to emerge, and
structural analyses defining the differences in specificity for Neu5Ac and Neu5Gc are still rare. Using glycan microarray screen-
ing and high-resolution protein crystallography, we have examined the receptor specificity of a recently discovered human
polyomavirus, HPyV9, and compared it to that of the closely related simian polyomavirus LPyV. Our study highlights critical
differences in the specificities of both viruses, contributing to an enhanced understanding of the principles that underlie patho-
gen selectivity for modified sialic acids.

Polyomaviruses (PyVs) are nonenveloped, double-stranded
DNA viruses that can infect a large range of mammalian spe-

cies and birds. Their viral genome typically encodes two regula-
tory proteins, the small and large T antigens, and three structural
proteins, VP1, VP2, and VP3. The structural proteins assemble
into a T�7d icosahedral shell that encapsidates the viral DNA (1).

Since their discovery 6 decades ago, polyomaviruses have
emerged as highly useful models to understand the molecular
events leading to cellular transformation and cancer. The human
polyomaviruses JCPyV (2) and BKPyV (3) were discovered in
1971 and subsequently shown to be associated with progressive
multifocal leukoencephalopathy and polyomavirus-associated
nephropathy, respectively. Remarkably, 10 new human polyoma-
viruses have been identified in the last 6 years (4–14). One of these,
Merkel cell polyomavirus (MCPyV), is the causative agent of
Merkel cell carcinoma, a rare neuroendocrine tumor of the skin
(6). Infection with another recently identified polyomavirus can
lead to trichodysplasia spinulosa, which, while not life threaten-
ing, causes significant disfigurement (8). This disease is seen al-
most exclusively in transplant recipients immunosuppressed with
drugs such as cyclosporine (15).

Human polyomavirus 9 (HPyV9) was identified in 2011 from
the serum and urine of an asymptomatic kidney transplant patient
(9) and a skin sample of a patient with Merkel cell carcinoma (10).

HPyV9 has a high overall nucleotide sequence identity (76%) with
B-lymphotropic polyomavirus (LPyV), which is also sometimes
referred to as African green monkey polyomavirus (AGMPyV).
Although, the role of HPyV9 in human disease has not yet been
established, the isolation and identification of HPyV9 have re-
solved the puzzling finding of the serological cross-reactivity
against LPyV in 20 to 30% of apparently healthy humans (16–20).
Antibodies against polyomaviruses are mostly elicited against
their apical surface, formed by the viral major capsid protein, VP1
(21–23). HPyV9 VP1 has 87% amino acid identity with LPyV VP1
(9, 10). It has therefore been hypothesized that these viruses share

Received 25 November 2013 Accepted 10 March 2014

Published ahead of print 19 March 2014

Editor: M. J. Imperiale

Address correspondence to Ten Feizi, t.feizi@imperial.ac.uk, or Thilo Stehle,
thilo.stehle@uni-tuebingen.de.

* Present address: Ursula Neu, MRC National Institute of Medical Research,
London, United Kingdom.

Z.M.K. and Y.L. contributed equally to this article.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.03455-13

6100 jvi.asm.org Journal of Virology p. 6100 – 6111 June 2014 Volume 88 Number 11

http://dx.doi.org/10.1128/JVI.03455-13
http://jvi.asm.org


immunogenic epitopes for antibody engagement (9, 10, 19, 20)
and perhaps also other properties.

VP1 is the major polyomavirus capsid protein, and a collection
of available VP1 structures from different polyomaviruses shows
that the protein adopts a jelly roll fold and assembles into a homo-
pentamer around a central cavity (24–31). While the pentameric
core structure is conserved in all VP1 proteins, these structures
from different polyomaviruses exhibit substantial differences in
the sequence, length, and conformation of their surface-exposed
loops. These highly variable regions contain the sites for receptor
engagement (25–27, 29) as well as antibody binding (21–23, 32).
All human polyomavirus VP1 structures known to date engage
glycans terminating in 5-N-acetyl neuraminic acid (Neu5Ac) as
receptors (27, 29–31), with, in some cases, drastically different
interactions taking place.

Whereas humans cannot synthesize a modified version of
Neu5Ac, 5-N-glycolyl neuraminic acid (Neu5Gc), most other
mammals can produce both Neu5Ac and Neu5Gc (33, 34). Hu-
mans can, however, acquire Neu5Gc from the red meat and milk
in their diets. Assimilated Neu5Gc is therefore found in the hu-
man gut epithelium and kidney vasculature (35–37). Some viruses
and bacteria can discriminate between the subtle differences of
neuraminic acid variants and are able to specifically recognize
only one of them, an ability which, in turn, influences their host
range. For example, the polyomavirus simian virus 40 (SV40)
preferentially binds to the Neu5Gc version of its GM1 ganglioside
receptor (38), and this specificity is thought to limit SV40 infec-
tions in humans. On the other hand, the closely related human
BKPyV exclusively recognizes receptors containing Neu5Ac but
not those containing Neu5Gc (30). Similarly, animal rotavirus
strains have variable preferences for Neu5Gc or Neu5Ac. The por-
cine and bovine rotaviruses prefer Neu5Gc as a component of
their attachment receptor, whereas the rhesus monkey rotavirus
apparently utilizes Neu5Ac-type receptors for infection (39). Fi-
nally, the subtilase cytotoxin secreted by Shiga-toxigenic Esche-
richia coli (STEC) specifically recognizes Neu5Gc-type glycan re-
ceptors in the human gut epithelium and kidney vasculature (35).

In order to define the receptor-binding specificity of HPyV9,
we performed glycan microarray screening with recombinant
HPyV9 VP1 and LPyV VP1. We also solved the crystal structure of
HPyV9 VP1 in complex with relevant oligosaccharides containing
Neu5Gc and Neu5Ac identified in the array, namely, Neu5Gc-
�2,3-Gal-�1,4-GlcNAc (3GSLN) and Neu5Ac-�2,3-Gal-�1,4-
GlcNAc (3SLN), and also with the sialyllactose Neu5Ac-�2,3-Gal-
�1,4-Glc (3SL). A comparison of the structure of HPyV9 VP1 with
that of LPyV VP1 when the proteins were in complex with
Neu5Ac-containing glycan ligand (31) identified subtle differ-
ences in the binding site, which result in altered interactions with
the different sialic acids present in the oligosaccharide structures.
Furthermore, a comparison of the atomic structures of the VP1
proteins from HPyV9, LPyV, and MCPyV provides a basis for
understanding properties such as antigenic variability and the se-
rological cross-reactivity among these three viruses.

MATERIALS AND METHODS
DNA cloning and protein expression. HPyV9 VP1 DNA (GenBank ac-
cession number HQ696595.1) was synthesized for expression in E. coli as
described previously (19). The DNA fragment encoding protein residues
31 to 304 was amplified by PCR and was subsequently cloned into the pET
28a(�) expression vector (Novagen) downstream of a hexahistidine tag

and a thrombin cleavage site. The protein was overexpressed in E. coli
BL21(DE3) cells and purified by nickel affinity chromatography (GE
Healthcare) and size exclusion chromatography on a Superdex 200 col-
umn (GE Healthcare). For crystallization, the untagged protein was ob-
tained by incubation of the immobilized protein with thrombin. Recom-
binant VP1 contained four additional vector-encoded residues (Gly-Ser-
His-Met) at the N terminus. Also, in the absence of a reducing agent and
at a protein concentration of 0.5 mg/ml, the protein was allowed to form
covalent dimers of pentamers, mediated by disulfide bonds involving the
five cysteines at the bottom of the pentamer. Size exclusion chromatogra-
phy on a Superdex 200 column (GE Healthcare) was used to obtain ho-
mogeneous dimers of pentamers that were concentrated to 4 mg/ml and
stored in 20 mM HEPES (pH 7.5), 150 mM NaCl at �80°C. HPyV9 VP1
with an N282V point mutation was generated using mutagenic PCR and
purified using the same protocol.

Synthesis of 3GSLN. CMP-Neu5Gc was synthesized from Neu5Gc
and CTP using the recombinant CMP-Neu5Ac synthetase (construct
NSY-05) from Neisseria meningitidis (40). 3GSLN was synthesized from
CMP-Neu5Gc and N-acetyllactosamine using the recombinant Cst-I
�-2,3-sialyltransferase (construct CST-06) from Campylobacter jejuni
(41). The synthesized 3GSLN was purified by size exclusion chromatog-
raphy on a Superdex peptide column (10 mm by 30 cm; GE Healthcare)
using 20 mM NH4CO3 as the eluent.

Glycan microarray screening. Microarrays comprised lipid-linked
oligosaccharide probes robotically printed on nitrocellulose-coated glass
slides using a noncontact instrument (42, 43). For the present study, an
array set of 28 glycan probes (most are ganglioside related; in-house des-
ignation, ganglioside dose-response microarray set 2) was used. The
probes are listed in Table 1 and were arrayed at four levels: 0.3, 0.8, 1.7, and
5.0 fmol/spot. The microarray analysis was performed essentially as de-
scribed previously (27, 31). In brief, microarrays were blocked in 5 mM
HEPES (pH 7.4), 150 mM NaCl, 3% (wt/vol) bovine serum albumin
(BSA; Sigma), and 5 mM CaCl2 (referred to as HBS-BSA). HPyV9 VP1
(the wild type [wt] and the N282V mutant) and LPyV VP1 were tested as
protein-antibody complexes that were prepared by preincubating VP1
with mouse monoclonal antipolyhistidine and biotinylated anti-mouse
IgG antibodies (both from Sigma) at a ratio of 4:2:1 (by weight) and
diluted in HBS-BSA to provide a final VP1 concentration of 150 �g/ml.
Binding was detected with Alexa Fluor 647-labeled streptavidin (Molec-
ular Probes). Microarray data analysis was as described previously (44).

Protein crystallization. The dimers of HPyV9 VP1 pentamers were
crystallized at 20°C by hanging-drop vapor diffusion against a reservoir of
20% (vol/vol) isopropanol, 0.2 M calcium chloride, 0.1 M sodium acetate,
pH 5.15. The crystals were harvested into the respective reservoir solution
supplemented with 25% (vol/vol) ethylene glycol as a cryoprotectant and
directly flash frozen in liquid nitrogen. For the liganded structures, crys-
tals were soaked in a reservoir solution including 40 mM sialyloligosac-
charide ligands for 40 min. 3SL and 3SLN were purchased from Dextra,
United Kingdom, and Carbosynth, United Kingdom, respectively.
3GSLN was custom synthesized as described above. The crystals were
cryoprotected in soaking solution supplemented with 25% (vol/vol) eth-
ylene glycol before freezing them in liquid nitrogen.

Structure determination. All data were collected at �180°C using a
wavelength of 1 Å at beam lines ID14-4 at ESRF (Grenoble, France) and
X06DA at SLS (Villigen, Switzerland). The diffraction data were processed
with the XDS program package (45), and the native structure was solved
by molecular replacement with the MOLREP program (46) in the CCP4
suite using the core region of the LPyV VP1 pentamer (PDB accession
number 4MBX) as a search model. Refinement was initially performed
with PHENIX software (rigid body, simulated annealing, and restrained
coordinate refinement) (47) and subsequently with the Refmac5 program
(48). The structures were completed by iterating rounds of model build-
ing in the Coot program (49) and with restrained coordinate and B factor
as well as TLS refinement in Refmac5. TLS parameters were generated
using the TLSMD server (50). The asymmetric unit contains two com-
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TABLE 1 Probes included in ganglioside dose-response microarray set 2 and their sequencesa

a The oligosaccharide probes are all lipid linked and are from the collection assembled in the course of research in Glycosciences Laboratory. Cer, natural glycolipids with various ceramide
moieties; DH, neoglycolipids (NGLs) prepared from reducing oligosaccharides by reductive amination with the amino lipid 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE).
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plete VP1 pentamers, and noncrystallographic symmetry restraints were
used throughout the refinement for the bulk of the protein. Ligands were
fitted into weighted difference electron density maps at contour levels of
3� and subsequently refined using the CCP4 library and user-defined
restraints. Ligands were bound to either 4 or 5 binding sites per pentamer.
The final models agree well with the experimental data and have good
geometry (Table 2). Figures showing the X-ray structures were prepared
with the PyMOL program (Schrödinger, LLC.).

Protein structure accession numbers. Coordinates and structure fac-
tor amplitudes have been deposited in the Protein Data Bank (PDB) un-
der accession numbers 4POQ for unliganded VP1 and 4POR, 4POS, and
4POT for VP1 bound to 3SL, 3SLN, and 3GSLN, respectively.

RESULTS
HPyV9 preferentially binds short, linear glycan sequences ter-
minating in Neu5Gc. We hypothesized that HPyV9 might inter-
act with sialic acids on the basis of its similarity to LPyV, which
binds to sialylated oligosaccharides (31). However, the residues in
the sialic acid binding region of the LPyV VP1 are less conserved in

HPyV9 of VP1. This variability in the binding site would be espe-
cially interesting with respect to Neu5Ac and Neu5Gc binding by
a pair of highly homologous viruses that have been isolated from
humans and monkeys. We therefore performed comparative gly-
can microarray analysis using recombinantly expressed HPyV9
and LPyV VP1 pentamers using an array comprised of 28 lipid-
linked oligosaccharide probes (Table 1). The microarray included
23 ganglioside-related probes (glycosylceramides and neoglyco-
lipids), as well as neoglycolipids of sialyl-N-acetyllactosamine ter-
minating in either Neu5Ac or Neu5Gc (designated 3SLN and
3GSLN, respectively) and three pentasaccharides from human
milk (lactoseries sialyl tetrasaccharides LSTa, LSTd, and LSTc).
The 3SL.DH probe, the neoglycolipid version of glycosylceramide
GM3, was not included in the array. Each glycan probe was ar-
rayed at four levels ranging from 0.3 to 5 fmol per spot in the form
of liposomes (42).

The VP1 proteins of HPyV9 and LPyV were overlaid onto the

TABLE 2 Data collection and refinement statistics

Parameter

Valuea

VP1 VP1-3SL VP1-3SLN VP1-3GSLN

Data collection statistics
Space group P212121 P212121 P212121 P212121

Unit cell dimensions
a, b, c (Å) 97.33, 180.09, 199.39 97.01, 180.40, 199.66 96.91, 180.63, 199.42 103.40, 177.65, 198.65
�, �, 	 (°) � � � � 	 � 90 � � � � 	 � 90 � � � � 	 � 90 � � � � 	 � 90

Resolution (Å) 50–2.00 (2.05–2.00) 50–2.09 (2.14–2.09) 50–2.00 (2.05–2.00) 50–2.10 (2.15–2.10)
Total no. of reflections 802,267 (58,665) 645,464 (43,686) 737,257 (47,697) 812,743 (62,074)
No. of unique reflections 226,820 (16,603) 204,785 (14,851) 230,735 (16,974) 211,585 (15,585)
Redundancy 3.5 (3.5) 3.2 (2.9) 3.2 (2.8) 3.8 (4.0)

I�/�
I� 11.1 (2.1) 8.4 (1.9) 10.0 (2.0) 10.5 (2.2)
Completeness (%) 96.2 (95.9) 99.0 (97.9) 98.0 (98.0) 99.4 (99.6)
Rmeas (%) 11.0 (78.1) 14.8 (77.9) 12.4 (75.2) 15.1 (80.7)
Wilson B factor (Å2) 30.4 29.4 28.3 28.3

Refinement statistics
Rwork (%) 19.6 17.8 17.9 18.4
Rfree

b (%) 23.6 21.6 21.3 22.4
Coordinate errorc (Å) 0.26 0.25 0.24 0.25
No. of atoms:

Protein 20,822 20,644 20,734 20,686
Oligosaccharide 387 414 470
Water 1,885 2,364 2,523 2,395
Othersd 94 182 170 166

Avg B factors (Å2)
Protein atoms 27.4 27.3 26.6 25.8
Oligosaccharide 35.8 35.2 30.2
Water 30.9 29.9 29.1 29.3
Othersd 38.9 35.6 36.8 35.5

RMSD
Bond length (Å) 0.008 0.008 0.008 0.008
Bond angle (°) 1.26 1.23 1.21 1.22

Ramachandran plote (%)
Favorable 95.76 96.10 96.32 96.07
Allowed 4.24 3.90 3.68 3.93
Outlier 0 0 0 0

a Data for the highest-resolution shell are shown in parentheses. A single crystal was used for each data set.
b Five percent of total reflections were used to calculate Rfree.
c Coordinate error by Luzzati plot was calculated using the sfcheck program in the CCP4 suite.
d Others include the substances used for crystallization, i.e., isopropanol, calcium, and ethylene glycol.
e Calculated using the MolProbity server (http://molprobity.biochem.duke.edu/).
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microarrays after precomplexing with mouse anti-His and biotin-
ylated anti-mouse IgG antibodies. This process resulted in in-
creased multivalency of the protein and usually enabled detection
of low-affinity ligands on the array surface. The VP1s of HPyV9
and LPyV showed similar binding profiles overall: highly selective
binding to 3SLN.DH (probe 24) and 3GSLN.DH (probe 25) (Fig.
1). The signal intensities with HPyV9 VP1 were higher than
those with LPyV VP1 under identical assay conditions. In par-
allel experiments, when the VP1s were analyzed without pre-
complexation, HPyV9 VP1 gave robust binding results that
were almost identical to those obtained with the precomplexed
protein (data not shown); in contrast, no binding was detected
with LPyV VP1 under these conditions. These results suggest
that HPyV9 VP1 has a higher binding avidity toward its glycan
ligands than LPyV VP1.

Intriguingly, HPyV9 VP1 showed preferential binding to sia-
lyloligosaccharides terminating in the nonhuman Neu5Gc over
their Neu5Ac analogues. The probe 3GSLN.DH (probe 25) was
more strongly bound than 3SLN.DH (probe 24), and weak bind-
ing to the glycosylceramide GM3(Gc) (probe 3) was detected. Nei-
ther LPyV nor HPyV9 VP1 showed detectable binding to GM3
(probe 2). LPyV VP1 gave only a slightly higher signal for
3SLN.DH than 3GSLN.DH (Fig. 1). Little or weak binding to gly-
cosylceramides GM3 and GM3(Gc) by both proteins is consistent
with the finding in our recent study of LPyV VP1 using a different
array set (31). It should be noted that no signals of binding to

longer oligosaccharide sequences with the trisaccharide 3SLN ter-
minus, such as probe LSTd.DH (probe 27), were detected with
HPyV9 VP1. This is also a feature shared with LPyV VP1, as we
recently described (31). The 3SLN.DH and 3GSLN.DH probes
were prepared by reductive amination and thus have ring-opened,
reduced Glc moieties, which most likely confer greater flexibility
of glycan presentation on the array, thereby facilitating engage-
ment.

A further difference between HPyV9 VP1 and LPyV VP1 is the
ligand density effect observed in the binding of the two proteins.
With LPyV VP1, a higher signal intensity was observed at a lower
density of ligand (1.7 fmol per spot) than at a high density of
ligand (5 fmol per spot) (Fig. 1). This is consistent with our earlier
analysis of LPyV VP1 binding using a different array set (31).
Interestingly, such an effect was not observed with HPyV9 VP1,
which showed the strongest binding (or a plateau) to probes tested
at the highest ligand density, 5 fmol per spot (Fig. 1). Thus, where
the avidity of binding of VP1 is high, the spacing of the ligands is
not as critical as in the case of LPyV, perhaps also because the
HPyV9 binding site is more accessible (see below).

Overall structure of HPyV9 VP1. In order to rationalize the
observed differences in ligand recognition, we solved high-resolu-
tion crystal structures of HPyV9 VP1 alone and in complex with
the two most prominent ligands from the glycan microarray anal-
ysis, 3GSLN and 3SLN, as well as in complex with 3SL (Table 2;
Fig. 2). The bulk of HPyV9 VP1 is constructed from two four-

FIG 1 Glycan microarray screening of HPyV9 VP1 (A) and LPyV VP1 (B) using 28 lipid-linked oligosaccharide probes. Each oligosaccharide probe was arrayed
at four levels (as indicated) in duplicate. The complete list of probes and their sequences are provided in Table 1. Numerical scores of the binding signals are
shown as the means of the fluorescence intensities of duplicate spots with error bars, which represent half of the difference between the two values. Cer, natural
glycolipids with various ceramide moieties; DH, neoglycolipids (NGLs) prepared from reducing oligosaccharides by reductive amination with the amino lipid
1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE).
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stranded � sheets (formed by strands B, I, D, and G and strands C,
H, E, and F, respectively) that are stacked against each other (Fig.
2A). Additional smaller � strands from adjacent monomers are
oriented such that they give rise to the cylindrical shape of the
pentameric VP1 protein. Loops in VP1 are named according to
the two � strands that they connect (e.g., the DE loop connects
strands D and E), and these loops account for most of the exterior
surface of the pentamer.

Complexes with all three glycans were obtained by soaking
crystals in the respective oligosaccharide solution (see Methods
and Methods; Table 2). The glycans bound to the same binding
site on HPyV9 VP1 (Fig. 2 and 3). Not all binding sites were fully
occupied due to limited accessibility in the crystals. However,
there was excellent electron density for each ligand in several bind-
ing sites in each structure, allowing us to assign contacts with
confidence (Fig. 3). None of the interactions discussed below are
influenced by crystal contacts.

Interactions of HPyV9 VP1 with Neu5Ac-containing sialyloli-
gosaccharides. The interactions of HPyV9 VP1 with 3SLN (Fig. 3A
and B) are discussed first. As with other polyomavirus structures, the
BC1, DE, and HI loops of one VP1 monomer and the BC2 loop of the
clockwise (cw) neighboring monomer (BC2cw) contribute to the sia-
lyloligosaccharide binding site. BC1 and BC2 are two subdivisions of
the long BC loop that point in different directions. The sialic acid
moiety of the ligand penetrates deeply into a cleft formed by these
loops and makes the most contacts with the protein. The extended
LacNAc disaccharide projects out of the binding pocket and makes
few contacts with protein residues. HPyV9 VP1 does not undergo
substantial conformational change after complexation, as native and
liganded VP1s can be superimposed with a low root mean square
deviation (RMSD) value of 0.2 Å for main-chain atoms. However,
ligand engagement does rigidify the tip of the BC2 loop (i.e., residue
76 to residue 80), as demonstrated by a decrease in temperature fac-
tors from 40.8 Å2 (unbound state) to 29.6 Å2 (bound state).

FIG 2 Structure of HPyV9 VP1 in complex with sialyloligosaccharides. (A) HPyV9 VP1 pentamer structure in complex with 3SLN. The pentamer is shown in
cartoon representation, with one VP1 monomer highlighted in chocolate color and the other monomers shown in gray. The � strands (Anew, B to I) are labeled.
3SLN is drawn as a stick model and colored according to atom type (blue, nitrogens; red, oxygens; gold, carbons). One calcium ion is bound to each VP1
monomer, and the ions bound to the colored VP1 monomer are shown as green spheres, with the protein residues contacting it shown in stick representation.
(B and C) Close-up views of the 3SLN (B) and 3GSLN (C) binding sites. HPyV9 VP1 and 3SLN are drawn as described for panel A, while the carbon atoms are
colored yellow for 3GSLN. The view is adjusted to show more clearly the trisaccharide with the associated VP1 loops (the BC1, DE, and HI loops) of one monomer
and the BC2 loop of the clockwise (cw) monomer. Composite-annealed omit difference density maps are shown contoured at 2.5� around glycan at a 2.1-Å
radius.

FIG 3 Interactions between HPyV9 VP1 and sialyloligosaccharides. (A and B) Interactions between HPyV9 VP1 and 3SLN. The main chain of HPyV9 VP1 is
shown in cartoon representation. One monomer is shown in chocolate color, while other monomers are shown in gray. The amino acid side chains interacting
with 3SLN are shown as sticks, and the corresponding C-� atoms are shown as spheres. The backbone amide and carbonyl groups are shown only when engaging
the oligosaccharide. 3SLN is shown as in Fig. 2B. Water molecules are represented as red spheres. Hydrogen bonds are shown as black dashed lines. The view in
panel A was rotated by about 90° along a vertical axis to obtain the view presented in panel B. (C) Interactions between HPyV9 VP1 and 3GSLN. HPyV9 VP1 is
drawn as described for panel A; the ligand 3GSLN is shown as in Fig. 2C. Residues H274 and N282, which interact specifically with the hydroxymethyl chain of
Neu5Gc, are shown in stick representation.
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Most contacts involve Neu5Ac, which forms extensive polar
and nonpolar interactions with its carboxylate and N-acetyl
groups. Neu5Ac is contacted by protein residues on both sides of
the ring, with the side chain of K78cw contacting one face of the
ring. The N-acetyl methyl group inserts deepest into the binding
pocket, penetrating into a cavity lined with the hydrophobic parts
of the side chains of residues L65, Y68, H274, and N282 (Fig. 3A).
There is a hydrogen bond between the nitrogen of the N-acetyl
group and N276. The carboxylate group of Neu5Ac is pointed
toward the HI loop and makes one direct and two water-mediated
hydrogen bonds with backbone atoms of Y277 as well as backbone
and side chain atoms of S278, respectively. The glycerol chain of
Neu5Ac faces toward the solvent and interacts with the protein via
one direct hydrogen bond to D71 and three water-mediated hy-
drogen bonds. The interaction of Neu5Ac with the protein buries
a surface of 319 Å2 (51).

The Gal moiety makes three water-mediated contacts with
protein residues, burying an additional 133 Å2 of surface (Fig. 3B).
Finally, the Glc(NAc) residue does not contact the protein directly
and has elevated temperature factors. Nevertheless, this sugar can
also be docked unambiguously into the electron density, probably
because it is stabilized by the conformational preferences of the
glycosidic bond.

We also solved the structure of HPyV9 VP1 in complex with
3SL (Table 2). The structural analysis of the two complexes shows
that HPyV9 VP1 engages both 3SLN and 3SL with identical con-
tacts to the Neu5Ac and Gal residues. Neither the GlcNAc in 3SLN
nor the Glc in 3SL contributes any contacts to protein residues
(data not shown).

Structural basis for preference of HPyV9 for 3GSLN. Glycan
microarray screening of HPyV9 VP1 revealed a preference for the
Neu5Gc-containing 3GSLN. The structure of HPyV9 VP1 in
complex with 3GSLN provides the structural basis of this prefer-
ence (Fig. 3C). Whereas most of the interactions of 3GSLN and
3SLN with HPyV9 VP1 are conserved, the presence of an extra
hydroxyl group in 3GSLN leads to additional contacts that are
well-defined in the electron density maps (Fig. 2C). The Neu5Gc
glycolyl chain faces toward a hydrophilic rim lining the hydro-
phobic cavity that accommodates the methylene (CH2) group
through shape complementarity. This rim is formed by the hydro-
philic parts of the H274 and N282 side chains. The hydroxyl group
of Neu5Gc donates a hydrogen bond to the carbonyl oxygen of
N282 and receives one from H274 (Fig. 3C). These polar contacts

likely strengthen the interaction of HPyV9 VP1 with 3GSLN, es-
pecially because they occur in the relatively hydrophobic environ-
ment of a protein cavity.

Comparison of structure and glycan specificity of HPyV9
and LPyV VP1. As predicted from their high overall sequence
identity of 87%, the structures of HPyV9 VP1 and LPyV VP1 (31)
are very similar. Their C-� backbones can be superimposed with
very low RMSD values of 0.62 Å (monomers) and 0.68 Å (pen-
tamers). The two proteins also share a similar specificity for short,
linear oligosaccharides containing �2,3-linked sialic acids. How-
ever, the binding sites are less conserved than the overall protein,
sharing only 66% sequence identity. This difference is reflected in
the signals in the glycan array, which are generally stronger for
HPyV9 VP1 and also show that HPyV9 preferentially interacts
with Neu5Gc-bearing glycans. The two binding regions differ at
five amino acid positions (Table 3). One of these differences
(HPyV9 VP1 S280 to LPyV VP1 T277) is unlikely to affect con-
tacts, as both residues form a similar hydrogen bond to the ligand
(Fig. 4A), whereas the other four substitutions subtly modulate
the observed binding specificity of each viral protein and likely
also its affinity.

The binding region has two additional substitutions in the BC1
loop, where E64 and D71 in HPyV9 VP1 are replaced with D61
and S68, respectively, in LPyV VP1. The two HPyV9 residues have
longer side chains and contribute additional interactions with the
sialic acid glycerol chain that result in a decrease in mobility (as
evidenced by reduced temperature factors and better electron
density) and a small change in the position of the glycerol chain
(Fig. 4A). In particular, D71 forms a hydrogen bond with the
glycerol O-9 hydroxyl group in HPyV9 VP1, while the corre-
sponding S68 in LPyV VP1 does not. The extra contacts with the
glycerol chain are likely responsible for the increased signals in the
glycan arrays. This is in accordance with the higher B factor of the
glycerol chain in the structure of the LPyV complex.

Additionally, the solvent-exposed F73 at the entrance of the
binding pocket in LPyV is replaced with S76 in HPyV9. Although
the significance of this substitution is not clear, the phenyl group
of F73 contributes minor contacts to the third sugar’s acetyl group
in 3SLN in some copies of LPyV VP1 (31). S76 does not form any
direct contacts with ligands, but its smaller side chain may facili-
tate access to the binding site, again in accord with the higher
signals observed for HPyV9 in the glycan microarrays and the
absence of the unusual ligand density effect observed with LPyV.

TABLE 3 Variable residues in the sialyloligosaccharide binding pocket of HPyV9 and LPyV VP1

Loop

HPyV9 VP1 LPyV VP1

Amino
acid Interaction

Amino
acid Interaction

BC1 E64 Water-mediated H bond with O-7 of glycerol chain D61 None
D71 Direct H bond with O-9 of glycerol chain S68 None
D71 Water-mediated H bond with O-8 of glycerol chain S68 None

HI S280 Water-mediated H bond with O-8 of glycerol chain T277 Water-mediated H bond with O-8 of glycerol chain
N282 Hydrophobic interaction with methyl moiety of N-

acetyl group
V279 Hydrophobic interaction with methyl moiety of

N-acetyl group
N282 Direct H bond with extra hydroxyl of N-glycolyl group V279 None

BC2cw S76 None F73 Hydrophobic interaction with methyl moiety of
N-acetyl group of NAG
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Moreover, GlcNAc is located about �6 Å closer to VP1 in the
LPyV complex than in the HPyV9 complex, which can likely be
attributed to the presence of F73 (Fig. 4A).

Finally, HPyV9 and LPyV display key differences in the region
that accommodates the glycolyl and acetyl groups of Neu5Gc and
Neu5Ac, respectively, with implications for specificity. Of the two
HPyV9 side chains that form hydrogen bonds to the glycolyl hy-
droxyl group, H274 is conserved in LPyV and thus does not help
to discriminate between Neu5Ac and Neu5Gc. However, HPyV9
residue N282 is replaced with V279 in LPyV (Fig. 4B). The con-
formation of the N282 side chain is stabilized by a hydrogen bond
with D71 (which is replaced with a serine in LPyV; Fig. 4B). The
side chains of D71, S280, and N282 also stack against each other,
thus stabilizing the overall conformation of this three-residue mo-
tif. The region surrounding the glycolyl group is significantly
more polar in HPyV9. The hydrophobic V279 side chain in LPyV
cannot favorably interact with the glycolyl oxygen of Neu5Gc.

Mutagenesis of HPyV9. In order to test whether the substitu-
tion of a single residue in the HPyV9 binding site suffices to elim-
inate the binding preference for Neu5Gc and switch the specificity
of HPyV9 to that of LPyV, we mutated HPyV9 residue N282 to
valine (N282V), which is the amino acid found in LPyV VP1 at
this position (Fig. 4B). Comparative glycan array analysis of wt
and N282V HPyV9 VP1 showed that the mutant bound very
poorly to the lipid-linked 3SLN and 3GSLN oligosaccharides, with
a remaining slight preference for 3GSLN (Fig. 5). The most likely
explanation for this finding is that the point mutation compro-
mises the binding site. Since N282 lies directly next to D71 (Fig. 4),
the N282V mutation places a hydrophobic side chain in the direct
vicinity of D71, and it also removes favorable stacking interactions
between N282 and D71. The mutation may thus alter the D71 side
chain conformation and perhaps even cause other local structural
rearrangements in the vicinity of the ligand. We conclude that

specificity for Neu5Gc has to be attributed to the described set of
three unique HPyV9 residues (D71, S280, and N282), which must
be regarded as an entity.

Implications for serological cross-reactivity among polyo-
maviruses. Serological cross-reactivity among closely related
polyomaviruses has been investigated for decades, as reviewed by
Moens et al. and references in their work (52). The high level of
amino acid sequence identity is the most likely reason for serolog-
ical cross-reactivity (18). HPyV9 and LPyV cross-react in immu-
nodiagnostic assays (19, 20). Recently, a novel chimpanzee polyo-
mavirus (PtrosPyV2) was also reported to cross-react with HPyV9

FIG 4 Comparison of the sialyloligosaccharide binding pockets of HPyV9 and LPyV VP1 proteins. (A) The structure of HPyV9 VP1-3SLN is superimposed onto
the structure of LPyV VP1-3SLN (PDB accession number 4MBZ). HPyV9 VP1 and 3SLN are shown as in Fig. 3. For LPyV VP1, one monomer is shown in forest
green and other monomers are shown in gray. The side chains are shown in stick representation, and the corresponding C-� atoms are shown as spheres. The
3SLN bound to LPyV VP1 is shown in stick representation; nitrogen and oxygen atoms are colored blue and red, respectively, and carbon atoms are colored forest
green. Only residues forming contacts with 3SLN that differ between the two viruses are shown. Water molecules are represented as red and orange spheres for
HPyV9 and LPyV, respectively. Hydrogen bonds are shown as black and green dashed lines for HPyV9 and LPyV, respectively. The 5-fold axis of the VP1
pentamer is indicated to depict the orientation of the superimposed pentamers. (B) The structure of HPyV9 VP1-3GSLN is superimposed onto the structure of
LPyV VP1-3SLN (PDB accession number 4MBZ). HPyV9 VP1 and 3GSLN are shown as in Fig. 3C. LPyV VP1 and 3SLN are shown as described for panel A.
Histidine is present in the binding sites of both viruses (H274 in HPyV9 and H271 in LPyV), but only in HPyV9 does it coordinate the hydroxyl group of Neu5Gc,
which also interacts with the side chain of N282 of HPyV9 VP1. Hydrogen bonds are shown as black dashed lines. D71 is present in the proximal vicinity and
stabilized the side chain of the N282 via a hydrogen bond (red dashed line).

FIG 5 Comparison of binding of the wild-type HPyV9 VP1 (A) and the mu-
tant HPyV9 VP1 (B) to lipid-linked oligosaccharide probes (3SLN.DH and
3GSLN.DH) in microarray analyses. Both probes were arrayed at four levels (as
indicated) in duplicate. Numerical scores of the binding signals are shown as
the means of the fluorescence intensities of duplicate spots with error bars,
which represent half of the difference between the two values. The wt and
mutant HPyV9 VP1 proteins were analyzed in parallel at 150 �g/ml precom-
plexed with anti-His and biotin–anti-mouse IgG antibodies.
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(53). Moreover, other novel polyomaviruses that also showed re-
activity with human serum were also isolated from chimpanzees,
while no human homologues of these viruses are known (53).

Pairwise comparisons of the structures of the closely related
polyomavirus VP1 proteins provide an explanation for these find-
ings. We highlighted the identical amino acid residues at the out-
ermost apical surface of VP1 between two closely related viruses in
gray, while the nonidentical residues were given a distinct color, as
shown in Fig. 6. This analysis shows that cross-reactive polyoma-
viruses have significant degrees of amino acid conservation on the
apical, solvent-exposed surface compared to non-cross-reactive
polyomaviruses. Figure 6A shows a pairwise comparison of the
apical surfaces of HPyV9 and LPyV, where extensive conserved
areas (highlighted in gray) also include the bulk of the receptor
binding region. In contrast, the comparison of the surface conser-
vation between HPyV9 and MCPyV yields a very different picture
(Fig. 6B). Here, the proportion of conserved residues on the apical
surface is negligible, despite 58% overall sequence identity, pro-
viding the likely explanation for the distinct antigenicities of
these two viruses (18, 20). This visualization provides support for
the previous notion that HPyV9, rather than MCPyV, might be
the cause for the serological reactivity of human serum against the
monkey-derived LPyV (20).

DISCUSSION

A large number of viral and bacterial pathogens engage sialic acid-
based compounds to establish their initial contact with a target cell
(54). Although sialic acids often display modifications, the molec-
ular principles that govern recognition of sialic acid variants are
poorly understood, as the majority of structures have been solved
using Neu5Ac-based compounds as ligands. Neu5Gc, which can
be synthesized by nonhuman mammals but not by humans, has
attracted much interest in recent years due to its role in under-
standing and defining host and tissue tropism (35, 38, 39). In
order to investigate differences in sialic acid receptor binding in
two closely related viruses from different species, we analyzed the
ligand specificity and determined the structure of the major capsid
protein VP1 from HPyV9, which was isolated from humans, and
compared its properties with those of the VP1 protein from the
monkey-derived virus LPyV.

We found that HPyV9 differs from LPyV with its unexpected
preferential binding to the Neu5Gc glycan, which humans can

acquire only through a diet containing red meat and milk. The
observed preference for Neu5Gc can be explained by the architec-
ture of the sialic acid binding site in HPyV9, which allows specific
recognition of the extra Neu5Gc hydroxyl group via hydrogen
bonds to side chains. Three residues unique to the HPyV9 binding
site (D71, S280, and N282) act in concert to achieve this specific-
ity. Replacement of one of these residues, N282, with the valine
found in LPyV is not sufficient to alter the specificity and in fact
compromises the binding pocket. Thus, the preference of HPyV9
for Neu5Gc is likely mediated by the set of three residues. A sub-
stitution at the entrance to the binding pocket (S76) likely en-
hances its accessibility in HPyV9 compared with that in LPyV
(F76), in line with the observed binding profile of HPyV9 on gly-
can microarrays.

Only two other crystal structures of proteins in complex with
Neu5Gc-based receptors have been reported: those of the porcine
rotavirus strain CRW-8 spike protein domain VP8 (39) and the
subtilase cytotoxin B subunit (SubB) produced by Shiga-toxigenic
Escherichia coli (STEC) (35). Similar to HPyV9 VP1, CRW-8 VP8
can bind both Neu5Ac and Neu5Gc, but it prefers the latter com-
pound, which shows a higher binding affinity and results in in-
creased cellular infectivity (39). Likewise, SubB can also bind
Neu5Ac and Neu5Gc in glycan microarrays, but structural studies
were successful only for the Neu5Gc complex, again indicating
a preference for Neu5Gc binding (35). A comparison of the
Neu5Gc-binding sites of HPyV9 VP1, CRW-8 VP8, and STEC
SubB shows that all three proteins acquire their preference for the
glycolyl chain of Neu5Gc through a hydrophilic environment in
its vicinity (Fig. 7). In all three cases, two hydrogen bonds are
formed between protein residues and the extra hydroxyl group in
Neu5Gc. Mutation of any of these residues results in a significant
loss of activity of CRW-8 VP8 or SubB (35, 39). In contrast to
HPyV9, the binding site for Neu5Gc is more surface exposed in
CRW-8 VP8 and STEC SubB, with one side of the ring facing the
protein and the other side facing the solvent. This is also in accor-
dance with the larger buried surface area of Neu5Gc in the HPyV9
complex (314.5 Å2) than in the CRW-8 VP8 and STEC SubB com-
plexes (229.7 Å2 and 234.6 Å2, respectively) (51).

Bacterial toxins similar to SubB, such as the pertussis toxin of
Bordetella pertussis, do not exhibit a preference for Neu5Gc, as
they lack the residue needed to coordinate the extra hydroxyl
group of Neu5Gc, but they nevertheless accommodate Neu5Ac in

FIG 6 Structural representation of serological cross-reactivity and antigenicity of polyomaviruses. (A) Pairwise comparison of the apical surfaces of HPyV9 VP1
and LPyV VP1 (PDB accession number 4MBZ) pentamers. The apical surfaces of VP1 are shown in surface representation. Identical amino acids between these
two viruses are colored gray. Nonidentical amino acids between the two viruses are colored chocolate and forest green for HPyV9 and LPyV, respectively. The
glycan ligand (3SLN) is shown in stick representation, as in Fig. 3. (B) Pairwise comparison of the apical surfaces of HPyV9 VP1 and MCPyV VP1 (PDB accession
number 4FMI) pentamers. The apical surfaces are shown in surface representation. Identical amino acids between the two viruses are colored gray. Nonidentical
amino acids between the two viruses are colored chocolate and cyan for HPyV9 and MCPyV, respectively. The glycan ligand (3SLN) is shown in stick
representation, as in Fig. 3.
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a similar location and orientation (55). Similarly, in contrast to
porcine rotavirus, the related rhesus monkey rotavirus VP8 pref-
erentially binds Neu5Ac, also as a result of a single amino acid
substitution (G187 to K187) that abolishes the ability of the virus
to contact the hydroxyl group of Neu5Gc (39). The significance of
these specificities for tropism is not always clear, although it has
been suggested that the SubB has adapted to bind Neu5Gc so that
it can use metabolically incorporated Neu5Gc as a receptor.

Our analysis shows that HPyV9 and LPyV form a closely re-
lated pair of viruses that differ in receptor specificity and, appar-
ently, in species tropism. A similar pair of two closely related
polyomaviruses is formed by BKPyV and SV40, which infect hu-
mans and simians, respectively. The BKPyV and SV40 VP1 pro-
teins share a high degree of sequence identity and bind terminal
sialic acid in a mostly conserved binding site that differs from the
one observed in HPyV9 and LPyV (26, 30). However, SV40 dis-
plays a preference for receptors containing Neu5Gc over receptors
containing Neu5Ac (38), whereas the sialic acid binding site of
BKPyV exclusively binds to the smaller Neu5Ac and cannot ac-
commodate the larger glycolyl chain of Neu5Gc (30). Thus, for
these two viruses, the receptor specificities correlate well with the
biosynthetically available variants of sialic acids in the respective
hosts. However, an analogous correlation obviously does not exist
in the case of the HPyV9 and LPyV pair of polyomaviruses.

Why, then, does the binding pocket of human HPyV9 favor
binding to a ligand, Neu5Gc, that cannot be synthesized by hu-
mans? This question is difficult to answer at present, but the ability
to engage Neu5Gc is likely advantageous for HPyV9. Humans can
acquire Neu5Gc from their diet, as red meat and milk are rich
sources of Neu5Gc. During digestion of such foods, Neu5Gc can
be taken up by fast-growing body cells and is subsequently trans-
ferred to newly synthesized glycoproteins and glycolipids in the
Golgi apparatus by a transferase that does not discriminate be-
tween Neu5Ac and Neu5Gc (35–37). Thus, the gut endothelium
and kidney vasculature in particular display Neu5Gc on their sur-
face, and this is exploited, for example, by the SubB toxin (35).
Similarly, the expression of Neu5Gc on certain carcinomas has
also been reported (56). It is therefore conceivable that the ability
to bind to Neu5Gc confers an advantage to HPyV9 by directing it
to specific tissues. HPyV9 may therefore have evolved to utilize a
receptor that is provided by a diet. It will be interesting to test this
hypothesis once tissue culture systems that allow propagation of
HPyV9 are established. Whereas LPyV can propagate only in the

cells of B lymphoblastoid origin (57), the reproductive niche for
HPyV9 is not yet understood. We expect that our findings will
facilitate a proper dissection of the attachment and entry mecha-
nisms used by HPyV9.
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