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ABSTRACT

Human polyomavirus 6 (HPyV6) and HPyV7 are commonly found on human skin. We have determined the X-ray structures of
their major capsid protein, VP1, at resolutions of 1.8 and 1.7 A, respectively. In polyomaviruses, VP1 commonly determines anti-
genicity as well as cell-surface receptor specificity, and the protein is therefore linked to attachment, tropism, and ultimately,
viral pathogenicity. The structures of HPyV6 and HPyV7 VP1 reveal uniquely elongated loops that cover the bulk of the outer
virion surfaces, obstructing a groove that binds sialylated glycan receptors in many other polyomaviruses. In support of this
structural observation, interactions of VP1 with a2,3- and «2,6-linked sialic acids could not be detected in solution by nuclear
magnetic resonance spectroscopy. Single-cell binding studies indicate that sialylated glycans are likely not required for initial
attachment to cultured human cells. Our findings establish distinct antigenic properties of HPyV6 and HPyV7 capsids and indi-

cate that these two viruses engage nonsialylated receptors.

IMPORTANCE

Eleven new human polyomaviruses, including the skin viruses HPyV6 and HPyV7, have been identified during the last decade.
In contrast to better-studied polyomaviruses, the routes of infection, cell tropism, and entry pathways of many of these new vi-
ruses remain largely mysterious. Our high-resolution X-ray structures of major capsid proteins VP1 from HPyV6 and from
HPyV7 reveal critical differences in surface morphology from those of all other known polyomavirus structures. A groove that
engages specific sialic acid-containing glycan receptors in related polyomaviruses is obstructed, and VP1 of HPyV6 and HPyV7
does not interact with sialylated compounds in solution or on cultured human cells. A comprehensive comparison with other
structurally characterized polyomavirus VP1 proteins enhances our understanding of molecular determinants that underlie re-
ceptor specificity, antigenicity, and, ultimately, pathogenicity within the polyomavirus family and highlight the need for struc-
ture-based analysis to better define phylogenetic relationships within the growing polyomavirus family and perhaps also for

other viruses.

olyomaviruses are a group of nonenveloped double-stranded

DNA (dsDNA) viruses that were initially identified in mice (1)
but have been found since then in birds and in several species of
mammals, including humans (reviewed in references 2, 3, and 4).
Due to recently developed techniques such as high-throughput
sequencing and rolling-circle amplification, a number of new
polyomaviruses, including 11 new human polyomaviruses, have
been identified during the last decade (5-14). This expansion of
the Polyomaviridae family led to its division into three genera, the
ortho-, wuki-, and avipolyomaviruses (15). With high sequence
homology and conserved overall architecture across genera, the
family forms an attractive platform for analyzing determinants of
cell entry, cell tropism, and host range as well as other factors that
contribute to pathogenesis (4). Asymptomatic and latent infec-
tions with polyomaviruses are common in the healthy human
population (16-18). Individuals with impaired immune re-
sponses due to organ transplantation, monoclonal antibody ther-
apy, hematological diseases, or human immunodeficiency virus
(HIV) infection are found to be especially susceptible to reactiva-
tion of polyomaviruses, which can lead to severe or fatal diseases
(reviewed in references 4 and 19).

Cutaneous human polyomavirus 6 (HPyV6) and HPyV7 (8)
are commonly shed from the skin together with the oncogenic
Merkel cell polyomavirus (MCPyV) (8, 20). Although no human
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disease has been linked to HPyV6 and HPyV7 so far, initial studies
indicate that persistent infections with both viruses are very com-
mon, resulting in seropositivity rates of 35% to 90% by adulthood
(8, 17). Thus, an involvement of HPyV6 and/or HPyV7 in cuta-
neous tumors has to be considered (21-24). While the two viruses
have the same tropism as MCPyV, they are more closely related in
sequence to the Washington University and Karolinska Institute
polyomaviruses (WUPYV and KIPyV, respectively), which were
isolated from respiratory tract samples (5, 6). Hence, WUPYyV,
KIPyV, HPyV6, and HPyV7 have been classified together as wuki-
polyomaviruses (15).

The polyomavirus major capsid protein VP1 determines anti-
genicity and mediates attachment to host-cell receptors. It is well
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established that VP1 possesses a jelly-roll topology and assembles
into 72 pentamers, which in turn forma T = 7d icosahedral capsid
(25,26). The VP1 pentamers associate with minor capsid proteins
VP2 and VP3, which are located inside the capsid. The presence
and roles of VP2 and VP3 seem to differ among polyomavirus
species (27). All known structures of polyomavirus VP1 show ex-
tended and structurally variable surface loops that emanate from a
conserved -sheet core structure formed by strands B, I, D, and G
and strands C, H, E, and F (25, 26, 28-35). These surface loops,
named BC-, DE-, HI-, and EF-loops after the B-strands connected
by them, are chiefly responsible for viral antigenicity. For each
virus, they form a unique virus-host interaction platform that
determines host range, cell tropism, viral spread, and pathogenic-
ity. Engagement of sialylated glycan motifs during cell attachment
and entry is a common feature of the better-studied orthopoly-
omaviruses (28-30, 32-36). In contrast, the routes of infection,
transmission, cell tropism, receptor specificity, and entry path-
ways of wukipolyomaviruses remain largely mysterious. To pro-
vide an initial framework for investigating the molecular determi-
nants of receptor specificity and tropism of HPyV6 and HPyV7,
we determined high-resolution crystal structures of their recom-
binantly expressed VP1 proteins. While the core structures are
highly conserved, the surface loops of HPyV6 and HPyV7 VP1
differ profoundly from those of related polyomavirus VP1 struc-
tures. Specific cell surface receptors remain to be unveiled for both
viruses, but, interestingly, our findings indicate that sialylated gly-
cans are likely not engaged during early infection steps. In support
of the crystallographic analyses, interactions of VP1 with either
a2,3- or a2,6-linked sialic acids could not be detected by flow
cytometry cell binding studies and saturation transfer difference
(STD) nuclear magnetic resonance (NMR) spectroscopy.

MATERIALS AND METHODS

DNA cloning and protein expression. Following a strategy established
for the expression of soluble, assembly-incompetent VP1 pentamers (36),
DNAs coding for residues 20 to 291 of HPyV6 VP1 and residues 20 to 288
of HPyV7 VP1 (GenBank accession codes ADE45449 and ADE45474)
were cloned into pET15b vectors (Novagen). Soluble pentamers were ex-
pressed and purified as described earlier (30, 33). Four nonnative residues
(GSHM) are present at the N termini of both proteins after purification,
and a nonnative glutamine forms the C terminus of HPyV7 VP1. For cell
binding experiments, the JC polyomavirus (JCPyV) VP1 wild type and
L54F mutant (residues 22 to 289) and murine polyomavirus VP1 (RA
strain; residues 33 to 316) were expressed and purified accordingly
(30, 37).

Crystallization, data collection, and structure determination.
HPyV6 VP1 was concentrated to 6 mg/mlin 20 mM HEPES (pH 7.5)-150
mM NaCl-20 mM dithiothreitol (DTT), and crystals were obtained at
20°C using the sitting-drop vapor diffusion technique and a reservoir
containing 100 mM Tris (pH 8.5)-200 mM NaSCN (sodium thiocya-
nate)—13.3% (wt/vol) polyethylene glycol (PEG) 3350. HPyV7 VP1 was
crystallized using 7 mg/ml VP1-20 mM HEPES (pH 7.5)-150 mM NaCl
and a reservoir containing 100 mM Na malonate (pH 4.5)-15% (wt/vol)
PEG 3350 (hanging-drop vapor diffusion technique). Drops were set up
with 1 pl protein solution and 1 pl reservoir solution in each case. Crystals
were harvested into the respective reservoir solutions supplemented with
30% (vol/vol) glycerol prior to flash-freezing them in liquid nitrogen.
Diffraction data were collected at beamlines ID14-4 at ESRF (Grenoble,
France) (HPyV6) and X06DA at SLS (Villigen, Switzerland) (HPyV7).
Data sets were processed with XDS (38), and structures were solved by
molecular replacement with Phaser in CCP4 (39, 40). The WUPyV VP1
core structure (PDB accession no. 357X) (31) served as a search model to
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solve the HPyV7 VP1 structure, and the refined HPyV7 VP1 coordinates
were then used to determine the structure of HPyV6 VP1. Rigid-body and
simulated annealing refinement was in both cases carried out with Phenix
(41), followed by alternating rounds of model building in Coot (42) and
restrained refinement, including the translation-libration-screw method
(43) and 5-fold noncrystallographic symmetry restraints with Refmac5
(44). Structural superpositions were done using secondary-structure
matching (45) and the program Superpose in CCP4 (40). PyMOL (The
PyMOL Molecular Graphics System, Version 1.3; Schrodinger, LLC) and
the APBS tool plugin (46) were used to create structure figures.

Cell culture. HeLa S3 and 293TT (47) cells were maintained in a hu-
midified 37°C CO, chamber in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 1% penicillin-streptomycin, 6 mM L-glu-
tamine, 1 mM sodium pyruvate, and 10% heat-inactivated fetal bovine
serum (FBS). HeLa S3 cells were kindly provided by Katharina Rehn and
Dirk Schwarzer (IFIB, Tiibingen, Germany) and 293TT cells by Christo-
pher C. Buck (National Cancer Institute, NIH).

Flow cytometry experiments. VP1 pentamers were labeled with Alexa
Fluor 488 C5 maleimide (Invitrogen). Proteins (1 mg/ml) were incubated
in 20 mM HEPES (pH 7.5)-150 mM NaCl for 16 to 18 h with 80 mM DTT
at 4°C. Excess DTT was removed using two 5-ml HiTrap desalting col-
umns (GE Healthcare), and the dye (10 mM in 20 mM HEPES pH 7.0—
150 mM NaCl) was added dropwise by gently mixing it into the protein
solution (0.3 to 0.4 mg/ml in 20 mM HEPES pH 7.0-150 mM NaCl) to
give a 8-fold molar excess of the dye. The reaction mixture was incubated
for 18 h at 4°C. DTT (10 mM) was added, and the excess dye and DTT
were removed by desalting (two 5-ml HiTrap desalting columns). The
labeling efficiency was determined by UV light/visible light (UV/vis) ab-
sorption according to the manufacturer’s protocol.

Cells (80% to 90% confluent) were detached nonenzymatically from
flasks by incubation with Gibco enzyme-free cell dissociation buffer (Life
Technologies) for 30 min at 37°C and were washed twice with phosphate-
buffered saline (PBS). A total of 5 X 10° cells were suspended in 100 pl
PBS. Cells were mock treated or pretreated with 0.2 U/ml neuraminidase
(Clostridium perfringens neuraminidase type V; Sigma-Aldrich) at 37°C
for 30 min and then washed 3 times with 500 pl PBS and pelleted after
each wash at 200 X g (4 min; 4°C). Cells were incubated in 100 pl of
labeled VP1 pentamer solution (50 wg/ml in PBS) on ice for 2 h with
agitation every 15 to 20 min. HeLa S3 cells were washed twice in 500 pl
PBS and fixed in 500 wl PBS containing 1% formaldehyde for 30 min.
293TT cells were washed twice in PBS and then suspended in 500 .l PBS
for the measurement. DAPI (4',6-diamidino-2-phenylindole) was added
to 293TT cells to gate for live cells. Analysis was done using a BD FAC-
SCanto (Becton, Dickinson and Company) flow cytometer equipped with
a488-nm excitation line. A total of 10,000 gated events were measured for
each sample. Data were analyzed using Flow]Jo software (Tree Star, Inc.).

Saturation transfer difference NMR spectroscopy. STD NMR spec-
tra were recorded at 283 K using 3-mm-inner-diameter Match tubes
(200-pl sample volume) and a Bruker AVIII-600 spectrometer equipped
with a room temperature probe head and processed with TopSpin 3.0
(Bruker). Samples contained 1 mM «2,3-sialyllactose and «2,6-sialyllac-
tose (Carbosynth) (each) and a 50 WM concentration of either HPyV6 or
HPyV7 VP1. Proteins were buffer exchanged prior to NMR experiments
in centrifugal concentrators to 20 mM potassium phosphate (pH 7.4)—
150 mM NaCl in D,O. Off- and on-resonance irradiation frequencies
were set to —80 ppm and 7.0 ppm, respectively. The irradiation power of
the selective pulses was 57 Hz, the saturation time was 2 s, and the total
relaxation delay was 3 s. A 50-ms continuous-wave spin-lock pulse with a
strength of 3.2 kHz was employed to suppress residual protein signals. A
total of 512 scans were recorded. A total of 10,000 points were collected,
and spectra were multiplied with an exponential window function (line
broadening, 1 Hz) prior to Fourier transformation. Spectra were refer-
enced to 298 K using the a-D-Glc anomeric proton as an internal standard
(48).
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TABLE 1 Data collection and structural refinement statistics®

Parameter HPyVe6 VP1 HPyV7 VP1
Space group C2 C2
Unit cell dimensions
a, b, c(A) 183.9, 89.4, 125.3 209.7, 86.4, 84.2
o, B,y () 90.0, 131.3, 90.0 90.0, 92.1, 90.0

Data collection
Resolution (A)
No. of unique reflections

30.0-1.8 (1.85-1.80) 30.0-1.70 (1.75-1.70)
140,450 (10,046) 161,009 (9,962)

Redundancy 4.1 (4.1) 3.9 (3.9)

Rypens (%) 7.0 (56.8) 6.7 (55.9)

I/o 14.8 (2.8) 15.7 (2.4)

CC,, (%) 99.8 (84.7) 99.9 (75.4)

Completeness (%) 99.2 (96.4) 97.8 (82.1)

Wilson B-factor (A2) 28.9 26.0
Refinement

R yond Rivee (%) 14.8/17.4 16.9/19.6
No. of atoms

Protein 10,171 9,856

Water 1,070 990
Average B-factor (A?)

Protein 28.7 24.8

Water 34.2 29.0
RMSDs

Bond lengths (&) 0.009 0.010

Bond angles (°) 1.381 1.391
Ramachandran plot (calculated

using MolProbity Server)

Favored (%) 95.9 97.5

Allowed (%) 4.1 2.4

Qutliers (%) 0.0 0.1

“Values for the highest-resolution bin are given in parentheses. CC,,, correlation
between intensities from random half-data sets.

n
DN [y | D= <D™
R =

meas En

S %] T
the reflection and <I},;;> the intensity of symmetry (or Friedel)-related observations.
Sl Fops (k) = Fy (D)
= M ebs T el 0

o St Fops( )
structure factors, respectively. A total of 5% of the reflections were not used during

structure refinement to calculate Rg..

, where 7 is the number of observations of

R , where F,  and F_,,. are the observed and calculated

calc

Protein structure accession numbers. Coordinates and structure fac-
tor amplitudes have been deposited under accession numbers 4PCG
(HPyV6) and 4PCH (HPyV7) with the RCSB Protein Data Bank (www
.rcsb.org).

RESULTS

Overall structures of HPyV6 and HPyV7 VP1. The HPyV6 and
HPyV7 VP1 pentamer structures were solved at resolutions of 1.8
and 1.7 A, respectively, and the refined structures have excellent
statistics (Table 1). The final coordinates include residues 22 to 87
and 94 to 290 in the case of HPyV6 and residues 23 to 47, 55 to 85,
and 96 to 286 of HPyV7 for all five VP1 chains in the asymmetric
units. Each VP1 monomer within the pentamer adopts the iconic
jelly-roll fold consisting of two apposed B-sheets (Fig. 1). The
EF-loops fold into short three-stranded B-sheets (E', E”, and E")
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and decorate the side of the pentamer. The I-strand is split into
two parts named I and I'. As is typical for polyomavirus VP1
structures, rather poor electron density was observed for the CD-
loops at the base of the HPyV6 and HPyV7 pentamers (25, 26,
28-32). This loop is flexible and assumes different conformations
even in the context of the intact virion (25, 26, 28). The long
BC-loop is divided for clarity into BC1- and BC2-loops that face in
different directions (Fig. 1C). The BC1-loops of the HPyV7 VP1
pentamer have elevated mobility, and they have continuous elec-
tron density only when contacting the neighboring protomer
within the crystal lattice. Thus, the final coordinates contain only
three ordered BCl-loops per pentamer. In contrast, the BC1-
loops of HPyV6 VP1 have good electron density and share similar
conformations that are independent of the presence of crystal
contacts. They could therefore be built for all five chains in the
asymmetric unit.

The Ca atoms of monomeric and pentameric HPyV6 and
HPyV7 VP1 structures superpose with very low root mean square
deviation (RMSD) values of 0.6 A and 0.7 A, respectively, reflect-
ing their high sequence identity of 68% (49). RMSD values for
individual residues exceed 1.5 A only within the EF-loop, where
three additional residues elongate the HPyV6 VP1 EF-loop some-
what so that it projects further away from the 5-fold axis (Fig. 1C).

In order to quantify the level of structural diversity of VP1
structures within the members of the Polyomaviridae family, the
HPyV6 and HPyV7 VP1 coordinates were superposed with the
most closely related WUPyV (PDB accession no. 357X) and
KIPyV (PDB accession no. 3S7V) VP1 structures as well as the
evolutionarily more distant MCPyV (PDB accession no. 4FMG)
and simian virus 40 (SV40) (PDB accession no. 3BWQ) VP1
structures (15). Root mean square deviation (RMSD) values for
superpositions of VP1 monomers from HPyV6 or HPyV7 onto
their KIPyV and WUPyV counterparts are low (~1.2 ), in line
with the classification of these four viruses into the wukipolyoma-
virus family. Superpositions of HPyV6 and HPyV7 VP1 onto VP1
monomers from the orthopolyomaviruses MCPyV and SV40
yield slightly higher RMSD values (1.4 to 1.7 A). However, when
entire VP1 pentamers are superposed, the RMSD differences all lie
in a range from 1.3 A (HPyV6-KIPyV) to 1.7 A (HPyV6-SV40),
demonstrating that the pentameric VP1 arrangements are similar
across the wuki- and orthopolyomaviruses.

Organization of surface loops. The top surface of the VP1
pentamer, which corresponds to the accessible surface of the virus,
is almost entirely defined by the BC-, DE-, and HI-loops, and these
loops endow each polyomavirus with a unique platform for spe-
cific interactions with individual receptors (Fig. 1C). Typically,
this platform binds glycan receptors that terminate in sialic acid
(Neu5Ac), but sequences and linkages of the recognized oligosac-
charides differ among polyomaviruses, leading to specific interac-
tions with a small subset of sialylated glycans in each case (28-30,
32-36). However, despite these differences, the location of the
sialic acid binding site is conserved among the polyomaviruses for
which VP1 structures have been available to date. The sialic acid
binding site is typically located in a recessed area at the junction of
the BC1-, BC2-, DE-, and HI-loops of a VP1 monomer, and ad-
ditional contacts are contributed by the BC2- and DE-loops of
counterclockwise (ccw) and clockwise (cw) neighboring mono-
mers, respectively (28-30, 32-35). In order to assess the ability of
the HPyV6 and HPyV7 surface loops to form such a sialic acid
binding site, we compared the conformations and lengths of their
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FIG 1 Architecture of HPyV6 and HPyV7 VPI pentamers. (A and B) Overall folds of HPyV6 (A) and HPyV7 (B) VP1 pentamers shown in a ribbon
representation, with VP1 monomers highlighted in magenta and gold, respectively. A dashed line represents the missing HPyV6 CD-loop residues, which are
defined only by rather poor electron density due to structural flexibility. (C) Closeup view of the surface loop architectures of HPyV6 and HPyV7 VP1 monomers.
The loops are colored as described for panels A and B, respectively. VP1 monomer structures were superposed using the secondary-structure-matching (SSM)

superposition tool (45) in the program Coot (42).

surface-exposed loops with the equivalent loops in WUPyV and
KIPyV, as well as in MCPyV and SV40. For clarity, only compar-
isons with the closely related KIPyV and the sialic acid-engaging
SV40 polyomavirus are shown in Fig. 2. As the HPyV6 and HPyV7
loop structures are very similar (Fig. 1C), only HPyV6 VPI is
discussed and shown. The HI-loop of polyomavirus VP1 is only a
short hairpin in all structures crystallized to date, and it typically
forms a wall that closes the glycan-receptor binding site at one
end. Strikingly, this loop is extended by 14 residues in HPyV6
compared to KIPyV and WUPyV and by 9 residues compared to
SV40 and MCPyV (Fig. 2). Rather than projecting outward, the
HPyV6 HI-loop folds on top of the pentamer and forms extensive

contacts within itself and with the DE-loop (not shown in detail).
To accommodate the extended HI-loop, the DE-loop of the ccw
monomer is displaced toward the 5-fold symmetry axis. The BC2-
loop of HPyV6 is severely truncated in comparison to other VP1
structures and lies flat on the VP1 surface (Fig. 2B). Taking these
data together, the elongated HI-loops and the truncated BC2-
loops of HPyV6 (and also HPyV7) lead to a profoundly altered
surface loop network.

The HI-loop participates in the recognition of sialylated glycan
receptors in all sialic-acid binding polyomaviruses whose struc-
tures have been determined to date (28-30, 32-35), by contribut-
ing parts of the shallow receptor binding groove on the protein

A
_ BC2-loop
DE-loop —HHOP HPyV6
SV40
KIPyV
/A
o~ )
EF-loop
[
BC1-loop
C H HI-loop P |
HPyV6 239 IVGYAGNPTLSDAYSQOR!
236 ITGLPGLPTLSADYSNOQR!
KIPyV 265
WUPyYV 257
MCPyV 277
SV40 255

FIG 2 Architecture of VP1 surface loops. Superposition and comparison of VP1 surface loop structures are shown for wukipolyomaviruses HPyV6 and KIPyV
(PDB accession no. 3S7V) and orthopolyomavirus SV40 (PDB accession no. 3BWR). VP1 monomers were superposed using the secondary-structure-matching
(SSM) superposition tool (45). (A) HI-, BC1-, and BC2-loops are highlighted in color in the overview. (B) Closeup view of the HI-loop receptor binding pocket.
The sialicacid moiety (Neu5Ac) of the GM1 glycan in the SV40 VP1-GM1 pentasaccharide complex structure (PDB accession no. 3BWR) and the Y256 side chain
of HPyV6 VP1 are shown in stick representation. The same view is taken for panels A and B. (C) Sequence alignment of the HI-loop region. Key residues
interacting with the sialic acid moiety in the SV40-GM1 glycan and MCPyV VP1-«a2,3-sialyllactosamine complex structures (PDB accession no. 4FMI) are
highlighted in blue and cyan, respectively. Regions in which all VP1 structures align with root mean square deviation (RMSD) values of <1.0 A (dark gray) and
>1.5 A (light gray) between Ca atoms are shaded.
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FIG 3 Surface structures of VP1 pentamers. Closeup views of VP1 pentamer top-surface regions that are involved in sialic acid engagement in the case of MCPyV
and SV40 are shown. Equivalent surface sections are shown in surface and cartoon representations for VP1 pentamers from HPyV6, HPyV7, and KIPyV (PDB
accession no. 357V) and WUPyV (PDB accession no. 357X) (A) and from SV40 (PDB accession no. 3BWR) and MCPyV (PDB accession no. 4FMI) (B). HI-loop
residues are highlighted on the surface representations according to the colors assigned to the respective viruses. Carbohydrates (Neu5Ac and Gal of «2,3-
sialyllactosamine and GM1 pentasaccharide) in panel B are shown in stick representations (colored by atom type; carbons in orange, oxygen in red, and nitrogen
in blue), and glycan-protein contacts (hydrogen bonding and salt bridges) are shown as dashed lines for MCPyV and SV40 VP1.

surface and providing direct or water-mediated contacts with gly-
can components. The extended HI-loop in HPyV6 and HPyV7
produces a prominent, elevated ridge on the virion surface that
partially covers the glycan binding site groove present in orthopo-
lyomaviruses (Fig. 3). Thus, the conformation of the HI-loop ap-
pears to hinder the binding of sialic acids to the HPyV6 and
HPyV7 capsids. In particular, HI-loop residues Y256 (HPyV6)
and L253 (HPyV7) (Fig. 2B and 3A) project into the groove and
would collide with a potential sialic acid ligand. The R154 side
chains in the cw HPyV6 and HPyV7 EF-loops also help to close the
binding site (Fig. 3A). The uniquely elongated HI-loops of HPyV6
and HPyV7 are not conserved in either KIPyV or WUPyV (Fig.
3A). In fact, these two viruses have unusually short HI-loops (see
also Fig. 2C), and surface analysis shows that they possess a deep
groove leading toward the central pore (Fig. 3A). Thus, HPyV6
and HPyV7 feature a remodeled surface structure compared to all
other known VP1I structures, with likely consequences for recep-
tor binding. The HPyV6 and HPyV7 genomes sequenced so far
have revealed naturally occurring VP1 amino acid variations (8),
which are mostly buried in the assembled virus (not shown) and
thus are likely not critical for glycan receptor engagement. The
only exceptions are HPyV7 residues 63 (threonine or proline), 153
(asparagine or aspartate), and 167 (serine or threonine), which are
distributed across the BC2- and EF-loops and, therefore, could
theoretically account for modulated receptor interactions.
HPyV6 and HPyV7 VP1 do not bind sialic acids. Unas-
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sembled recombinant VP1 pentamers are useful tools to study cell
attachment and entry and cellular trafficking of polyomaviruses
(30, 50). To investigate whether HPyV6 and HPyV7 engage sialic
acids on cell surfaces during early steps of infection, we analyzed
binding of their VP1 pentamers to two cultured human cell lines,
HeLa S3 and 293TT, by flow cytometry (Fig. 4). Prior to single-cell
binding experiments with Alexa Fluor 488-conjugated VP1 pen-
tamers, cells were mock treated or incubated with Clostridium
perfringens neuraminidase type V to remove terminal a2,3-, o2,6-,
and a2,8-linked sialic acids from the cell surface. JCPyV and mu-
rine polyomavirus (RA strain) VP1 pentamers bind to both cell
lines in a neuraminidase-sensitive manner (30, 51) (Fig. 4B and
E), in line with their known use of sialylated receptors for attach-
ment. In contrast, HPyV6 and HPyV7 VP1 attachment to both cell
lines is not affected by enzymatic removal of sialic acids (Fig. 4A
and D). The measured fluorescence signals for HPyV6 and HPyV7
VP1 pentamers are also similar to those seen with the control
representing neuraminidase-insensitive binding, the JCPyV VP1
L54F mutant (Fig. 4C and F). This mutant has a disrupted VP1
sialic acid binding site and no longer engages sialylated receptors
(37).

To probe for interactions in solution and to identify ligand
atoms in contact with VP1, we analyzed binding of the HPyV6 and
HPyV7 VP1 pentamers to the sialylated model compounds «2,3-
and a2,6-linked sialyllactose by STD NMR spectroscopy (52).
STD NMR spectroscopy has been successfully used to define, for
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FIG 4 HPyV6 and HPyV7 VP1 do not engage sialic acids. (A to F) Cell binding analysis. (G) Saturation transfer difference (STD) NMR spectroscopy of HPyV6 and
HPyV7 VP1 pentamers with a2,3- and a2,8-sialyllactose. (A to F) HeLa S3 (A to C) and 293TT (D to F) cells were subjected to mock treatment (PBS) or were pretreated
with 0.2 U/ml Clostridium perfringens neuraminidase (NA), washed, and then incubated with Alexa Fluor 488-conjugated VP1 pentamers. VP1 pentamer binding
was then analyzed by flow cytometry. Histograms represent the fluorescence intensity of Alexa Fluor 488 for 10,000 gated events in each case. Data for cells alone
are colored gray and black for mock- and NA-treated cells, respectively. Three independent experiments were performed, and results of a typical experiment are
presented. (B and E) JCPyV and murine polyomavirus (RA strain) VP1 pentamers are included as positive controls for neuraminidase-sensitive attachment (30,
51). (C and F) JCPyV L54F is a VP1 mutant with an abolished sialic acid binding site (37) and was used to test for sialic acid-independent cell binding. FITC,
fluorescein isothiocyanate; max, maximum. (G) From top to bottom: 'H reference spectrum of 50 uM HPyV7 VP1 with 1 mM «2,3- and «2,6-sialyllactose each;
STD NMR difference spectrum recorded with the same sample; STD NMR difference spectrum of 50 pM HPyV6 VP1 with 1 mM (each) «2,3- and «2,8-
sialyllactose. No significant saturation transfer to either capsid protein was observed. HDO peaks were truncated for clarity.

example, the interactions of MCPyV and BKPyV VP1 with specific  ple a2,3- or a2,6-linked sialylated oligosaccharides (Fig. 4G).
glycan receptor motifs (32, 33). No significant magnetization These findings are consistent with the crystal structure analysis,
transfer was observed with either type of sialyllactose from HPyV6  and they are also in agreement with experiments employing
or HPyV7 VP1, suggesting that neither protein interacts with sim-  crystal soaking and glycan array screening, neither of which
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FIG 5 Electrostatic surface potentials of VP1 pentamer from the wuki- and
orthopolyomavirus genera. Overall surface representations of HPyV6, HPyV7,
and KIPyV (PDB accession no. 357V) and WUPyV (PDB accession no. 357X)
(A) and SV40 VP1 (PDB accession no. 3BWR) and MCPyV (PDB accession
no. 4FMI) (B) pentamers are colored according to electrostatic potential (cal-
culated using APBS tool 2.1; 46), with blue and red corresponding to +7 kT
and —7 KT, respectively. Views are equivalent in panels A and B and are shown
from the top—the outer surface of the virion—along the 5-fold axis of the
pentamer. Carbohydrates (GM1 pentasaccharide and Neu5Ac and Gal of
a2,3-sialyllactosamine) in panel B are shown in yellow stick representations,
and the glycan binding site is highlighted for clarity with a box.

revealed interactions with tested sialylated compounds (data
not shown).

Unique features of the virion surface. In order to obtain some
initial clues about the molecular determinants of the receptor
specificities and antigenic properties of HPyV6 and HPyV7 VP1,
we examined their electrostatic surface potentials and compared
these with the electrostatic surface potentials of other polyomavi-
rus VP1 pentamers (Fig. 5). Consistent with their structural con-
servation, the electrostatic potentials for HPyV6 and HPyV7 VP1
are very similar (Fig. 5A). Both pentamers possess negatively
charged patches within the central pore, which are surrounded by
concentric positively and negatively charged rings around the
5-fold axis. The similarities in the distribution of surface charges
suggest that the two viruses pursue similar strategies for cell sur-
face attachment and perhaps also for viral entry.

The electrostatic surface potentials of the remaining wuki-
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polyomavirus family members, WUPyV and KIPyV, differ and are
also distinct from those of HPyV6 and HPyV7 (Fig. 5A). Whereas
the WUPyV VP1 pentamer surface is mostly electropositive, the
corresponding KIPyV residues have a more negative potential.
Interestingly, the surface potentials of HPyV6 and HPyV7 VP1 are
more similar to that of MCPyV (compare Fig. 5A and B) and
feature a negatively charged area, a central pore around the 5-fold
axis, surrounded by positively and negatively charged patches
(Fig. 5A and B).

DISCUSSION

We have determined the high-resolution structures of VP1 pen-
tamers of the recently identified human polyomaviruses HPyV6
and HPyV7. Our structure analysis reveals essential features and
critical differences in surface morphology that are likely impor-
tant for antigenicity and receptor engagement of these two skin
viruses. The region that accommodates sialic acid receptors in
other polyomaviruses is obstructed, and consistent with this, cell
binding analysis and STD NMR spectroscopy (Fig. 4) as well as
experiments employing crystal soaking and glycan array screening
(data not shown) did not yield indications of binding of sialic acid
by HPyV6 or by HPyV7.

A new sialic acid binding site different in its overall location on
the VP1 pentamer from the polyomavirus sialic acid binding sites
structurally characterized so far (28—30, 32-35) is possible but, in
the light of our experiments, rather unlikely. The findings of our
structure-function analysis suggest instead that HPyV6 and
HPyV7 do not engage sialylated glycans on cell surfaces during
attachment and entry and likely recognize a different receptor
type. It is still possible, however, that HPyV6 and HPyV7 bind
sialic acids in a different location that is present only in the fully
assembled virus, such as in canyons between adjacent pentamers,
and not in the free VP1 pentamer.

The analysis of electrostatic surface potentials has in some cases
helped to identify potential receptor binding regions in viral pro-
teins, for example, in sialic acid binding adeno- and rotaviruses
(53, 54). We note that it is important to keep in mind that sialic
acid binding sites need not always display a positive electrostatic
potential, as hydrogen bonds rather than salt bridges mediate con-
tacts with the sialic acid carboxylate in at least some polyomavi-
ruses (55) (see also Fig. 5B). As HPyV6, HPyV7, and MCPyV are
all shed from skin (8), this similarity might indicate a conserved
strategy for receptor engagement. MCPyV is unique among the
members of the polyomavirus family because of its sequential en-
gagement of negatively charged glycosaminoglycan (GAG) and
sialylated receptors (56). GAG binding sites on proteins are typi-
cally lysine/arginine-rich (57, 58); however, the binding site for
GAGs on MCPyV VPI is not known. The electrostatic surface
potentials of HPyV6 and HPyV7 VP1 are indeed similar to that of
MCPyV, with potential consequences for receptor specificity, in-
cluding engagement of GAGs, but the typical shallow depression
that harbors sialic acid binding sites on MCPyV (32) and other
polyomavirus VPl1s is clearly not evident in our HPyV6 and
HPyV7 VP1 structures. Thus, only a few conclusions concerning
specific receptor engagement for HPyV6 and HPyV7 are possible
until their receptor class has been identified.

Our analysis of the VP1 pentamer surface properties, such as
electrostatic distributions and loop morphology, suggests that a
structural-biology approach can improve the phylogenetic polyo-
mavirus classification that is based entirely on sequence similarity
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(15). In terms of surface loop length and structure, HPyV6 and
HPyV7 differ significantly from the other structurally character-
ized members of the wukipolyomavirus genus, WUPyV and
KIPyV. While the latter two viruses possess strongly charged VP1
pentamers, the electrostatic surfaces of the former two resemble
that of the orthopolyomavirus MCPyV more closely. Our analysis
thus demonstrates the need for structure-based comparisons to
inform understanding of potential receptor binding sites and con-
served regions of antigenicity, two characteristics that are largely
determined by the electrostatics and loop structure of VP1. It has
been shown that, in some cases, structural analysis even allows the
identification of evolutionary relationships that are not revealed
by sequence analysis (59-61).

Our comprehensive analysis and comparison of VP1 pentam-
ers from different polyomavirus genera lead us to propose that the
observed structural diversity explains differences and similarities
in the tissue tropism of wukipolyomaviruses compared with other
polyomaviruses. Cellular and tissue distributions of receptors and
coreceptors are important determinants of viral tropism. The es-
tablishment of experimental models and cell culture systems to
propagate HPyV6 and HPyV7 as well as other newly identified
polyomaviruses is clearly required. Such models should enable
functional studies of receptor engagement and cell entry mecha-
nisms of these viruses that are widely circulating within the human
population.
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