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ABSTRACT The human JC polyomavirus (JCPyV) is the causative agent of the fatal, demyelinating disease progressive multifocal
leukoencephalopathy (PML). The Mad-1 prototype strain of JCPyV uses the glycan lactoseries tetrasaccharide c (LSTc) and sero-
tonin receptor 5-HT2A to attach to and enter into host cells, respectively. Specific residues in the viral capsid protein VP1 are re-
sponsible for direct interactions with the �2,6-linked sialic acid of LSTc. Viral isolates from individuals with PML often contain
mutations in the sialic acid-binding pocket of VP1 that are hypothesized to arise from positive selection. We reconstituted these
mutations in the Mad-1 strain of JCPyV and found that they were not capable of growth. The mutations were then introduced
into recombinant VP1 and reconstituted as pentamers in order to conduct binding studies and structural analyses. VP1 pentam-
ers carrying PML-associated mutations were not capable of binding to permissive cells. High-resolution structure determination
revealed that these pentamers are well folded but no longer bind to LSTc due to steric clashes in the sialic acid-binding site. Re-
constitution of the mutations into JCPyV pseudoviruses allowed us to directly quantify the infectivity of the mutants in several
cell lines. The JCPyV pseudoviruses with PML-associated mutations were not infectious, nor were they able to engage sialic acid
as measured by hemagglutination of human red blood cells. These results demonstrate that viruses from PML patients with sin-
gle point mutations in VP1 disrupt binding to sialic acid motifs and render these viruses noninfectious.

IMPORTANCE Infection with human JC polyomavirus (JCPyV) is common and asymptomatic in healthy individuals, but during
immunosuppression, JCPyV can spread from the kidney to the central nervous system (CNS) and cause a fatal, demyelinating
disease, progressive multifocal leukoencephalopathy (PML). Individuals infected with HIV, those who have AIDS, or those re-
ceiving immunomodulatory therapies for autoimmune diseases are at serious risk for PML. Recent reports have demonstrated
that viral isolates from PML patients often have distinct changes within the major capsid protein. Our structural-functional ap-
proach highlights that these mutations result in abolished engagement of the carbohydrate receptor motif LSTc that is necessary
for infection. Viruses with PML-associated mutations are not infectious in glial cells, suggesting that they may play an alterna-
tive role in PML pathogenesis.
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The human JC polyomavirus (JCPyV) is an icosahedral, nonen-
veloped double-stranded DNA (dsDNA) virus and a member

of the Polyomaviridae family (1). JCPyV infects approximately
50% of the population, and the infection is asymptomatic in
healthy individuals (2, 3). Viral spread likely occurs via a fecal-oral
route, as JCPyV is shed in the urine of healthy individuals (4) and
can be detected in untreated wastewater (5–7). The site of initial
infection is thought to be the stromal cells of the tonsils (8), fol-
lowed by a persistent infection in the kidney (9) and in B lympho-
cytes of the bone marrow (10–12). In healthy individuals, JCPyV
remains in the kidney, but in immunosuppressed individuals,
JCPyV can spread to the central nervous system (CNS) (10, 13–
15) and infect astrocytes and oligodendrocytes (16, 17). Oligoden-
drocytes produce myelin, and astrocytes are critical to the process

of myelination in the CNS (18–20). JCPyV infection of astrocytes
and cytolytic destruction of the oligodendrocytes cause the fatal,
demyelinating disease progressive multifocal leukoencephalopa-
thy (PML) (21, 22). PML is a devastating disease that can result in
fatality within 3 months to 1 year of symptom onset if untreated
(23). PML affects approximately 3 to 5% of HIV-1-positive indi-
viduals, is considered an AIDS-defining illness, and is one of the
most common CNS-related diseases in AIDS (22). Since 2005, the
incidence of PML has risen in individuals receiving immuno-
modulatory therapies for autoimmune diseases (24). In particu-
lar, individuals with multiple sclerosis (MS) who are receiving the
biological therapy natalizumab have a 1:500 chance of developing
PML (25, 26). Natalizumab is an anti-VLA-4 (�4�1 integrin) an-
tibody that blocks extravasation of VLA-4� T and B lymphocytes
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to the brain, where they normally bind to endothelial cells (27).
Therefore, while this treatment prevents the movement of lym-
phocytes to the brain, thus protecting the brain of an MS patient
from attack, the lack of immune surveillance can also result in
increased spread of JCPyV to the brain and thus increase the
chances of developing PML (25).

The mechanisms of JCPyV spread to the CNS and infection of
glial cells are not well understood, although spread is thought to
occur via a hematogenous route, possibly involving B lympho-
cytes (28–30). In addition, it is well documented that JCPyV un-
dergoes certain polymorphic changes within the host that render
it neurotropic. The nonpathogenic form of virus that resides in the
kidney is referred to as the archetype strain (Cy) and can be de-
tected in the urine of healthy individuals (4, 31–33). JCPyV un-
dergoes rearrangements in the noncoding control region
(NCCR), which contains the viral origin of replication and se-
quences that serve as binding sites for transcription factors neces-
sary for transcription of viral early and late genes (34–38). These
rearrangements include duplication of enhancer elements to con-
vert the virus to the neuropathogenic form (34, 39, 40). Viruses
found in the cerebral spinal fluid (CSF), brain tissue, and blood
but not in the urine contain NCCR rearrangements and are re-
ferred to as PML-type strains (22). Mad-1 is the laboratory proto-
type strain of the PML-type strain that was originally isolated from
the brain of a PML patient and contains a canonical 98-bp tandem
repeat in the NCCR (35). While NCCR rearrangements are nec-
essary for JCPyV growth in the CNS, the incidence of PML is
relatively low, given the rates of seropositivity (22). Thus, it is
likely that other viral, cellular, and individual host factors play a
role in PML pathogenesis.

Recently, a number of studies have reported that viral isolates
from PML patients also contain mutations in the viral capsid VP1
protein. VP1 is a pentameric protein that interacts with neighbor-
ing VP1 pentamers through C-terminal extensions linking to-
gether 72 pentamers to form the viral capsid. VP1 serves as the
viral attachment protein and mediates direct interactions with cell
surface receptors (41). Initial studies to define the receptors for
JCPyV infection revealed that JCPyV utilizes sialic acid (42, 43)
and the 5-HT2A receptor (44). The sialic acid component of the
receptor was thought to be an �2,3- or �2,6-linked sialic acid (45).
Our laboratory demonstrated that the presence of �2,6-linked
sialic acid correlates with JCPyV infection of cells and tissues in the
host, including B lymphocytes, kidney, and the glial cells astro-
cytes and oligodendrocytes (46). Moreover, JCPyV infection of B
lymphocytes, kidney, and glial cells is mediated by sialic acid (42,
45, 47, 48). We identified the specific sialic acid receptor motif for
the Mad-1 strain of JCPyV as lactoseries tetrasaccharide c (LSTc),
which terminates in �2,6-linked sialic acid (41). The high-
resolution crystal structure of JCPyV VP1 pentamers in complex
with LSTc revealed that the protein specifically binds to the termi-
nal �2,6-linked sialic acid and engages LSTc in a unique L-shaped
conformation. Mutation of VP1 residues that contact LSTc leads
to a severe defect in viral growth in glial cells (41). Interestingly,
viruses isolated from the blood and CSF of individuals with PML
exhibit mutations in these VP1 residues, including L54F, S266F,
and S268F/Y (49–53), which are located in the sialic acid-binding
pocket of VP1 (41). However, these mutations have never been
found in the urine of healthy individuals, nor are they present in
the urine of individuals with PML, in whom viral isolates with
PML-associated mutations are found in the CSF and blood. This

suggests that these mutations can arise within the JCPyV-infected
individual (50–53). Analysis of viral isolates from urine, blood,
and CSF from a single patient infected with a single JCPyV geno-
type supports this hypothesis. While virus isolated from the blood
and CSF of this individual carried PML-associated mutations in
VP1 (L54F, N264S, and S266F), these mutations were not present
in virus isolated from the urine (53). Mutations in VP1 sialic acid-
binding sites arise with high frequency, in as many as 80 to 90% of
the viral isolates, indicating that the majority of the isolates from
individuals with PML exhibit mutations in one or more of these
sites in VP1 (50, 52–55). The role of some of the PML-associated
mutations has been analyzed as virus-like particles (VLPs) in the
JCPyV genotype 3 background. VLPs with PML-associated muta-
tions have an altered capacity to engage sialic acid-containing re-
ceptors, as VLPs with PML-associated mutations bind to glial cells
in a neuraminidase-insensitive manner and bind to gangliosides
as measured by enzyme-linked immunosorbent assay (ELISA)
(50, 52). However, the role of these mutations in JCPyV infection
and spread in glial cells has not been addressed.

One hypothesis is that the mutations in VP1 sialic acid-binding
sites might render the virus more pathogenic in infected hosts by
allowing it to spread more readily to the brain due to reduced
nonspecific attachment to sialic acid pseudoreceptors. However, it
is also possible that viruses with PML-associated mutations are
defective particles produced due to high levels of viral replication
or that they are immune escape mutants. Thus, we questioned
whether these viruses represent the pathogenic form of the virus
that infects glial cells in the CNS. To this end, we utilized a
structure-function approach to define the role of these mutations
in JCPyV attachment to cellular receptors and infection of glial
cells by generating the PML-associated mutations in an infectious
viral clone, in pseudoviruses, and in purified VP1 pentamers using
the Mad-1 prototype PML strain as the backbone.

RESULTS
JC polyomaviruses with PML-associated mutations are not in-
fectious. Mutations in JCPyV VP1 arise in individuals with PML
at a very high frequency. In fact, 80 to 90% of viral isolates from
individuals with PML exhibit mutations in one or more of these
sites in VP1, and these mutations are never found in JCPyV iso-
lates from individuals without PML. Furthermore, these muta-
tions are found only in the blood and CSF, but not in the urine, of
individuals with PML, indicating that the mutations arise within
the host (50, 52–55). The most common PML-associated muta-
tions are L54F and S268F, accounting for approximately 50% of
PML-associated mutations, while the mutations S266F and S268Y
are less frequent but still common (Table 1) (50, 52). Surprisingly,
all four mutations target VP1 residues that form contacts with the
terminal sialic acid of the specific receptor motif LSTc (Fig. 1A)
(41). To define whether PML-associated VP1 mutations affected
JCPyV infectivity, we introduced the most common mutations
into the JCPyV infectious genomic clone with a Mad-1 VP1. Viral
DNA was transfected into the permissive glial SVG-A cell line and
analyzed for growth and spread over 22 days in culture. Infected
cells were analyzed by indirect immunofluorescence using an an-
tibody directed against the VP1 capsid protein. Throughout
22 days in culture, only the wild-type JCPyV with a Mad-1 VP1
was capable of growth and spread (Fig. 1B). On day 22, viral su-
pernatants were harvested from cells (in Fig. 1B) and used to infect
naive SVG-A cells. Wild-type JCPyV produced infectious viral
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particles that were released into the supernatant, while viruses
with PML-associated mutations did not, indicating that the mu-
tant viruses could not propagate in glial cells (Fig. 1C).

VP1 pentamers with PML-associated mutations exhibit
abolished binding to glial cells. To determine whether the de-
creased levels of virus growth and infection in the PML-associated
mutants correlated with binding to cells, the mutations were in-
troduced into VP1 pentamers. The pentamers serve as a useful
tool for studies of JCPyV attachment, entry, and trafficking, as
they can bind to cells and traffic through the endosomal compart-
ment to the endoplasmic reticulum with kinetics similar to that of
virions (41, 56). Mutated VP1 pentamers were then purified and
used to assess binding to SVG-A cells by flow cytometry (Fig. 2).
JCPyV wild-type pentamers bind to SVG-A cells, while the VP1
pentamers with PML-associated mutations did not bind to cells,
indicating that residues in VP1 that mediate sialic acid binding to
the receptor motif LSTc are essential for VP1 engagement of
SVG-A cells.

VP1 pentamers with PML-associated mutations are not ca-
pable of binding to LSTc. To assess the structural effects of these
mutations, we solved crystal structures of three mutant VP1 pen-
tamers: L54F, S268F, and S268Y. In all cases, the crystal lattices are
identical to those of the wild-type JCPyV pentamers, with acces-
sible binding sites for LSTc in two of the five VP1 monomers in a
given pentamer. In order to analyze whether the mutants can still
engage LSTc, crystals of wild-type Mad-1 VP1 pentamers and the
L54F, S268F, and S268Y mutants were soaked in LSTc oligosac-
charide solution according to the exact procedure used for the
complex formation of wild-type VP1 (41), and structures were
determined to high resolution (see Table S1 in the supplemental
material). Crystal soaking experiments using 5 mM LSTc yielded
the JCPyV Mad-1 VP1-LSTc complex structure with two occu-
pied LSTc binding sites per VP1 pentamer (see Fig. S1B) but did
not result in additional electron density for carbohydrate moieties
in the case of any of the mutated VP1 pentamers. This demon-
strates that engagement of LSTc is severely compromised in all
three mutants.

We next investigated if any of the VP1 mutants are able to bind
LSTc at an increased concentration of 20 mM ligand and an ex-
tended soaking time of 2 h. While the L54F and S268Y mutants
still do not show any evidence for binding, weak interactions with
LSTc can be observed in the S268F mutant. The simulated an-
nealed omit electron density map for S268F clearly shows features
of the Neu5Ac-�2,6-Gal-�1,4-GlcNAc portion of LSTc in two
LSTc binding sites (see Fig. S1A in the supplemental material).
One of these trisaccharides could be built. The structural rear-
rangements in VP1 upon recognition of LSTc are similar to those
seen in the JCPyV Mad-1 VP1-LSTc complex, providing addi-
tional evidence for the presence of LSTc (41). N123 interacts via
hydrogen bonding with the terminal Neu5Ac and GlcNAc
N-acetyl group and is critical for the recognition of LSTc in the

L-shaped conformation (Fig. 3A). The N123 side chain is rear-
ranged in the S268F structure in order to accommodate the ter-
minal Neu5Ac (Fig. 3B). Consequently, residues 64 to 68 of the
clockwise BC2 loop move to prevent clashes with N123 in the new
position. Density for these induced-fit movements as well as par-
tially for the native conformation can be observed in the S268F
VP1-LSTc complex structures. These findings are consistent with
the occupancy of �1.0 of the carbohydrate ligand within the final
complex structure. We conclude that the S268F mutant retains
some affinity for LSTc, whereas the other two mutants do not.

VP1 pentamers with PML-associated mutations clash with
LSTc. We next examined the effects of the three mutations L54F,
S268F, and S268Y on the VP1 structure. Residues L54, S266, and
S268 mediate direct contacts or are in close proximity to the ter-
minal Neu5Ac within the LSTc binding site of the wild-type
JCPyV VP1-LSTc complex (Protein Data Bank [PDB] accession
code 3NXD) (41) (Fig. 3). In order to compare the effects of the
mutations on the VP1 structure and its ligand binding properties,
the L54F, S268F, and S268Y VP1 structures were superposed onto
the JCPyV wild-type VP1-LSTc complex structure. In all three
VP1 mutant structures, well-defined electron density could be ob-
served for the respective mutated residue, confirming the presence
of the mutation.

Analysis of the S268F VP1 structure shows that the Neu5Ac
carboxyl group could still be recognized by S266 via a hydrogen
bond, but the hydrogen bond with the side chain of residue 268
within the HI loop would be lost. The side chain of F268 and the
�2,6-linked Gal are 3.7 Å apart. Although this is a close contact, it
would still allow for engagement of LSTc without leading to severe
clashes. Consistent with this, interaction with LSTc was observed
with reduced affinity for S268F VP1 in the soaking experiment
with 20 mM LSTc (Fig. 3B). Based on B-factor analysis of the
bound LSTc and surrounding residues, we expect that the occu-
pancy of LSTc is about 0.6 to 0.8 in one accessible binding site
(chain C). The second binding site (chain B) has weaker electron
density for LSTc, indicating lower occupancy.

In the case of the L54F VP1 mutant structure, the phenyl side
chain of F54 points into the Neu5Ac binding pocket. With a dis-
tance of only 1.4 Å between the Neu5Ac moiety in the respective
location and the F54 side chain, LSTc binding would lead to severe
clashes (Fig. 3C). Finally, the S268Y VP1 structure shows that
introduction of the larger tyrosine side chain at position 268
would lead to a close contact of 2.9 Å between the Y268 hydroxyl
group and the �2,6-linked Gal. This steric interference likely
blocks recognition of the LSTc motif (Fig. 3D).

The S266F mutation also occurs frequently in PML patients.
We did not succeed in crystallizing the S266F VP1 pentamer, but
modeling suggests that replacement of S266 with a bulky phenyl-
alanine would abolish hydrogen bond formation with the Neu5Ac
carboxyl group. In addition, all allowed phenylalanine side chain
rotamer conformations would clash with the GlcNAc moiety of

TABLE 1 Frequency of JCPyV VP1 PML-associated mutations

Residuesa % frequency of VP1 mutations in PML patients Reference

L54F, K59N, D65H, N264T, S266F/L/T, S268F/Y/C 81 49
L54F, K59M/E/N, N264D/T, S266F/L, S268F/Y/C 52 50
L54F, K59E, D65H, N264D, S266F, S268F/Y, Q270H 90 52
L54F, S60P/T, D65H, N264S, S266F/L, S268F, Q270H 81 53
a Amino acid numbers are in accordance with the JCPyV Mad-1 strain (1), excluding the methionine at position 1.
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the long leg of the L-shaped LSTc motif. Therefore, binding of
LSTc is likely also abolished for S266F VP1. We therefore conclude

that the most frequently observed VP1 mutations in PML patients
directly alter contacts of VP1 with LSTc, with various effects on
binding ranging from substantially reduced interactions for the
S268F mutant to clashes for the L54F and S268Y (and likely also
the S266F) mutants.

JCPyV pseudoviruses with PML-associated mutations are
not infectious. The structural analyses demonstrate that JCPyV
pentamers expressing PML mutations are not capable of binding
to the functional receptor motif �2,6-linked LSTc (Fig. 3), and the
functional data suggest that JCPyV PML mutants cannot bind to
or grow in SVG-A cells (Fig. 1 and 2). This led us to hypothesize
that JCPyV PML mutants may have low levels of binding and
growth that are not easily detected in our established culture
model of viral infection. While it is not possible to propagate vi-
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ruses with growth defects by standard methods, we have estab-
lished a JCPyV pseudovirus system to help determine the infectiv-
ity of mutant viruses. The pseudoviruses are generated by
transfecting the viral capsid proteins VP1, VP2, and VP3 into
HEK293FT cells together with a reporter plasmid that expresses
both green fluorescent protein (GFP) and a secreted form of lu-
ciferase (Gaussia luciferase). This assay is robust and provides a
sensitive method of detecting the infectivity of mutant viruses that
do not propagate under traditional culture methods. The PML-
associated mutations were introduced into the Mad-1 VP1 and
expressed in the pseudovirus system. Wild-type and mutant puri-

fied pseudoviruses were tested for infectivity in the human brain
cell types SVG-A (glial), SVG-R (glial variant resistant to JCPyV
infection), Poj19II (glial), and HFG-T (human fetal glial cells) or
the kidney cell line HEK293FT. Infectivity was measured at 72 h
postinfection by luciferase (Fig. 4). The JCPyV pseudoviruses with
PML-associated mutations were not infectious in any of the cell
types tested, including SVG-A cells, compared to the mock con-
trol and wild type (Mad-1) (Fig. 4). SVG-R cells are a variant of
SVG cells that are resistant to JCPyV infection despite levels of
virus binding equivalent to those of SVG-A cells (57). Thus, the
SVG-R cells serve as a useful control to demonstrate the level of
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background luciferase readings in this assay. Furthermore, the cell
lines used had variable levels of 5-HT2AR expression (data not
shown), indicating that the presence of 5-HT2AR does not influ-
ence infection of viruses with PML-associated mutations. These
data confirm that LSTc is a critical receptor motif for JCPyV in-
fection and suggest that 5-HT2AR is mediating a postattachment
step in the virus life cycle. However, the expression of T antigen
does influence infection by pseudoviruses, as the expression plas-
mid contains a simian virus 40 (SV40) origin of replication.
Therefore, HEK293FT cells which have high levels of T antigen
expression are readily infected by the pseudovirus, although kid-
ney cells are generally less susceptible to JCPyV infection in the
absence of T antigen in traditional culture models of JCPyV infec-
tion (48).

JCPyV pseudoviruses with PML-associated mutations do
not hemagglutinate human RBCs. The viruses and pseudoviruses
with PML-associated mutations were not infectious in a number
of cell lines tested. Further, purified pentamers do not bind to
SVG-A cells and have significantly reduced binding to LSTc as
analyzed by X-ray crystallography. In order to determine if the
PML-mutant pseudoviruses were capable of binding to other
sialic acid receptors, a hemagglutination assay was performed.
Wild-type JCPyV hemagglutinates human type O red blood cells
(RBCs) (42). Wild-type and PML-associated mutant JCPyV pseu-
doviruses of equal pseudovirus particle concentrations were tested
for the ability to agglutinate RBCs (Fig. 5). The PML mutant pseu-
doviruses were not capable of hemagglutination of red blood cells,
while the wild-type JCPyV pseudovirus resulted in agglutination
at a titer of 3.1 � 106 pseudovirus particles. These data suggest that
the viruses isolated from individuals with PML which have muta-
tions in VP1 that are critical for binding to LSTc no longer bind to
sialic acid.

DISCUSSION

Mutations in the JCPyV capsid protein VP1 frequently arise in
patients with PML. In this study, we examined the effect of three

frequently occurring mutations on key properties of the virus,
including growth, infectivity, capsid protein structure, and recep-
tor binding. We find that all mutations severely compromise the
interaction of the virus with its cognate receptor motif, the sialy-
lated LSTc glycan, due to steric interference. As a result, the mu-
tant viruses no longer hemagglutinate, and they no longer grow or
infect glial cells. Taken together, these data suggest that although
these viruses with PML-associated mutations are frequently found
in individuals with PML (52, 53), they are likely not infectious in
glial cells in the CNS due to reduced sialic acid binding.

Although viral isolates with VP1 mutations arise in individuals
with PML, it has not been demonstrated whether viruses with
PML-associated mutations are pathogenic in cells of the CNS.
Individuals with PML who develop viruses with PML-associated
mutations have higher levels of viral DNA in the CSF (52), yet it is
unclear if these viruses are actually capable of increased spread to
the brain or increased replication once they have reached the
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cells were infected with 1 � 107 particles/ml of wild-type (Mad-1) or mutant pseudovirus in incomplete medium without phenol red at 37°C for 1 h, then
complete phenol red-free medium was added, and cells were incubated at 37°C for 72 h. Supernatant from infected cells was collected and analyzed for secreted
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brain. Furthermore, these viruses have not been isolated from
JCPyV-infected cells of the brains of individuals with PML but
rather from the CSF. Given the avid interaction between JCPyV
and cell surface sialic acid, it is possible that the JCPyV isolates
with PML-associated mutations are found at a high frequency in
the CSF due to their loss of sialic acid binding. The wild-type
JCPyV, which retains the ability to bind to sialic acid, might re-
main cell associated, leading to lower levels of the wild-type virus
in the CSF (50, 52). Also, it is possible that PML-associated muta-
tions arise in the viral capsid as a mechanism of immune escape.
JCPyV establishes a persistent infection in the kidney of healthy
individuals with no significant complications, suggesting that the
virus is under immune surveillance. To spread hematogenously to
the CNS, the virus may undergo mutations in the viral capsid,
making these mutant viruses antigenically distinct and capable of
evading the host immune responses, resulting in increased spread.
VP1 is the most abundant capsid protein of the virus, and in-
creased antigenicity in the receptor-binding region may allow the
pathogenic forms of the virus to spread to the CNS, while the
immune system attacks the mutant viruses. Alternatively, muta-
tions in VP1 may arise in the CNS of infected individuals as a
mechanism of immune escape, resulting in increased spread and
infection of glial cells. Thus, it remains to be demonstrated if the
viruses with PML-associated mutations are pathogenic in the
brain. Our data demonstrate that JCPyV with PML-associated
mutations are not infectious in a panel of glial cell lines.

However, we also cannot exclude the hypothesis that JCPyVs
with PML-associated mutations are infectious in the brains of
individuals with PML. It is plausible that the loss of sialic acid
binding through mutation of specific residues in the viral capsid
may be necessary for increased spread to the brain and subsequent
infection of glial cells in a sialic acid-independent manner (58, 59).
It is reasonable to speculate that reduced binding to sialic acid
receptors in the periphery leads to increased spread of JCPyV to
the brain, as JCPyV binding to both red blood cells and B lympho-
cytes is mediated via interactions with sialic acid (Fig. 5) (47). This
hypothesis is similar to the scenario demonstrated for mouse
polyomavirus (MPyV) in which a mutation in the VP1 sialic acid-
binding pocket in a position orthologous to position S268 of
JCPyV leads to decreased MPyV binding to RBCs and increases
viral dissemination and pathogenicity of the virus, resulting in a
lethal outcome (58–61). JCPyV with PML-associated mutations
might then engage a non-sialic acid receptor on glial cells in the
CNS. It is also possible that the host cell factor necessary for infec-
tion by JCPyV with PML-associated mutations is not expressed
abundantly on the cell lines that we tested. The crystal structure of
JCPyV VP1 revealed a groove on the surface of the pentameric
capsid protein that is unique among all polyomaviruses crystal-
lized to date (41, 62, 63). This groove could well be involved in the
engagement of JCPyV with other receptor structures on the sur-
face of host cells, and such an interaction might be favored if
binding to LSTc is significantly reduced or blocked. There are
many differences between the in vitro infection model and a nat-
ural in vivo infection that we cannot fully account for in our cur-
rent tissue culture model of JCPyV infection. JCPyV infects ap-
proximately 50% of the population but rarely causes PML and
does so only in those who are immunocompromised by HIV in-
fection, AIDS, or immunomodulatory therapies. Therefore, the
development of PML must be multifactorial and involve host-
specific factors that are influenced in the disease states of HIV

infection or immune-mediated diseases such as MS. For instance,
the breakdown of the blood-brain barrier and/or use of antiretro-
viral therapies or natalizumab therapy may cause the upregulation
of alternate receptors or host cell factors that allow JCPyV to effi-
ciently attach and enter into glial cells in the CNS. Thus, the tissue
culture model of infection may not accurately demonstrate the
disease pathogenesis in vivo.

Gorelik and colleagues previously demonstrated that VLPs
with PML-associated mutations in the genetic background of the
JCPyV genotype 3 have reduced binding to kidney cells, red blood
cells, and lymphocytic cells but retain the ability to bind to the glial
cells SVG-A cells and astrocytes. Additionally, they demonstrated
that introduction of these mutations into a VLP leads to altered
receptor usage, consistent with an enhanced affinity for ganglio-
sides, including GM1, GM2, and GD3. However, the JCPyV type 3
VLP binds to asialo-GM1, GD1a, GD1b, GD2, and GT1b (52) and
has been reported to bind to GM1 and GM2 (Leonid Gorelik,
Consortium for Functional Glycomics [CFG], available online at
http://www.functionalglycomics.org, according to CFG policy).
This affinity of JCPyV type 3 for gangliosides may have influenced
the results of the PML-associated mutations in the type 3 VLPs.
Additionally, VLPs of JCPyV have been demonstrated to bind to a
panel of gangliosides in viral overlay assays, suggesting that VLPs
may nonspecifically engage sialic acid-containing gangliosides,
particularly those with �2,6-linkages (64). There are 7 known se-
rotypes of JCPyV and 13 distinct geographic subtypes that have
been determined (65). JCPyV isolates from genotypes 1 and 2 are
more frequently isolated from individuals than are other geno-
types, including type 3 (53, 54). In fact, type 3 strains are not
commonly isolated from the CSF of PML patients (50). We ana-
lyzed the effect of PML-associated mutations in the Mad-1 proto-
type strain, the prototype PML-type strain for genotype 1, for
which the receptors have been identified (41, 44). Additionally,
the amino acid sequences of VP1 of genotypes 1 and 3 differ in up
to eight residues (depending on the strain), and some of the mu-
tations are located close to the LSTc binding site. We previously
demonstrated that Mad-1 VP1 pentamers do not bind to any gan-
glioside structures in a glycan array screen (41), and we have not
been able to demonstrate that expression of gangliosides influ-
ences infection of JCPyV Mad-1 in glial cells (Atwood laboratory,
unpublished results). Thus, strain-specific differences in receptor
engagement could have influenced the results of the study pub-
lished by Gorelik et al. (52) when the JCPyV type 3 strain was
utilized to study the PML-associated mutations.

Structural analysis of Mad-1 and mutant VP1 pentamers re-
veals that steric hindrance introduced by PML-associated muta-
tions such as L54F or S268Y abolishes engagement of LSTc, and
these mutations would also block binding to other sialylated gly-
can motifs, independent of their location on gangliosides or gly-
coproteins or their linkage. Although some mutations, such as
S268F, lead to only minor clashes, these mutations would never-
theless drastically reduce the affinity of VP1 for LSTc due to re-
duced contacts and some steric interference. Consequently, such
interactions would likely not be functional for LSTc or any other
sialylated glycan whether they are in the genotype 1 or genotype 3
background.

Genotype 3 strains differ from Mad-1 in up to eight amino acid
positions. Five of these positions are included in our VP1 pen-
tamer construct (R74, S116, G133, L157, and K163). Residues
S116 and G133 are located near the LSTc binding pocket but do
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not make direct contacts with LSTc, while R74, L157, and K163 are
found outside the binding pocket. Additionally, V320, E331, and
K344 are found at the C terminus of the full-length VP1 protein
and far from the glycan receptor-binding site. Nevertheless,
amino acid differences in Mad-1 and genotype 3 that are near the
LSTc binding pocket would not change the drastic impact of the
mutation L54F or S268F/Y and likely S266F on the interaction
with sialylated glycan motifs, as these mutations are located di-
rectly in the binding pocket.

Interestingly, engagement of LSTc is likely preserved, perhaps
with only moderate decreases in affinity, for less frequently occur-
ring mutations. Reported PML-associated mutations K59M/E/N,
S60T, and D65H, which were not addressed in our study, are un-
likely to lead to structural changes and would still allow similar
contacts with LSTc. In the case of Q270H and N264D/S/T, the
hydrogen-bonding network in the Neu5Ac binding pocket would
be altered and, thus, these mutations would likely result in an
overall reduced affinity for sialylated motifs.

These findings highlight the importance of LSTc as a functional
receptor motif. Additionally, we demonstrated that viral isolates
with PML-associated mutations have reduced binding to LSTc
and other sialic acid motifs, and this reduced binding renders
these viruses noninfectious in both kidney and glial cells. Taken
together, this work illustrates that engagement of cell surface re-
ceptors is an important determinant of tissue tropism and viral
pathogenesis for JCPyV infection.

MATERIALS AND METHODS
Cells, viruses, and antibodies. SVG-A cells are a subclone of the human
glial cell line SVG transformed with an origin-defective SV40 mutant (66)
and were grown in minimum essential medium (MEM) supplemented to
contain 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(P/S) (Mediatech, Inc.) in a humidified incubator at 37°C. SVG-R cells are
resistant to JCPyV infection (57) and were grown in MEM supplemented
to contain 10% FBS. HEK293FT cells are derived from human embryonal
kidney cells transformed with the SV40 large T antigen (Invitrogen Life
Technologies) and were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented to contain 10% FBS, 0.1 mM nonessential amino
acids (NEAA), 6 mM L-glutamine, 1 mM sodium pyruvate, and
500 mg/ml Geneticin. HFG-T cells are human fetal glial cells transformed
with an origin-defective SV40 T antigen (67) grown in modified Ea-
gle’s medium supplemented to contain 10% FBS. Poj19II cells are human
fetal glial cells transformed with a replication-defective JCPyV (68) grown
in DMEM supplemented to contain 10% FBS. Generation and propaga-
tion of the virus strain Mad-1/SVE� were previously described (69).
JCPyV infection in SVG-A cells was assessed using PAB597, a hybridoma
supernatant that produces a monoclonal antibody against JCPyV VP1
(70) and was generously provided by Ed Harlow. Penta-His Alexa Fluor
488 was used at 20 �g/ml (Qiagen).

Viral growth assay. VP1 mutations were generated in the genomic
JCPyV DNA of strain JC12 with a Mad-1 VP1 (68) and subcloned into
pUC19 (43). Mutations were introduced by site-directed mutagenesis us-
ing an Agilent QuikChange II site-directed mutagenesis kit (Qiagen) ac-
cording to the manufacturer’s instructions. Sequencing was performed at
Genewiz Inc. Primers used for mutagenesis were as follows (with mis-
matched nucleotides shown in boldface), 5=¡3=: L54F, GGTGACCCAG
ATGAGCATTTTAGGGGTTTTAGTAAGT and ACTTACTAAAACCC
CTAAAATGCTCATCTGGGTCACC; S266F, TGTGGCATGTTTACAA
ACAGGTTTGGTTCCCAGCAG and CTGCTGGGAACCAAACCTGTT
TGTAAACATGCCACA; S268F, TTTACAAACAGGTCTGGTTTCCAG
CAGTGGAGAGG and CCTCTCCACTGCTGGAAACCAGACCTGTTT
GTAAA; S268Y, GTTTACAAACAGGTCTGGTTATCAGCAGTGGAGA

GGACTC and GAGTCCTCTCCACTGCTGATAACCAGACCTGTTTG
TAAAC.

Ten micrograms of purified plasmid DNA was digested with BamHI
(Promega) at 37°C for 2 h to separate the JCPyV genomic DNA from the
pUC19 backbone plasmid. Digests were performed in triplicate for each
sample and verified by agarose gel electrophoresis. SVG-A cells were
plated to 40% confluence in 24-well plates (Corning). Cells in medium
without antibiotics were transfected with 1 �g of digested DNA using
Fugene (Promega) at a 3:2 ratio (Fugene to DNA). Transfected cells were
incubated at 37°C overnight (O/N), and medium containing 5% FBS and
2% P/S was added to cells the next day. Cells were incubated at 37°C and
fed with 500 ml of medium containing 5% FBS, 1% P/S, and 1% ampho-
tericin B (Mediatech) or fixed for immunofluorescence staining at day 4
and at 3-day intervals thereafter for 22 days. For the infectivity assay,
supernatants were collected from the samples of the growth assay at
22 days posttransfection. SVG-A cells at 70% confluence in 24-well plates
(Corning) were infected with 150 �l of virus supernatant at 37°C for 1 h;
then 1 ml of medium containing 5% FBS, 1% P/S, and 1% amphotericin
B was added to cells; and cells were incubated at 37°C for 72 h. Cells were
fixed and stained by indirect immunofluorescence.

Indirect immunofluorescence. Cells were washed in phosphate-
buffered saline (PBS), fixed in cold methanol (MeOH), and incubated at
�20°C. Fixed cells were washed in PBS, permeabilized with 0.5% Triton
X-100 (TX-100; USB Corporation) at room temperature (RT) for 5 min,
incubated with VP1-specific antibody PAB597 (1:10) in PBS at 37°C for
1 h, washed with PBS, incubated with a goat anti-mouse Alexa Fluor 488
(1:1,000)-conjugated antibody in PBS at 37°C for 1 h, and then washed
with PBS. Cells were analyzed for nuclear VP1 staining under a 20� ob-
jective using an Eclipse TE2000-U microscope (Nikon).

JCPyV pseudovirus production. Codon optimization of the JCPyV
VP1, VP2, and VP3 genes was performed according to the National Can-
cer Institute Center for Cancer Research Lab of Cellular Oncology Tech-
nical Files (http://home.ccr.cancer.gov/LCO/production.asp) to achieve
optimal expression in the human-derived cell line 293FT. Genes were
synthesized by Blue Heron Biotech, LLC. The VP1 gene was subcloned
into the pwP vector in place of the murine polyomavirus (MPyV) VP1
gene. The JCPyV VP2 and VP3 genes were subcloned into the ph2p vec-
tors in place of the MPyV genes (71). The luciferase reporter vector phG-
luc (72) expresses a secreted form of Gaussia luciferase under the control
of the EF1� promoter. All plasmids were obtained from AddGene. Site-
specific mutations were made using the Agilent QuikChange II site-
directed mutagenesis kit prior to subcloning. Primers for generating
PML-associated mutations in VP1 (5=¡3=) were as follows, with mis-
matched nucleotides shown in boldface: L54F, TGGGCGACCCCGATG
AACATTTTCGCGGATTC and GAATCCGCGAAAATGTTCATCGGG
GTCGCCCA; S266F, GGCATGTTCACAAATCGCTTTGGCTCACAGC
AGTGGAGA and CTCCACTGCTGTGAGCCAAAGCGATTTGTGAAC
ATGCC; S268F, CACAAATCGCAGTGGCTTTCAGCAGTGGAGGG
GATT and AATCCCCTCCACTGCTGAAAGCCACTGCGATTTGTG;
S268Y, CACAAATCGCAGTGGCTACCAGCAGTGGAGGGGATT and
AATCCCCTCCACTGCTGGTAGCCACTGCGATTTGTG.

Pseudoviruses were produced by transfection of the VP1, VP2, VP3,
and phGluc plasmids into 293FT cells using Fugene 6 transfection reagent
(Promega) in a 5:1:1:1 ratio. Mock pseudovirus controls were generated
by transfecting HEK293FT cells with control plasmid and the phGluc
reporter plasmid in a 7:1 ratio. Cells were harvested 48 h posttransfection
by scraping and then pelleted and resuspended in buffer A (10 mM Tris,
pH 8, 50 mM NaCl, 0.1 mM CaCl2, 0.01% TX-100) with EDTA-free
protease inhibitors (Roche Applied Science). Cells were lysed by three
rounds of freezing and thawing, sonicated, and treated with 0.25% deoxy-
cholic acid at 37°C for 30 min. The pH was lowered to 6.0, and the lysates
were treated with type V neuraminidase (Sigma) at 37°C for 1 h. The pH
was then raised to 7.5, CaCl2 was added, and the lysate was treated with
DNase I (New England Biolabs). Pseudoviruses were then purified
through an iodixanol gradient by centrifugation at 234,000 � g in an
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SW55 Ti rotor (Beckman) at 16°C for 3.5 h. The band containing pseu-
dovirus or corresponding control was extracted by syringe.

To determine the titers of pseudoviruses for properly encapsidated
genomes, they were again treated with DNase I and protected phGluc was
extracted using the DNeasy blood and tissue kit (Qiagen). The titer of the
packaged genome was determined using absolute quantification and Taq-
Man quantitative PCR (qPCR; Applied Biosystems) to create a standard
curve using serial dilutions of phGluc. The number of copies for the
known plasmid was plotted in a scatter plot against the threshold cycle
(CT) value determined for each dilution. A best-fit line was generated, and
the trend line equation from regression analysis was used to calculate the
relationship between the CT value of the unknown input template and
copies of the packaged pseudovirus plasmid. We determined the volume
of pseudovirus particles based on the encapsidated genomes to equal 107

viral particles/ml and diluted each sample to use equivalent amounts of
pseudovirus to perform experiments.

Pseudovirus luciferase infectivity assay. Cells were plated in a 96-well
plate to 70% confluency and infected with equal particle equivalents (1 �
107 particles/ml) of wild-type and mutant pseudovirus in incomplete me-
dium without phenol red, adjusted for equal volume equivalents with the
purification reagent Optiprep (33%). Infected cells were incubated at
37°C for 1 h and washed with PBS, complete medium without phenol red
was added, and cells were incubated at 37°C for 72 h. Secreted luciferase
was quantitated in 20 to 50 �l of cellular supernatants using the BioLux
Gaussia luciferase assay (New England Biolabs) according to the manu-
facturer’s instructions using an opaque 96-well microplate in a GloMax
Multi-Detection System luminometer (Promega) equipped with an auto-
injector. Numbers of infected cells were also measured by quantifying
GFP-positive cells by fluorescence microscopy using an Eclipse TE2000-U
microscope (Nikon).

Generation of pentamers. cDNA coding for amino acids 22 to 289 of
the Mad-1 strain of JCPyV VP1 (UniProtKB entry code P03089) was
cloned into the pET15b expression vector (EMD Millipore) in frame with
an N-terminal hexahistidine tag (His tag) and a thrombin cleavage site as
described previously (41). Mutations were introduced by site-directed
mutagenesis with the Agilent QuikChange mutagenesis kit according to
the manufacturer’s instructions using primers listed for generation of
mutant viruses for viral growth assay. Sequences were verified by Ge-
newiz. VP1 pentamers were purified as described previously (56). Protein
concentrations were determined using a NanoDrop 2000c spectropho-
tometer (Thermo Fisher Scientific), and pentamers were concentrated to
~1 mg/ml.

Crystallization. JCPyV VP1 pentamers carrying mutation L54F,
S268F, or S268Y were concentrated to 4.5 mg/ml in 20 mM HEPES
(pH 7.5), 150 mM NaCl and crystallized at 20°C using the sitting drop
vapor diffusion technique and 100 mM HEPES (pH 7.5), 200 mM KSCN,
12% (wt/vol) polyethylene glycol 3350 (PEG 3350) as the reservoir solu-
tion. Drops were set up by mixing the protein solution 1:1 with the reser-
voir solution and cross-seeded by adding 0.2 �l of a microseeding solution
obtained from previous JCPyV VP1 crystals. In order to test for interac-
tion with LSTc oligosaccharide, crystals were soaked in the reservoir so-
lution complemented with 5 mM LSTc (Dextra, United Kingdom) for
3 min or with 20 mM LSTc for 2 h. Subsequently, crystals were transferred
for 2 s into a harvesting solution supplemented with 30% (vol/vol) glyc-
erol and 5 mM or 20 mM LSTc, respectively, and then flash-frozen in
liquid nitrogen.

Data collection and structure determination. Data sets were col-
lected at beamline X06DA at SLS (Villigen, Switzerland). Diffraction data
were processed with XDS (73), and structures were solved by molecular
replacement with Phaser in CCP4 (74, 75). The native JCPyV Mad-1 VP1
structure (PDB accession number 3NXG) lacking solvent molecules was
used as the search model. Rigid body and simulated annealing refinement
was carried out with Phenix (76) in order to remove model bias. Crystals
of L54F, S268F, and S268Y mutant pentamers have the same space group,
and similar unit cell parameters, as do wild-type JCPyV Mad-1 VP1 pen-

tamers, with a single VP1 pentamer forming the asymmetric unit in each
case. Mutations were introduced into the respective models, and water
molecules were added (excluding the LSTc binding site) using Coot (77).
Alternating rounds of model building in Coot and restrained refinement,
including 5-fold NCS restraints and the translation-libration-screw (TLS)
method (78), were performed with Refmac5 (79). In order to test for the
presence of LSTc, simulated annealing Fobs-Fcalc electron density maps in
the putative LSTc binding site of the mutated VP1 pentamers soaked with
LSTc were compared to the respective omit map of the Mad-1 VP1-LSTc
complex. In the case of S268F VP1, which showed some electron density
for LSTc, the ligand was built and refined using the CCP4 suite library and
user-defined restraints for the �2,6-glycosidic bond. Structure figures
were prepared with PyMOL (PyMOL Molecular Graphics System, version
1.3; Schrödinger, LLC).

Flow cytometry. Purified wild-type and mutant JCPyV VP1 pentam-
ers (100 �g/ml) in a 100-�l total volume of PBS were incubated with
SVG-A cells in suspension on ice for 2 h with occasional agitation. Cells
were washed, pelleted by centrifugation, and suspended in 75 �l of penta-
His Alexa Fluor 488 antibody (Qiagen) (20 �g/ml) in PBS on ice for 1 h.
Cells were washed, pelleted, resuspended in PBS, and analyzed for pen-
tamer binding using a BD FACSCalibur (Becton, Dickinson and Com-
pany) flow cytometer equipped with a 488-nm excitation line. Data were
analyzed using BD CellQuestPro (Becton, Dickinson and Company) and
FlowJo software (Tree Star, Inc.).

Hemagglutination assay with JC pseudoviruses. Serial 2-fold dilu-
tions of 1 � 107 particles of wild-type or mutant JC pseudoviruses in a
volume of 99 �l were prepared in PBS in a U-bottomed 96-well plate
(Corning) (dilution range, 1:2 to 1:4,096). A volume equivalent (99 �l) of
1� PBS was used as a negative control. Human type O negative red blood
cells (RBCs) that had been washed with Alsever’s buffer (0.1 M D-glucose,
0.027 M sodium citrate, 0.07 M NaCl, pH 6.5) were added to each well at
a volume equivalent of 99 �l, and plates were gently agitated. Plates were
incubated at 4°C for 4 h and imaged using a ChemiDoc XRS imager
(Bio-Rad).

Protein structure accession numbers. Coordinates and structure fac-
tor amplitudes have been deposited with the RCSB Protein Data Bank
(http://www.pdb.org) under accession codes 4JCE (L54F), 4JCF (S268F),
and 4JCD (S268Y) of the structures obtained after crystal soaking in har-
vesting solution supplemented with 20 mM LSTc.
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