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BK virus (BKV) is a common human polyomavirus infecting >80% of the population worldwide. Infection
with BKV is asymptomatic, but reactivation in renal transplant recipients can lead to polyomavirus-associated
nephropathy. In this report, we show that enzymatic removal of �(2,3)-linked sialic acid from cells inhibited
BKV infection. Reconstitution of asialo cells with �(2,3)-specific sialyltransferase restored susceptibility to
infection. Inhibition of N-linked glycosylation with tunicamycin reduced infection, but inhibition of O-linked
glycosylation did not. An O-linked-specific �(2,3)-sialyltransferase was unable to restore infection in asialo
cells. Taken together, these data indicate that an N-linked glycoprotein containing �(2,3)-linked sialic acid is
a critical component of the cellular receptor for BKV.

BK virus (BKV) is 1 of 14 members of the polyomavirus
family, a group of nonenveloped, small double-stranded DNA-
containing viruses (14). BKV infects approximately 80% of the
world’s population early in life with an average age at serocon-
version of approximately 5 years (9, 18, 38). Initial exposure to
human polyomaviruses is common and asymptomatic. Once
primary infection with BKV resolves, the virus persists in ep-
ithelial cells of the kidney and urogenital tract (6, 12, 43).
Lifelong persistence of BKV within the kidney is subclinical in
healthy individuals; however, in the context of immunosup-
pression, BKV can cause disease. An elevation of BKV load
can induce hemorrhagic cystitis, ureteric stenosis, and retinitis,
mostly in immunocompromised individuals (1, 9, 20, 24, 28, 31,
33). More recently, BKV has emerged as a significant and
increasingly frequent complication leading to the loss of the
transplanted organ in kidney allograft recipients (22, 32, 34, 37,
42). Polyomavirus-associated nephropathy afflicts 5 to 6% of
kidney transplant recipients (9, 29, 32). In approximately 50%
of polyomavirus-associated nephropathy cases, extensive fibro-
sis, calcification, inflammation, and cell death lead to progres-
sive organ dysfunction, resulting ultimately in loss of the trans-
planted organ (9, 29, 32).

The cellular receptors for BKV have not been described.
Early receptor studies elucidated a role for sialic acids and
polysialylated gangliosides in BKV infectious entry into Vero
cells and in virus binding to red blood cells (35, 40, 41). The
linkage of sialic acid and the potential role of glycoproteins in
infection were not elucidated in these early studies.

In this study, we show that an N-linked glycoprotein containing
terminal �(2,3)-linked sialic acid is a critical determinant of BKV
infection of Vero cells. Our first approach to defining a role for
specific linkages of sialic acid in infection involved the enzymatic
removal of terminal �(2,3)- and �(2,6)-linked sialic acids from
Vero cells. Sialidase S (SAS) from Streptococcus pneumoniae spe-
cifically removes �(2,3)-linked sialic acid from glycoproteins and

complex carbohydrates (27). Neuraminidase (NA) from Vibrio
cholerae at high concentrations removes both �(2,3)- and �(2,6)-
linked sialic acid from glycoproteins, gangliosides, and complex
carbohydrates and at low concentration removes only the �(2,3)
linkage (13, 19). The specificity of these sialidases was tested by
measuring the binding of a biotinylated �(2,3)-linked sialic acid-
specific lectin (MALII) and a biotinylated �(2,6)-specific lectin
(SNA) to cells before and after treatment with each enzyme (Fig.
1A) (17, 39). The binding of biotinylated lectins was detected
using Alexa Fluor 488-conjugated streptavidin. To begin to assess
which linkage of sialic acid was important for BKV infection,
Vero cells were treated with NA or SAS as indicated and chal-
lenged with virus. Infection was scored at 48 h postinfection by
indirect immunofluorescence analysis of BKV T-antigen (Ag)-
expressing cells. Both concentrations of NA inhibited infection,
suggesting a role for �(2,3)-linked sialic acid in infection (Fig. 1B
and C). The �(2,3)-specific SAS also inhibited infection, indicat-
ing that this linkage of sialic acid is critical for BKV infection (Fig.
1B and C). These experiments could not rule out a role for the
�(2,6)-linked sialic acid, nor could they distinguish whether the
sialic acid was attached to proteins or gangliosides. The effect of
these enzymes on BKV infection, however, was specific, as no
inhibition of infection was observed when enzyme-treated cells
were challenged with simian virus 40 (Fig. 1D). To further exam-
ine the role of specific linkages of sialic acids in infection and to
determine whether glycoproteins or gangliosides were involved,
Vero cells were completely stripped of sialic acid with 0.800-U/ml
NA and then incubated with �(2,3)-(N)-sialyltransferase [�(2,3)-
ST] in the presence of 1 mM of a sialic acid donor, cytidine-5�-
monophospho-N-acetylneuraminic acid sodium salt (NeuAc) for
1.5 h at 37°C. In the cell, this activated donor sugar is synthesized
from neuraminic acid within the nucleus and transferred to car-
bohydrate chains on glycoproteins by sialyltransferases in the
Golgi (8, 16, 30). The �(2,3) and �(2,6) sialyltransferases used in
this study are highly specific and transfer sialic acid, or NeuAc,
to a terminal galactose attached to N-acetylglucosamine (Gal-
GlcNAc) on N-linked proteins (44). After sialyltransferase treat-
ment, cells were washed and either stained with biotinylated lec-
tins to determine if sialic acids were reconstituted on the cell
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FIG. 1. Selective cleavage of �(2,3)- and �(2,6)-linked sialic acids from Vero cells treated with NA and SAS inhibits BKV infection. (A) The
removal of �(2,3)- and �(2,6)-linked sialic acids was detected by flow cytometry using a biotinylated �(2,3)-specific lectin, MALII, and a
biotinylated �(2,6)-specific lectin SNA. Lectin binding to untreated cells is indicated by dotted lines, and lectin binding to treated cells is indicated
by boldface lines. The shaded histogram is the binding of streptavidin conjugated to Alexa Fluor 488 in the absence of added lectins. NA at 0.025
U/ml selectively cleaves �(2,3)-linked sialic acid, as indicated by inhibition of MALII binding and no inhibition of SNA binding (top). NA at 0.800
U/ml cleaves both �(2,3)- and �(2,6)-linked sialic acid (middle). The recombinant enzyme, SAS, selectively cleaves �(2,3)-linked sialic acids
(bottom). (B) After Vero cells were treated with phosphate-buffered saline, 0.800-U/ml NA, 0.025-U/ml NA, or 0.125-U/ml SAS as indicated, the
cells were infected with BKV. After 48 h of incubation, the percentage of infected cells was determined by cellular expression of the viral protein
T-Ag. Error bars represent the standard deviation. All enzyme treatments significantly reduced infection (P � 0.001). The experiment was repeated
10 times with identical results. (C) Representative images of the data shown in panel B (magnification, �100). (D) NA and SAS have no effect
on simian virus 40 (SV40) infection of Vero cells. Green, cells positive for T-Ag expression.

FIG. 2. �(2,3)-(N)-sialyltransferase but not �(2,6)-sialyltransferase restores BKV infection to asialo Vero cells. (A) Vero cells were untreated
(shaded) or treated with 0.800-U/ml NA to remove almost all the sialic acids from cell surfaces. NA-treated cells were then incubated with
150-mU/ml �(2,3)-ST or 35-mU/ml �(2,6)-ST in the presence of NeuAc for 1.5 h at 37°C (dotted line) or incubated with medium alone (boldface
line). Cells were then labeled with either SNA or MALII to determine if sialic acids had been restored. (B) Enzyme-treated cells described above
were challenged with BKV, and infection was scored at after 48 h. Error bars represent standard deviations. This experiment was repeated three
times. Treatment with 35-mU/ml �(2,6)-ST does not change infection levels (P � 0.1), while �(2,3)-ST significantly increases BKV infection (P �
0.001). (C) Immunofluorescent images of the data shown in panel B (magnification, �100). Green, cells positive for T-Ag expression.
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surface or challenged with BKV. �(2,3)-ST was able to restore
MALII binding to cells stripped of sialic acid (Fig. 2A), and this
correlated with a restoration of infectivity (Fig. 2B and C). As this
enzyme is specific for �(2,3) sialyation on N-linked glycoproteins,
this experiment suggests that �(2,3)-linked sialic acid on an N-
linked glycoprotein is sufficient to mediate infection (44). To
control for endogenous sialyltransferase activity during the incu-
bation, NA-treated cells received the sialic acid donor molecule,
NeuAc, without any exogenous sialyltransferase. Histograms
show that NeuAc alone was not capable of reconstituting any
sialic acids at the cell membrane (Fig. 3A). Additionally, infection
was not restored, indicating that in our system NeuAc is inert
without a sialyltransferase enzyme (Fig. 2B and C and Fig. 3B).
This experiment was repeated using SAS to remove only the
�(2,3)-linked sialic acid from cells with similar results (data not
shown). We next asked whether infection could be restored in
asialo cells incubated with the neuraminic acid donor in the pres-
ence of a �(2,6)-sialyltransferase [�(2,6)-ST]. Like �(2,3)-ST, this

enzyme specifically adds sialic acid to N-linked glycoproteins (44).
The �(2,6)-ST restored SNA binding to asialo cells (Fig. 2A) but
these cells remained refractory to infection with BKV, ruling out
a role for the �(2,6)-linked sialic acids in BKV infection (Fig. 2B
and C). Antennary oligosaccharide complexes consisting of a ter-
minal �(2,3)-linked sialic acid with a branched �(2,6)-linked sialic
acid side chain are not found in N-linked carbohydrates (2, 4, 25).
Therefore, the possibility of BKV recognizing the branched form
of this receptor is unlikely. To further support the role of N-linked
glycoproteins as receptors for BKV, we made use of metabolic
inhibitors of N- and O-linked glycosylation. Inhibitors of the two
primary glycosylation pathways were used as previously described
to further characterize the sialic acid-containing receptor (5, 15,
23, 36). Tunicamycin is a fungal toxin and antibiotic that prevents
the assembly of UDP-N-acetylglucosamine onto the lipid carrier,
dolichol phosphate, which is one of the first stages required in
asparagine-initiated glycosylation (26). Benzyl N-acetyl-�-D-
galactosaminide (benzylGalNAc) acts as a competitive inhibitor
of N-acetyl-D-galactosaminyltransferase to serine or threonine,
which is the beginning transfer step in O-linked glycosylation (3,
7, 11). Cells were preincubated and infected with BKV in the
presence of these inhibitors. Tunicamycin induced a dose-depen-
dent decrease in infection, while benzylGalNAc did not inhibit
infection (Fig. 4). This experiment, together with the reconstitu-
tion experiments above using N-linked sialyltransferases, suggests
that N-linked glycoproteins play an important role in BKV infec-
tion. It is possible that tunicamycin disables the function of en-

FIG. 3. �(2,3)-(O)-Sialyltransferase can restore MALII binding but
not BKV infection to asialo Vero cells. (A) Vero cells were either
untreated (shaded) or treated with 0.800-U/ml NA. In histograms at
the bottom, NA-treated cells were incubated with 100-mU/ml �(2,3)-
(O)-ST and 1.0 mM NeuAc for 1.5 h at 37°C (dotted line) or incubated
with medium alone (boldface line). In histograms at the top, NA
treatment was followed by incubation with NeuAc without sialyltrans-
ferase (dotted line) or medium without NeuAc (boldface line). These
cells were then labeled with either SNA or MALII. (B) Instead of
lectin staining, cells shown in panel A were challenged with BKV, and
infection was scored after 48 h. This experiment was repeated three
times. NA inhibited infection, but �(2,3)-(O)-ST did not significantly
restore infection (P � 0.18). Error bars represent standard deviations.

FIG. 4. Tunicamycin but not benzylGalNAc inhibits BKV infection
of Vero cells. Cells were incubated in medium containing tunicamycin
for 4 h or benzylGalNAc for 12 h. The cells were then incubated with
BKV in the presence of the inhibitors for 1 h at 4°C. The medium was
removed and replaced by fresh medium without inhibitors. After 48 h,
the percentage of BKV-infected cells was scored by indirect immuno-
fluorescence analysis of T-Ag expression cells. This experiment was
repeated three times. Tunicamycin inhibits infection at all concentra-
tions (P � 0.001). BenzylGalNAc does not inhibit infection (P � 0.1)
and at 25 and 50 �M slightly increases infection (P � 0.034). Error
bars represent standard deviations.
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dogenous sialyltransferases, thereby nonspecifically inhibiting in-
fection by reducing sialic acid content. To further confirm the
requirement for N-linked glycoproteins, we asked whether an
�(2,3)-(O)-sialyltransferase [�(2,3)-(O)-ST] could rescue infec-
tion in asialo cells. Enzymatic treatment with �(2,3)-(O)-ST
added sialic acids to galactose attached to N-acetyl galactosamine
(Gal-GalNAc) of O-linked carbohydrates, gycolipids, and gan-
gliosides (10, 21). Treatment of asialo cells with a neuraminic acid
donor in the presence of the �(2,3)-(O)-ST restored MALIII
binding but failed to restore infectivity (Fig. 3A and B).

Taken together, these data indicate that the functional re-
ceptor for BKV involves an N-linked glycoprotein with �(2,3)-
linked sialic acid. The presence of �(2,3)-linked sialic acid on
an N-linked glycoprotein is sufficient to mediate infection of
these cells; however, these experiments do not rule out a role
for gangliosides in contributing to BKV infection.
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