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The human papillomavirus (HPV) minor capsid protein L2 plays important roles in the generation of
infectious viral particles and in the initial steps of infection. Here we show that HPV-16 L2 protein is
sumoylated at lysine 35 and that sumoylation affects its stability. Interestingly, the sumoylated form of L2
cannot bind to the major capsid protein L1, suggesting a mechanism by which capsid assembly may be
modulated in an infected cell. Additionally, L2 appears to modulate the overall sumoylation status of the host
cell. These observations indicate a complex interplay between the HPV L2 protein and the host sumoylation
machinery.

Posttranslational modification is a central method of diver-
sifying protein function. Ubiquitin-like proteins such as SUMO
(small ubiquitin-related modifier) are known to be key regu-
lators of several biological functions (31). In humans, at least
three SUMO forms (SUMO1, -2, and -3) are expressed.
SUMO2 and SUMO3 (here called SUMO2/3) are closely re-
lated, sharing 97% identity, whereas SUMO1 shares 43% iden-
tity with SUMO2/3. SUMO modification exerts a variety of
effects on its targets, altering a target’s cellular localization, its
stability, its ability to interact with other proteins, and its ac-
tivity (31). Most known sumoylation targets are transcription
factors or other proteins involved in chromatin structure, reg-
ulation, and expression (12), supporting a fundamental role for
this modification system in regulating cellular homeostasis.
Hence, it is no surprise that viral proteins can exploit the host
sumoylation system; proteins from both RNA and DNA vi-
ruses have been shown to be sumoylated and/or to interact with
the sumoylation machinery (8). The viruses that exhibit inter-
play between sumoylation and viral proteins can be divided
into two groups: viruses that have their proteins sumoylated
and viruses whose proteins directly modify host sumoylation.
In both cases, the outcome is a cellular environment more
favorable for viral replication (5, 8).

Human papillomavirus (HPV) infects both mucosal and cu-
taneous epithelia, and certain high-risk HPV types are the
causative agents of cervical cancer (11). Two structural pro-
teins, L1 and L2, form the papillomavirus capsid (16). The
minor capsid protein L2 plays a critical role in the generation
of infectious viral particles and in early events of HPV infec-
tion (13), although its precise functions in HPV entry, intra-
cellular trafficking, endosomal escape, and the nuclear import
of the HPV genome have not been fully elucidated (21).

Previous studies have shown sumoylation to be important in
the HPV life cycle. The functions of two early proteins, E1 and

E2, are modified directly by sumoylation (17, 19, 26, 28), and
three others, E2 (27), E6 (3), and E7 (14), affect host sumoy-
lation pathways.

HPV type 16 (HPV-16) L2’s potential involvement with the
sumoylation machinery has not been documented, although a
consensus sequence, �KXE, where � is a large hydrophobic
amino acid, corresponding to the SUMO acceptor site in most
known SUMO substrate proteins (1), is found in the HPV-16
L2 sequence. To investigate whether this is indeed a SUMO
acceptor site, HPV-16 L2 was subcloned into a Flag-hemag-
glutinin (HA)-tagged expression vector (23) and transfected
into 293 cells alone or in combination with HA-SUMO1, HA-
SUMO2, or HA-SUMO3 expression plasmids. After 24 h, cells
were lysed in E1a buffer (50 mM HEPES, pH 7.0, 0.5% NP-40,
250 mM NaCl) and samples were analyzed by Western blotting
with anti-HA antibody (Roche). In addition to native L2,
which migrates at about 80 kDa, a slower-migrating protein of
about 100 kDa was recognized in the presence of SUMO1,
SUMO2, or SUMO3 (Fig. 1A). To confirm that these novel L2
species were SUMO-modified HPV-16 L2, a SUMO protease,
SENP2 (Addgene), was coexpressed in 293 cells with L2 and
HA-SUMO1, -2, or -3. SENP2 completely eliminated the 100-
kDa bands (Fig. 1B). We conclude from these data that
HPV-16 L2 is sumoylated in vivo and can be modified by either
SUMO1, -2, or -3. Interestingly, L2 showed a strong preference
for SUMO2/3; only weak sumoylation was carried out by
SUMO1 (Fig. 1A).

The potential SUMO acceptor site PKVE is located at po-
sitions 34 to 37 of HPV-16 L2. To investigate whether lysine 35
might serve as an acceptor for SUMO conjugation, we gener-
ated an L2 mutant, replacing lysine 35 with arginine (L2-
K35R). 293 cells were then transfected with plasmids express-
ing HA-SUMO1, HA-SUMO2, or HA-SUMO3 and either
wild-type L2 or the L2-K35R mutant. Mutation of lysine 35 to
arginine effectively abolished the appearance of the 100-kDa
bands (Fig. 1C). Taken together, our data indicate that lysine
35 is the major sumoylation site in HPV-16 L2 in vivo.

As sumoylation often impairs protein degradation, we asked
whether sumoylation controls L2 protein stability. To investi-
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gate this, the stability of wild-type L2 and the L2-K35R mutant
was determined. 293 cells were transfected with the two L2
expression plasmids, and the cells were then treated with cy-
cloheximide (CHX; 50 �g/ml) to stop further protein synthesis.

Cells were harvested at various times, and levels of L2 were
analyzed by Western blotting (Fig. 2B). As can be seen in Fig.
2, wild-type L2 and L2-K35R have significantly different rates
of turnover, with the half-life of wild-type L2 being almost

FIG. 1. HPV-16 L2 is sumoylated in vivo by SUMO1, -2, and -3 at lysine 35. (A) 293 cells were transiently transfected either with a
Flag-HA-tagged HPV-16 L2 expression plasmid alone or in combination with a SUMO expression plasmid (SUMO1, -2, or -3). (B) Where
indicated, a SUMO protease, SENP2, was coexpressed in 293 cells, transfected as described for panel A. (C) Lysine 35 of the SUMO predicted-site
PKVE was substituted for the arginine (L2-K35R mutant). 293 cells were then transiently transfected either with wild-type Flag-HA-tagged
HPV-16 L2 or the L2-K35R mutant alone or in combination with the SUMO1, SUMO2, or SUMO3 expression plasmid. After 24 h, cells were
extracted and HPV-16 L2 was detected by immunoblotting using anti-HA antibody (12CA5; Roche). Green fluorescent protein (GFP) was used
as an internal control for the monitoring of transfection efficiency. Asterisks denote a nonspecific band recognized by the anti-HA antibodies.
Numbers at the left of the gels are molecular sizes in kilodaltons.

FIG. 2. Loss of sumoylation capacity decreases the stability of HPV-16 L2 protein. 293 cells were transiently transfected with either wild-type
Flag-HA-tagged HPV-16 L2 or the L2-K35R mutant. After 24 h, cells were washed and treated with cycloheximide (CHX) for the indicated
periods. Cell lysates were then subjected to immunoblotting. (A) The level of L2 protein was quantitated by densitometry, and the amounts of L2
were normalized to the amount of �-tubulin. Results are expressed as the means � standard errors (SE) of results from four independent
experiments. Protein half-lives (t1/2) represent values determined from the linear regression curves (r2 � 0.97 for wild-type L2 and 0.95 for
L2-K35R). The slopes of both curves differ significantly (P � 0.001). (B) Western blot analysis of the L2 protein level at some of the selected time
points after CHX treatment using an anti-HA antibody (12CA5; Roche). �-Tubulin (Sigma) was used as a loading control.
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twice that of the L2-K35R mutant (7.8 h versus 4.1 h) (Fig.
2A). Taken together, these experiments show that sumoylation
can affect L2 stability, since nonsumoylatable L2 is turned over
more rapidly.

To investigate the possible physiological role of L2 sumoyla-
tion, we analyzed the capacity of sumoylated L2 to interact with
two previously described HPV-16 L2-interacting partners, L1 and
E2 (10, 15). HA-tagged L2 was expressed in 293 cells, either alone
or in combination with SUMO2. Cell extracts were made after
24 h, which were then used in pulldown assays with purified
glutathione S-transferase (GST)–L1 and His-E2 proteins, with
purified GST and His-p53 acting as negative controls in the L2
pulldown assays. The bound L2 was detected by Western blotting,
and the results show that both the sumoylated and nonsumoy-
lated forms of L2 were capable of binding to E2 (Fig. 3B). In
contrast, only the nonsumoylated form of L2 was capable of
binding to L1 (Fig. 3A), demonstrating that sumoylation of
L2 negatively affects its capacity to interact with L1.

In some cases, sumoylation has been shown to alter the sub-
cellular localization of proteins (31). To investigate whether
sumoylation of L2 could affect its intracellular localization, we
expressed either wild-type L2 or the L2-K35R mutant in U2OS
cells. After 24 h, cells were subjected to an indirect immuno-
fluorescence assay with anti-Flag antibodies (Sigma) to detect
L2 and anti-SUMO1 or anti-SUMO2/3 (Santa Cruz) to detect
endogenous SUMO proteins. Both wild-type L2 and the L2-
K35R mutant localized to the nucleus in a diffuse pattern, with
no apparent differences in distributions (Fig. 4C). Thus, since
mutation of the sumoylation target site does not influence the
subcellular localization of L2, it appears that sumoylation is

not required for nuclear entry of L2. Interestingly, upon L2
expression, there was a marked increase in the SUMO2/3 sig-
nal in the nuclei of U2OS cells (Fig. 4A) and HaCaT kerati-
nocytes (data not shown), but no such effect was observed with
SUMO1 (Fig. 4B). Similar results were observed with the L2-
K35R mutant (Fig. 4A and B). Western blot analysis using
anti-SUMO antibodies revealed that L2 specifically upregu-
lates endogenous sumoylation of high-molecular-mass host
proteins (100 to 250 kDa) by SUMO2/3 but only weakly with
SUMO1 (Fig. 4D).

This study shows for the first time that HPV-16 L2 capsid
protein is a substrate for sumoylation in vivo. Interestingly, L2
shows a strong preference for SUMO2/3, with little detectable
sumoylation by SUMO1. Several lines of evidence indicate that
SUMO2 and SUMO3 have protein targets, signaling proper-
ties, and functions distinct from those of SUMO1 (20, 24).
SUMO2/3 conjugation is preferentially upregulated in response
to cell stress, plays a key role in mitosis (30), and affects cell
growth and differentiation (29). Upregulation of SUMO2/3 has
been demonstrated during keratinocyte differentiation, whereas
SUMO1 expression is relatively unchanged (9), suggesting that
SUMO2/3 modification of L2 might occur during keratinocyte
differentiation.

The loss of the acceptor lysine for sumoylation results in the
destabilization of L2. For some proteins, it has been shown
that attachment of SUMO1 prevents ubiquitinylation, reduc-
ing proteasomal degradation of those proteins (2, 7, 25). In-
terestingly, the sumoylation-deficient L2 mutant revealed a
much lower steady-state level than wild-type L2, reflected in its
reduced half-life. This suggests that sumoylation of L2 indi-
rectly contributes to its stability, although we cannot formally
exclude the possibility that the mutation itself might adversely
affect L2 stability. The underlying mechanisms are unclear but
are unlikely to involve SUMO competing with ubiquitin for
ligation to the K35 residue, since in that case the mutant is
expected to be more stable.

It is well known that sumoylation influences the interaction
of many target proteins with other proteins and might serve as
an adaptor for protein-protein interactions. We show that
sumoylation prevents binding of L2 to the major capsid protein
L1, suggesting a mechanism by which capsid assembly may be
modulated in an infected cell. In contrast, it appears that
sumoylation of L2 does not interfere with its binding to E2. It
will now be interesting to determine to what degree L2 is
sumoylated during the course of a normal viral infection and
whether this might vary during different stages of the viral life
cycle. However, it is intriguing to note that the sumoylated
lysine 35 in L2 is highly conserved across mammalian and avian
PV types and that it is located in the amino-terminal region of
L2, where many important domains are located, including
those for DNA binding (32), nuclear transport (22), furin
cleavage (18), and tSNARE syntaxin 18 interaction (6). It will
be important to determine whether the sumoylation of L2 can
influence these interactions and whether sumoylation is an
important feature of L2 regulation across diverse PV types.

Finally, we show that L2 appears to modulate the overall
sumoylation status of the host cell by specifically upregulating
endogenous sumoylation of the host proteins by SUMO2/3. Two
other viral proteins have been shown to have an effect on global
sumoylation activities, GAM1 (4) and HPV E6 (3), both of which

FIG. 3. Sumoylation negatively regulates HPV-16 L2 interaction
with the major capsid protein L1. 293 cells were transiently transfected
with either wild-type Flag-HA-tagged HPV-16 L2 (lane 1) or the
L2-K35R mutant (lane 3) alone or with wild-type HPV-16 L2 in com-
bination with the SUMO2 expression plasmid (lane 2). After 24 h, cells
were harvested and subjected to a pulldown assay with GST–HPV-16
L1 (A) or His–HPV-16 E2 (B) proteins. Purified unfused GST and
His-p53 proteins (lower panels) were used as the respective negative
controls. Bound proteins and cell extracts were analyzed by immuno-
blotting using an anti-HA antibody (12CA5; Roche). Inputs (top pan-
els) represent 10% of the extracts used for the pulldown assays. Arrows
point to the sumoylated form of the HPV-16 L2 protein. Note that
sumoylated L2 binds only to E2 but that both unmodified L2 and the
K35R mutant bind to E2 and L1. No interaction is seen with GST
alone or His-p53. The Ponceau stains show equal levels of purified
proteins used in the pulldown assays. Asterisks denote a nonspecific
band recognized by the anti-HA antibody in the input lanes.
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interact with a component of the sumoylation system, resulting in
an overall inhibition. However, L2 is the first example of a viral
protein that specifically upregulates the sumoylation of host pro-
teins. Interestingly, upregulation of SUMO expression has also
been shown during keratinocyte differentiation (9), the natural
environment for the HPV life cycle (11), and it will be of
interest to determine whether SUMO levels can be further
increased by HPV L2 during infection. Indeed, it has been
speculated that increased SUMO2/3 sumoylation in infected
keratinocytes may lead to HPV E2 stabilization and the higher

protein concentrations required for productive viral genome
amplification (28). However, the increase in SUMO2/3 expres-
sion appears to be short-lived, and it is therefore possible that
one of L2’s functions is to contribute to the high cellular
SUMO2/3 sumoylation level and thereby support the late
stages of viral replication.

This work was supported in part by research grants from the Interna-
tional Centre for Genetic Engineering and Biotechnology (Collaborative
Research Programme) and from the Slovenian Research Agency.

FIG. 4. HPV-16 L2 upregulates endogenous sumoylation by SUMO2/3 in the host cells. U2OS cells were transiently transfected with
either wild-type (wt) Flag-HA-tagged HPV-16 L2 or the L2-K35R mutant. Twenty-four hours later, cells were fixed and stained for L2
(anti-Flag, M2; Sigma) and endogenous SUMO2/3 (anti-SUMO2/3; Santa Cruz Biotechnology) (A), or SUMO1 (anti-SUMO1, Santa Cruz
Biotechnology) (B), or for L2 alone (C). The cellular localization of L2 and SUMO proteins was analyzed by indirect immunofluorescence
using a confocal microscope (Zeiss Axiovert 100 M). The panels show SUMO proteins alone (red), L2 alone (green), and the merged images.
(D) Western blot analysis of the overall cell sumoylation status 24 h after transfection with the wild-type Flag-HA-tagged HPV-16 L2 plasmid
using anti-SUMO2/3 antibodies for the detection of SUMO2/3-sumoylated proteins, anti-SUMO1 antibodies for the detection of SUMO1-
sumoylated proteins, anti-HA antibodies (12CA5; Roche) for the detection of HPV-16 L2, and anti-�-tubulin (Sigma) as a loading control.
The asterisk denotes a nonspecific band recognized by the anti-HA antibodies.
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