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ABSTRACT

Accumulating evidence suggests that viruses hijack cellular proteins to circumvent the host immune system. Ubiquitination and
SUMOylation are extensively studied posttranslational modifications (PTMs) that play critical roles in diverse biological pro-
cesses. Cross talk between ubiquitination and SUMOylation of both host and viral proteins has been reported to result in dis-
tinct functional consequences. Enterovirus 71 (EV71), an RNA virus belonging to the family Picornaviridae, is a common cause
of hand, foot, and mouth disease. Little is known concerning how host PTM systems interact with enteroviruses. Here, we dem-
onstrate that the 3D protein, an RNA-dependent RNA polymerase (RdRp) of EV71, is modified by small ubiquitin-like modifier
1 (SUMO-1) both during infection and in vitro. Residues K159 and L150/D151/L152 were responsible for 3D SUMOylation as
determined by bioinformatics prediction combined with site-directed mutagenesis. Also, primer-dependent polymerase assays
indicated that mutation of SUMOylation sites impaired 3D polymerase activity and virus replication. Moreover, 3D is ubiquiti-
nated in a SUMO-dependent manner, and SUMOylation is crucial for 3D stability, which may be due to the interplay between
the two PTMs. Importantly, increasing the level of SUMO-1 in EV71-infected cells augmented the SUMOylation and ubiquitina-
tion levels of 3D, leading to enhanced replication of EV71. These results together suggested that SUMO and ubiquitin coopera-
tively regulated EV71 infection, either by SUMO-ubiquitin hybrid chains or by ubiquitin conjugating to the exposed lysine resi-
due through SUMOylation. Our study provides new insight into how a virus utilizes cellular pathways to facilitate its replication.

IMPORTANCE

Infection with enterovirus 71 (EV71) often causes neurological diseases in children, and EV71 is responsible for the majority of
fatalities. Based on a better understanding of interplay between virus and host cell, antiviral drugs against enteroviruses may be
developed. As a dynamic cellular process of posttranslational modification, SUMOylation regulates global cellular protein local-
ization, interaction, stability, and enzymatic activity. However, little is known concerning how SUMOylation directly influences
virus replication by targeting viral polymerase. Here, we found that EV71 polymerase 3D was SUMOylated during EV71 infec-
tion and in vitro. Moreover, the SUMOylation sites were determined, and in vitro polymerase assays indicated that mutations at
SUMOylation sites could impair polymerase synthesis. Importantly, 3D is ubiquitinated in a SUMOylation-dependent manner
that enhances the stability of the viral polymerase. Our findings indicate that the two modifications likely cooperatively enhance
virus replication. Our study may offer a new therapeutic strategy against virus replication.

Small ubiquitin-like modifier (SUMO) modification, a mem-
ber of the group of posttranslational modifications (PTMs), is

important for the regulation of many cellular proteins and path-
ways (1). SUMO is a novel protein modifier similar to the well-
studied ubiquitin (Ub). Structural analysis revealed high similar-
ity between the two PTMs despite limited (18%) sequence identity
(2). Four SUMO isoforms exist in vertebrates, each having an
approximate molecular mass of 12 kDa. SUMO-2 and SUMO-3
can form polymeric SUMO chains via a single conserved lysine
residue (3, 4). Without such a site, SUMO-1 cannot act as a link to
elongate chains in vivo but as a chain terminator on poly-SUMO-2
and -3 chains (5–7).

Similar to ubiquitination, SUMO proteins are initially synthe-
sized as inactive precursors and cleaved by a specific protease
belonging to the family of sentrin-specific proteases (SENPs) to
expose the COOH-terminal diglycine motif (8). The carboxyl ter-
minus of mature SUMO peptide is linked to a cysteine residue in
E1-activating enzyme (SUMO-activating enzymes 1 and 2 [SAE1/
SAE2]) via a thioester in an ATP-dependent manner. The acti-
vated SUMO is subsequently transferred to a cysteine residue of

the SUMO-conjugating enzyme Ubc9. Although Ubc9 can trans-
fer SUMO to the target protein, mutual action of Ubc9 and E3
SUMO ligases is required for efficient modification (9–11). An
isopeptide bond is formed between the lysine residue of the target
protein and SUMO. The modification is dynamically reversible.
In addition to a role in SUMO precursor maturation, SENPs also
act as SUMO deconjugation enzymes to complete the SUMO
modification (SUMOylation) cycle (8).

Typically, the lysine in the amino acid consensus motif �-K-X-
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D/E or the inverted motif E/D-X-K-� (where � represents a
large hydrophobic residue) of a protein is recognized as the
SUMOylation site (6, 12, 13). Apart from covalent modification,
target proteins may be modified noncovalently via SUMO-inter-
acting motifs (SIMs) (6, 12). In general, the SIMs contain a hydro-
phobic core (V/I-X-V/I-V/I or V/I-V/I-X-V/I/L) flanked by acidic
residues either upstream or downstream (14–17). In addition to
being structurally related, ubiquitin and SUMO modifications of
substrates occur preferentially on lysine residues, and ubiquitin
can be hybridized with the SUMO moiety by anchoring to the
lysine on poly-SUMO (18, 19). Cross talk between the two PTMs
may be involved in genome stability and cell growth, which are
associated with pathogen resistance and cancer treatment (20).
Studies indicate that SUMOylation can antagonize ubiquitin/pro-
teasome-mediated degradation by competing the same lysine to
stabilize the target protein or cooperatively degrade the target pro-
tein by sharing the same lysine with ubiquitin (20, 21).

Viruses, as obligate pathogenic organisms, must usurp the host
proteins and cellular pathways throughout their life cycles to
evade antiviral defenses by creating an environment that facilitates
their replication (7). Many viral proteins have been identified as
substrates for SUMOylation. Viruses can interact with and exploit
the enzymes of the SUMO pathways to promote their assembly or
replication or to evade the host immune system. Viruses could
also be constrained by the host SUMO systems, and vice versa
(22). Some viruses possess more than one SUMOylated protein,
indicating the complexity of virus-host interactions. For instance,
SUMOylation of human cytomegalovirus (HCMV) DNA poly-
merase subunit UL44 and immediate-early 1 and 2 (IE1 and IE2)
proteins is required for efficient viral replication (23–26). At least
five influenza virus proteins are SUMO targets, and infection with
influenza virus leads to a global increase in cellular SUMOylation
(27). SUMOylation of nonstructural protein 1 (NS1) accelerates
virus growth, M1 protein SUMOylation facilitates viral ribonucle-
oprotein export and the assembly of virus particles, and NP
SUMOylation regulates the intracellular trafficking of NP and ef-
ficient virus production (28–30). The early lytic gene product
(K-bZIP), the major transcriptional factor (K-Rta), and latency-
associated nuclear antigen 2 of Kaposi’s sarcoma-associated her-
pesvirus are SUMOylated to achieve efficient viral replication (31–
33). SUMOylation of the p6 domain of the Gag polyprotein and
integrase of human immunodeficiency virus type 1 is important
for virus replication (34, 35). Nevertheless, SUMOylated viral
proteins from other viruses remain to be discovered. A global
study of viruses and host SUMOylation will enhance our under-
standing of the interactions between viruses and their hosts.

Enterovirus 71 (EV71) belongs to the genus Enterovirus (hu-
man enterovirus A) of the family Picornaviridae, whose members
cause severe neurological diseases in young children under 5 years
old, known as hand, foot, and mouth disease (36). Similar to other
human enteroviruses, including poliovirus, coxsackie virus, and
echovirus, EV71 is a single-stranded RNA virus with a single open
reading frame encoding a precursor protein. After infection, the
precursor is cleaved into four structural (VP1, VP2, VP3, and
VP4) and seven nonstructural (2A, 2B, 2C, 3A, 3B, 3C, and 3D)
proteins (37). The 3D protein is an RNA-dependent RNA poly-
merase (3Dpol) and is responsible for the process of RNA replica-
tion. 3C protease is SUMOylated at lysine residue 52 (K52) by
SUMO-1. SUMOylation of 3C increases ubiquitination, which
leads to the degradation of 3C and eventually causes the reduction

of viral replication (38). Our bioinformatics analysis suggested
that EV71 3D polymerase is likely to be SUMOylated and may
contain both covalent and noncovalent motifs. However, whether
3D is indeed SUMOylated and the role of such modification dur-
ing infection remain to be addressed.

In the present study, we demonstrate that EV71 3D is modified
by SUMO-1 both in vivo and in vitro. We further identify K159
and 150-152 SIM as the sites for SUMOylation. Mutations at both
SUMOylation sites impaired polymerase synthesis in in vitro poly-
merase assays. In addition, we found that the K63-linked ubiqui-
tin modification of 3D is SUMOylation dependent, and a combi-
nation of the two modifications resulted in higher 3D stability and
enhanced viral replication. Although SUMOylation of 3C and 3D
resulted in opposite effects on virus reproduction, enhanced
EV71 replication in cells with elevated SUMO-1 indicates that 3D
SUMOylation plays a predominant role. Our findings together
imply that EV71 exploits host cellular modification for effective
replication, revealing a potential target for antiviral therapy.

MATERIALS AND METHODS
Cell culture and virus manipulation. Human embryonic kidney cells
(HEK 293T; China Center for Type Culture Collection [CCTCC]) and
African green monkey kidney epithelial cells (Vero; CCL-81; American
Type Culture Collection) were cultured in Dulbecco’s modified Eagle
medium. Human rhabdomyosarcoma cells (RD; CCL-136; American
Type Culture Collection) were grown in minimal essential medium. All
the cells were maintained in medium containing 10% fetal bovine serum
(Life Technology, Australia) in 5% CO2 at 37°C.

EV71 strain BrCr was obtained from the Institute of Medical Biology,
Chinese Academy of Medical Science (39). Virus titers were measured by
50% tissue culture infectious dose (TCID50) in RD cells using the Reed-
Muench formula (40). One-step growth curves of viruses were deter-
mined with parental EV71 at a desired multiplicity of infection (MOI)
(41). The EV71 infectious clone was kindly provided by Minetaro Arita
(National Institute of Infectious Diseases, Tokyo, Japan) (42). The EV71
infectious clone and its mutant recombinant RNAs were in vitro tran-
scribed with a RiboMax large-scale RNA production system T7 kit (Pro-
mega) (43). The RNAs were transfected into Vero cells to rescue EV71
wild-type (WT) and mutant viruses, and these viral strains were amplified
in RD cells (39).

Antibodies and reagents. EV71 3D, 3C, and VP1 polyclonal antibod-
ies were prepared by immunizing rabbits with His tag-3D, -3C, and -VP1
fusion proteins, respectively. Rabbit anti-hemagglutinin (HA) and mouse
anti-V5 antibodies were purchased from CoWin Biotech (Beijing, China).
Mouse anti-�-actin antibody was acquired from Proteintech (Wuhan,
China). Rabbit anti-SUMO-1, -2, and -3 antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Mouse monoclonal anti-
Flag M2 and mouse anti-HA antibodies were purchased from Sigma-
Aldrich (St. Louis, MO). Mouse anti-myc, mouse monoclonal anti-Ub,
and mouse control IgG were obtained from Abmart (Shanghai, China),
Santa Cruz (CA, USA), and Boster (Wuhan, China), respectively. MG132,
a proteasome inhibitor, and complete protease inhibitor cocktail were
purchased from Calbiochem (San Diego, CA, USA) and Roche (Indianap-
olis, IN), respectively. N-Ethylmaleimide (NEM) and cycloheximide
(CHX) were obtained from Sigma-Aldrich. Western and immunoprecipi-
tation (IP) lysis buffer and radioimmunoprecipitation assay (RIPA) lysis
buffer were purchased from Beyotime (Jiangsu, China).

Plasmid construction. Flag-3D and HA-3D were generated by insert-
ing the EV71 3D coding sequence into pCAGGS as previously described
(44, 45). All the mutations of 3D (K159R, L150A/D151A, L150A/D151A/
L152A, K159R/L150A/D151A/L152A, V263A/S264A/L265A, and I317A/
D318A/L319A) were created by overlapping extension PCR. Recombi-
nant EV71 mutants harboring 3D mutations were constructed by overlapping
extension PCR using the infectious clone as a template at the indicated
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sites. Verification of the mutants was performed by RNA extraction, re-
verse transcription, and PCR (39).

pcDNA3-HA-SUMO-1 (Addgene plasmid 21154) was obtained from
Junying Yuan (46). SRa-HA-SUMO-2, pcDNA3/HA-SUMO-3, and Flag-
SENP-1 (Addgene plasmids 17360, 17361, and 17357) were gifts from
Edward Yeh (47, 48). pCMV hUbc9 wt HA (Addgene plasmid 14438) was
a gift from Peter Howley (49). pcDEF-HA-SUMO-1, pcDEF-Myc-Ubc9,
and pcDEF-Flag-SUMO-2 were generously provided by Hong Tang (Wu-
han Institute of Virology, Chinese Academy of Sciences, Wuhan, China)
(50). pRK-Flag-SUMO-2 was kindly provided by Yanyi Wang (Wuhan
Institute of Virology, Chinese Academy of Sciences, Wuhan, China) (51).
Myc–SUMO-1 and V5–SENP-1 were constructed by inserting the
SUMO-1 and SENP-1 coding sequences, respectively, into pCAGGS.
Flag–SUMO-1, -2, and -3 were created by amplifying and inserting their
coding sequences into pCAGGS. HA-K48-Ub and HA-K63-Ub were mu-
tants of HA-Ub with all the lysine residues except K48 and K63 mutated
into arginines (52). HA-UB-KO (knockout) was a mutant of ubiquitin
created by the replacement of lysine residue 63 (Lys63) of HA-K63-Ub
with arginine.

The plasmid expressing WT 3D was generated by cloning the 3D gene
into a pET26-Ub vector (53, 54), and the 3D K159R, K159A, and L150A/
D151A mutants were further constructed using the WT plasmid as the
template. 3D was cloned into pGEX-6p-1 (GE Healthcare) to produce
glutathione S-transferase (GST) tag-3D. pSUMO-1 (Addgene plasmid
52258) containing SAE1 and SAE2 was from Primo Schär (55). The His
tag in pSUMO-1 was replaced with Strep-tag II (an eight-residue minimal
peptide sequence [Trp-Ser-His-Pro-Gln-Phe-Glu-Lys] that exhibits in-
trinsic affinity toward streptavidin columns) to create pSUMO-1-Strep.

Protein preparation and in vitro polymerase assays. The plasmids
for the expression of WT 3D and its variants were transformed into Esch-
erichia coli strain BL21(DE3)(pCG1) (kindly supplied by Craig Cameron)
for expression (54). The bacteria were cultured and purified as described
previously, except that the induction condition before harvesting was 11 h
at 25°C (56). The preparation of the 33-nucleotide RNA template (T33)
was as described previously (57, 58). The 10-nucleotide RNA primer
(P10) was purchased from Integrated DNA Technologies. The T33/P10
construct was annealed at 45°C for 3 min at a molar ratio of 1:0.9 in an
RNA annealing buffer (RAB) (50 mM NaCl, 5 mM Tris [pH 7.5], 5 mM
MgCl2). A typical 20-�l reaction mixture containing 6 �M 3D or its mu-
tants, 50 mM Tris (pH 7.0), 20 mM NaCl, 55 mM KCl, 5 mM MgCl2, 4
mM TCEP [tris(2-carboxyethyl)phosphine], 300 �M ATP, 4 �M (T33/
P10) construct, and 300 �M GTP was incubated at 22.5°C for 15, 30, or 60
min before being quenched with an equal volume of stop solution (95%
[vol/vol] formamide, 20 mM EDTA [pH 8.0], 0.02% [wt/vol] bromphe-
nol blue, and 0.02% [wt/vol] xylene cyanol). The quenched samples were
heated at 100°C for 3 min. The RNA species in the reaction mixture were
resolved by 20% polyacrylamide-7 M urea gel electrophoresis before
staining with Stains-All (Sigma-Aldrich). Color images obtained by scan-
ning the stained gels were converted to grayscale images prior to quanti-
fication by Image J (http://imageJ.nih.gov/ij/). The Stains-All-based
quantification method was used previously to assess the amounts of RNAs
with similar lengths (58).

In vitro SUMOylation assay. The SUMOylated 3D proteins were pro-
duced by introducing pGEX-6p-3D into E. coli BL21(DE3) harboring
pSUMO-1-Strep by electroporation. The strains were grown under selec-
tive pressure at 50 mg/liter ampicillin and 25 mg/liter streptomycin for
coexpressing the two plasmids. The bacterial strains were cultured, and
the protein was purified as previously described in the purification of 3D
(53, 59), except that the cell lysates were first loaded on a GSTrap HP
column (GE Healthcare, Waukesha, WI, USA). Subsequently, the eluted
fractions were passed through a StrepTrap HP column (GE Healthcare,
Waukesha, WI, USA). After the two steps of enrichment, the extractions
were separated by anion exchange and size exclusion chromatography for
further purification (55). The collected fractions were electrophoresed on
SDS-PAGE and detected by Coomassie blue staining or immunoblotting

using a Bio-Rad imaging system. The immunoblot analysis was per-
formed as previously described (45).

SUMOylation and ubiquitination assays. SUMOylation and ubiq-
uitination assays were performed with Dynabeads protein G (Life Tech-
nology, Grand Island, NY) for IP. 293T cells were cotransfected with the
indicated plasmids using the calcium phosphate reagent ProFection (Pro-
mega, Southampton, United Kingdom). For assay of ubiquitination, 30 h
posttransfection, cells were lysed with Western and IP lysis buffer plus
complete protease inhibitors according to the manufacturer’s instruc-
tions. For the SUMOylation assay, after 30 h of transfection, cells were
harvested and lysed with Western and IP lysis buffer plus complete
protease inhibitors and 20 mM NEM. The lysates were centrifuged at
16,000 � g at 4°C for 10 min. According to the protocol, 10 �g of corre-
sponding antibody was incubated with 50 �l of protein G Dynabeads for
20 min before incubation with the supernatants from the cell lysis for 25
min. Following several washes with PBST (PBS with 0.02% Tween 20), the
complexes were boiled with electrophoresis sample buffer, followed by
immunoblot (IB) analysis with the indicated antibodies as previously de-
scribed (45, 52).

In assays involving EV71 infection, cells were cultured on 100-mm
dishes. At 24 h posttransfection, 293T cells were infected with EV71 at an
MOI of 10 for 18 h before harvesting. For the infection of RD cells, the cells
were lysed with RIPA lysis buffer after infection with EV71 at an MOI of 10
for 8 h. The supernatants were collected for IP as described above.

CHX chase analysis. The CHX chase experiment was performed as
described previously (60). Cells were seeded on 35-mm culture dishes at a
density of 6 � 106 cells. The cells were transfected with Flag-3D and its
mutant Flag-K159R/L150A/D151A/L152A. After 24 h, the cells were
treated with 100 �g/ml of CHX dissolved in dimethyl sulfoxide (DMSO)
in the presence or absence of 20 �M MG132. Cells were then collected at
different time points and subjected to immunoblotting. The quantifica-
tion of protein levels was analyzed with Image J software.

Statistical analysis. Each of the experiments was repeated at least
three times. Data from the viral titer, one-step growth curve, primer-
dependent polymerase assays, and CHX chase are presented as
means � standard deviations. Student’s t test was used to determine
the statistical significance between different tests, with significance
defined as a P value of �0.05 or �0.01.

RESULTS
3D polymerase is SUMOylated during EV71 infection.
SUMOylation is one of the PTMs that play critical roles in diverse
biological processes. However, little is known concerning how
host PTM systems interact with enterovirus 71. Online prediction
suggested that EV71 3D polymerase may bear SUMOylation sites.
Here, we performed experiments to investigate the SUMOylation
of 3D during EV71 infection. RD cells infected with EV71 were
harvested at 8 h postinfection before immunoprecipitation with
an anti-3D antibody. Structural proteins VP1 and 3D polymerase
of EV71 were detected in cell lysates, and the anti-3D antibody was
able to detect 3D and its precursors, 3BCD and 3CD (Fig. 1B).
SUMOylation and ubiquitination of 3D were detected by anti-
SUMO-1 antibody and anti-Ub antibody (Fig. 1A). Notably, IP
with anti-3D antibody could obtain 3D, 3CD, and 3BCD com-
plexes, whereas 3C was proven to be SUMOylated, and bands
detected by anti-SUMO-1 antibody might be a mixture of 3D
SUMOylation, 3CD SUMOylation, and 3BCD SUMOylation.
Anti-3C antibody detected only 3CD protein (�73 kDa), anti-3D
antibody detected both 3CD and SUMOylated 3D, and anti-
SUMO-1 antibody detected SUMOylated bands (Fig. 1A). The
bands detected by anti-3C antibody were different from those
detected by anti-SUMO-1 antibody or by anti-3D antibody, ex-
cluding the influence of 3CD and 3BCD SUMOylation (Fig. 1A).
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The SUMOylated 3Dpol (asterisks) was detected by IP with an-
ti-3D antibody, followed by Western blotting with anti-SUMO-1
antibody or anti-3D antibody. The result of anti-SUMO-1 anti-
body treatment showed one more SUMOylated band than that
with anti-3D antibody, which might be due to the antigenic
epitope limitation of anti-3D antibody. Altogether, these results
confirmed that EV71 3D could be SUMOylated during infection.

EV71 3D is modified by SUMO-1 and -3. We then per-
formed experiments to confirm the SUMOylation of EV71 3D.
SUMOylation is reversible by SENPs, which could be irreversibly
inhibited by NEM; hence, the successful detection of this modifi-
cation relies on the addition of NEM to the lysis buffer. We de-
signed two experiments (Fig. 2A and B). Flag-3D, HA–SUMO-1,
and Myc-Ubc9 (SUMO E2-conjugating enzyme) were overex-
pressed in 293T cells. At 30 h posttransfection, the cells were sub-
jected to immunoprecipitation with anti-Flag antibody. Higher-
molecular-mass bands above unmodified 3D (�52 kDa) ranging
between 80 and 130 kDa were detected by an anti-SUMO-1 or
anti-HA antibody in the presence of NEM (Fig. 2A). The basal
SUMO-1 moiety of 3D was removed when coexpressed with
SENP-1 (Fig. 2B). For further verification, we performed coim-
munoprecipitation experiments to study the relationship between
3D and Ubc9 with an anti-Flag antibody. The result showed that
the SUMO-conjugating enzyme Ubc9 was present in the immu-
noprecipitated complex (Fig. 2C), indicating that 3D could inter-
act with Ubc9. Furthermore, when 3D was coexpressed with
SUMO-1, -2, and -3 in 293T cells, 3D was preferentially mod-
ified by SUMO-1 and -3 in a poly-SUMO chain conjugation,
which could be de-SUMOylated by SENP-1 (Fig. 2D).

K159 and L150/D151/L152 are responsible for the
SUMOylation of EV71 3D. SUMO-1 conjugation has been re-
ported to bind virtually to target proteins to regulate physiological
processes, whereas SUMO-2 and -3 are more widely expressed as
free, unconjugated forms, which are available for stress responses
(22, 61). The unconjugated pool of SUMO-1 is smaller than that
of SUMO-2 and -3 (62); therefore, our study focused on SUMO-1
modification. Bioinformatics analysis with the SUMOplot analy-
sis program predicted that several lysine residues in 3D may be
modified by SUMO. K159, K376, and K427 of 3D following the

consensus motif �-K-X-D/E are the top three lysine residues on
the list (see Fig. 4A). K323 fits the inverted SUMOylation consen-
sus motif E/D-X-K-� (see Fig. 4A). The four lysine residues were
mutated to arginines to create K159R, K376R, K427R, and K323R
mutants. 3D and its mutants were coexpressed with SUMO-1 and
Ubc9 in 293T cells to perform SUMOylation assays. Immunopre-
cipitation experiments indicated that the K323R, K376R, and
K427R mutants had no obvious effect on SUMO-1 reduction,
whereas K159R largely abolished the larger migration bands above
90 kDa (Fig. 3A). These results also indicated that, besides K159,
there is likely to be more than one site that could be modified.

As described above, SIMs feature hydrophobic amino acid
cores flanked by acidic residues (V/I)(V/I)(D/E)(V/I/L)(T/D/E)
and (V/I)(V/I)(V/I/L)(V/I/L)(D/E) (14, 17). We created three
mutants of 3D, namely, 150-152 SIM and 317-319 SIM, which
were created by inspecting the 3D amino acid sequence, and 263-
265 SIM, which was predicted by a SUMO-binding-motif online
prediction website (GPS-SBM) (Fig. 4A) (63). Three alanines
were introduced to replace the LDL (150 to 152), VSL (263 to
265), and IDL (317 to 319) of the SIMs to create the mutants.
Figure 3B shows that the band modified by SUMO-1 (�80 kDa)
was considerably decreased in 150-152 SIM, whereas 263-265 SIM
maintained almost the same bands as the wild-type 3D. 317-319
SIM completely attenuated the modified bands, which was likely
due to protein reduction in lysis. Considering the characteristics
of the mutants, we constructed a mutant, K159R/150-152 SIM, by
combining the K159R mutation and 150-152 SIM. This mutant
had remarkably decreased SUMO-1 modification in comparison
with 3D or K159R and with 150-152 SIM (Fig. 3C). In the assay of
SUMO-3, K159R lost the bands above 90 kDa, which were similar
to those in SUMO-1 (Fig. 3D), and K159R/150-152 SIM almost
totally lost SUMOylation. These results indicated that SUMO-3
modification of 3D shares the same sites with SUMO-1. Further-
more, the single mutation of K159 resulted in the reduction of
higher bands but not the band around 80 kDa in the assay with
both SUMO-1 and SUMO-3 (Fig. 3C and D), indicating that po-
sition 159 was first modified by SUMO-3 and subsequently by
SUMO-1 into a poly-SUMOylated chain. These results were ob-
served because SUMO-1 could not be elongated and always acts as

FIG 1 EV71 3D is SUMOylated during infection. RD cells (1 � 107) were infected with EV71 (MOI 	 10) and harvested at 8 h postinfection before immunoprecipi-
tation with an anti-3D antibody. IP and IB analyses were performed with the indicated antibodies in the presence of NEM. (A) Immunoblot detection by anti-SUMO-1,
anti-Ub, anti-3C, and anti-3D antibodies during EV71 infection after immunoprecipitation by the anti-3D antibody. (B) Immunoblot analysis of cell lysis during
infection. Anti-VP1, anti-3D, and anti-�-actin antibodies were used to detect the expression of VP1, 3D, and �-actin during infection. Lysis of RD cells without infection
was set as a mock control. SUMO-1-modified 3D, ubiquitin-modified 3D, and 3CD are indicated by asterisks, brackets, and arrows, respectively.
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a terminator of poly-SUMO chains (6, 7). In conclusion, K159
and L150/D151/L152 may be responsible for the SUMOylation of
EV71 3D.

Mutations of SUMOylation sites impair 3D polymerase ac-
tivity and virus replication. Of the two SUMOylation sites in 3D,
K159 is a highly conserved active-site residue in RNA-dependent
RNA polymerase (RdRp) motif F and within hydrogen-bonding
distance from the edge of the nascent base pair of the RdRp elon-
gation complex, while the 150-to-152 site is on the surface of 3D
and does not directly participate in RNA binding, NTP entry, and

catalysis (Fig. 4B) (56). With an aim of assessing the relevance of
both SUMOylation sites to the polymerase function, we con-
ducted primer-dependent polymerase assays (58, 64) for WT 3D
and the K159R, K159A, and L150A/D151A mutants. With the
T33/P10 RNA construct and GTP/ATP as the only substrates, the
10-nucleotide primer (P10) was expected to be elongated by 4
nucleotides, producing a 14-nucleotide product (58). For the WT
enzyme, the majority of the primer was converted to the product
within a 60-min incubation time (Fig. 4C and D). The K159R
mutant enzyme exhibited a similarly high conversion yield, while

FIG 2 EV71 3D is modified by SUMO-1 and -3. (A) SUMOylation of EV71 3D in the presence of NEM. 293T cells were transfected with Flag-3D, Myc-Ubc9, and
HA–SUMO-1. The cells were lysed with or without the addition of NEM, which was added to a final concentration of 20 mM prepared in ethanol. Immunoprecipitation
and immunoblot analyses were performed with the indicated antibodies for the SUMOylation assay. (B) De-SUMOylation of 3D by SENP-1. 293T cells were transfected
with Flag-3D, Myc-Ubc9, HA–SUMO-1, and V5–SENP-1. Immunoprecipitation and immunoblot analyses were performed with the indicated antibodies in the
presence of NEM. (C) 3D interacts with Ubc9. 293T cells were transfected with Flag-3D, Myc-Ubc9, or empty vector. Coimmunoprecipitation was performed with
anti-Flag or control mouse IgG, and the immunoblots were probed with the corresponding antibodies. (D) 3D was modified by SUMO-1 and -3. Flag-3D, Myc-Ubc9,
HA–SUMO-1, HA–SUMO-2, and HA–SUMO-3 were overexpressed in 293T cells. Immunoprecipitation and immunoblot analyses were performed with the indicated
antibodies in the presence of NEM. Molecular mass markers are shown. SUMO-1-modified Flag-3Ds are indicated by brackets.
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the K159A and L150A/D151A mutants had obviously lower yields,
with only 40% of the primer converted, as judged by the band
intensity (Fig. 4C and D). These data, in general, suggest that both
SUMOylation sites in 3D may modulate EV71 polymerase activ-

ity, despite their differences in structural properties based on
available crystallographic data (56, 64).

To assess the effect of 3D SUMOylation sites on EV71 replica-
tion, we constructed the IF-K159R and IF-K159R/150-152 SIM

FIG 3 Identification of Lys159 and Leu150/Asp151/Leu152 as major SUMOylation sites. (A) SUMOylation assay of 3D and its single-site mutants based on the
canonical consensus motif. The lysine residues at positions 159, 323, 376, and 427 were replaced by arginines to create K159R, K323R, K376R, and K427R. (B)
SUMOylation assay of 3D and its SIM mutants. Leu150/Asp151/Leu152, Val263/Ser264/Leu265, and Ile317/Asp318/Leu319 were mutated into three consecutive
alanine residues, namely, 150-152 SIM, 263-265 SIM, and 317-319 SIM. (C) SUMOylation assay by SUMO-1 of 3D and its selected mutants. K159R/150-152 SIM
was generated by mutating Lys159 into Arg159 and Leu150/Asp151/Leu152 into Ala150/Ala151/Ala152. L150A/D151A was created by mutating Leu150/Asp151
into Ala150/Ala151. (D) SUMOylation assay by SUMO-3 of 3D and its selected mutants. Immunoprecipitation and immunoblot analyses were performed with
the indicated antibodies in the presence of NEM. Molecular mass markers are shown. SUMO-1-modified Flag-3Ds are indicated by brackets.
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FIG 4 Assessments of the relevance of the 3D SUMOylation sites to polymerase activity and virus replication. (A) Schematic representation of the potential lysine
residues and SIMs in enterovirus polymerase by sequence alignment. Polyprotein sequences of enterovirus 71 (GenBank accession no. AB204852), coxsackievi-
rus A16 (GenBank accession no. AY790926), poliovirus (GenBank accession no. KT353719), coxsackievirus A9 (GenBank accession no. D00627), and coxsacki-
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recombinant viruses. Unfortunately, both recombinant viruses
were unable to be rescued. However, transfection of WT 3D pro-
tein and K159R recombinant RNA resulted in the rescue of wild-
type virus. A L150A/D151A mutant was constructed to map the
critical region. Since the L150A/D151A mutant can greatly de-
crease the SUMO-1 modification (Fig. 3C), we also tested the

IF-L150A/D151A recombinant virus. As shown in Fig. 4E, the
growth curve of this recombinant virus was significantly lower
than that of wild-type virus. Therefore, the lower titer of IF-
L150A/D151A was likely due to the decreased enzyme activity
and/or lack of SUMOylation.

3D protein is SUMOylated in vitro. SUMOylation is a process

evirus B3 (GenBank accession no. M16572) were used in the alignment. (a) Putative sites of 150-152 SIM and K159. (b) Putative sites of 263-265 SIM. (c) Putative
sites of 317-319 SIM and K323. (d) Putative sites of K376 and K427. The SIMs are shaded in red and the lysine residues in green. (B) EV71 3D elongation complex
crystal structure with a closed conformation active site (Protein Data Bank [PDB] entry 5F8J) depicting structural features of the SUMOylation sites. The
polymerase adopts a circular human right hand architecture with thumb (in slate), palm (in gray), and finger domains surrounding the active site. The finger
domain is further divided into index (in green), middle (in orange), ring (in yellow), and pinky (in pink) finger subdomains. The template (in cyan) and product
(in green) RNA duplex are shown in a ladder format with the active-site nucleotide pair shown as thick sticks. K159 (side chain in spheres) is within the ring finger
subdomain and is an active-site residue interacting with the nascent base pair, while L150 and D151 (side chains in spheres) are on the polymerase surface,
forming part of the pinky finger. (C and D) In vitro polymerase activity of 3D and its K159R, K159A, and L150A/D151A mutants. The time-dependent conversion
of the primer P10 into the 14-mer product was compared among the WT and three mutant enzymes. The values and error bars (means � standard deviations)
in panel C were taken from the results of three independent experiments with representative gels shown in panel B (Student’s t test; *, P � 0.05). nt, nucleotides.
(E) Growth curves of EV71 and its IF-L150A/D151A mutant in RD cells. RD cells (5 � 105) were infected with wild-type EV71 or its IF-150A/D151A variant
(MOI 	 10) and harvested at the indicated times postinfection. Viral growth curves were generated by plotting the virus titer against time. The experiments were
carried out in triplicate. Significant differences were determined using the Student t test (*, P � 0.01).

FIG 5 In vitro SUMO-1 modification of 3D. (A) Schemes of the gene arrangement of pSUMO-1-Strep and pGEX-6p-3D. pSUMO-1-Strep carrying Ubc9
(SUMO-conjugating enzyme E2), SAE1 and SAE2, and SUMO-1 (tagged at the N terminus with Strep tag) was used for the expression of the enzymes required
for SUMOylation. pGEX-6p-1 carrying 3D was used for the expression of GST-tagged 3D. (B) E. coli BL21(pGEX-6p-3D) and BL21(pSUMO-1-Strep)(pGEX-
6p-1) were used to produce GST-3D and GST–3D–SUMO-1. The supernatants of the two strains were analyzed by Coomassie blue staining (lanes 1 to 3) and
immunoblotting (lanes 4 to 6) with the anti-3D antibody under the induction of IPTG (500 �M) at 25°C for 10 h. BL21(pSUMO-1-Strep)(pGEX-6p-1) without
IPTG induction was used as the control (lanes 2 and 5). (C and D) Cell lysates of E. coli BL21(pSUMO-1-Strep)(pGEX-6p-1) were subjected to subsequent GST
and Strep affinity purification to separate SUMOylated proteins. Fractions during purification of SUMOylated proteins were analyzed by SDS-PAGE and
subsequent Coomassie blue staining (C) and immunoblotting (D) with anti-3D and anti-SUMO-1 antibodies. M, marker. (C) Lanes: 1, crude lysate superna-
tants; 2, GST column flowthrough; 3, GST column eluted fraction; 4, dialyzed elution fractions; 5, Strep column flowthrough; 6, Strep column eluted fraction.
(D) Lanes: 1, crude lysate supernatants; 2, GST column flowthrough; 3, GST column eluted fraction; 4, Strep column flowthrough; 5, Strep column eluted
fraction. Molecular mass markers are shown. SUMO-1-modified and unmodified GST-3Ds are indicated by brackets and arrows, respectively.
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of enzyme-catalyzed reactions. Two-component vector systems
carrying SAE1, SAE2, Ubc9, SUMO-1, and the target protein in E.
coli were used to generate SUMOylated proteins in vitro (55). In
the present study, we used the method by transforming E. coli with
pSUMO-1-Strep and pGEX-6p-3D to produce SUMOylated pro-
teins (Fig. 5A). SUMO-1-modified proteins were confirmed by
SDS-PAGE and immunoblotting. Under IPTG (isopropyl-�-D-
thiogalactopyranoside) induction, the results of Coomassie blue
staining and immunoblotting showed that BL21(pSUMO-1-
Strep)(pGEX-6p-3D) strains not only expressed 3D-GST, but also
3D–GST–SUMO-1s (Fig. 5B, lanes 3 and 4). In contrast, BL21
(pGEX-6p-3D) produced only 3D-GST (Fig. 5B, lanes 1 and 6).
After induction, the cell lysates of BL21(pSUMO-1-Strep)(pGEX-
6p-3D) strains were subjected to subsequent GST and Strep affin-
ity chromatography. The collected protein samples were resolved
by SDS-PAGE and visualized by Coomassie blue staining (Fig.
5C). SUMOylated 3D was verified by immunoblotting with the

anti-3D or anti-SUMO-1 antibody (Fig. 5D). These results indi-
cate that EV71 3D can be modified by SUMO-1 in vitro.

3D is ubiquitinated in a SUMOylation-dependent manner.
The ubiquitin-proteasome system (UPS) is required for the effec-
tive replication of both coxsackievirus B3 (CVB3) (65) and EV71
(66). Since SUMOylation can interact with ubiquitination in
many viral proteins, we determined whether EV71 3D is ubiquiti-
nated. Flag-3D and K159R/150-152 SIM were coexpressed with
HA-Ub in 293T cells for the ubiquitination assay (Fig. 6A). The
cell lysates were subjected to immunoprecipitation with the anti-
Flag antibody. Immunoblotting by the anti-HA antibody showed
that 3D could be polyubiquitinated (poly-Ub), whereas the mu-
tant K159R/150-152 SIM almost lost this modification.

The above-described experiments implied that ubiquitina-
tion and SUMOylation of 3D may share the same lysine resi-
dues and that 3D ubiquitination was SUMOylation related. To
determine the association between the two modifications,

FIG 6 Conjugation of ubiquitin to 3D based on its SUMOylation levels. (A) Ubiquitination assay of 3D and K159R/150-152 SIM. 293T cells were transfected
with the indicated constructs. Immunoprecipitation and immunoblot analyses were performed with the indicated antibodies for the ubiquitination assay. (B)
Ubiquitination and SUMOylation assay of 3D. 293T cells were transfected with the indicated constructs. In particular, HA-UB-KO was coexpressed to remove
endogenous ubiquitin, while V5–SENP-1 was coexpressed for de-SUMOylation. Immunoprecipitation and immunoblot analyses were performed with the
indicated antibodies. (C and D) SUMOylation affected the ubiquitination of 3D in a dose-dependent manner. 293T cells were transfected with 2 �g of Flag-3D
and 2 �g of HA-Ub or Myc-Ubc9 (0.5, 1, 1.5, and 2 �g), Myc–SUMO-1 (0.5, 1, 1.5, or 2 �g), or V5–SENP-1 (0.5, 1, 1.5, and 2 �g) in 60-mm dishes. The empty
vector was used to adjust the total DNA. Immunoprecipitation and immunoblot analyses were performed with the indicated antibodies. Molecular mass markers
are shown. SUMO-1- and ubiquitin-modified 3Ds are indicated by brackets.
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SENP-1 and lysineless ubiquitin (Ub-KO) were introduced
into 3D SUMOylation and ubiquitination experiments. Ub-KO
terminates the ubiquitin chain, and it was created by replacing all
lysines with arginines. Ub-KO had a dose-dependent effect on the
ubiquitin system when Ub-KO was overexpressed to compete
with the endogenous ubiquitin (67). In our study, 3D ubiquitina-
tion was increased when Ub was coexpressed with SUMO and
Ubc9 (Fig. 6B). Coexpression of SENP-1 decreased both 3D
SUMOylation and ubiquitination, which was in accordance with
the results for the mutant K159R/150-152 SIM. The coexpression
of Ub-KO resulted in the reduction of 3D ubiquitination, but it
had hardly any effect on 3D.

We further investigated whether the 3D ubiquitination level
could be altered according to the gradient expression of SENP-1
or SUMO-1 in 293T cells. The ubiquitination level was enhanced
when the SUMOylation of 3D was increased (Fig. 6C). On the
other hand, the increased expression of SENP-1 gradually reduced
the amount of ubiquitin conjugated on 3D (Fig. 6D). Taken to-
gether, these data imply that the two modifications occur sequen-
tially, with ubiquitination being highly SUMOylation dependent.

SUMO-1 modification enhances the stability of 3D. Nor-
mally, the poly-Ubs are primarily linked through K48 or K63 to
play diverse roles in regulating cellular activities, which account
for 52% and 38% of all ubiquitination events, respectively (68).
K48-linked ubiquitination chains are involved in proteasomal
degradation, whereas K63-linked ubiquitination is a docking site
for mediating protein-protein interactions or conformational
changes (69). To explore which kind of poly-Ub 3D is linked and
whether 3D is degraded, we transfected 3D and K159R/150-152
SIM, together with HA-K48-Ub or HA-K63-Ub, to perform the
ubiquitination assay. 3D was specifically modified by K63-linked
ubiquitin, whereas the K159R/150-152 SIM significantly reduced
the conjugation (Fig. 7A). Notably, no degradation of 3D was
observed in the assay (Fig. 7A).

CHX chase experiments were then carried out to determine the
stability difference between 3D and K159R/150-152 SIM. 3D ex-
hibited a longer half-life than K159R/150-152 SIM, and the
MG132 treatment attenuated K159R/150-152 SIM degradation
(Fig. 7B and C). These results imply that SUMOylation-related
K63-linked ubiquitination may stabilize 3D.

An elevated SUMO-1 expression level increases EV71 repli-
cation. To analyze the effects of SUMO-1 overexpression on virus
production, SUMO-1 and Ubc9 were transiently transfected into
293T cells. The cells were subsequently infected with EV71 for 18
h. The SUMOylation and ubiquitination levels of viral 3D in-
creased under the condition of SUMO-1 overexpression (Fig. 8A).
3CD protein was detected by anti-3C antibody. These results
implied that IP by an anti-3D antibody could coimmunopre-
cipitate 3D, 3CD, and 3BCD, while data on the anti-SUMO-1
antibody indicated that 3D was indeed modified by SUMO-1.
The expression levels of viral 3D and VP1 were increased when
the SUMOylation level was enhanced (Fig. 8B). The titer of EV71
produced from 293T cells with increased SUMOylation was
higher than that from 293T cells transfected with the empty vector
(Fig. 8C). Collectively, these results indicate that elevation of the
global cell SUMOylation increased both SUMOylation and ubiq-
uitination levels of 3D, which augmented 3D expression and con-
sequently enhanced viral replication.

DISCUSSION

A number of viral proteins have been reported to be modified
by SUMO moieties (22, 62). However, knowledge concerning
SUMOylation in enteroviruses is limited. Only EV71 3C protease
is SUMOylated, while coxsackievirus B5 is involved in the host cell
SUMOylation system in the family Picornaviridae (38, 62, 70).
Current understanding of viral polymerase SUMOylation is lim-
ited to RdRp of Turnip mosaic virus (71), DNA polymerase sub-
unit UL44 of HCMV (25), nonstructural protein 5 (NS5) of den-
gue virus (72), and polymerase basic protein 1 (PB1) of influenza
virus (30). In the currently study, we reveal that the 3D protein of
EV71, an RNA-dependent RNA polymerase, is SUMOylated. We
found that EV71 3D polymerase is modified by SUMO-1 both in
vivo and in vitro and that 3D is stabilized by SUMOylation-related

FIG 7 SUMOylation of 3D increased protein stability. (A) 3D was modified by
K63-linked ubiquitin. Flag-3D or K159R/150-152 SIM and HA-K48-Ub or
HA-K63-Ub were transfected into 293T cells for the ubiquitination assay. Im-
munoprecipitation and immunoblot analyses were performed with the indi-
cated antibodies. The ubiquitin-modified 3Ds are indicated by brackets. (B
and C) Cycloheximide chase assay of 3D and K159R/150-152 SIM. 293T cells
(1 � 105) were transfected with 3D or K159R/150-152 SIM. After 24 h, the cells
were treated with 100 �g/ml of CHX for the indicated periods in the presence
or absence of 20 �M MG132. The cell lysates were analyzed by immunoblot-
ting with the anti-Flag antibody. 3D and its mutant bands were quantitated by
Image J software. The amounts of 3D and its mutant relative to levels in un-
treated cells are indicated below the bands. The plot shows the half-lives of 3D
and K159R/150-152 SIM from three independent experiments. Significant
differences were determined using the Student t test (*, P � 0.01). Means �
standard deviations are shown.
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ubiquitination. K159 and L150/D151/L152 are responsible for 3D
SUMOylation. Mutations of SUMOylation sites impaired 3D
polymerase activity and virus replication. Moreover, elevated
SUMOylation levels during EV71 infection resulted in promotion
of 3D stability, which enhanced viral replication. We propose that
SUMOylation at specific 3D sites helps to maintain the cellular
level of 3D protein and that the corresponding de-SUMOylation
may be necessary for 3D to resume its polymerase activity. The 3D
polymerase function may be required only when it is responsible
for RNA genome replication, which is SUMOylation free. These
findings imply that EV71 exploits host proteins for effective infec-
tion and that the SUMO system is likely to be a putative antiviral
target.

Online prediction indicated that 3D bears both covalent and
noncovalent sites for SUMOylation. According to the predictions,
K159, K427, and K376 are the top three lysine residues following
the pattern of the �-K-X-D/E motif (http://www.abgent.com
/sumoplot.html), while V263/S264/L265 is the putative SIM (63).
In our study, K159 and L150/D151/L152 as the SIM were proven
to be the SUMOylation sites, while K159 follows the classic con-
sensus motif �-K-X-D/E and is the major site for SUMO-1 mod-
ification (Fig. 3A). However, although L150/D151/L152 is not

within the predicted SUMOylation sites of 3D, they have been
proven to be a SIM in our study. Additionally, the inverted con-
sensus motif E/D-X-K-� worked for EV71 3C, but not for 3D (38).
In fact, the bioinformatics prediction software is based on the
calculation of the reported SUMOylation site, and some unknown
limitations may exist. Therefore, there may be SUMOylation sites
that cannot be predicted by bioinformatics software. For instance,
mutation of the predicted SUMOylation sites in the human cyto-
megalovirus DNA polymerase processivity factor UL44 hardly at-
tenuates the modification (25). Here, our finding of L150/D151/
L152 as a SIM site may expand the data pool for developing a
higher-confidence algorithm.

Normally, the interplay between SUMOylation and ubiq-
uitination often involves the stability of the target protein (73).
SUMOylation and K48-linked ubiquitination of IRF3 share the
same lysine residues, and the two processes are competitive,
indicating that SUMOylation of IRF3 stabilizes the protein by
antagonizing ubiquitination (51). SUMOylation of EV71 3C
protease shares the same K52 with its ubiquitination and conse-
quently enhances ubiquitination, which leads to the degradation
of 3C (38). Another study showed how the two PTMs coopera-
tively stabilized target proteins in various ways. For instance, the

FIG 8 SUMO-1 modification promoted EV71 replication. 293T cells (7 � 106) were transfected with HA–SUMO-1, Myc-Ubc9, or empty vector in 100-mm
dishes. At 24 h posttransfection, the cells were infected with EV71 (MOI 	 10) for 18 h. One of the dishes with no transfection was used as the control.
Immunoprecipitation and immunoblot analyses were performed with the indicated antibodies. (A) SUMOylation and ubiquitination assay by immunoprecipi-
tation of 3D in cells with elevated SUMO-1 after EV71 infection. (B) Immunoblot analysis of cell lysis during infection. Anti-VP1, anti-3D, and anti-�-actin
antibodies were used to detect the expression of VP1, 3D, and �-actin during infection. Anti-myc antibody was used to detect the expression of Ubc9. SUMO-1-
and ubiquitin-modified 3Ds are indicated by brackets and 3CD by an arrow. (C) Growth curves of EV71 produced from transfected 293T cells in RD cells. 293T
cells were transfected with HA–SUMO-1, Myc-Ubc9, or empty vector for 24 h, followed by infection with EV71 at an MOI of 10 for 18 h. The cells were harvested
at the indicated times postinfection to plot the growth curves. The data are presented as means � standard deviations obtained from the results of three
independent experiments. Significant differences were determined using the Student t test (*, P � 0.01).
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E3 protein of vaccinia virus is modified by both SUMOylation and
ubiquitination. Wild-type E3 exhibited a longer half-life than its
SIM mutant. It was speculated that the different stabilities ob-
served between wild-type E3 and the SIM mutant were due to
the longer ubiquitin chains conjugated on the SIM mutant (74).
SUMOylation stabilizes dengue virus NS5 against proteasome
degradation, which supports virus replication (72). SUMO-1 sta-
bilizes phosducin, and the authors inferred that SUMO moieties
conjugated on phosducin may mask the region recognized by the
ubiquitin-proteasome pathway (75). Following gradient overex-
pression of SUMO-1 and Ubc9 or SENP-1 with 3D, the results
showed that the level of ubiquitination was highly dependent on
SUMOylation. Moreover, when Ub was replaced with Ub-KO, 3D
ubiquitination was reduced, although it had hardly any effect on
3D SUMOylation. Taken together, these results implied that the
poly-SUMO chain likely acts as a signal for 3D ubiquitination. In
such a case, ubiquitin might be hybridized with poly-SUMO
chains or conjugated on the exposed internal residues of 3D due to
the conformational change induced by SUMOylation. The impor-
tance of UPS during replication of both CVB3 and EV71 may rely
on 3D SUMOylation (65, 66). We found that the degradation of
3D by K63-linked ubiquitination was not observed and that wild-
type 3D showed a longer half-life than the SUMOylation-deficient
mutant K159R/150-152 SIM. K63-linked polyubiquitination gen-
erally has nonproteolytic cellular functions, including DNA dam-
age repair, stress responses, and inflammatory pathways (76).
Taken together, SUMO moieties conjugated on 3D act as a signal
for K63-linked ubiquitination, which cooperatively stabilizes 3D.

K159 is within RdRp catalytic motif F and is highly conserved
in positive-strand RNA viruses (77). Structurally, this residue is
located in the polymerase active site and within hydrogen-bond-
ing distance from the nascent base pair (Fig. 4B) (56, 64, 78).
Therefore, it is not surprising that the K159A mutation reduces in
vitro polymerase activity (Fig. 4C and D). The K159R mutation,
however, retained a WT level of polymerase activity in our test, but
the corresponding recombinant virus was not viable. Despite be-
ing an amino acid with a basic side chain, arginine may be not ideal
as a replacement for the native lysine at this critical position. Due
to its critical roles in polymerase catalysis, we tend to believe that
the defects in polymerase catalysis (although not clarified in our in
vitro assays) rather than the loss of the SUMOylation property
account for the nonviability of the recombinant IF-K159R virus.
Compared to K159, the 150-152 SIM is moderately conserved
only in enteroviruses and is located near the polymerase surface
(Fig. 4B), and therefore, it is unlikely to play a major role in poly-
merase catalysis. Although the in vitro enzyme activity of L150A/
D151A was lower than that of 3D, the recombinant virus IF-
L150A/D151A was successfully rescued. The fact that the titer of
IF-L150A/D151A recombinant virus was lower than that of WT
EV71 was likely due to the reduced enzyme activity and/or the
impairment of SUMOylation. To reinforce this deduction, we ad-
opted a method, by overexpressing SUMO-1, to determine how
the SUMOylation system could affect EV71 infection. EV71 infec-
tion in 293T cells with elevated SUMOylation showed that more
SUMO-1 led to higher ubiquitination of 3D, which increased vi-
rus production compared with the cells transfected with empty
vector. It has been reported that EV71 3C K52R SUMOylation-
deficient virus showed elevated virus titers compared to wild-
type virus (38). The increased titer of EV71 from SUMO-1-
overexpressing cells was likely due to higher SUMOylation and

ubiquitination on 3D, which may eventually stabilize 3D and
the augmented polymerases, promoting EV71 replication. In
addition to the results from EV71 3C SUMOylation, the in-
creased global SUMOylation level is beneficial for EV71 repli-
cation. Although 3C and 3D SUMOylation have opposite con-
sequences during EV71 replication, the influence of 3D
SUMOylation is greater than that of 3C SUMOylation. As a
polymerase, any modification of 3D may affect virus replica-
tion, and in the case of SUMOylation, the impact is favorable
for virus replication. These results suggested that EV71 may
exploit the SUMOylation-related ubiquitination to facilitate its
replication by protecting the 3D polymerase.

Timely turning on and off of SUMO signaling on viral proteins
is important for virus replication (32). Given that 3D is an RdRp,
the maintenance of an appropriate level of RdRp in infected cells is
crucial for viral growth, as a smaller amount of RdRp may be
beneficial for the virus to escape host immune systems (79, 80). It
is worth noting that the SUMOylation of 3D and RNA synthesis by
3D may well be two relatively independent processes. Based on the
chemical nature of polymerase catalysis and the SUMOylation
process, the covalent SUMOylation at K159, at least, is not com-
patible with polymerase catalysis. We propose that SUMOylation
at specific 3D sites helps to maintain the cellular level of 3D pro-
tein and that the corresponding de-SUMOylation may be neces-
sary for 3D to resume its polymerase activity, in particular for the
critical site of K159. In summary, our findings showed that ubiq-
uitination of EV71 3D is SUMOylation dependent. EV71 may
exploit the cross talk of SUMOylation and ubiquitination to sta-
bilize the 3D polymerase and enhance viral replication, which may
provide new insights into antivirus drug development by targeting
the SUMOylation of EV71 3D.
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