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SUMOylation Affects the Interferon Blocking Activity of the Influenza
A Nonstructural Protein NS1 without Affecting Its Stability or
Cellular Localization
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Our pioneering studies on the interplay between the small ubiquitin-like modifier (SUMO) and influenza A virus identified the
nonstructural protein NS1 as the first known SUMO target of influenza virus and one of the most abundantly SUMOylated influ-
enza virus proteins. Here, we further characterize the role of SUMOylation for the A/Puerto Rico/8/1934 (PR8) NS1 protein,
demonstrating that NS1 is SUMOylated not only by SUMO1 but also by SUMO2/3 and mapping the main SUMOylation sites in
NSI1 to residues K219 and K70. Furthermore, by using SUMOylatable and non-SUMOylatable forms of NS1 and an NS1-specific
artificial SUMO ligase (ASL) that increases NS1 SUMOylation ~4-fold, we demonstrate that SUMOylation does not affect the
stability or cellular localization of PR8 NS1. However, NS1’s ability to be SUMOylated appears to affect virus multiplication, as
indicated by the delayed growth of a virus expressing the non-SUMOylatable form of NS1 in the interferon (IFN)-competent
MDCK cell line. Remarkably, while a non-SUMOylatable form of NS1 exhibited a substantially diminished ability to neutralize
IFN production, increasing NS1 SUMOylation beyond its normal levels also exerted a negative effect on its IFN-blocking func-
tion. This observation indicates the existence of an optimal level of NS1 SUMOylation that allows NS1 to achieve maximal activ-
ity and suggests that the limited amount of SUMOylation normally observed for most SUMO targets may correspond to an opti-
mal level that maximizes the contribution of SUMOylation to protein function. Finally, protein cross-linking data suggest that

SUMOylation may affect NS1 function by regulating the abundance of NS1 dimers and trimers in the cell.

Inﬂuenza A virus, a member of the Orthomyxoviridae family, is
responsible for annual winter epidemics of respiratory illness
and irregularly spaced pandemics usually associated with in-
creased disease-related mortality (1). Despite substantial progress
in our knowledge of the molecular roles played during infection
by the different proteins encoded by the virus, the specific inter-
actions established between viral proteins and host cell compo-
nents are still being characterized. A better understanding of such
virus-host interactions may lead to the identification of new po-
tential targets for therapeutic intervention. Specifically, host-en-
coded proteins playing important roles as accessory factors
needed for efficient viral replication, but whose inactivation exerts
neutral or minimal effects on slowly proliferating cells, such as
those of the respiratory epithelium (2), may constitute optimal
new targets for the development of innovative antiviral therapies.

Out of the 10 to 11 viral proteins encoded by influenza A virus,
one of the most functionally diverse is the nonstructural viral pro-
tein NS1, which has been associated with numerous roles during
influenza infection, including the modulation of viral RNA
(VRNA) replication (3-6), general inhibition of the nuclear export
of mRNAs carrying polyadenylated tails (7, 8), inhibition of the
transcriptional elongation of host genes (9), regulation of hostand
viral protein synthesis (recently reviewed by Yanguez and Nieto
[10]), and the neutralization of the activity of some of the inter-
feron (IFN)-induced antiviral proteins, such as 2',5"-oligoadeny-
late synthetase (OAS)/RNase L (11) and the double-stranded RNA
(dsRNA)-dependent protein kinase R (PKR) (12-18). However,
the main function attributed to NS1 is the neutralization of the
initial signaling pathway leading to the production of type I IFN
(reviewed by Krug et al. and Hale et al. [19, 20]). Whereas the
latter function is heavily dependent on NS1’s RNA binding prop-
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erties (21), the ability of this protein to interact with cellular and
viral proteins also contributes to its IFN-blocking activity and
constitutes the main determinant of its other numerous functions
(19). For example, NS1’s interactions with both the 30-kDa sub-
unit of the cleavage and polyadenylation specificity factor protein
(CPSF30) and polyadenylate binding protein 2 (PABP2) are
thought to mediate NS1’s ability to decrease the processing and
maturation of cellular mRNAs, therefore leading to a substantial
decrease in host protein synthesis (7, 22). Similarly, NS1’s ability
to inhibit the activation of the viral RNA sensor RIG-I is mediated
by its ability to bind the tripartite motif protein TRIM25, a RING
domain ubiquitin E3 ligase, therefore blocking its multimeriza-
tion and in turn inhibiting its ability to ubiquitinate the CARD
motifin RIG-I(23), arequirement to allow RIG-I interaction with
its downstream effector MAVS/VISA/IPS-1/Cardif (24). Thus,
NS1’s ability to interact with numerous host and viral proteins is
key to its multiple roles during infection.

Posttranslational modifications are well-known regulators of
protein interactions. Phosphorylation was the first posttransla-
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tional modification described to affect NS1 (25), and although
early reports established that NS1 phosphorylation is important
for efficient viral replication (26, 27), a recent study provided
strong evidence that, at least for the A/Udorn/72 virus strain, only
one out of three identified phosphorylation events affects NS1’s
functions (28). Two additional posttranslational modifications af-
fecting NS1 were almost simultaneously described, both belong-
ing to the group of UBL proteins (proteins exhibiting a tertiary
structure similar to that of ubiquitin). The first was SUMOylation,
the conjugation of the small ubiquitin-like modifier (SUMO) to
NS1 (29). The second was ISGylation, the conjugation of IFN-
stimulated gene 15 (ISG15) to NS1 (30). The initial report identi-
fying NS1 as an ISGylated protein indicated that ISGylation pre-
vented the interaction of NS1 with importin-a, a karyopherin
essential for its nuclear import (30). A subsequent report de-
scribed three additional roles for NS1 ISGylation: disrupting NS1
dimerization, preventing its interaction with PKR, and exhibiting
an overall negative effect on NS1’s ability to neutralize the IFN
system (31).

The negative effect mediated by NS1 ISGylation was somehow
expected, considering that ISG15 is one of the cellular effectors
whose synthesis is stimulated by IFN. We recently demonstrated
that even though IFN stimulation does not trigger an increase in
the activity of the cellular SUMOylation system, influenza infec-
tion produces a global increase in cellular SUMOylation (32), an
effect contrary to the downregulation of cellular SUMOylation
usually observed for most pathogenic microorganisms (33). The
global increase in cellular SUMOylation suggested the possibility
that SUMOylation could be providing a supportive function to
the virus, potentially enhancing specific functions associated with
the pool of viral proteins targeted by SUMOylation. This hypo-
thetical model has been supported by our findings and those of
other groups. First, we demonstrated that besides NS1, 4 addi-
tional viral proteins are SUMOylated in vivo, including M1, PB1,
NP, and NEP (NS2), and many of the predicted SUMOylation
sites in these proteins appear to be fairly well conserved (32). Sec-
ond, large screenings looking for host proteins that are either re-
quired for viral multiplication or capable of interacting with spe-
cific viral proteins and required for optimal virus growth
identified various members of the cellular SUMOylation system
(34, 35). Finally, the last level of supporting information was ob-
tained by other groups while studying the SUMOylation of spe-
cific influenza virus proteins: Xu et al. confirmed our initial iden-
tification of NS1 as a SUMOylation target, mapped one
SUMOylation site in NS1, and assigned a potential role for NS1
SUMOylation, namely, extending NS1’s half-life (36). Similarly,
Wou et al. confirmed the SUMOylation of M1, identified the lysine
residues in M1 that undergo SUMOylation, and demonstrated
that this posttranslational modification exerts a regulatory func-
tion over viral morphogenesis, as a non-SUMOylatable form of
M1 prevented normal virus budding at the plasma membrane
(37).

Here, we expand our understanding of the interactions estab-
lished between the cellular SUMOylation system and influenza A
virus during infection by further characterizing the effects exerted
by SUMOylation on the A/Puerto Rico/8/1934 influenza A virus
(PR8) NS1 protein. Our data demonstrate that NS1 can be equally
conjugated by SUMO1 and SUMO2/3 but appears to be preferen-
tially modified by SUMO2/3 under the normal levels of SUMO
components present in the cell. Furthermore, we identify residues
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K219 and K70 as the main SUMOylation sites in NS1 and demon-
strate that mutations affecting NS1 SUMOylation decrease NS1’s
ability to neutralize the cellular IFN response. Interestingly, our
data show that increasing NS1 SUMOylation through the use of
an NS1-specific artificial SUMO ligase (ASL) also results in a di-
minished ability to counteract the IFN system, indicating the
existence of an ideal proportion of SUMOylated versus non-
SUMOylated NS1 that maximizes NS1’s functionality during in-
fection. Finally, our data indicate that, unlike previously reported
for the NS1 protein of a highly pathogenic avian H5N1 virus (36),
SUMOylation does not appear to regulate or affect the stability of
PR8 NS1; instead, SUMOylation appears to regulate the abun-
dance of NS1 dimers and trimers within the cell, a finding in
agreement with SUMO’s ability to regulate protein-protein inter-
actions.

MATERIALS AND METHODS

Cells and viruses. HEK293A cells (Invitrogen Corp., Carlsbad, CA),
HEK293FT cells (Invitrogen Corp.), A549 cells (ATCC, Manassas, VA),
and MDCK cells (ATCC) were maintained in complete medium consist-
ing of 1 X Dulbecco’s modified essential medium (DMEM) supplemented
with high glucose, L-glutamine, sodium pyruvate, and 10% fetal bovine
serum. For HEK293FT cells, Geneticin (Invitrogen Corp.) was added to
the complete medium at a final concentration of 500 pg/ml. All cell lines
were maintained in a 37°C incubator at 5% CO,. Influenza A/Puerto
Rico/8/1934 HINI1 (here referred to as PR8) was a gift from John M.
Quarles (Department of Microbial and Molecular Pathogenesis, College
of Medicine, Texas A&M Health Science Center) and was propagated in
MDCK cells at a multiplicity of infection (MOI) of 0.001 by using 1X
DMEM supplemented with 0.2% bovine serum albumin (BSA) and 2
pg/ml tosyl-phenylalanyl-chloromethyl-ketone (TPCK)-treated trypsin
(Worthington Biochemical Corp., Lakewood, NJ). Vesicular stomatitis
virus expressing enhanced green fluorescent protein (VSV-EGFP) was a
gift from John Hiscott (Department of Molecular Oncology, Lady Davis
Institute, Jewish General Hospital, McGill University, Montreal, Quebec,
Canada) and was propagated in Vero cells at an MOI of 0.02 in complete
medium.

Plasmids. The A/WSN/1933 HIN1 (here referred to as WSN33) 12-
plasmid reverse genetics system (38) was kindly provided by Yoshihiro
Kawaoka (Department of Pathobiological Sciences, School of Veterinary
Medicine, University of Wisconsin—Madison, Madison, WI). The ex-
pression plasmid for T7T7NS1 was developed by reverse transcription-
PCR (RT-PCR) cloning using our laboratory strain of PR8 and the general
methodology previously described by Hoffmann et al. (39). Briefly, viral
RNA purified from MDCK infected-cell supernatants using the MagMAX
viral RNA isolation kit (Applied Biosystems, Foster City, CA) was used as
the template for a reverse transcription reaction using a UNI-12 primer
targeting the 12 conserved nucleotides at the 3’ end of all viral RNA gene
segments. The reverse transcription product was subsequently amplified
by PCR using forward and reverse primers specific for the NS gene seg-
ment. The PCR product was cloned into the pcDNA3.1 mammalian ex-
pression vector (Invitrogen Corp., Carlsbad, CA) according to the In-
Fusion Dry-Down PCR cloning method (Clontech, Mountain View, CA).
Subsequently, a double T7 (T7T7) tag was inserted at the N terminus of
the NS1 open reading frame (ORF) by using the Phusion site-directed
mutagenesis kit (Finnzymes, Woburn, MA) according to the manufac-
turer’s protocol. To map the SUMOylation site, specific mutations in
the sequence of NS1 were subsequently inserted by using the same
site-directed mutagenesis approach, resulting in the expression con-
structs for T7T7NS1K70A, T7T7NS1K219A, and the double mutant
T7T7K70AK219A. To generate the pPoll/WSN/T7T7NS1 construct, the
pPoll/WSN/NS construct derived from the WSN33 12-plasmid reverse
genetics system (38) was PCR amplified by using primers complementary
to the 5" untranslated region (UTR) and the 3" UTR of the WSN33 NS
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gene segment, producing a PCR product comprising the backbone of the
original plasmid and the 5" and 3" UTRs of the NS gene segment but
missing the totality of the ORF for NS1 and NS2. This PCR product was
ligated with the PCR-amplified coding region of the NS gene segment
from our PRS strain, therefore generating a recombinant carrying the
5" and 3" UTRs of the WSN33 NS gene segment and the ORF from the
PR8 NS gene segment. Similar overall approaches were employed to
mutate the splicing acceptor site in the NS gene segment and generate
the splicing-deficient pPoll/WSN/T7T7NS-derived mutants pPoll/
WSN/T7T7NS1-SplAccptMut  and  pPoll/WSN/T7T7NS1K70AK219A-
SplAccptMut and their NS2-shifted derivative constructs pPoll/ WSN/
T7T7NS1~NS2 and pPoll/WSN/T7T7NSIK70AK219A~NS2.

The dual expression plasmids Dual S1Q94P/I/U and Dual S3Q89P/
I/U, containing mutations in SUMO1 and SUMO3, respectively, that are
known to prevent their deconjugation from the target, were derived from
the previously reported Dual S1/I/U and Dual S3/1/U constructs (29),
using the Phusion site-directed mutagenesis kit (Finnzymes) according to
the manufacturer’s protocol.

ASL approach and ASL constructs. To enhance the SUMOylation of
NS1, we engineered a construct expressing a fusion of the N-terminal
RNA binding domain (RBD) of the PR8 NS1 protein with the SUMO-
conjugating enzyme Ubc9. This fusion protein enhances the SUMOyla-
tion of full-length NS1 by means of the interaction established between
the N-terminal region of NS1 and the N-terminal region of the NS1-Ubc9
fusion. This interaction positions Ubc9 in close proximity to the C-termi-
nal domain of NS1, thus facilitating the SUMOylation of K219, the main
SUMOylation acceptor site in NSI (Fig. 1). To enable the free movement
of Ubc9 in relation to the N-terminal region of NS1 in the fusion protein,
something that we considered important to enhance the SUMOylation of
NS1 by the NS1-Ubc9 fusion protein, the unstructured linker region of
NS1 was also included in the fusion construct. Thus, the expression con-
struct for the fusion protein coded for amino acid residues 1 to 87 of NS1
followed by the full-length amino acid sequence of Ubc9. Because it was
shown previously that most of the IFN-blocking activity mediated by PR8
NS is associated with the RNA binding activity of its N-terminal domain
(40), we also developed a mutant form of the NS1-Ubc9 construct con-
taining two amino acid substitutions known to prevent RNA binding by
its NS1 RBD portion, namely, an R-to-A substitution at position 38 and a
K-to-A substitution at position 41 (R38AK41A) (41). Both the NS1-Ubc9
fusion carrying the wild-type (wt) NS1 sequence and the NS1-Ubc9 fusion
carrying the amino acid substitutions preventing RNA binding were
shown to enhance the SUMOylation of full-length wild-type NS1 when
coexpressed by transfection in mammalian cells, specifically by enhancing
SUMOylation at position K219 in PR8 NS1, and did not appear to exhibit
self-SUMOylating activity. Therefore, these fusion proteins were desig-
nated artificial SUMO ligases (ASLs) and are referred to here simply as
wt-ASL and mut-ASL (for the fusion proteins with and without RNA
binding capabilities, respectively). The design and development of the
ASL approach will be described in detail elsewhere (our unpublished
data).

In silico analyses and computer software. To identify potential
SUMOylation sites in PR8 NS1, two SUMO prediction analysis programs
were used: SUMOsp2.0 (42) and SUMOplot (Abgent). For SUMOsp2.0,
the cutoff value for predictions was set to medium. To estimate the con-
servation of the putative SUMOylation sites identified, multiple-sequence
alignments were performed by using the tools freely available at the
NIAID IRD (Influenza Research Database) website (http://www.fludb
.org/) (43). The GenBank accession numbers of the sequences used in the
alignment presented in Fig. 2 are as follows: J02150 for A/Puerto Rico/8/
1934, GU135996 for A/Aichi/202/2009, CY026039 for A/Alabama/
UR06_0482/2007, AF333238 for A/Brevig Mission/1/1918, FJ969514 for
A/California/04/2009, CY008376 for A/Canterbury/204/2005, AB212059
for A/Hong Kong/213/2003, CY055160 for A/Hong Kong/3239/2008,
CY050736 for A/New York/3309/2009, V01102 for A/Udorn/8/1972, and
U13683 for A/WS/1933.
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FIG 1 Principle and design of the NS1-specific artificial SUMO ligase (ASL).
NS1 contains two well-defined globular domains in its structure, the RNA
binding domain (RBD) (amino acid residues 1 to 73) and the effector domain
(ED) (amino acid residues 86 to 204), separated by an unstructured flexible
linker (amino acid residues 74 to 85, represented by a wiggly blue line). Both
domains are capable of forming dimers, thus allowing full-length NS1 to form
dimers (A) and multimers. As the main SUMOylation site in NSI is located
near its C-terminal end, and the dimeric structures formed by the RBD alone
are relatively unstable, we envisioned that a fusion protein consisting of NS1’s
RBD and linker region fused to the full-length SUMO-conjugating enzyme
Ubc9 (RBD~Ubc9) (B) would be “charged” by the E1 SUMO-activating en-
zyme (SAE2/1) present in the cell (C); form transient NSI:RBD~Ubc9 het-
erodimers, thus positioning Ubc9 in close proximity to K219 in NS1 (D); and
enhance NS1 SUMOylation (E). Thus, the RBD~Ubc9 fusion would act as an
ASL for NS1. Although it is likely that NS1 might subsequently be de-SUMOy-
lated by the SUMO-specific isopeptidases present in the cell (referred to as
SENPs) (F), the enhancing effect mediated by the RBD~Ubc9 fusion would
still increase the steady-state concentration of SUMOylated NS1 in the cell.
ASL* represents the SUMO-charged form of the ASL, in which SUMO is
attached to the active site in Ubc9, and ASL represents the uncharged form of
the ASL.

The confocal microscopy images used in this study were captured and
analyzed by using ZEN 2009 software (Zeiss, New York, NY). The phos-
phordensitometry data were generated and analyzed by using Quantity
One 1-D Analysis software (Bio-Rad Laboratories, Hercules, CA). All sta-
tistical analyses and graphics presented in this article were performed by
using GraphPad Prism version 5.04 for Windows (GraphPad Software
Inc., San Diego, CA). All figures generated for this report were created by
using Adobe Photoshop CS5 extended version 12.0.3 X64 (Adobe Sys-
tems Inc., San Jose, CA).

Transient transfections and generation of recombinant viruses by
reverse genetics. HEK293A and HEK293FT cells were seeded at a density
of 1 X 10° cells/well into 24-well plates or 5 X 10° cells/well into 6-well
plates. The following day, the cells were transfected by liposome-mediated
transfection using the desired combination of CsCl-purified plasmids and
TransIT-LT1 (Mirus Bio LLC, Madison, WI) according to the manufac-
turer’s recommendations. For most transfections, either 2 to 3 wg of DNA
and 4 to 6 pl of TransIT-LT1 reagent (for 24-well plates) or 12 to 15 g of
DNA and 24 to 30 pl of TransIT-LT1 reagent (for 6-well plates) were used.
At the appropriate times posttransfection, cell extracts were collected by
adding directly over the cells either boiling 2 X sample buffer (25 mM Tris
[pH 6.8], 5% glycerol, 2% SDS, 0.01% bromophenol blue) for SDS-PAGE
and immunoblotting analyses or boiling 1 X denaturing lysis buffer (1%
SDS, 5 mM EDTA, 100 mM Tris [pH 7.8]) for immunoprecipitation
analyses.

To generate recombinant viruses by reverse genetics, upon transfec-
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FIG 2 NS1 is SUMOylated by both SUMO1 and SUMO2/3 in vivo. HEK293A
cells cotransfected with (+) or without (—) the indicated combinations of
mammalian expression plasmids, including T7T7NS1, the dicistronic expres-
sion constructs Dual S1/I/U and Dual S3/1/U, an expression construct for the
SUMO-deconjugating enzyme SENP1, and an empty expression vector, were
analyzed by SDS-PAGE and immunoblotting using anti-T7 MAD (A), anti-
SUMO2 PAb (B), anti-SUMO1 MADb (C), and anti-GAPDH MAb (D).
NS13YMO SUMOylated NS1; HMW, high molecular weight.

tion, HEK293FT cells were incubated at 37°C in 5% CO, for 24 h. The
culture supernatant was then discarded and replaced with 1X DMEM
supplemented with 0.2% BSA and 2 pg/ml TPCK-treated trypsin. The
cells were further incubated for another 48 h at 37°C in 5% CO,, and the
culture supernatants were subsequently collected and used for plaque
assays.

Plaque assays. MDCK cells were plated into 6-well plates at a density
of 1 X 10° cells/well in complete medium and incubated at 37°C in 5%
CO, until the cells formed a confluent monolayer. The cells were then
washed twice with 1 X DMEM, and a virus dilution prepared in 1 ml of 1 X
DMEM supplemented with 0.2% BSA was added to the cells and incu-
bated with the cells at 35°C for 30 min. The cells were washed twice again
with 1X DMEM, and a 3-ml overlay of 1X DMEM plus 4 pg/ml TPCK-
treated trypsin and 0.6% SeaKem ME agarose (Lonza, Rockland, ME),
maintained at 40°C using a bench-top heater-shaker, was poured over the
cells and allowed to solidify for ~20 min at room temperature. The cells
were subsequently incubated at 35°C in 5% CO,, and starting at ~30 h
postinfection (p.i.), the cells were visually screened for the presence of
plaques. When the size of the plaques observed reached ~1 to 2 mm in
diameter, the overlay was removed, and the cells were fixed and stained
with a solution containing 0.12% crystal violet in 20% ethanol. Alterna-
tively, for plaque purification of recombinant viruses, the overlay was left
in place, and well-isolated plaques were transferred into a vial containing
1X DMEM plus 0.2% BSA by using a sterile 1-ml pipette.

For the experiments aimed at measuring the viral growth of the re-
combinant viruses developed by reverse genetics, all of the viruses pro-
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duced were purified by two consecutive rounds of plaque purification.
Importantly, during the second round of plaque purification, plaques of
identical diameter (as measured under a microscope) were selected as a
way to initiate the experiment with similar virus numbers (i.e., using
similar MOIs). The plaques selected were then incubated on 1 ml of 1X
DMEM plus 0.2% BSA at 4°C for 4 h to allow the viruses to diffuse out of
the agarose plug. Subsequently, the whole volume of 1X DMEM plus
0.2% BSA, including the agarose plug itself, was added to a confluent
monolayer of either MDCK cells or Vero cells plated onto 10-cm? petri
dishes in 1 X DMEM supplemented with 0.2% BSA and 2 pg/ml TPCK-
treated trypsin. At 24 and 48 h p.i, the culture supernatants were re-
moved, and their virus titers were analyzed by a plaque assay.

Immunoblot analyses. Before SDS-PAGE analyses, all cell extracts
generated were passed several times through a 29%2-gauge needle to break
down the genomic DNA released and decrease the viscosity of the sam-
ples. Subsequently, B-mercaptoethanol was added up to a final concen-
tration of 10%, and the samples were boiled for 3 min. The samples were
resolved by 10% SDS-PAGE gels, using either premade PAGEgel gels
(PAGEgel Inc., San Diego, CA) or SDS-PAGE gels made in-house. Upon
SDS-PAGE, the proteins were transferred onto either Immobilon-P for
use with horseradish peroxidase (HRP)-conjugated secondary antibodies
and chemiluminescence detection or Immobilon-FL for use with IRDye-
conjugated secondary antibodies (LI-COR Biosciences Inc., Lincoln, NE)
and infrared fluorescence imaging (both types of Immobilon membranes
are from Millipore Corp., Bedford, MA). Upon transfer, the procedure
used depended on the detection method to be used.

(i) Chemiluminescence detection. Immobilon-P membranes were
washed 3 times in 1X phosphate-buffered saline (PBS) supplemented
with 0.05% Tween 20 (here referred to as 1X PBS-T), blocked with 1X
PBS-T supplemented with 3% nonfat milk (here referred to as 1X Blotto)
for a minimum of 30 min at room temperature, and incubated in 1X
Blotto at 4°C overnight with the primary antibody at the indicated dilu-
tion. The membranes were then washed 3 times with 1X PBS-T and in-
cubated for 1 h at room temperature in 1X Blotto with the appropriate
horseradish peroxidase-conjugated secondary antibody at the indicated
dilution. The membranes were then washed 3 times with 1X PBS-T and
once again with 1X PBS and subsequently developed by using the Immo-
bilon Western HRP Substrate system (Millipore), using Phenix Blue X-
ray film (Phenix Research Products, Candler, NC) in a dark room.

(ii) Infrared fluorescence imaging. Immobilon-FL membranes were
washed 3 times in 1X PBS, blocked in Odyssey blocking buffer (OBB)
(LI-COR Biosciences Inc.) for a minimum of 30 min at room tempera-
ture, and incubated in OBB supplemented with 0.1% Tween 20 (here
referred to as OBB-T) at 4°C overnight with the primary antibody at the
indicated dilution. The membranes were then washed 3 times with 1X
PBS-T and incubated for 1 h at room temperature in OBB-T with the
appropriate highly cross-absorbed IRDye 800 CW- and IRDye 680 LT-
conjugated secondary antibodies (LI-COR Biosciences Inc.) at the indi-
cated dilution. The membranes were then washed 3 times with 1X PBS-T
and twice again with 1X PBS and scanned on an Odyssey CLx infrared
imaging system (LI-COR Biosciences Inc.). Quantitative analyses of the
images obtained was performed by using Odyssey Infrared Imaging Sys-
tem Application software version 3.0.29 (LI-COR Biosciences Inc.). Sta-
tistical analyses and graphics of the data generated were performed by
using GraphPad Prism version 5.04 for Windows (GraphPad Software
Inc.).

The following dilutions were employed for the various primary and
secondary antibodies used for immunoblotting in this study: anti-T7 tag
mouse monoclonal antibody (MAb) (Novagen, EMD Biosciences Inc.,
San Diego, CA) at a 1:5,000 dilution, anti-SUMO1 rabbit MAb Y299
(Epitomics Inc., Burlingame, CA) at a 1:5,000 dilution, anti-Ubc9 rabbit
MADb EP2938Y (Epitomics Inc.) ata 1:5,000 dilution, anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mouse MAb 2D4A7 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) at a 1:5,000 dilution, anti-SUMO2
rabbit polyclonal antibody (PAb) (Invitrogen) at a 1:5,000 dilution, anti-
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C/EBP-8 (C-19) rabbit PAD (Santa Cruz Biotechnology Inc.) at a 1:5,000
dilution, HRP-conjugated goat anti-mouse IgG (Santa Cruz Biotechnol-
ogy Inc.) at a 1:5,000 dilution, HRP-conjugated goat anti-rabbit IgG
(Santa Cruz Biotechnology Inc.) at a 1:5,000 dilution, highly cross-ab-
sorbed IRDye 800 CW-conjugated goat anti-mouse IgG at a 1:20,000 di-
lution, highly cross-absorbed IRDye 680 LT-conjugated goat anti-mouse
IgG at a 1:20,000 dilution, highly cross-absorbed IRDye 800 CW-conju-
gated goat anti-rabbit IgG at a 1:20,000 dilution, and highly cross-
absorbed IRDye 680 LT-conjugated goat anti-rabbit IgG at a 1:20,000
dilution (all IRDye-conjugated secondary antibodies were obtained from
LI-COR Biosciences Inc.).

In most immunoblotting analyses, the membranes were reused 3 to 5
times. Before they were reused, the membranes were stripped by incuba-
tion in boiling stripping buffer (1% SDS and 0.2% B-mercaptoethanol)
for 10 min, washed 5 times with 1X PBS-T, and incubated with the ap-
propriate blocking solution before being incubated with the new primary
antibody.

Interferon inhibition assay. Interferon inhibition assays were per-
formed according to the general methodology established by Rehwinkel et
al. to trigger IFN production using an active influenza virus RNA-depen-
dent RNA polymerase (VRdRp) (44) and a bioassay established by Solor-
zano et al. (45), using the VSV-GFP developed by Stojdl et al. (46). Briefly,
HEK293FT cells were transfected with various combinations of plasmids,
including those needed to produce a functional vRdRp [here referred to as
PollI(PB2+PB1+PA+NP)] and a construct transcribing the PB2 gene
segment under an RNA polymerase I promoter in the reverse comple-
mentary direction [here referred to as Poll(PB2)]. At 48 h posttransfec-
tion, both culture supernatants and total cell extracts were collected (the
latter were collected in 2X sample buffer). The supernatants collected
were subsequently added undiluted to a monolayer of Vero cells plated 24
h earlier. At 24 h after exposure to the supernatant, the Vero cells were
infected with VSV-GFP at an MOI of 2.0. At 8 h postinfection, the cells
were trypsinized, fixed with 1X PBS plus 4% paraformaldehyde, and an-
alyzed for expression of GFP by flow cytometry. Cells transfected with
PolI(PB2) and PollI(PB2+PB1+PA+NP) in the absence of NS1 were
assumed to produce the maximum amount of IFN achievable in this
assay, and therefore, the percentage of Vero cells expressing GFP mea-
sured in cells treated with this supernatant was assumed to correspond to
0% inhibition of IFN production. Similarly, cells transfected with Po-
II(PB2) and PollI(PB2+PB1+PA+NP) in the presence of T7T7NS1 were
arbitrarily assumed to produce the smallest amount of IFN due to the IFN
inhibitory activity mediated by NS1, and therefore, the percentage of Vero
cells expressing GFP measured in cells treated with this supernatant was
assigned as 100% inhibition of IFN production. The IFN inhibitory activ-
ity of all other supernatants was calculated by comparison to the IFN
inhibitory activity of the supernatants assigned as 0% inhibition and
100% inhibition.

Immunofluorescence analyses. For immunofluorescence analyses,
upon transfection with the plasmids indicated, the cells were incubated at
37°Cin 5% CO,, and 12 h later, the cells were trypsinized and replated in
a 96-well plate. Twelve hours later, the cells were then fixed with 1X PBS
plus 4% paraformaldehyde for 30 min at 4°C, washed twice with 1X PBS,
and permeabilized by incubation with 100% methanol for 10 min at 4°C.
Upon permeabilization, the cells were incubated in blocking solution (1X
PBS supplemented with 1% goat serum), followed by incubation over-
night at 4°C with anti-T7 MAb (Novagen) and anti-Ubc9 MAD (Epitom-
ics Inc.), both diluted 1:500 in blocking solution. Excess antibody was
removed with three washes of 5 min each with 1X PBS. Fluorescently
labeled secondary antibodies, namely, highly cross-absorbed Alexa Fluor
488 goat anti-mouse IgG and highly cross-absorbed Alexa Fluor 594 goat
anti-rabbit IgG (both from Molecular Probes, Life Technologies Corp.,
Carlsbad, CA), were added to the cells at a 1:500 dilution in blocking
solution and incubated for 2 h at room temperature. The cells were sub-
sequently washed 3 times with 1X PBS, stained with 4',6-diamidino-2-
phenylindole (DAPI) (Molecular Probes) for 5 min, and washed three
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additional times with 1 X PBS. The images were captured by using an LSM
700 confocal microscope (Zeiss, New York, NY) with a 63X objective and
three lasers, at 405 nm (DAPI), 488 nm (Alexa Fluor 488), and 555 nm
(Alexa Fluor 594). Image acquisition was performed by using ZEN 2009
software (Zeiss, New York, NY). Since the microscope system is equipped
with a monochromatic camera, ZEN 2009 software was used to add
pseudocolor to the various images captured to produce the colored im-
ages presented.

Protein turnover analyses. To estimate protein turnover, two ap-
proaches were used: cycloheximide treatment and pulse-chase analyses.
For cycloheximide treatment, HEK293FT cells were plated and trans-
fected in either 10-cm petri dishes or 6-well plates. At 6 h posttransfection,
the cells were reseeded onto 24-well plates. This approach minimized
sample-to-sample variation due to fluctuations in transfection efficien-
cies. At 24 h posttransfection, the cells were treated with either dimethyl
sulfoxide (DMSO) as a vehicle control or 4 mM cycloheximide (Calbi-
ochem, EMD Millipore, Billerica, MA). Samples were subsequently col-
lected at the indicated times after cycloheximide treatment, using 2X
sample buffer. Upon collection, the samples were processed and analyzed
for SDS-PAGE and immunoblotting as described above. For pulse-chase
analyses, HEK293FT cells were plated and transfected in 6-well plates. At
47 h posttransfection, the cells were starved in methionine- and cysteine-
deficient medium for 1 h and pulsed for 1 h with medium containing
?5S-labeled methionine and cysteine (200 wCi/well). Upon labeling, the
cells were trypsinized, replated into 24-well plates, and incubated with
complete medium containing 20% serum (chase) until collected. Cells
were collected at 0, 4, 8, and 12 h postchase. For collection, the cells were
treated with SDS lysis buffer (0.5% SDS, 50 mM Tris [pH 8.0], 1 mM
dithiothreitol [DTT]), boiled for 3 min, and diluted with 4 volumes of
radioimmunoprecipitation assay (RIPA) correction buffer (1.25% Non-
idet P-40,1.25% sodium deoxycholate, 0.0125 M sodium phosphate [pH
7.2],2 mM EDTA) supplemented with cOmplete Ultra protease inhibitor
cocktail tablets (Roche Applied Science, Indianapolis, IN) and 20 mM
N-ethylmaleimide. The resulting extract was passed through a 29%2-gauge
needle several times, spun down at 15,000 X g for 10 min at 4°C, and
immunoprecipitated by incubation overnight at 4°C with 2 pg of anti-T7
MAD (Novagen), 2 pg of anti-GFP MAD (Santa Cruz Biotechnology Inc.),
and 20 pl of a 50% bead slurry of protein A/G Plus-agarose (Santa Cruz
Biotechnology Inc.). The beads were washed 4 times with 1X PBS-T and
resuspended in 25 pl of 2X sample buffer. The immunoprecipitated pro-
teins were resolved by SDS-PAGE, transferred onto Immobilon-P mem-
branes, and analyzed by phosphordensitometry by using a personal mo-
lecular imager (Bio-Rad Laboratories). Quantitative analysis was
performed by using Quantity One 1-D Analysis software (Bio-Rad Labo-
ratories).

Chemical cross-linking to analyze NS1-containing protein com-
plexes. HEK293FT cells were transfected with the indicated constructs,
and at 24 h posttransfection, the cells were treated for 30 min with either
1X PBS containing 4% DMSO alone (vehicle control) or 1X PBS con-
taining 4% DMSO and 1 mM disuccinimidyl glutarate (DSG) (Thermo
Fisher Scientific Inc., Waltham, MA). DSG is a short (7.7-A spacer arm),
amino-specific, homobifunctional, noncleavable, cell-permeable chemi-
cal cross-linker. Total cell extracts were collected in 300 pl of 2X sample
buffer and processed for SDS-PAGE and immunoblotting as described
above.

RESULTS

PR8 NS1 is SUMOylated by both SUMO1 and SUMO2/3 pri-
marily through residues K70 and K219. Previously, we identified
nonstructural protein 1 of influenza A virus (NS1) as a bona fide
target of the cellular SUMOylation system. Specifically, we dem-
onstrated that NS1 is SUMOylated both when overexpressed by
transient transfection in mammalian cells as well as during infec-
tion by SUMOI conjugation (29, 32). However, the potential con-
jugation to NS1 of the other main SUMO modifiers in the cell
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FIG 3 Conservation of likely SUMOylation sites in PR8 NS1 among human HIN1 and H3N2 influenza virus strains and influenza virus isolates representing
sporadic bird-to-human transmission events. (A) Conservation of the two putative SUMOylation sites identified by SUMOsp2.0 and SUMOplot analyses of PR8
NSI1 (K70 and K219) and a previously identified SUMOylation site in a highly pathogenic avian influenza virus (K221), among HIN1 and H3N2 human influenza
virus strains. The numbers in parentheses indicate the total number of sequences analyzed for each type of human influenza virus. (B) Comparison of the primary
sequence of the NS1 protein from various representative human and laboratory-adapted influenza virus strains and viral isolates representing sporadic bird-to-
human transmission events. The sequence shown is the one around the two predicted SUMOylation sites in PR8 NS1 (K70 and K219). The predicted consensus
SUMOylation sites identified in PR8 NS1 by i silico analyses are depicted underneath the sequence list, with the critical amino acids displayed in boldface type.

Note that residue 221 in PR8 NS1 is glutamic acid.

(SUMO2/3), the main SUMOylation site in NS1, and the potential
relevance of SUMOylation for the normal functions associated
with NS1 during influenza infection were not assessed.
Proteomic analyses have demonstrated that the pool of cellular
proteins SUMOylated with SUMO1 only partially overlaps the
pool of proteins SUMOylated with SUMO2/3 (47-49). Further-
more, conjugation with SUMO2/3 is known to exert at least one
potentially different effect on the target from that exerted by
SUMOLI conjugation, namely, the formation of SUMO2/3 chains
followed by the recognition of the poly-SUMOylated target by
SUMO-dependent ubiquitin ligases that polyubiquitinylate it and
direct it toward proteasomal degradation, as previously reviewed
(50-52). Therefore, it was relevant to characterize whether NS1
could be equally SUMOylated by the two main types of SUMO
proteins in the cell. To determine this, HEK293A cells were
cotransfected with an expression construct for the A/Puerto Rico/
8/1934 (here referred to simply as PR8) NS1 protein, our previ-
ously reported dual expression constructs coding for an S-tagged
and His-tagged SUMO1 or SUMO3, and an expression construct
for the de-SUMOylating enzyme SENP1. The cotransfected cells
were collected in sample buffer, and the resulting cell extracts were
analyzed by immunoblotting. The immunoblotting data obtained
clearly demonstrated equivalent levels of SUMOylated NS1 in the
presence of SUMO1 and SUMO3 (Fig. 2A, compare lanes 4 and
9), therefore indicating that, in addition to being SUMOylated in
vivo by SUMOL1 (29), NS1 can also be SUMOylated in vivo by SU-
MO2/3. The specificity of the global increases in SUMO1 or SU-
MO2/3 SUMOylation obtained when the cells were cotransfected
with either of the dual expression constructs was demonstrated by
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immunoblotting performed with SUMO2- and SUMO1-specific
antibodies (Fig. 2B and C, respectively).

To map the SUMOylation sites in PR8 NS1, SUMOsp2.0 and
SUMOplot software analyses were performed to identify likely
SUMOylation sites. These analyses identified residues K70 and
K219 as the primary potential SUMOylation sites in PR8 NSI.
Sequence comparison with other reference laboratory influenza
virus strains and a large array of human influenza virus isolates
revealed that the first and second potential SUMOylation sites in
NSI1 were conserved in over 99% of all the HIN1 and H3N2 hu-
man influenza virus strains analyzed (Fig. 3A). However, K70 was
not conserved among virus isolates representing sporadic bird-to-
human transmission events (Fig. 3B, compare residue 70 in the
H5N1 and HIN2 isolates with that in the other virus isolates pre-
sented), and although K219 was present in some virus strains rep-
resenting sporadic bird-to-human transmission events (Fig. 3B,
compare residue 219 in the H5N1 isolate with that in the other
virus isolates presented), it constituted the last amino acid residue
in some virus strains (e.g., A/Aichi/202/2009) (Fig. 3B), and in
some others, NS1 did not even extend up to that residue (e.g.,
A/Hong Kong/3239/2008) (Fig. 3B). This indicated more de facto
variability in the second putative SUMOylation site because lysine
residues are not SUMOylated when located at the C-terminal end
of a protein (see below). Importantly, K221, the main SUMOyla-
tion site previously identified in the NS1 protein derived from a
highly pathogenic avian strain (36), showed much more limited
conservation among the human HIN1 and H3N2 influenza virus
strains analyzed (Fig. 3A).

To determine whether K70 and K219 constituted the main
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SUMOylation sites in PR8 NS1, lysine-to-alanine (K-to-A) sub-
stitutions were introduced into each of those positions, both in-
dividually and simultaneously, in NS1 expression constructs car-
rying a dual T7 tag. The effect of the mutations was subsequently
determined by immunoblot analysis of cells cotransfected with
different combinations of (i) the wild-type or mutated NSI ex-
pression constructs, (i) dual expression plasmids coding for ei-
ther deconjugatable or nondeconjugatable forms of His-tagged
and S-tagged SUMOI1 (Dual S1/1/U or Dual S1Q94P/1/U, respec-
tively), and (iii) the de-SUMOylating enzyme SENP1.

While the K70A mutation produced a noticeable but slight
decrease in NS1 SUMOylation (Fig. 4A, lanes 6 and 8), the K219A
substitution produced a more dramatic decrease in NS1 SUMOy-
lation (Fig. 4A, lanes 9 and 11), and the double mutant
K70AK219A almost completely abolished NS1 SUMOylation
(Fig. 4A, lanes 12 and 14). These data indicated that K219 and K70
constituted the primary and secondary SUMOylation sites in NS1,
respectively. Longer exposures of the gel revealed, however, a re-
sidual amount of SUMOylated NS1 in the K70AK219A double
mutant, therefore indicating the existence of other minor
SUMOylation sites in NS1. Importantly, a mutant form of NS1
ending at position K219 exhibited SUMOylation levels compara-
ble to those exhibited by the K219A mutant, therefore indicating
that K219 is not SUMOylated when it constitutes the C-terminal
end of NS1 (data not shown).

To determine whether SUMO2/3 SUMOylation of NS1 occurs
through the same lysine residues as SUMO1 SUMOylation, an
experiment similar to the one described above for SUMO1 was
executed by using dual expression plasmids coding for deconju-
gatable or nondeconjugatable forms of His-tagged and S-tagged
SUMO3 (Dual S3/I/U or Dual S3Q89P/I/U, respectively). The
data obtained showed that, similarly to our previous observations
for SUMO1 conjugation, SUMO3 conjugation to NS1 occurred
primarily through residue K219, while residue K70 appeared to
act as a secondary conjugation site (Fig. 4D). This finding indi-
cated that SUMO2/3 conjugation of NS1 involved the same lysine
residues associated with SUMO1 conjugation.

SUMOylation affects NS1’s ability to neutralize the inter-
feron response. Having defined the SUMOylation sites in NS1
and the range of SUMO modifiers capable of affecting NS1, we
aimed to address the potential effect(s) of SUMOylation on NS1
function. NS1 is a multifunctional viral protein, playing diverse
roles during influenza infection. However, the main function at-
tributed to NS1 is the neutralization of the host cell’s IFN response
(11,19, 20, 53). To determine whether NS1 SUMOylation affected
NSUI’s ability to neutralize the IFN response under conditions
closely recapitulating the events taking place during influenza in-
fection, we used a methodology previously established by Rehwin-
kel et al. (44). In this method, the replicase activity of the viral
RNA-dependent RNA polymerase (VRARp), in the presence of the
PB2 vRNA template, produces PB2 cRNA and a large quantity of
5'-PPP PB2 vRNA. Such 5'-PPP vRNA acts as an agonist for
RIG-], thus activating it and stimulating IFN production in a way
mirroring RIG-I activation during influenza infection (44).

HEK293FT cells were cotransfected with different combina-
tions of (i) the expression plasmids for T7-tagged NS1 or
NS1K70AK219A, (ii) a mix of RNA polymerase II (PollI)-driven
expression plasmids carrying all the viral genes needed to recon-
stitute VRARp activity (PB2, PB1, PA, and NP), and (iii) a plasmid
carrying the PB2 gene segment under the transcriptional control
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of the human RNA polymerase I (Poll) promoter placed in the
reverse complementary sense. Additionally, to better evaluate the
effects mediated by NS1 SUMOylation, some samples were also
cotransfected with a previously developed NS1-specific artificial
SUMO ligase (ASL), whose development will be described in de-
tail elsewhere (our unpublished data). The NS1-specific ASL (here
referred to simply as ASL) consists of a fusion of the first N-ter-
minal 87 amino acid residues in NS1 with the SUMO-conjugating
enzyme Ubc9 (Fig. 1). Two different forms of the ASL were em-
ployed, one carrying the wild-type (wt) NS1 sequence (referred to
as wt-ASL) and one carrying the R38AK41A double mutant form
of NS1 (referred to as mut-ASL), which keeps the N-terminal
region of NS1 from binding RNA. The production of IFN by the
cells transfected with the different combinations of constructs de-
scribed above was evaluated by a bioassay for type I IFN, as previ-
ously reported by Solorzano et al. (45). Briefly, Vero cells were
incubated with the supernatant collected from the transfected
HEK293FT cells and subsequently infected with a recombinant
VSV expressing GFP (VSV-GFP) (54). The number of VSV-GFP-
infected Vero cells (i.e., cells expressing GFP), determined 8 h after
VSV infection by flow cytometry is proportional to the amount of
IFN present in the supernatant, because IFN renders Vero cells
resistant to VSV infection and therefore provides an accurate and
sensitive assessment of IFN production by the transfected cells.
As expected, cotransfection with both the expression plasmids
needed to reconstitute a fully functional vRdRp and the PolI(PB2)
construct triggered the production of substantial amounts of IFN.
The percentages of VSV-GFP-infected cells observed under these
conditions in multiple experiments were consistently low, and
their averages were arbitrarily defined as 0% IFN inhibitory activ-
ity. Also as expected, cotransfection with NS1 produced substan-
tial decreases in IFN production, whose average was arbitrarily
defined as 100% IFN inhibitory activity (Fig. 5A, bar 1). Cotrans-
fection with NS1K70AK219A led to only an ~40% decrease in
IFN production (Fig. 5A, bar 2), indicating that NS1’s ability to be
SUMOylated is relevant for its ability to neutralize IFN produc-
tion. Cotransfection with NS1 and wt-ASL led to a dramatic in-
crease in IFN inhibitory activity, reaching values nearly 70% above
the inhibitory activity of NS1 alone (Fig. 5A, bar 3). However, this
increase was likely mediated by the RNA binding activity of wt-
ASL and not by its ability to increase NS1 SUMOylation, because
an identical increase in IFN inhibitory activity was observed when
wt-ASL was transfected in the absence of NS1 (Fig. 5A, bar 5). In
contrast, cotransfection with mut-ASL (which still increases NS1
SUMOylation but lacks RNA binding activity) and NSI led to an
~24% decrease in NS1’s IFN inhibitory activity (Fig. 5A, bar 4).
This decrease was likely mediated by the increased NS1 SUMOy-
lation triggered by mut-ASL, because mut-ASL alone had no sig-
nificant effect on IFN production (Fig. 5A, bar 6), and indicates
that increasing NS1 SUMOylation beyond its normal levels is also
deleterious for NS1’s ability to neutralize the host’s IFN response.
To confirm that the effects observed in the IFN inhibition as-
says described above were associated with changes in NSI1
SUMOylation, the percentage of SUMOylated NSI1 present in ev-
ery sample employed was determined by immunoblotting using
IRDye-conjugated secondary antibodies and an Odyssey CLx in-
frared imaging system. A representative immunoblot exemplify-
ing the data obtained is shown in Fig. 5B. NSI expressed in the
absence of the ASL exhibited limited but easily detectable
SUMOylation (Fig. 5B, lane 3, and C, bar 1). The double mutant
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FIG 4 K219 and K70 are the primary and secondary target sites in NS1, respectively, for both SUMO1 and SUMO2/3 SUMOylation. HEK293A cells were
cotransfected with (+) or without (—) the indicated combinations of mammalian expression plasmids, including expression plasmids for T7T7-tagged NS1
(T7T7NS1), the single and double lysine mutant forms of NS1 (T7T7NS1K70A, T7T7NS1K219A, and T7T7NS1K70AK219A), an expression construct for the
human de-SUMOylating enzyme SENP1, an empty expression vector used to equalize the total amount of DNA used to transfect the cells, and the dicistronic
expression constructs Dual S1/I/Ubc9 and Dual S1Q94P/I/Ubc9 (S1Q94P is a mutant form of SUMOI that prevents its de-SUMOylation upon its conjugation
to a target) (A to C) or the dicistronic expression constructs Dual S3/I/Ubc9 and Dual S3Q89P/I/Ubc9 (S3Q89P is a mutant form of SUMO3 that prevents its
de-SUMOylation upon its conjugation to a target) (D to F). Cell extracts were collected and analyzed by SDS-PAGE and immunoblotting using either anti-T7
MAD (A and D), anti-SUMO1 MAb (B), anti-SUMO2 PAb (E), or anti-GAPDH MAbD (C and F). NS1*#-5-5UMO 'N§1 SUMOylated with His- and S-tagged
SUMO; NS13YM© NS1 SUMOylated with endogenous SUMO; HMW, high molecular weight.

NS1K70AK219A exhibited SUMOylation levels barely above
background levels (Fig. 5B, lane 4, and C, bar 2). Cotransfection
with wt-ASL enhanced NS1 SUMOylation ~5.5-fold (Fig. 5B,
lane 5, and C, bar 3). Finally, cotransfection with mut-ASL en-
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hanced NS1 SUMOylation by ~4-fold (Fig. 5B, lane 6, and C, bar
4). Interestingly, in the samples cotransfected with wt-ASL and
mut-ASL, enhanced imaging of the scanned data revealed the
presence of higher-molecular-mass species of NS1 spaced by
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FIG 5 SUMOylation affects NS1’s ability to neutralize IFN production. HEK293FT cells were transfected with (+) or without (—) the indicated mammalian
expression constructs, including (i) the T7T7NS1 and T7T7NS1K70AK219A constructs previously described; (ii) Pol II(PB2+PB1+PA+NP), a mix of four
RNA polymerase II-driven constructs for the expression of the viral proteins PB2, PB1, PA, and NP, which together form the functional vRdRp; (iii) Pol I(PB2),
an RNA polymerase I-driven construct for the production of the PB2 VRNA; (iv) wt-ASL, an expression construct coding for the wild-type form of the artificial
SUMO ligase for NS1; and (v) mut-ASL, a mutated form of the artificial SUMO ligase for NS1 containing two amino acid substitutions, R38A and K41A. At 48
h posttransfection, culture supernatants and total cell extracts were collected. The IFN levels present in the supernatants were analyzed by using a bioassay. The
total cell extracts were analyzed by SDS-PAGE and immunoblotting using anti-T7 MAb and anti-Ubc9 MAD or anti-SUMO1 MAD and anti-GAPDH MAD as
primary antibodies and highly cross-absorbed IRDye 800 CW- and IRDye 680 LT-conjugated anti-mouse and anti-rabbit IgG antibodies as secondary antibodies.
The immunoblots were read and analyzed by using an Odyssey CLx infrared imaging system. (A) Graphic representation of the percentage of inhibition of IFN
production observed for cells transfected with the indicated constructs. The numbers in brackets indicate the corresponding sample in the gel presented in panel
B. (B) Immunoblots of a representative group of transfected cells showing the expression of T7T7NS1 and SUMOylated T7T7NS1 (T7T7NS15VM©), the overall
SUMOylation profile obtained, and the levels of expression of the ASL. (C) Percentage of SUMOylated NS1 obtained in cells transfected with the indicated
combinations of expression constructs. The numbers in brackets indicate the corresponding sample in the gel presented in panel B. (D) Relative quantification
of the levels of ASL compared to the amount observed in cells transfected with wt-ASL. In all cases, the quantitative data presented represent the cumulative data

obtained from four sets of samples obtained in independent experiments. Error bars indicate standard deviations.

about ~17 kDa, suggestive of the formation of poly-SUMO chains
on NS1 (data not shown), which also indicates that NS1 is likely to
be preferentially SUMOylated by SUMO2/3 in vivo. The differ-
ence observed in SUMO-enhancing ability between wt-ASL and
mut-ASL appeared to be mediated by the differential accumula-
tion of each ASL in the cell, as wt-ASL accumulated to levels about
40% higher than those of mut-ASL (Fig. 5B, anti-Ubc9 MADb
panel, and D). Importantly, cotransfection with wt-ASL (but not
with mut-ASL) led to increased SUMOylation of proteins other
than NS1, as evidenced by an anti-SUMO1 immunoblot analysis
(Fig. 5B, anti-SUMO1 MAD panel).

Altogether, the data obtained in these assays indicated that
altering the levels of SUMOylated NS1 decreases NS1’s ability to
neutralize the IFN response, as both mutations precluding the
efficient SUMOylation of NS1 and artificial increases in NS1
SUMOylation triggered by cotransfection with mut-ASL de-
creased NS1’s IFN-neutralizing activity.

NS1 SUMOylation affects viral growth in IFN-competent
and IFN-deficient host cells. The decreased IFN-blocking activity
exhibited by NS1K70AK219A led us to predict that a mutant virus
carrying this double mutant form of NS1 should display growth
defects in cell lines capable of producing type I IFN. To test this
hypothesis, we aimed to develop recombinant viruses carrying the
non-SUMOylatable form of NS1 using a previously reported in-
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fluenza A/WSN/1933 (here referred to simply as WSN33) 12-plas-
mid reverse genetic system (38). However, since WSN33 NS1
lacks the second SUMOylation site (K219), and PR8 NS1 exhibits
strong and well-characterized IFN-blocking activity (40, 55, 56),
we replaced WSN33 NS with PR8 NS but maintained the original
5" and 3" UTRs of the WSN33 NS gene segment.

Introduction of the K219A mutation into NSI resulted in an
asparagine-to-histidine (N-to-H) substitution at amino acid res-
idue 62 in NS2 (N62H). Recombinant viruses containing the
NS1K70AK219A mutations could not be obtained despite numer-
ous attempts. As a similar inability to generate K219R mutants was
previously reported by others (30), we considered that this issue
likely indicated that the N62H mutation in NS2 was lethal. There-
fore, to allow us to test the relevance of NS1 SUMOylation in the
absence of changes in the primary sequence of NS2, we followed a
previously reported methodology to separate the ORF for NS1
from that for NS2 while still allowing NS2 to be produced as a
splicing product of the primary NS mRNA transcript (57). Briefly,
starting with Poll-driven constructs for either wt NS1 or
NS1K70AK219A, the splicing acceptor site located in NS1 was
inactivated by site-directed mutagenesis. A copy of the second
exon for NS2, starting with a functional splicing acceptor site, was
then placed downstream from the stop codon for NS1. The result-
ing NS2-shifted constructs were tested for their ability to produce
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FIG 6 NS1 SUMOylation affects viral growth in MDCK and Vero cell lines. (A
and B) Effect of shifting the second exon for NS2 downstream from the stop
codon for NS1. HEK293FT cells transfected with (+) or without (—) the
indicated plasmids, including a complete vRdRp mix (C-vRdRp), and an in-
complete vVRdRp mix (I-vRdRp) lacking PB1, were analyzed by immunoblot-
ting with anti-T7 MAb and IRDye 800 CW-conjugated anti-mouse IgG anti-
bodies to determine the levels of NS1 and NS2 expression. (A) Representative
immunoblot displaying the data obtained. (B) Quantitative analysis of the
percentage of NS2 observed in two independent experiments like the one
presented in panel A. The numbers in brackets indicate the corresponding lane
in the gel shown in panel A. (C and D) Viral growth of the recombinant viruses
developed with the various pPoll/WSN/NS gene segments presented in
panels A and B in either MDCK cells (C) or Vero cells (D). All recombinant
viruses generated by reverse genetics, including WSN/T7T7[NS1~NS2] and
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NS1 and NS2 in transfection assays performed in the presence of a
functional vRdRp. The data obtained demonstrated that although
the amount of NS2 produced by the NS2-shifted constructs was
decreased by half compared to that produced by the parental NS
gene segments (Fig. 6A, compare the amounts of NS2 displayed by
the different constructs, and B, compare bars 1 and 2 with bars 5
and 6), the amount of NS2 should still be sufficient to ensure virus
survival because similar ratios of NS2 to NS1 are known to be
produced by some human influenza viruses (58). Furthermore,
no substantial difference in NS2 synthesis between the shifted
constructs was observed (Fig. 6B, compare bars 5 and 6), indicat-
ing that the K70AK219A double mutation in the shifted construct
did not affect the synthesis of NS2.

Using the indicated reverse genetics system and the different
NS gene segments generated as indicated above, four different
recombinant viruses were generated: WSN (carrying the orig-
inal WSN NS gene segment), WSN/T7T7NS (carrying the PR8
T7T7-tagged NS gene segment), WSN/T7T7[NS1~NS2] (car-
rying the NS2-shifted NS gene segment), and WSN/
T7T7[NS1K70AK219A~NS2] (carrying the NS2-shifted NS
gene segment coding for the double mutant form of NSI,
NS1K70AK219A). Note that the only difference between WSN/
T7T7[NS1~NS2] and WSN/T7T7[NS1K70AK219A~NS2] is
the presence of the two mutations that decrease NS1 SUMOy-
lation in the latter. Each recombinant virus generated was pu-
rified by two rounds of plaque purification. To determine
whether the different recombinant viruses generated exhibited
differences in their growth rate in an IFN-competent cell line,
plaques of identical diameter and morphology (as determined
by light microscopy) produced during the second round of
plaque purification were inoculated over a confluent mono-
layer of MDCK cells plated onto 10-cm petri dishes. At 24 and
48 h postinfection (p.i.), the culture supernatants were re-
moved, and their virus titers were analyzed by a plaque assay.
To provide statistical significance, three plaques were analyzed
for every recombinant virus.

Three of the recombinant viruses generated, namely, WSN,
WSN/T7T7NS, and WSN/T7T7[NS1~NS2], exhibited very sim-
ilar growth dynamics in MDCK cells, producing virus titers in the
range of 1 X 107 to 3 X 10" PFU/ml by 24 h p.i. (Fig. 6C, bars 1, 3,
and 5). In contrast, the virus carrying the double mutant form of
NS1, WSN/T7T7[NS1K70AK219A~NS2], exhibited a dramatic
growth delay, producing virus titers in the range of 3.5 X 10’

WSN/T7T7[NS1K70AK219A~NS2], were purified by two consecutive
rounds of plaque purification. Plaques of identical diameter produced during
the second round of plaque purification were inoculated over a confluent
monolayer of either MDCK cells or Vero cells plated onto 10-cm petri dishes.
At 24 and 48 h p.i., the culture supernatants were removed, and their virus
titers analyzed by plaque assays. (C) Virus titers obtained with the superna-
tants collected from MDCK cells. (D) Virus titers obtained with the superna-
tants collected from Vero cells. (E) Phase-contrast microscopy images of
representative  plaques for the WSN/T7T7[NS1~NS2] and WSN/
T7T7[NS1K70AK219A~NS2] recombinant viruses. Bars, 200 pm. (F) Aver-
age diameter of the plaques obtained in MDCK cells for the WSN/
T7T7[NS1~NS2] and WSN/T7T7[NS1K70AK219A~NS2] recombinant
viruses by 36 h p.i. The values presented in panels C and D correspond to the
data obtained in 3 independent experiments. The values presented in panel F
correspond to the average diameters measured for 20 plaques chosen at ran-
dom from the different plaque assays performed while quantifying virus titers
for the different viruses. In all cases, error bars indicate standard deviations.
Asterisks indicate P values of 0.05 (*) and 0.001 (***).
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PFU/ml by 24 h p.i. Such titers are about 3.5 orders of magnitude
lower than those of the other viruses, including the closely related
recombinant virus WSN/T7T7[NS1~NS2] (Fig. 6C, compare
bars 5 and 7). Nevertheless, the double mutant virus, unlike the
other viruses, continued to multiply, and by 48 h p.i., it reached
titers closer to those reached by the other viruses, although they
were still significantly lower (Fig. 6C, compare bars 6 and 8).

To determine whether the differences in viral growth observed
between WSN/T7T7[NS1K70AK219~NS2] and the other recombi-
nant viruses were associated exclusively with differences in their abil-
ity to neutralize the host’s IFN response, we repeated the experiment
described above using Vero cells as a host for amplification of the
viruses purified by plaque assays. Vero cells are unable to produce
type I IFN (59), and therefore, viral growth in this host system is
independent of the virus’ ability to neutralize the IFN system. All
recombinant viruses exhibited substantial decreases in growth speed
and total virus yield in Vero cells compared to MDCK cells, with three
out of the four recombinant viruses producing virus titers of 2 X 10*
to5 X 10* PFU/ml by24hp.i. (Fig. 6D, bars 1, 3,and 5) and 0.7 X 10°
to 1.1 X 10° PFU/ml by 48 h p.i. (Fig. 6D, bars 2, 4, and 6). Impor-
tantly, WSN/T7T7[NS1K70AK219A~NS2] still produced signifi-
cantly lower virus titers than those produced by the other viruses,
reaching titers of only ~2.3 X 10° PFU/ml by 24 h p.i. (Fig. 6D, bar 7),
and ceased to grow any further, as ts titers appeared unchanged by 48
h p.i. (Fig. 6D, bar 8). This indicated that the growth deficiency re-
lated to the WSN/T7T7[NS1K70AK219A~NS2] recombinant virus
is not exclusively due to a limited ability to neutralize the IFN re-
sponse but instead likely involves other activities related to NS1 that
might be regulated by SUMOylation and appear more critical for
growth in Vero cells.

Further evidence of the dramatic growth delay associated with
the WSN/T7T7[NS1K70AK219A~NS2] mutant virus was evi-
denced during the execution of the plaque assays performed to
evaluate viral growth. In these assays, the plaques produced by
WSN/T7T7[NS1K70AK219A~NS2] were consistently half the
diameter of those associated with the WSN/T7T7[NS1~NS2] vi-
rus by 36 h p.i. (Fig. 6E and F).

SUMOylation does not affect either the cellular localization
or the stability/turnover of PR8 NS1. Knowing that NS1
SUMOylation affected NS1’s ability to neutralize the cellular IFN
response and other NS1-associated functions important for nor-
mal viral growth, we aimed to identify the molecular mechanism
responsible for the observed SUMO-related effects on NS1.

Different intracellular localization patterns, including nucleo-
lar, nuclear, at promyelocytic leukemia nuclear bodies (PML-
NBs), and cytoplasmic, have been assigned to NS1 (60-63), thus
leading to the idea that NS1’s cellular localization might be depen-
dent on numerous factors, including the possible involvement of
cellular factors (19). Since SUMOylation is known to affect the
cellular localization of numerous SUMO targets, including that of
several viral proteins (64—67), we decided to assess whether SU-
MOylation could be one of the cellular factors affecting NS1’s
cellular localization. To this end, we overexpressed either wt NS1
or the double mutant NSIK70AK219A by transient transfection.
Furthermore, to enhance any potential effect mediated by SU-
MOylation, some cells were also cotransfected with mut-ASL. Ad-
ditionally, to determine whether SUMOylation affected NS1’s cel-
lular localization under conditions more closely resembling those
occurring during influenza infection, we also investigated the cel-
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lular distribution of NSI in cells cotransfected with the full com-
plement of reverse genetics plasmids.

Under all conditions tested, both wild-type NS1 and its double
mutant form appeared to be mostly cytoplasmic, although most
cells expressing NS1 also exhibited a weak diffuse nuclear NS1
signal (Fig. 7A and B, columns 1 and 3). Furthermore, coexpres-
sion of mut-ASL did not affect the cellular distribution of NSI or
its double mutant form, as most of the NS1 signal observed exhib-
ited an identical profile as that in its absence (Fig. 7A and B, col-
umns 2 and 4). Thus, these experiments indicated that SUMOy-
lation did not appear to regulate the cellular localization of NS1
either when NS1 was expressed in the absence of other viral pro-
teins or when NSI1 was expressed in the context of all the viral
components normally produced during influenza infection.
Therefore, the effects exerted by SUMO modification on NS1 do
not appear to involve regulation of NSI’s cellular localization.

SUMOylation is also known to affect the turnover of some of
its targets, including that of several viral proteins (68-70). Impor-
tantly, for certain substrates, SUMOylation with SUMO2/3 is
known to trigger the formation of long poly-SUMO chains that
are recognized by ubiquitin ligases and lead to the polyubiquiti-
nylation of the SUMOylated substrate, which in turns leads to
their proteasomal degradation (71-74). Data obtained during
the execution of these studies revealed the formation of poly-
SUMOylated NS1 in the presence of wt-ASL and mut-ASL (see,
for example, Fig. 5B, lanes 5 and 6). As these occurred in the
absence of exogenously added SUMO, the data indicated that NS1
was likely to be preferentially modified by SUMO2/3 in vivo and
therefore suggested a potential role for SUMOylation in regulat-
ing the stability of NS1. Furthermore, a previous report indicated
that SUMOylation affects the function of the NS1 protein of a
highly pathogenic avian influenza A virus strain by increasing its
half-life (36). Therefore, we considered it essential to determine
whether SUMOylation affected PR8 NSI’s stability.

To measure the effect of SUMOylation on PR8 NS1’s stability,
we cotransfected HEK293FT cells with expression constructs for
wt NS1 and NS1K70AK219A. To potentiate the effects mediated
by SUMOylation, some cells were also transfected with mut-ASL.
Additionally, the cells were also cotransfected with C/EBP-31, a
transcriptional regulator that exhibits an intermediate half-life in
the cell. Next, at 24 h posttransfection, the cells were treated with
cycloheximide, an inhibitor of protein synthesis, and samples
were collected at 4-h intervals after cycloheximide treatment.
Under these experimental conditions, both wt NSI and
NS1K70AK219A accumulated to similar levels in the cell and ap-
peared very stable, not displaying any significant decrease in cel-
lular levels during the time span analyzed (Fig. 8A, compare, for
example, lanes 6 and 10 to lanes 16 and 20). Furthermore, the
enhanced SUMOylation observed upon addition of mut-ASL did
not seem to affect the stability of NS1, as very similar profiles were
observed in the presence and absence of mut-ASL (Fig. 8A, com-
pare lanes 11 and 15 to lanes 21 and 25). Quantitative analyses
performed by using an Odyssey CLx infrared imaging system in
combination with IRDye-conjugated secondary antibodies dem-
onstrated little fluctuation in the cellular quantities of NS1
throughout the experiment (Fig. 8B). Similar analyses performed
with the coexpressed protein C/EBP-B1 showed substantial
changes in the cellular concentration of C/EBP-$1 throughout the
time frame analyzed, therefore demonstrating that the cyclohexi-
mide treatment had been effective (Fig. 8B).
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FIG 7 SUMOylation does not affect the cellular localization of NS1. HEK293FT cells were transfected with either the T7T7NS1 or the T7T7NS1K70AK219A
construct, alone (A) or together with the full complement of A/WSN/1933 gene segments and expression constructs required to generate recombinant viruses
(Full WSN) (B). To increase any potential effects mediated by SUMOylation, some sets of cells were also cotransfected with mut-ASL. Immunofluorescence
analyses were performed as described in the text, using anti-T7 MAD, anti-Ubc9 MAb, and DAPI stain. The images were captured by using an LSM 700 confocal
microscope (Zeiss, New York, NY) with a 63X objective and three lasers, at 405 nm (DAPI), 488 nm, and 555 nm. ZEN 2009 software (Zeiss, New York, NY) was

used for the acquisition and processing of the confocal images.

As an alternative approach to determine whether SUMOyla-
tion affected the stability of NS1, we performed pulse-chase anal-
yses of cells transfected with various combinations of wt NSI,
NS1K70AK219A, wt-ASL, and EGFP. In these experiments, the
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cells were collected and lysed at different times postchase, using
the same 4-h intervals used in the cycloheximide experiments, and
the resulting extracts were immunoprecipitated with antibodies
directed against the T7 tag and EGFP. Interestingly, in these anal-
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FIG 8 SUMOylation does not affect the stability of NS1. (A, C, and E) HEK293FT cells were cotransfected with (+) or without (—) the indicted expression
constructs, including expression constructs for C/EBP-B1 and EGFP, which were used as controls. (A and E) At 24 h posttransfection (h.p.t.), cycloheximide
(CHX) was added to the cells at a final concentration of 4 mM, and the cells were collected 0, 4, 8, 12, and 24 h later in 2X sample buffer (the sample at 24 h
posttransfection is not shown in panel E). The cell extracts generated were analyzed by SDS-PAGE and successive rounds of immunoblotting using anti-T7 MAb
and anti-Ubc9 MADb, and anti-C/EBP- MAb and anti-GAPDH MADb, as primary antibodies. Highly cross-absorbed IRDye 800 CW- and IRDye 680 LT-
conjugated anti-mouse and anti-rabbit IgG antibodies were used as secondary antibodies. The immunoblots were read and analyzed by using an Odyssey CLx
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yses, a substantial decrease in the amount of NS1 that could be
immunoprecipitated from the soluble fraction was observed soon
after the chase, with a decrease of more than 50% of the initial
signal between the time-zero and the 4-h-postchase samples
(Fig. 8C, compare lanes 1 and 2, 5 and 6, 9 and 10, and 13 and 14,
and Fig. 8D, compare initial values with those observed at 4 h
postchase). As our previous cycloheximide analyses had not
shown substantial decreases in the total amount of NS1 present in
whole-cell extracts, these differences most likely represented the
incorporation of a substantial amount of NS1 into an insoluble
fraction that was not solubilized under the conditions used for our
immunoprecipitation assay. Nevertheless, similar profiles were
observed for both wt NS1 and NS1K70AK219A, and no substan-
tial changes were observed in the presence of wt-ASL, therefore
indicating that altering the SUMOylation of NS1 did not affect its
stability.

To further confirm our findings related to the lack of effects
mediated by SUMOylation on the cellular stability of NS1, we
decided to also compare the stability of wt NS1 to that of two
single mutant forms of NS1: NS1K219A and NS1K219E. These
mutants introduce different substitutions at residue K219, one of
which introduces an opposite charge to the one normally present
in NS1; however, both mutations led to a similar substantial de-
crease in NS1 SUMOylation (data not shown). The stability of
these single mutant forms of NS1 was assessed by cycloheximide
treatment, as described above. Similarly, as observed for the dou-
ble mutant NS1K70AK219A, the single mutants NS1K219A and
NS1K219E appeared to be as stable as wt NS1, therefore confirm-
ing that SUMOylation did not appear to affect the cellular stability
of NS1 (Fig. 8E). Furthermore, similar cycloheximide experi-
ments performed with NS1, its non-SUMOylatable double mu-
tant NS1K70AK219A, and the single mutant NS1K219E, all in the
presence of the full complement of reverse genetics plasmids (as a
way to more closely reproduce the predominant conditions dur-
ing viral infection), produced similar results (data not shown).

Altogether, our stability analysis performed by using two dif-
ferent but complementary approaches, pulse-chase analysis and
cycloheximide treatment, indicated that the non-SUMOylatable
form of PR8 NS1 exhibited stability similar to that of its wt form
and that coexpression of mut-ASL did not affect their stability,
therefore strongly indicating that SUMOylation does not affect
the stability of PR8 NSI.

NS1 SUMOylation affects the abundance of NS1 dimers and
trimers. Most of the activities associated with SUMO conjugation
are thought to be mediated by SUMO?’s ability to enhance and
regulate protein-protein interactions. Hence, SUMO has been
dubbed a “molecular matchmaker.” To determine whether NS1
SUMOylation affected some of the molecular interactions estab-
lished by NS1, we overexpressed wt NS1 and its non-SUMOylat-
able double mutant by transfection, either alone or in the presence
of mut-ASL. At 24 h posttransfection, the cells were incubated for
30 min in the presence of DSG, a membrane-permeable chemical
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cross-linker, to stabilize the protein complexes formed by NS1
under the different experimental conditions used. The cells were
then lysed, and the resulting cell extracts were analyzed by immu-
noblotting. The images obtained revealed the presence of substan-
tially larger amounts of NS1 complexes exhibiting molecular
masses of approximately ~54 kDa and ~81 kDa, consistent with
the expected size of NS1 dimers and trimers, in cells overexpress-
ing the non-SUMOylatable NS1K70AK219A, compared to cells
overexpressing wt NS1 (Fig. 9D, compare lanes 2 and 3). Impor-
tantly, cotransfection with mut-ASL, which increased the concen-
tration of SUMOylated NS1 for both wt NS1 and NS1K70AK219A
(Fig. 9A, compare lanes 2 and 4 and lanes 3 and 5), led to a notice-
able decrease in the apparent abundance of the ~54-kDa and
~81-kDa bands. In contrast, a subsequent immunoblot analysis
using anti-GAPDH antibodies revealed a very similar pattern
among all different samples (Fig. 9C and F, compares lanes 1 to 5),
therefore providing strong support to the specificity and relevance
of the large differences observed for the NS1 complexes. These
data suggested that SUMOylation decreased the abundance of
NS1 dimers and trimers, therefore indicating a role for SUMOy-
lation in preventing or disrupting the homomeric interactions
normally established by NSI in the cell.

DISCUSSION

The nonstructural protein of influenza A virus NS1 plays a critical
role during viral infection, neutralizing the innate antiviral re-
sponses of the host cell and enhancing viral protein expression.
Despite substantial knowledge related to NS1’s basic functional
properties and recent advances in the characterization of its mo-
lecular architecture, our knowledge of the mechanisms regulating
its function is still limited. Posttranslational modifications are
likely to play an important role as critical regulators of NS1 func-
tion. Here, we map the SUMOylation sites in the NS1 protein
derived from the PR8 virus strain to residues K70 and K219 and
present evidence indicating that, besides being SUMOylated by
SUMOIL as previously reported, NSI can also be SUMOylated
by SUMO2/3 and is likely to be preferentially SUMOylated by
SUMO2/3 with normal cellular levels of SUMOylation. Further-
more, we also show that SUMOylation appears to affect NS1’s
ability to neutralize the IFN system and probably other functional
properties of NS1, as indicated by the finding that a recombinant
virus carrying a non-SUMOylatable NS1 exhibited substantial
growth defects even in IFN-deficient cells (Vero cells). Addition-
ally, our data show that SUMOylation does not affect NSI’s sta-
bility or cellular localization. Instead, SUMOylation appears to
decrease the abundance of protein complexes exhibiting molecu-
lar weights consistent with their identity corresponding to NS1
dimers and trimers. Finally, our data show that both increases and
decreases in the proportion of SUMOylated NS1 have negative
effects on NS1 function. This observation suggests that the limited
levels of SUMOylated NS1 normally present in the cell during
infection may correspond to an optimal level that maximizes the

infrared imaging system. (B) Quantitative analysis of the data presented in panel A. The signals for C/EBP-3 shown are those measured in samples cotransfected
with the constructs indicated in parentheses. (C) At 24 h posttransfection, the cells were trypsinized and replated into a 24-well plate. Next, at 47 h posttrans-
fection, the cells were starved in methionine- and cysteine-deficient medium for 1 h, pulsed for 1 h with medium containing *S-labeled methionine and cysteine,
and chased with complete medium containing 20% serum until collected. Cells were collected at 0, 4, 8, and 12 h postchase and processed for immunoprecipi-
tation as described above. The immunoprecipitated (IP) samples were resolved by SDS-PAGE, blotted onto a polyvinylidene difluoride membrane, and analyzed
by phosphordensitometry using a personal molecular imager. (D) Quantitative analysis of the phosphordensitometry data obtained in two independent

experiments like the one presented in panel C.

May 2013 Volume 87 Number 10

jviasm.org 5615


http://jvi.asm.org

Santos et al.

FIG 9 NS1 SUMOylation affects the abundance of NS1 dimers and trimers. HEK293FT cells were cotransfected with (+) or without (—
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mammalian expression constructs. At 24 h posttransfection, the cells were treated with either 1 mM disuccinimidyl glutarate (DSG) or vehicle only. Half an hour
later, the cells were collected and analyzed by SDS-PAGE and immunoblotting using anti-T7 MAb (A and D), anti-Ubc9 MAD (B and E), and anti-GAPDH MAb
(C and F). NS15VM©  SUMOylated NS1. The positions of NS1 dimers and trimers are indicated and emphasized by diagonal arrows.

contribution of SUMOylation to protein function. As most
SUMOylated proteins in the cell exhibit similar limited levels of
SUMOylation, the latter hypothetical scenario may be applicable
to most known SUMO targets.

While our data indicate that SUMOylation plays an essential
role for the NS1 protein derived from the PR8 virus strain, the key
amino acid residues responsible for the SUMOylation of this pro-
tein exhibit limited conservation: residue K70, the secondary
SUMOylation site in PR8 NS1, is very well conserved in all strains
normally transmitted in humans but does not appear to be con-
served in virus strains circulating in birds or other animals. Simi-
larly, residue K219, the primary SUMOylation site in PR8 NS1,
while widely conserved among human influenza virus strains,
constitutes the last amino acid residue in the sequence of several of
them, most notably in those derived from the 2009 pandemic
strain. Our data showed that K219 is not SUMOylated when it
constitutes the C-terminal end of the protein, an observation con-
sistent with data reported previously by Xu et al. (36). Impor-
tantly, in that study, Xu et al. mapped the SUMOylation site in the
NSI1 protein derived from the A/Duck/Hubei/L-1/2004 (H5N1)
virus strain to residues K221 (primary SUMOylation site) and
K219 (secondary SUMOylation site) and showed that NS1 pro-
teins derived from several virus strains were also SUMOylated.
Thus, it appears that while most NS1 proteins share the ability to
be SUMOylated, with the NS1 protein from the pandemic viruses
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being a remarkable exception, it is likely that different lysine resi-
dues are used as the main SUMOylation site in NSI in a strain-
specific manner. The ability of other lysine residues within NS1 to
become SUMOylated is supported by our observation that some
residual SUMOylation was observed in the NS1K70AK219A mu-
tant. Previous studies considered NS1’s ability to bind to specific
cellular factors as a critical contributor to viral pathogenicity.
However, some of those interactions have failed to correlate with
increased pathogenicity when empirically tested (75, 76). It will be
exciting to investigate whether NS1’s ability to become SUMOy-
lated may constitute a better predictor of the potential contribu-
tion of the NS1 gene to viral pathogenicity. To this end, it is worth
mentioning that the NS1 protein derived from the Spanish flu
pandemic virus, A/Brevig Mission/1/1918 (HIN1), exhibits the
sequence IKSEV at its C terminus, which is a perfect match to the
WKXE consensus SUMOylation site (in which W is a bulky hydro-
phobic amino acid residue and X is any amino acid residue).
Our analyses performed in the presence of mut-ASL provide a
new approach toward studying the functional effects mediated by
SUMOylation. The classical approach of mutating the SUMOy-
lated residue and studying the effects of that mutation on the
target protein has the disadvantage of providing a unidimensional
picture of the potential role of SUMOylation. A more complete
picture of the role mediated by SUMOylation becomes available
when the SUMOylation of the protein can be increased severalfold
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beyond the SUMOylation levels normally observed in the cell.
This is particularly true when no changes in the structure of the
protein are needed to achieve this increase, as it is allowed by the
use of an ASL. In this study, the use of the ASL provided four
important insights into the effects of SUMOylation on NS1 func-
tion.

First, the NS1 SUMOylation profile observed upon addition of
the ASL revealed the formation of a ladder (Fig. 4 and data not
shown), suggestive of the formation of SUMO chains on PR8 NS1.
As SUMO chains are associated exclusively with SUMO2/3 con-
jugation, this observation indicates that NS1 is likely preferentially
SUMOylated by SUMO2/3. SUMO2/3 chains are known to stim-
ulate the polyubiquitination of some SUMOylated proteins,
therefore triggering their proteasomal degradation (71-74). How-
ever, our data indicate that SUMOylation does not affect the sta-
bility of NSI (see below). Therefore, both the actual preferential
modification of NS1 by SUMO2/3 and the potential functional
consequences of this preference remain to be studied further.

Second, the ASL also allowed us to demonstrate that SUMOy-
lation does not affect the cellular localization of PR8 NS1. The
cellular localization of NS1 observed in our analyses appeared to
be preferentially cytoplasmic, in contrast with previous studies
that have shown a preferentially nuclear localization for NS1 (60—
63). Nevertheless, we observed the same cellular distribution of
NS1 in cells expressing the non-SUMOylatable form of NS1 as
well as in cells coexpressing the ASL, therefore conclusively indi-
cating that dramatic changes in the percentage of SUMOylated
NSI in the cell do not translate into changes in its cellular distri-
bution.

Third, the ASL also allowed us to demonstrate that SUMOyla-
tion does not affect the stability of PR8 NS1. Our data clearly show
that NS1 is a very stable protein, exhibiting a half-life longer than
12 h. Such stability is not altered when the cells are cotransfected
with the ASL or by the introduction of the two amino acid substi-
tutions that prevent NS1 SUMOylation. As similar data were ob-
tained by using two different experimental approaches (pulse-
chase analysis and cycloheximide treatment) and two different
types of amino acid substitutions in the primary SUMOylation
site in NS1 (K219A and K219E, the second reflecting a naturally
occurring mutation in some avian influenza virus strains), we
consider that these results support the conclusion that drastic
changes in the abundance of SUMOylated PR8 NS1 do not result
in changes in its turnover. This finding is radically different from
those of Xu et al. (36), who reported that a non-SUMOylatable
K219RK221R mutant form of the NS1 protein derived from in-
fluenza A/Duck/Hubei/L-1/2004 [H5N1] showed a dramatically
decreased stability compared to that of its wild-type SUMOylat-
able form, therefore concluding that SUMOylation regulates the
stability of NS1. This raises the possibility that SUMOylation may
exert different effects on NS1 proteins derived from different in-
fluenza virus strains and indicates the need to empirically deter-
mine the effects of SUMOylation on a wide range of NS1 proteins
derived from both avian and human influenza A virus strains.

Finally, the ASL also allowed us to demonstrate that the abun-
dance of the SUMOylated form of NS1 in the cell is a major de-
terminant of NS1’s ability to neutralize the IFN response. Inter-
estingly, our data indicate that while SUMOylation is important to
enhance NS1’s ability to neutralize the IFN response, increasing
the relative abundance of SUMOylated NS1 beyond a certain
threshold also decreases NS1’s ability to neutralize the IFN re-
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sponse. This observation led us to conclude that there is an opti-
mal proportion of SUMOylated NS1 that must be present in the
cell to maximize NS1’s ability to neutralize the IFN response. As
most SUMO substrates known to date also exhibit low steady-
state SUMOylation levels, it is possible that this conclusion may be
true for most SUMOylated proteins. The intriguing inference that
little SUMOylation might represent optimal SUMOylation for
most SUMO targets will require experimental confirmation, likely
achievable by developing ASLs specific for other SUMO targets.
Meanwhile, an important consequence of this observation as it
relates to the role played by NS1 during influenza infection is that
the SUMOylation of NS1 potentially constitutes an optimal target
for innovative anti-influenza therapies, as interventions leading to
either increases or decreases in the percentage of SUMOylated
NSI1 are likely to diminish viral growth by affecting NS1 function.

Besides affecting NS1’s ability to neutralize the host’s IFN re-
sponse, the data obtained with the recombinant viruses carrying
the NS2-shifted NS gene segment indicate that SUMOylation also
regulates other activities associated with NS1. This is supported by
the finding that the viral mutant carrying the non-SUMOylatable
form of NSI1 exhibited an ~2-log growth defect compared to its
SUMOylatable counterpart in a cell line defective for IFN produc-
tion. A previous study indicated a requirement for specific nucle-
otide sequences located at both the 5" and 3’ ends of the NS gene
segment for proper viral packaging (77). Thus, to minimize the
potential interference on viral packaging of the changes intention-
ally introduced into the NS gene segment, the methodology used
to assess the relevance of NS1 SUMOylation for viral growth
avoided the need for any viral amplification. The success of this
approach was evidenced by the lack of substantial differences in
the virus titers produced by the WSN, WSN/T7T7NS, and WSN/
T7T7[NS1~NS2] viruses, a finding probably associated with the
recently reported lesser relevance of the 5" and 3’ UTR sequences
of the NS gene segment for viral packaging (78). Nevertheless,
some of the growth defects observed for the double mutant virus
could be partially associated with the cumulative effect of the var-
ious mutations introduced and not exclusively due to SUMO-
specific effects. Full confirmation of the relevance of SUMOyla-
tion for the data observed with the recombinant viruses will
require the development of other recombinant viruses carrying
alternative amino acid substitutions in the predicted SUMOyla-
tion sites.

Most of the effects attributed to SUMO conjugation are related
to SUMO’s ability to modulate protein-protein interactions.
While our analyses showed that SUMOylation did not affect the
cellular localization or the stability of NS1, our cross-linking data
suggest a role for SUMO as a modulator of the abundance of NS1
dimers and trimers in the cell. NS1 dimerization plays a critical
role in RNA binding (41), and RNA binding is essential to neu-
tralize IFN production (21). Recent models derived from the crys-
tal structure of full-length NS1 indicate that, besides dimers, NS1
is also capable of forming larger homopolymeric structures, which
might enhance NS1’s anti-IFN function (79). However, dimeric
NS1 might be the predominant form of NS1 involved in some of
the protein-protein interactions established between NSI1 and
some cellular factors (80, 81). Therefore, SUMOylation may exert
a broad regulatory role on NSI function simply by helping mod-
ulate the proportion of NS1 monomers, dimers, trimers, and
polymers present in the cell. We are currently assessing whether
NS1 SUMOylation affects each of all currently known protein
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interactions established by NS1 during infection. Similarly, we are
also exploring whether NS1 SUMOylation mediates interactions
with other currently unknown cellular and viral factors. Further
characterization of the effects of SUMOylation on NS1 may lead
to the identification of new molecular targets amenable for the
future development of innovative anti-influenza therapies.
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