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Phosphorylation of Highly Conserved Serine Residues in the Influenza
A Virus Nuclear Export Protein NEP Plays a Minor Role in Viral

Growth in Human Cells and Mice

Peter Reuther,®® Sebastian Giese,®P Veronika Go6tz,®P David Riegger,® Martin Schwemmle?

Institute for Virology, University Medical Center Freiburg,® and University of Freiburg,” Freiburg, Germany

Phosphorylation at the highly conserved serine residues S23 to S25 in the nuclear export protein (NEP) of influenza A viruses
was suspected to regulate its nuclear export activity or polymerase activity-enhancing function. Mutation of these phosphoac-
ceptor sites to either alanine or aspartic acid showed only a minor effect on both activities but revealed the presence of other
phosphoacceptor sites that might be involved in regulating NEP activity.

he 14-kDa nuclear export protein (NEP) of influenza A viruses

is an indispensable factor for the nuclear export of newly syn-
thesized viral ribonucleoprotein complexes (VRNPs) (1). The
“daisy-chain” model suggests that NEP functions as an adaptor
protein connecting the viral matrix protein M1, which is associ-
ated with the vRNP, to the cellular exportin CRM1 (2). While the
C terminus of NEP facilitates M 1 binding, two N-terminal nuclear
export signals (NES) mediate CRM1 interaction (1, 3). NEP, in
addition to its role in vVRNP export, functions also as a regulatory
cofactor of the viral polymerase (4-7). Avian H5N1 viruses seem
to depend on the acquisition of adaptive mutations in NEP for
efficient replication in mammalian cells and mice (8). We could
recently assign the underlying polymerase-enhancing function of
NEP to its C terminus, which alone is sufficient to significantly
increase polymerase activity in human cells (9). NEP was also
shown to be phosphorylated in virus-infected cells (10), and spe-
cific phosphoacceptor sites could recently be mapped (Fig. 1A) to
three highly conserved serine residues (523, S24, and S25) by mass
spectrometry (11). While it is unclear which of these 3 serine res-
idues are actually phosphorylated (11), it was suggested that phos-
phorylation at these sites may regulate the activity of NEP in the
cell nucleus (8, 9, 11). Since NEP is required for both nuclear
export of VRNPs and stimulation of the viral polymerase activity,
phosphorylation might regulate one or both of these activities.

To determine the contribution of each of the three serine res-
idues to overall NEP phosphorylation, we expressed N-terminally
Flag-tagged NEPs of A/SC35M (H7N7) harboring either single or
triple serine-to-alanine mutations (S23A, S24A, S25A; AAA) in
HEK293T cells. After 20 h, cells were incubated for a further 4 h in
the presence of **P-orthophosphate, and NEP was immunopre-
cipitated by Flag-specific antibodies as described previously (12).
Determination of the phosphorylation status by autoradiography
and normalization to total NEP levels determined by Western
blotting revealed that substitution of serine 24 resulted in a de-
crease of phosphorylation to 65% of the wild-type NEP (Flag-
NEPg 550 WT) levels, while substitution of serine 23 or 25 led
only to a minor decrease (Fig. 1B). Moreover, phosphorylation of
Flag-NEP35, AAA was reduced to 59% compared to that of
WT NEP (Fig. 1B). These results confirm that residues 23 to 25
represent a major phosphoacceptor site of NEP and further sug-
gest that primarily serine 24 is phosphorylated.

To investigate whether phosphorylation at S23 to S25 is re-
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quired for the export function of NEP, we subjected the serine-to-
alanine mutants to a Rev-dependent export assay as recently de-
scribed (9). For this purpose, we transiently expressed the
respective NEP mutants fused to a CRM1-binding-deficient vari-
ant of HIV-Rev (RevM10) in HEK293T cells. In addition, we tran-
siently transfected a plasmid (pDM128) (13) to provide chloram-
phenicol acetyltransferase (CAT)-encoding mRNAs that harbor
the Rev response element (RRE). Determination of CAT levels,
which are an indirect measure of NEP-CRM]1 interaction, re-
vealed that neither the single serine-to-alanine mutants nor the
triple alanine mutant shows altered export activity (Fig. 1C). As
expected, CAT levels were higher in the presence of RevM 10 fused
to WT SC35M NEP than to a fusion protein lacking the NES-
containing N-terminal 30 amino acids of NEP (Fig. 1C). Substi-
tution of serine residues with aspartic acids (D) is known to mimic
phosphorylated amino acids due to their charge and size (14, 15).
To test the influence of NEP phosphorylation on its export activ-
ity, we analyzed NEP mutants with S-to-D substitutions (S23D,
S24D, S25D; DDD) in our nuclear export assay. No change in
CAT levels was observed with the single S-to-D substitutions,
while the reporter levels were significantly increased with the tri-
ple-D mutant protein (Fig. 1C). This suggests that nuclear export
of NEP might be regulated by phosphorylation.

To analyze whether the phosphorylation status of NEP in-
fluences its regulatory function on the viral polymerase, we
reconstituted the SC35M polymerase as described previously
(9) in human 293T cells in the presence of either small amounts
(100 ng/12 wells) or large amounts (1,000 ng/12 wells) of Flag-
NEPgy50 WT, Flag-NEP¢( 55, AAA, or Flag-NEPg(.s,, DDD
and measured its activity employing a minigenome from which a
luciferase-encoding mRNA is transcribed (9). Consistent with
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FIG 1 Functional analysis of the major phosphoacceptor site (523 to S25) of NEP in vitro. (A) Alignment of amino acids 17 to 32 of selected influenza A virus
isolates. The conserved serine residues 23 to 25 are bolded. (B) Phosphorylation of Flag-tagged NEPg;5,, and the indicated mutants. The NEP proteins were
transiently expressed in HEK293T cells, **P labeled, precipitated, separated by SDS-PAGE, and transferred to a nitrocellulose membrane. The upper panel depicts
an autoradiography of radioactive *?P-labeled NEP and the corresponding levels of NEP detected by NEP-specific antibodies. The bar graph represents the
relative radioactive signal normalized to total NEP levels. (C) CRM1-dependent export activity of RevM 10-NEP fusion proteins. HEK293T cells were transiently
transfected with expression plasmids coding for the indicated NEP mutants fused to the export-inactive Rev protein (RevM10) and plasmids coding for an
intron-containing CAT reporter mRNA harboring a Rev response element. RevM10-NEP;, _,,, lacking the two NESs served as a negative control. Protein levels
of the NEP fusion proteins were analyzed by Western blotting. Export activity was determined by measuring CAT protein levels in the cell lysates by enzyme-
linked immunosorbent assay (ELISA). Error bars indicate standard deviations from three independent experiments. Student’s f test was performed to determine
the P value. *¥, P < 0.01; ***, P < 0.001. (D and E) Effect of the indicated NEPg5,, variants on SC35M polymerase activity. HEK293T cells were transiently
transfected with expression plasmids coding for PB2, PB1, PA, and NP, a human polymerase I-driven vVRNA firefly luciferase reporter plasmid, a renilla-
expressing plasmid, and the indicated concentrations of Flag-tagged NEP. Omission of PB1 (—PB1) was used as a negative control. To address variations in
transfection efficiency, firefly luciferase reporter activity was normalized to the renilla signal. Polymerase activity in the absence of NEP was set to 100%. Standard
deviation was calculated from three independent experiments. Student’s f test was performed to determine the P value. *, P < 0.05; **, P < 0.01; ***, P < 0.00;
ns, nonsignificant. (F) Primer extension analysis to visualize viral RNA species synthesized by a reconstituted SC35M polymerase using segment 6 as the template
in the presence of the indicated amounts of NEPg5,, variants. Determination of 55 RNA levels served as the internal loading control.
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FIG 2 Growth of NEP mutant viruses in cell culture and the mouse model. (A) Schematic representation of the wild-type NS segment and the NS1_2A_Flag-NEP
segment. In the latter, splicing is prevented by mutation of the splice donor and acceptor site within the NS1 gene. NS1 and NEP are cotranslationally separated
by the 2A peptide of porcine teschovirus 1 (PTV-1). (B and C) Growth of the wild-type SC35M and SC35Myg;_>4_piag-nep Viruses (B) and the indicated NEP
mutants (C) in A549 cells. Supernatant of cells infected at an MOI of 0.001 were collected at the indicated time points, and titers were determined by plaque assay.
Error bars indicate standard errors of the means from three independent experiments. (D) Determination of lung titers from BALB/c mice (n = 4 or 5) infected
intranasally with 1,000 PFU of the indicated viruses 40 h postinfection. (E) Weight curve of BALB/c mice (n = 5 per group) infected intranasally with 1,000 PFU
of the indicated viruses. Numbers in parenthesis indicate mice that succumbed to infection. (F) Continued passaging of either SC35Mys; »4_plag-NEP_WT>
SC35Mys;_24_plag-NEP_aaa> OF both in A549 cells infected with an MOT of 0.001. Cell supernatant obtained 48 h postinfection were used for passaging and

sequencing of the NEP coding sequence. Indicated are electropherograms with the coding sequence corresponding to amino acids 23 to 25 of NEP or NEP_AAA
after each passage (PO to P3).

other reports that the polymerases activity of human-adapted in-  pared to the vector control. While polymerase activity was re-
fluenza A viruses is hardly affected by low concentrations of NEP  duced to 40% of the vector control in the presence of Flag-
(6), small amounts of the tested NEPs did not enhance the poly- NEPgc35_WT, expression of Flag-NEPgc35,, DDD resulted
merase activity of the mammalian-adapted SC35M polymerase only in a decrease up to 20%. Due to lower expression levels of
(Fig. 1D). However, expression of larger amounts of WT or mu-  Flag-NEP¢35_AAA, we transfected increasing plasmid
tant NEP significantly inhibited viral polymerase activity com- amounts to reach wild-type NEP levels. As shown in Fig. 1E,
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FIG 3 Effect of NEP alanine and aspartic acid mutants on H5N1 polymerase activity. (A and B) Activity of the AvianPr (H5N1) polymerase in the presence of
WT or Flag-NEPy ., mutant proteins expressed from the indicated amounts of plasmid DNA. Standard deviation was calculated from three independent
experiments. Student’s ¢ test was performed to determine the P value. ns, nonsignificant. (C) Primer extension analysis of the indicated viral RNA transcripts
generated after reconstitution of AvianPr (H5N1) polymerase in human HEK293T cells after transfection of the indicated amounts of Flag-NEP .\, expression
plasmids. (D) CRM1-dependent export activity of RevM 10-NEP fusion proteins. HEK293T cells were transiently transfected with expression plasmids coding for
the indicated NEP mutants fused to the export-inactive Rev protein (RevM10) and plasmids coding for an intron-containing CAT reporter mRNA harboring a
Rev response element. RevM10-NEP5, _,,, lacking the two NES domains served as a negative control. Protein levels of the NEP fusion proteins were analyzed by
Western blotting. Export activity was determined by measuring CAT protein levels. Error bars indicate standard deviations from three independent experiments.

Student’s ¢ test was performed to determine the P value. **, P < 0.01; ns, nonsignificant.

similar or even higher levels of Flag-NEPgc35,_AAA resulted in
inhibition of the polymerase activity comparable to that of Flag-NEP.
These results suggest that phosphorylation of S23 to S25 does not
substantially alter the polymerase cofactor activity of NEP. By recon-
stitution of the SC35M polymerase using an authentic viral segment
(segment 6) and visualization of the three viral RNA species by primer
extension analysis as described previously (6), we could show that
coexpression of large amounts of Flag-NEPg35y results in an in-
crease of CRNA levels and a decrease of vRNA levels (Fig. 1F). Al-
though large amounts of Flag-NEPg35,, AAA also led to a pro-
nounced increase in cCRNA levels, nRNA was significantly decreased.
Compared to Flag-NEPgs5,,, expression of high levels of Flag-
NEPg350 DDD resulted in a decrease of all viral RNA species. To-
gether, this suggests that the phosphorylation status of NEP might
have an effect on the relative ratio of viral transcript levels.

To investigate the effect of NEP phosphorylation on viral
growth, we generated a pHW2000 (16)-based rescue plasmid
(NS1_2A_Flag-NEP) from which a modified segment 8 is tran-
scribed, discretely encoding the nonstructural protein 1 (NS1)
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and Flag-tagged NEP. To achieve this, NS1 and NEP open reading
frames were separated by the PTV-1-2A peptide coding sequence
(17) (Fig. 2A). This strategy allows the introduction of any muta-
tion into NEP without altering NS1. Both recombinant viruses,
WT SC35M and SC35Myg; 24 plag-nees Show  comparable
growth in human lung-derived A549 cells, indicating that arti-
ficial separation of the NS1 and NEP open reading frames does
not affect viral replication (Fig. 2B). Importantly, both
SC35Mns1_2a_Flag-NEP_AAA and SC35Mns1_24_Flag-NEP_DDD (Fig.
2C) replicated in A549 cells as efficiently as WT SC35M, suggest-
ing that phosphorylation of NEP at S23 to $25 is not required for
viral growth in cell culture. Sequencing 48 h postinfection confirmed
that all viruses harbored their respective mutated NEP. To analyze
propagation of these viruses in vivo, BALB/c mice were infected in-
tranasally with 1,000 PFU, and viral lung titers were determined 40 h
postinfection. Similar to what we observed in cell culture, all tested
viruses grew to comparable titers in the infected animals (Fig. 2D).
Moreover, weight loss and mortality of BALB/c mice intranasally in-
fected with 1,000 PFU of the respective viruses were comparable
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FIG 4 Growth of NEP mutant H5N1 viruses in cell culture and in ovo. (A and C) Growth of AvianPrys; 4 plag nep_xan-1_wr and AVianPrys; >4 pragnep_kan-1_asa i A549
cells (A) or avian DF-1 cells (C). Supernatant of cells infected at an MOTI of 0.001 was collected at the indicated time points, and titers were determined by plaque
assay. Error bars indicate standard errors of the means from three independent experiments. (B) Phosphorylation of Flag-NEPy sy, wr 0o Flag-NEPy .1 aan
in avian DF-1 cells. The bar graph depicts the relative radioactive signal normalized to total NEP levels determined by Western blotting. (D) Viral titers in the
allantois fluid of 10-day-old embryonated chicken eggs after infection with 200 PFU of the indicated viruses 24 h or 48 h postinfection.

(Fig. 2E), indicating that phosphorylation of NEP at S23 to S25 is not
essential for influenza virus replication in cell culture and in vivo. To
investigate whether the absence of phosphorylation at S23 to S25
would represent a subtle disadvantage in a competitive setting, we
coinfected A549 cells with a multiplicity of infection (MOI) of 0.001
of both SC35Mys; 2a_plag-nep_wr and SC35Mysi 2a_plag-NEP_AAA
and repeatedly passaged the viruses after 48 h (Fig. 2F).
Sequencing of the NS segment after each passage revealed
that  SC35Mys; »a_Flag-nepwr could  not  outcompete
SC35Mys;1_24_Flag-NEP_aaa iD the course of this experiment.
Next, we determined the role of NEP phosphorylation for an
avian influenza A virus, which is more dependent on the poly-
merase-enhancing function of NEP in human cells. To this end,
we determined the polymerase-enhancing activity of A/Thailand/
1(KAN-1)/04 (H5N1) NEP (6), harboring either triple S-to-A or
triple S-to-D mutations, on the polymerase of the putative avian
precursor virus of KAN-1, designated AvianPr (6). Substitutions
of S23 to S25 with A or D did not abrogate the polymerase-en-
hancing activity of NEP (Fig. 3A and B). Consistently, the inhibi-
tory effects of WT and mutant NEP are comparable, taking into
account the differences in expression levels for Flag-NEP_AAA
(Fig. 3B). Polymerase reconstitution and subsequent primer ex-
tension analysis in the presence of low levels of Flag-NEP_WT and
Flag-NEP_AAA showed a substantial increase of all viral RNA
species (Fig. 3C). This increase was less pronounced for Flag-
NEP_DDD. As expected, high levels of all tested NEP variants
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strongly inhibited viral RNA synthesis. Using the RevM 10 nuclear
export assay, KAN-1 NEP harboring the triple A substitutions
showed impaired activity compared to that of WT NEP or NEP_
DDD, suggesting that efficient nuclear export requires phosphor-
ylation at these sites (Fig. 3D).

To test the KAN-1 NEP mutants in the context of a viral infection,
we rescued AvianPr with an analogously modified segment 8, encoding
either Flag-tagged WT NEP (AvianPryg; s piag-nep kAN-1_WT) OF
NEP_AAA (AvianPrys; 4 plagNrEp_kAN-1_aan)- Both viruses repli-
cated equally well in human A549 cells (Fig. 4A), indicating that
phosphorylation at $23 to S25 of KAN-1 NEP is not required for
viral growth. However, we repeatedly failed to generate AvianPr
coding for NEP_DDD, suggesting that constitutive phosphoryla-
tion might not be tolerated at these positions.

Since the level of phosphorylation might be dependent on the
intracellular environment of the host, we determined the phos-
phorylation status of Flag-NEPy ,_; and Flag-NEP,_;_AAA in
avian DF-1 cells (Fig. 4B). Similar to results obtained in human
cells (Fig. 1B), mutation of the three serine residues resulted in a
decrease of phosphorylation to 50%. Infection of DF-1 cells with
AVianPrNSl_ZA_Flag—NEP_KAN—l_WT or AVianPrNSl_ZA_Flag—NEP_KAN—1_AAA
revealed comparable viral growth (Fig. 4C). Similarly, infection of
10-day-old embryonated chicken eggs with 200 PFU of each virus
resulted in comparable viral titers 24 or 48 h postinfection
(Fig. 4D). These results suggest that phosphorylation at serine 23
to 25 is not required for viral growth of avian H5N1 viruses.
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There is an increasing body of evidence that NEP is a key reg-
ulator of the viral replication cycle (8, 18, 19) and that revelation of
its own regulation might lead to a better understanding of the
intracellular course of influenza virus infection. The present data
indicate that an attractive candidate mechanism, namely, the
phosphorylation of the highly conserved serine residues 23 to 25
of NEP, is not crucial to regulate its activity in cell culture (Fig. 2C
and 4A and C), mice (Fig. 2D and E), and in ovo (Fig. 4D), al-
though phosphorylation might play a minor role in modulating
VRNP export (Fig. 1C and 3D) and polymerase cofactor activity of
NEP (Fig. 1F and 3C). This suggests that NEP functions might be
regulated differently. The residual phosphorylation of Flag-
NEPg35m AAA (Fig. 1B) could reflect the presence of other reg-
ulatory phosphoacceptor sites, which were not identified previ-
ously by mass spectrometry (11). Furthermore, NEP was shown in
vitro to be a bona fide target for sumoylation (20), a posttransla-
tional modification that can functionally modify proteins in var-
ious manners (21). Alternatively, viral or cellular interaction part-
ners could indirectly regulate NEP. In this line, Pleschka et al. (22)
provided evidence that NEP-mediated export is dependent on
Raf/MEK/ERK signaling without NEP itself being a target of this
pathway.
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