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Unstable Polymerase-Nucleoprotein Interaction Is Not Responsible for
Avian Influenza Virus Polymerase Restriction in Human Cells

Anna V. Cauldwell, Olivier Moncorgé, Wendy S. Barclay

Imperial College London, Faculty of Medicine, Division of Infectious Disease, London, United Kingdom

Avian-origin influenza virus polymerase activity can be dramatically increased in human cells with the PB2 E627K mutation.
Previously, others have proposed that this mutation increases the stability of the viral ribonucleoprotein complex (VRNP) mea-
sured by the interaction between PB2 and NP. However, we demonstrate here that a variety of PB2 adaptive mutations, includ-
ing E627K, do not enhance the stability of the vVRNP but rather increase the amount of replicated RNA that results in more

PB2-NP coprecipitation.

Avian influenza A viruses typically do not replicate efficiently
or cause disease in humans (1) and are also restricted in mam-
malian cells. Host restriction involves multiple determinants;
however, influenza virus polymerase is considered to play an im-
portant role. The heterotrimeric polymerase complex (PA, PBI,
and PB2) associates with viral RNA (vVRNA) and nucleoprotein
(NP) to form a ribonucleoprotein (RNP) complex responsible for
viral replication and transcription (reviewed in reference 2). Host-
specific genetic signatures have been identified on all of the poly-
merase subunits and on NP, but the PB2 protein arguably carries
the dominant determinants of host range (3-11). The introduc-
tion of mammalian host-adaptive PB2 mutations (e.g., E627K,
D701N, and Q591K) into avian viruses has been shown to support
enhanced viral replication and pathogenicity in mammalian
model systems (6, 7, 12—-14).

The molecular basis for polymerase host range adaptation is
not fully elucidated, and it is possible that adaptation by different
genetic mutations is achieved by distinct mechanisms. Certainly,
other viral genes in addition to PB2 can adapt the avian virus
polymerase for increased replication in mammalian cells. For ex-
ample, mammalian-adaptive mutations in PA have been de-
scribed, and recently, the second gene product of RNA segment 8,
NEP, was shown to compensate for defective H5N1 RNA replica-
tion in cultured human cells (7, 15, 16). However, there is a body
of evidence that mammalian host adaptation is dependent on the
polymerase and/or NP adapting to interact with specific mamma-
lian host factors to enable efficient viral transcription/replication
(17-19).

The best-studied host-associated signature in PB2 is at amino
acid position 627 (10, 13). Avian influenza viruses generally en-
code a glutamic acid at this site, whereas human isolates that cir-
culated until 2009 typically encode a lysine. An idea popular in the
literature is that the enhanced polymerase activity observed with
PB2 E627K is due to an increased biochemical stability of the
VRNP in human cells (20-23). We wished to investigate if this
mechanism also explains how other naturally or experimentally
occurring PB2 mutations adapt avian virus polymerase for mam-
malian replication. However, in the course of our study we estab-
lished that the published approach measures the consequence of
polymerase activity rather than the strength of the polymerase-NP
interaction as previously suggested. Thus, we conclude that the
instability of the polymerase-NP interaction in the vRNP is not in
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itself responsible for avian influenza virus polymerase restriction
in human cells.

Many different mammalian host range determinants have
been localized to the PB2 protein. Some of these have arisen nat-
urally and have also been identified in bioinformatic studies, and
others have appeared through the serial passage of avian viruses in
mice. We first investigated whether a panel of mutations exclu-
sively influence polymerase activity in a host-dependent manner,
as we and others have previously shown for the mutation at posi-
tion 627. A series of mammalian host-specific PB2 signatures
(A44S, E158G, A199S, T271A, M535T, A588I, G590S Q591R,
E627K, A684S, D701N, and K702R) (4, 7, 9, 10, 24-26) located
throughout the protein were singly introduced into the A/Turkey/
England/50-92/91 (50-92) (H5N1) PB2 gene by site-directed mu-
tagenesis on the pCAGGS PB2 expression plasmid. 50-92 is a typ-
ical poultry-adapted avian influenza virus which has no evidence
of mammalian polymerase adaptation and displays host range re-
striction in mammalian cells (19, 27, 28). Human 293T, swine
NPTr, or avian DF-1 cells were transfected with plasmids that use
species-specific polymerase I promoters to direct synthesis of
minigenomes containing the firefly luciferase open reading frame
flanked by segment 8 terminal noncoding sequences together with
50-92 NP, PA, PB1, and wild-type (WT) or mutant PB2 protein
expression plasmids (29). Firefly luciferase activities were ob-
tained 12 h after transfection and normalized to an internal con-
trol (Renilla luciferase expressed from a cotransfected polymerase
IT expression plasmid) (Fig. 1A to C).

Almost all of the introduced PB2 mutations significantly en-
hanced 50-92 polymerase activity in human and swine cells,
whereas only a subset of the PB2 mutations significantly enhanced
polymerase activity in avian cells. For example, introducing
E158G dramatically enhanced polymerase activity in human,
swine, and avian cells, whereas the introduction of E627K resulted
in enhancement in activity in only human and swine cells. The
observation that some PB2 mutations enhance polymerase activ-
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FIG 1 Polymerase activity supported by PB2 mutants. (A to C) 293T (A), NPTr (B), and DF-1 (C) cells were transfected with pCAGGS 5092 PB1, PA, NP, and
WT or mutated PB2 as well as pPCAGGS Renilla and a virus-like firefly luciferase minigenome-expressing plasmid. Luciferase production was measured 12 h
posttransfection. Values were normalized to Renilla expression and to the activity of the WT polymerase. (D to F) The levels of viral mRNA, cRNA, and vVRNA
synthesized by different RNA polymerase PB2 mutants normalized to that of the WT polymerase in 293T (D), NPTr (E), and DF-1 (F) cells. Expression of 50-92
NP mRNA was used as an internal control. Results are from one experiment, undertaken in triplicate, representative of three independent experiments. The
statistical significance of differences in polymerase activity or RNA synthesis from that of WT was assessed by a two-tailed, unpaired Student ¢ test (¥, P < 0.05;

P <0.01; %%, P < 0.001).

ity in a mammalian host-specific manner whereas others affect
activity in human, swine, and avian cells suggests that there are
different mechanisms of enhancing activity. This concept is sup-
ported by studies in which certain cumulative PB2 mutations en-
hance polymerase activity in an additive manner (24, 27, 30).
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To assess the effects of the PB2 host range mutations on viral

genome replication and transcription, the levels of viral mRNA,
cRNA, and vVRNA were separately measured by reverse transcrip-
tion and real-time quantitative PCR (qQRT-PCR) as previously de-
scribed (31). Briefly, at 12 h posttransfection total RNA was ex-
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tracted and VRNA was reverse transcribed with a primer
complementary to the luciferase coding region. cRNA was ampli-
fied with a primer complementary to the 3’ portion of the segment
8 cRNA, and oligo(dT),, was used to reverse transcribe mRNA.
Real-time quantitative PCR was performed with primers specific
to the luciferase coding region, and NP mRNA transcribed from
the expression plasmid was used as an internal control. Regardless
of whether the mutation was host specific or not, an increase in
polymerase activity correlated with proportionally enhanced syn-
thesis of all 3 viral RNA species in human, avian, and swine cells
(Fig. 1D to F).

Previously, coimmunoprecipitation experiments demon-
strated that the interaction between PB2 627E and NP when ex-
pressed either alone or in the context of a reconstituted RNP com-
plex in human cells was weak. The introduction of a lysine at
position 627 in PB2 was shown to strengthen this interaction and
thus presented as a mechanism to facilitate mammalian host range
adaptation (20). In addition, Ng et al. recently reported differ-
ences in the interactions of the C-terminal sequence of PB2 with
either 627E or 627K and NP by using purified components and
biophysical techniques (22). In contrast, Mehle and Doudna
showed that PB2 harboring the avian signature glutamic acid at
position 627 bound NP as well as did PB2 627K when just these
two proteins were expressed but that the interaction between PB2
627E and NP in the context of a reconstituted RNP complex was
diminished in human cells (21). The latter findings suggested that
the species-restricted activity of PB2 627E was the result of a de-
fect(s) in VRNP assembly or conformation that precludes binding
to NP within the RNP complex.

We aimed to investigate if other PB2 host range determinants
stabilized the PB2-NP interaction in human cells in the manner
reported for E627K. The PB2 mutations which enhanced poly-
merase activity most dramatically in human cells (E158G, T271A,
M535T, G590S Q591R, E627K, and D701N) were introduced into
FLAG-tagged PB2 in the pCAGGS expression vector. The C-ter-
minal FLAG tag ensured that all PB2 mutants were readily and
equally detected regardless of the introduction of host range mu-
tations (see Fig. 3A and C), and the presence of the tag reduced
polymerase activity only 2-fold (Fig. 2A and B).

293T cells were transfected as in the minireplicon assay to re-
constitute active VRNPs. At 12 h posttransfection, cells were resus-
pended in 250 pl of cell lysis buffer (50 mM Tris-HCI [pH 8.0],
200 mM NaCl, 1 mM dithiothreitol [DTT], 2 mM EDTA, 0.75%
Igepal CA-630 [Sigma], 25% glycerol, one Complete Mini EDTA-
free protease inhibitor cocktail tablet [Roche]/10 ml, 5 wl/ml
RNasin [Promega]) and incubated for 1 h at 4°C. Immunopre-
cipitations were performed with protein A-agarose (Santa Cruz)
and 3 pl of a rabbit polyclonal antibody specific for NP, kindly
provided by P. Digard. Immunoprecipitated proteins were
washed, dissolved in SDS sample buffer, and analyzed by Western
blotting using rabbit polyclonal antibodies directed against NP
and PB1 and a mouse monoclonal antibody specific for PA. Anti-
bodies for PB1 and PA were kindly provided by J. Ortin. PB2 was
detected using an anti-FLAG antibody (Sigma).

Initially, we demonstrated that the introduced PB2 host range
determinants did not affect the amount of PB2 precipitated by NP
when these two proteins were expressed alone in 293T cells (Fig.
3A and B), in accordance with the work of Mehle and Doudna
(21). However, in the reconstituted RNP complex, those PB2 mu-
tants that resulted in increased polymerase activity also increased
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FIG 2 Activity of 50-92 with untagged or FLAG-tagged PB2. 293T cells were
transfected with pCAGGS 50-92 NP, PB1, PA, and WT (A) or E627K (B) PB2
(untagged or FLAG tagged), as well as a virus-like firefly luciferase reporter
plasmid and pCAGGS Renilla. Firefly luciferase production was measured 12 h
posttransfection. Values were normalized to Renilla expression and to the
activity of the untagged polymerase. Results shown are the means * standard
deviations from three independent experiments.

the amount of PB2 precipitated by NP. The two results were pro-
portionally correlated for all the introduced PB2 mutations (Fig.
3C to E). Moreover, a proportionate increase in precipitated PB1
and PA was also observed. It was confirmed by qRT-PCR that the
precipitated RNP complex also contained a proportionate in-
crease in negative-sense viral RNA-like RNA (Fig. 3F). Thus, it
appeared that, as reported by others, mutations in PB2 that
adapted avian virus polymerase for increased activity in mamma-
lian cells did so by enhancing the interaction between NP and
polymerase in the VRNP complex. However, it occurred to us that
the increased signal of precipitated polymerase proteins might
also reflect an increased amount of VRNP produced by more active
polymerases as more VRNA molecules are made. To test this, we
engineered a mutation into the conserved SDD motif of the cata-
Iytic site of the 50-92 polymerase subunit PB1 D446Y (32) that
would prevent transcription and replication of the template viral
RNA-like RNAs. In this case, VRNP complexes formed in trans-
fected cells could be formed only from input RNA and expressed
proteins rather than from amplified RNA products. The activity of
a 50-92 polymerase harboring PB1 D446Y was abolished in a
minireplicon assay in 293T cells (Fig. 4A). When the coimmuno-
precipitation assay was repeated with PB1 D446Y, the PB2 host
range mutations did not affect the amount of PB2 precipitated by
NP compared with WT avian virus PB2 (Fig. 4B and C). This
demonstrated that the PB2 host range mutations did not affect the
stability of the PB2-NP interaction. Without amplification of viral
RNA, there was no increase in RNP complex formation, and pre-
cipitation of the heterotrimeric polymerase complex by NP was
not enhanced over that seen with vVRNP complexes formed with
wild-type avian virus PB2.

The conclusion that this coimmunoprecipitation assay was
simply a measure of the number of VRNP complexes formed was
reiterated using a different approach. The G3A, U5C, and C8U
mutations (3-5-8 mutations) were introduced into the 3’ arm of
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FIG 3 Effect of PB2 mutations on polymerase-NP interaction in 293T cells. (A) 293T cells were transfected with pCAGGS 50-92 NP and WT or mutated
PB2-FLAG. At 12 h posttransfection, cell lysates were prepared and subjected to NP immunoprecipitation prior to Western blot analysis. Results are from one
experiment representative of three independent experiments. (B) The levels of coimmunoprecipitated PB2 in panel A were normalized to precipitated NP using
Image]. (C) 293T cells were transfected with pCAGGS 50-92 NP, PB1, PA, and WT or mutated PB2-FLAG and a virus-like firefly luciferase reporter plasmid. At
12 h posttransfection, cell lysates were prepared and subjected to NP immunoprecipitation prior to Western blot analysis. Results are from one experiment
representative of three independent experiments. (D) The levels of coimmunoprecipitated PB2 in panel C were normalized to precipitated NP using Image]. (E)
Polymerase activity supported by mutated PB2-FLAG compared to WT PB2-FLAG. Values were normalized to Renilla expression and to the activity of the WT
polymerase. Results shown are the means * standard deviations from three independent experiments. The statistical significance of differences in polymerase
activity compared to that of WT was assessed by a two-tailed, unpaired Student ¢ test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). (F) Level of vVRNA isolated from
cell immunoprecipitates analyzed in panel C for PB2 E158G-FLAG and PB2 E627K-FLAG normalized to PB2 WT.
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FIG 4 In the absence of transcription/replication, PB2 mutations do not affect the amount of PB2 precipitated by NP. (A) PB1 mutation D446Y inhibits 50-92
polymerase activity. 293T cells were transfected with pCAGGS 50-92 NP, FLAG-tagged PB2 WT or 627K, PA, and PB1 WT or PB1 D446Y as well as a virus-like
firefly luciferase reporter plasmid and pCAGGS Renilla. Firefly luciferase production was measured 12 h posttransfection. Values were normalized to Renilla
expression. Results shown are the means * standard deviations from three independent experiments. RLU, relative light units. (B) 293T cells were transfected
with pCAGGS 50-92 NP, PB1 D446Y, PA, and WT or mutated PB2-FLAG and a virus-like firefly luciferase reporter plasmid. At 12 h posttransfection, cell lysates
were prepared and subjected to NP immunoprecipitation prior to Western blot analysis. Results are from one experiment representative of three independent
experiments. (C) The levels of coimmunoprecipitated PB2 in panel A were normalized to precipitated NP using Image].

the viral promoter of the luciferase reporter. These mutations
have been shown to enhance the amplification and expression of
the minigenome driven by an avian virus polymerase in human
cells (33, 34). This was confirmed in a minireplicon assay with
50-92 polymerase in 293T cells: a 43-fold enhancement in lucifer-
ase reported signal was observed with the 3-5-8 reporter com-
pared with the WT reporter (Fig. 5C). The 3-5-8 mutations result
in perfect base pairing between the terminal nucleotides of the 3’
and 5’ ends of VRNA, which is likely to alter the structure of both
VRNA and cRNA promoters by stabilizing the panhandle confor-
mation and/or melting stem-loop structures in the corkscrew
conformation (34). The coimmunoprecipitation assay was under-
taken in the presence of the WT and mutated 3-5-8 luciferase
reporters. The amount of PB2, PA, and PB1 precipitated by NP
was much greater when vVRNP complexes were formed with the
3-5-8 promoter mutant viral RNA-like RNA compared with the
WT minigenome (Fig. 5A and B).
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Taken together, our results can be explained by the idea that in
human cells where avian virus polymerase is only poorly active,
few VRNA molecules are produced and few nascent vRNP com-
plexes form and, therefore, only a small amount of the heterotri-
meric polymerase is precipitated by NP. However, by introducing
mutations into the PB2 protein which increase polymerase activ-
ity or by mutating the viral promoter sequence, more RNP com-
plexes are assembled around the RNA promoter and more PB2,
PA, and PB1 will be precipitated with NP.

Our findings suggest that previous interpretations of this assay
by other groups working in this field were preliminary because
they did not take into account the possibility of an increase in
replication resulting in an increase in the numbers of polymerase
complexes (20-23). Unlike Labadie et al. (20), we did not find a
primary defect in the interaction of PB2 with 627E and NP when
expressed alone, out of context of the rest of the vRNP compo-
nents. Similarly, Mehle and Doudna (21) also did not find a dif-
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FIG 5 Mutated 3-5-8 virus-like firefly luciferase reporter enhances luciferase activity and the amount of PB2 precipitated by NP. (A) 293T cells were transfected
with pCAGGS 50-92 NP, PB1, PA, and PB2 (WT) as well as a WT or mutated 3-5-8 firefly luciferase reporter plasmid. At 12 h posttransfection, cell lysates were
prepared and subjected to NP immunoprecipitation prior to Western blot analysis. Results are from one experiment representative of three independent
experiments. (B) The levels of coimmunoprecipitated PB2 in panel A were normalized to precipitated NP using Image]. (C) Luciferase activity supported by
50-92 polymerase with 3-5-8 luciferase reporter. Values were normalized to Renilla expression and to the activity of the WT polymerase. Results shown are the
means = standard deviations from three independent experiments. The statistical significance of differences in polymerase activity compared to that of WT was
assessed by a two-tailed, unpaired Student ¢ test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

ference in the direct PB2-NP interaction with PB2 627E or 627K.
Different strains of virus were used as sources of polymerase in
these three studies, as well as different protein tags and different
orders and conditions for precipitation and detection of interact-
ing partners, and these variables may explain the discrepant re-
sults. Although Ng et al. (22), like Labadie and coworkers (20),
found a difference in PB2-NP interaction dependent on residue
627, their work utilized fragments of PB2 and was not performed
in the context of a host cell and so it may not be directly compa-
rable with these other studies. In conclusion, we suggest that the
restricted activity of an avian virus polymerase in human cells is
not explained by the instability of the PB2-NP complex but rather
by the lack of compatibility with a host cell factor required by
influenza virus polymerase to replicate new vVRNA molecules from
cRNA templates, as recently suggested by Manz et al. (16).
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