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Most avian influenza viruses do not replicate efficiently in human cells. This is partly due to the low activity of the RNA polymer-
ase of avian influenza viruses in mammalian cells. Nevertheless, this impediment can be overcome through an E¡K adaptive
mutation at residue 627 of the PB2 subunit of the polymerase. Accordingly, viral ribonucleoprotein (RNP) reconstitution assays
show that a viral polymerase containing PB2 627E has impaired activity in mammalian cells compared to a viral polymerase that
contains PB2 627K, characteristic of mammalian-adapted influenza viruses. In contrast, purified viral polymerases containing
either PB2 627E or PB2 627K show comparable levels of activity in transcription assays that require no RNP assembly. We
sought to reconcile these conflicting observations by using an NP-independent cell-based transcription/replication assay to as-
sess viral polymerase activity. We found that PB2 627E polymerase restriction in mammalian cells is independent of NP expres-
sion but is dependent on the length of the viral RNA template. In addition, restriction of PB2 627E polymerase was overcome by
mutations specific to the viral RNA template promoter sequence. Consequently, we propose that PB2 627E affects recruitment of
the viral RNA promoter by the viral polymerase in mammalian cells.

Amajor obstacle blocking the efficient replication of avian in-
fluenza viruses in humans is the low activity of avian influenza

virus polymerases in human cells (1). Accordingly, in order to
function efficiently in human cells, avian-derived influenza virus
polymerases are known to undergo adaptive changes. The viral
polymerase, composed of three subunits, polymerase acidic (PA)
and polymerase basic one and two (PB1 and PB2), catalyzes the
replication and transcription of the viral genome, composed of
eight single-stranded, negative-sense RNA segments. In order to
accomplish this, the viral polymerase binds to the 5= and 3= ends of
viral RNA (vRNA) segments that form the vRNA promoter (2, 3).
The rest of the vRNA is bound by multiple copies of the viral
nucleoprotein (NP) to form viral ribonucleoprotein complexes
(vRNPs). vRNPs are transcribed by the viral polymerase, which
produces mRNA and a positive-sense cRNA replication interme-
diate that is in turn used as a template for vRNA synthesis (4–6).

The archetypal adaptive mutation known to confer increased
activity on viral polymerases of avian origin in mammalian cells
occurs at residue 627 of the PB2 polymerase subunit (7). Avian
viral isolates predominantly encode glutamic acid at PB2 627
(627E), whereas this residue is almost exclusively a lysine (627K)
in influenza viruses isolated from humans, with the exception of
the 2009 pandemic H1N1 viruses (8, 9). The presence of lysine at
this position results in increased viral replication in mammalian
models (10–13). In addition, the PB2 627 E¡K mutation has been
associated with lethality in humans infected with H5N1, H7N7,
and H7N9 avian viruses (10, 14–16).

Several studies have sought to elucidate the molecular basis for
the increase in viral polymerase activity in human cells associated
with the PB2 627 E¡K mutation. In this regard, it has been dem-
onstrated that PB2 627K allows avian-derived viral polymerases to
evade a cellular inhibitor in human cells (17). In contrast, a similar
study proposed that human cells are deficient in an activating
factor that acts selectively on polymerases containing PB2 627E
(18). Moreover, it has been suggested that PB2 627E has decreased

affinity for NP, thereby inhibiting the formation of transcription-
ally active viral RNPs (17, 19–21). In this study, we use a recently
developed cell-based replication assay to study the viral determi-
nants of PB2 627E polymerase restriction. Using this approach, we
demonstrate that restriction of viral polymerases containing PB2
627E occurs independently of the interaction between PB2 and
NP. In addition, we show that PB2 627E polymerase activity can
be rescued on short vRNA-like templates or by introducing mu-
tations to the vRNA promoter sequence.

MATERIALS AND METHODS
Plasmids. The plasmids expressing PB1, PB2, PA, and NP of influenza
virus A/WSN/33, as well as plasmids expressing short (47- to 101-nucle-
otide [nt]) vRNA templates derived from segment 5, have been described
previously (22, 23). Similar plasmids expressing short vRNA templates
were constructed by PCR mutagenesis, producing internally deleted
vRNA templates derived from segment 5 (NP37 [5=-1–17:CTAG:1549 –
1565-3=; the numbers indicate the nucleotide positions retained at the 5=
and 3= ends, respectively, separated by a CTAG spacer]) and segment 6
(NA37 [5=-1–18:1390 –1409-3=], NA47 [5=-1–25:1387–1409-3=], and
NA76 [5=-1–37:1370 –1409-3=]). Likewise, mutations to the PB2-coding
sequence and vRNA promoter were introduced by PCR mutagenesis. For
production of vRNA templates in avian cells, cDNA corresponding to
viral segment 6 was cloned into pPRC249 (a kind gift from Nadia Naffakh,
Pasteur Institute, Paris, France) (24), and mutagenesis was performed as
described above.

Cell-based RNA replication assays. HEK-293T or DF1 cells were
transfected, as described previously (22), with plasmids encoding PA and
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PB1, as well as PB2 627K/E and NP where relevant, and a plasmid express-
ing a vRNA template. Cells were harvested 48 h after transfection, and the
isolated RNA was analyzed by primer extension (22). Primers for detection of
full-length viral segments 5 and 6, as well as short vRNA templates derived
from segment 5, have been described previously (22, 25). To detect replica-
tion and transcription of segment 6-derived short vRNA templates, primers
NA37� (5= GAGTTTTTAAACTCCTGCTTTCGC 3=) and NA37� (5= GC
GAAAGCAGGAGTTTAAAAACTC 3=) were used to detect mRNA and
vRNA produced from the 37-nt template, while primers NA� (5= CATTT
AAACTCCTGCTTTCGC 3=) and NA� (5= GTTCAAAAAACTCCTTG
TTTC 3=) were used for the 47- and 76-nt templates. Similarly, primers
NP37� (5= GGTACTAGTCTACCCTGCTTTTGC 3=) and NP37� (5=
GCAAAAGCAGGGTAGACTAGTACC 3=) were used to detect mRNA
and vRNA produced from the segment 5-derived 37-nt template. Quan-
tification of viral RNA signals was performed by phosphorimage analysis
using AIDA software (Raytest) and 5S rRNA as an internal control. The
level of vRNA was used as a measure of viral polymerase replicative effi-
ciency, as the cRNA signal was considered too weak to accurately quantify.

Recombinant polymerase transcription assay. Recombinant viral
polymerase was purified by IgG Sepharose chromatography from HEK-
293T cells that had been cotransfected with plasmids expressing PA, PB1-
TAP, and PB2 627K or 627E (26). Purified polymerase was analyzed by
SDS-PAGE, and PB2 levels were assessed using AIDA software (Raytest).
The purified polymerase was used in ApG or �-globin mRNA-primed in
vitro transcription assays, as described previously (26, 27). Transcription
products were analyzed by 20% PAGE containing 7 M urea in Tris-bo-
rate-EDTA (TBE) buffer and quantified by phosphorimage analysis using
AIDA software (Raytest).

RESULTS AND DISCUSSION

In order to address the role of adaptive mutations associated with
PB2 627, plasmids expressing PB2 genes derived from A/WSN/
1933 (H1N1) with either 627K or 627E were transfected into hu-
man (HEK-293T) or avian (DF1) cells, along with plasmids en-
coding PA, PB1, and NP and expressing a segment 6 vRNA
template. Transcription and replication of the vRNA template by
reconstituted vRNPs were measured 48 h after transfection by

primer extension analysis of steady-state viral RNA levels. In
agreement with previous studies (17, 28), the PB2 627 K¡E mu-
tation resulted in a dramatic decrease in RNA replication and
transcription by the viral polymerase in human cells but showed
no effect when vRNP reconstitutions were conducted in avian
cells (Fig. 1A). To determine whether the reduction in viral poly-
merase activity in human cells was due to a defect in viral poly-
merase assembly, polymerases containing either PB2 627K or PB2
627E were purified from HEK-293T cells using a TAP tag on the
PB1 polymerase subunit (26). SDS-PAGE analysis of the purified
polymerases indicated that all three viral polymerase subunits
were expressed efficiently in human cells and copurified as a tri-
meric complex irrespective of the identity of PB2 627 (Fig. 1B). To
determine if the purified viral polymerases were able to function
outside the cellular context, both polymerases were incubated for
1 h at 37°C with a short double-stranded viral promoter and
NTPs, including [�-32P]GTP. The PB2 627E viral polymerase,
which exhibited restricted activity in the vRNP reconstitution as-
say, was able to catalyze ApG-primed and cap-dependent tran-
scription as efficiently as the mammalian-adapted PB2 627K poly-
merase (Fig. 1C), in agreement with previous studies (29).

In contrast to the vRNP reconstitution assay, in vitro transcrip-
tion of a short vRNA promoter does not require the formation of
a canonical vRNP or, indeed, the presence of NP. In agreement
with this, reduced interaction between PB2 and NP has been pro-
posed to account for the decreased activity associated with avian
viral polymerases in mammalian cells (17, 19–21). To investigate
the contribution of the interaction between PB2 and NP to the
restricted phenotype of the PB2 627E polymerase, we made use of
a recently developed NP-independent cell-based replication assay
(22, 30). This system takes advantage of the observation that viral
RNA transcription and replication can take place in the absence of
NP on templates up to 76 nucleotides in length. Accordingly, rep-
lication assays were conducted in the presence and absence of NP

FIG 1 Effects of PB2 K627E mutation on polymerase assembly and activity in cultured cells and in vitro. (A) HEK-293T (human) or DF1 (chicken) cells were
cotransfected with plasmids expressing PA, PB1, PB2 627K or 627E, NP, and a segment 6 vRNA. Accumulation of mRNA and vRNA was assessed by primer
extension 48 h posttransfection (22). The RNA levels detected for the E627K polymerase were set to 100. The error bars indicate standard errors of the mean
(SEM), and the asterisks indicate a significant difference from 100 (one-sample t test; ***, P � 0.001). Expression of PB2 was analyzed by Western blotting, with
RanBP5 serving as a loading control. (B) HEK-293T cells were cotransfected with plasmids expressing PA, PB1-TAP, and PB2 627K or 627E, and polymerase was
purified using IgG Sepharose chromatography 48 h posttransfection (26). The purified polymerase was analyzed by SDS-PAGE, and PB2 levels were assessed by
using AIDA software (Raytest). PB2 627K levels were set to 100. The error bar indicates SEM of three experiments. (C) The activity of the purified polymerase
from panel B was assessed in an in vitro transcription assay using ApG primer or �-globin mRNA as a cap donor (26, 27). The RNA levels detected for the E627K
polymerase were set to 100. The error bars indicate SEM of three experiments.
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on vRNA templates between 37 and 101 nucleotides in length
(Fig. 2A and B, respectively). Omission of NP did not alter the
accumulation of RNA products from templates that do not re-
quire NP for replication and transcription (37- to 76-nt tem-
plates) (compare Fig. 2A and B). This indicates that PB2 627E

restricts polymerase activity in a manner that is independent of
NP and consequently independent of canonical RNP formation.
This is in agreement with the recent suggestion that the previously
reported decrease in the affinity of PB2 627E for NP stems from a
decrease in viral RNA replication (31). Surprisingly, on the short-
est template assayed (37 nt), transcription and replication by the
PB2 627E polymerase approach levels observed for the mamma-
lian-adapted PB2 627K polymerase (Fig. 2). However, the level of
RNA transcription and replication by the PB2 627E polymerase
on longer templates (47 to 101 nt long) appears to decrease in a
manner that is proportional to the template length (Fig. 2). The
experiment was repeated using segment 6-derived short vRNA
templates, producing comparable results (Fig. 3A). As expected,
replication and transcription of the 37-nt vRNA template by PB2
627K and 627E polymerases were comparable in avian cells
(Fig. 3B).

The intriguing finding that a restricted polymerase with PB2
627E is active on short vRNA templates in the context of a cell
suggests that the restriction could occur at the level of template
binding or elongation. In fact, the template or, more specifically,
promoter stability has been implicated previously in the mecha-
nism of restriction of avian influenza virus polymerases in mam-
malian cells (32). In order to test the effect of promoter stability on
PB2 627E polymerase activity, a range of mutations were intro-
duced into the promoter of a full-length noncoding segment 5
template. The mutations were designed not to disrupt intrastrand
base pairing between nucleotides proposed to interact in the cork-
screw model (2), but rather, to stabilize the formation of a pan-
handle structure. Compared to the activity of a vRNA template
with a wild-type promoter, mutations in the 3= promoter strand
that are proposed to stabilize the panhandle structure led to in-
creased replication and transcription by the PB2 627E polymerase
(Fig. 4, i). Replication and transcription by a PB2 627E polymerase
returned to the level observed for the wild-type promoter when the
nucleotides stabilizing the panhandle conformation were substituted
for nucleotides not capable of pairing with the opposing 5= promoter
strand (Fig. 4, ii). In contrast, panhandle-stabilizing mutations intro-

FIG 2 Transcription and replication of short vRNA templates in the presence
or absence of NP by influenza virus RNA polymerase containing PB2 627K or
627E in a cell-based replication assay. HEK-293T cells were cotransfected with
plasmids expressing short segment 5-based vRNA-like templates (22) of the
indicated lengths, PA, PB1, PB2 627K or 627E, and a plasmid expressing NP
(A) or empty vector (B) (22). Accumulation of vRNA and mRNA was assessed
by primer extension 48 h posttransfection (22). The level of vRNA template
produced by cellular transcription was determined by the omission of the PB2
subunit of the viral polymerase and set to zero. The RNA levels detected for the
627K polymerase were set to 100 for each template length. The error bars
indicate SEM of three experiments, and the asterisks indicate a significant
difference from 100 (one-sample t test; *, P � 0.05; **, P � 0.01; ***, P �
0.001). Pearson’s correlation coefficient was calculated for the PB2 627E poly-
merase activities, producing the r values shown.

FIG 3 Transcription and replication of short NA segment vRNA templates by
PB2 627K or 627E in human and avian cells. HEK-293T (A) or DF1 (B) cells
were cotransfected with plasmids expressing short segment 6-based vRNA-like
templates of the indicated lengths, as well as PA, PB1, and PB2 627K or 627E.
Accumulation of vRNA and mRNA was assessed by primer extension 48 h
posttransfection. The level of vRNA template produced by cellular transcrip-
tion was determined by the omission of the PB2 subunit of the viral polymer-
ase and set to zero. The RNA levels detected for the 627K polymerase were set
to 100 for each template length. The error bars indicate SEM of three experi-
ments, and the asterisks indicate a significant difference from 100 (one-sample
t test; **, P � 0.01; ***, P � 0.001).
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duced into the 5= strand of the vRNA promoter resulted in restricted
activity of the PB2 627E polymerase (Fig. 4, iii). Surprisingly, this
template could be replicated by the PB2 627K polymerase but
could not be transcribed. However, destabilization of the panhan-
dle by introducing mutations into the 3= promoter strand resulted
in increased transcription and replication by both PB2 627K and
627E polymerases relative to the wild-type promoter (Fig. 4, iv).
When stimulatory mutations were introduced into the 3= pro-
moter strand of a segment 6 vRNA template, a comparable in-
crease in PB2 627E polymerase activity was observed, confirming
that this effect is not segment specific (Fig. 5A). In addition, viral
polymerases containing PB2 627K and 627E retained similar ac-
tivities when an identical experiment was conducted in avian cells
(Fig. 5B).

Cumulatively, our data suggest that stimulation of PB2 627E
polymerase activity by mutations in the vRNA promoter (Fig. 4, i
and iv) is not dependent on the stability of the promoter confor-
mation but is specific to the sequence of the 3= promoter strand.
We speculate that a host factor specific for the 3=-end promoter
sequence might be responsible for inhibiting the activity of a poly-
merase with PB2 627E. However, this restriction can be overcome
by mutations in the 3= end or by shortening the template, thereby
possibly precluding the binding of cellular factors and allowing
the viral promoter to be more efficiently recognized by a PB2 627E
viral polymerase (and, indeed, by the PB2 627K polymerase [Fig.
4, i and iv]). In contrast, a PB2 627K polymerase might efficiently
compete with such a host factor for promoter binding, as sug-
gested by the increased RNA-binding affinity of an isolated 627K
domain compared to 627E (33). Hence, our data suggest that the
C terminus of PB2 might modulate viral promoter binding, in
agreement with previous observations that PB2 can be cross-
linked to promoter RNA (3, 34, 35). Moreover, our data show that
PB2 627E polymerase is not restricted at the level of elongation, as
full-length templates with mutated 3= ends can be efficiently rep-
licated and transcribed.

Infection of humans by avian influenza viruses requires that
the viral polymerase overcome restricted activity in human
cells. However, the molecular determinants of avian viral poly-
merase restriction remain elusive. Using a cell-based replica-
tion and transcription assay that does not rely on the formation
of canonical RNPs, we show here that restriction of PB2 627E
polymerase occurs independently of NP. In addition, we ob-
served that a viral polymerase containing PB2 627E shows un-

FIG 4 Effects of vRNA promoter mutations on transcription and replication
by viral polymerase with PB2 627K or 627E. Shown is a schematic representa-
tion of wild-type (W) and mutant (i to iv) influenza virus vRNA promoter
structures according to the panhandle model. Mutated residues are indicated
by circles. HEK-293T cells were cotransfected with plasmids expressing PA,
PB1, PB2 627K or 627E, NP, and segment 5 vRNA with the indicated promoter
mutations and mutations to prevent expression of NP (22). Accumulation of
mRNA and vRNA was assessed by primer extension 48 h posttransfection (22).
The level of vRNA template produced by cellular transcription was determined
by the omission of the PB2 subunit of the viral polymerase and set to zero. The
RNA levels detected for the 627K polymerase were set to 100. The error bars
indicate SEM of three experiments, and the asterisks indicate a significant
difference from 100 (one-sample t test; ***, P � 0.001). a, no mRNA signal was
detected above background levels for either PB2 627K or PB2 627E poly-
merases when template iii was used.

FIG 5 Effects of vRNA promoter mutations on PB2 627K or 627E polymerase
activity in human and avian cells. HEK-293T (A) or DF1 (B) cells were cotrans-
fected with plasmids expressing full-length segment 6 containing the indicated
mutations, as well as PA, PB1, and PB2 627K or 627E. Accumulation of vRNA
and mRNA was assessed by primer extension 48 h posttransfection. The level
of vRNA template produced by cellular transcription was determined by the
omission of the PB2 subunit of the viral polymerase and set to zero. The RNA
levels detected for the 627K polymerase were set to 100 for each template
length. The error bars indicate SEM of three experiments, and the asterisks
indicate a significant difference from 100 (one-sample t test; ***, P � 0.001).
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restricted activity in human cells when provided with a 37-nt
vRNA template containing a wild-type promoter. This activity,
however, declined steeply as the template length increased. Fi-
nally, we observed that mutations to the 3= strand of the vRNA
promoter were able to increase the activity of a PB2 627E poly-
merase. These observations indicate that restriction of avian
viral polymerases is likely to occur at the level of promoter
binding by the viral polymerase.
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