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Abstract

Background: The RNA polymerase of influenza virus is a heterotrimeric complex of PB1, PB2 and PA subunits which
cooperate in the transcription and replication of the viral genome. Previous research has shown that the N-terminal region
of the PA subunit of influenza A/WSN/33 (H1N1) virus is involved in promoter binding.

Methodology/Principal Findings: Here we extend our studies of the influenza RNA polymerase to that of influenza strains
A/HongKong/156/97 (H5N1) and A/Vietnam/1194/04 (H5N1). Both H5N1 strains, originally isolated from patients in 1997
and 2004, showed significantly higher polymerase activity compared with two classical human strains, A/WSN/33 (H1N1)
and A/NT/60/68 (H3N2) in vitro. This increased polymerase activity correlated with enhanced promoter binding. The N-
terminal region of the PA subunit was the major determinant of this enhanced promoter activity.

Conclusions/Significance: Overall we suggest that the N-terminal region of the PA subunit of two recent H5N1 strains can
influence promoter binding and we speculate this may be a factor in their virulence.
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Introduction

Influenza A virus is a single-stranded, negative-sense RNA virus

with an 8 segmented genome, belonging to the family Orthomyx-

oviridae [1]. The segmented genome is transcribed and replicated

by a viral RNA-dependent RNA polymerase in infected cells [2].

Transcription requires a capped RNA primer which is ‘‘snatched’’

from RNA polymerase II transcripts in the host cell [3–4]. This

cap snatching is performed by a cap-dependent endonuclease

activity of the influenza RNA polymerase complex, generating

short, 9 to 17-nucleotide, capped RNA primers [5–7]. On the

other hand, replication is independent of a primer. A full-length

positive sense RNA (cRNA) is initially synthesized from viral RNA

(vRNA), and subsequently serves as a template for the synthesis of

full-length negative-sense vRNA [1–2,8].

The influenza virus RNA polymerase is a trimeric complex

comprising three different subunits - PB1, PB2 and PA [1–2].

Electron microscopy shows that it is very compact with no

apparent boundaries [9–11]. No high resolution structure of the

trimeric polymerase complex is available yet, although amino

acids 1–197 of the N-terminal region of PA subunit [13,14], amino

acids 257–716 of PA complexed with a short peptide at the N-

terminus of PB1 [12] and short regions of the structure of PB2

[15–16] are known. All three subunits are generally found to be

required for both transcription and replication [1,17], although

other reports disagree [18]. The PB1 subunit contains an SDD

motif which is directly involved in RNA chain elongation [2,19–

20]. The PB2 subunit is involved in cap-snatching and cap-binding

[1–2,21]. The PA subunit is involved in transcription and

replication as well as endonuclease activity, cap binding and

promoter binding [6,15,17,22–23]. Furthermore, the PA is known

to have, or induce, proteolytic activity [24–26], although the

significance of this function is not fully understood.

Influenza viruses of H5N1 subtype have been isolated in the

past from chickens [27] and turkeys [28] (e.g. A/chicken/

Scotland/59; A/turkey/England/91) but the current H5N1

isolates are believed to derive from geese in Guangdong Province,

China in 1996 [29]. They received little attention until virus

spread to humans in Hong Kong in May 1997, killing 6 of 18

infected people [30–33]. Since then this highly pathogenic avian

influenza virus of the H5N1 strain has been circulating worldwide

especially in Southeast Asia [34–36]. Although sporadic transmis-

sion from poultry to humans occasionally occurs, current avian

H5N1 strains are not adapted to efficient human-human

transmission [37]. It has been shown that avian-to-human

transmission is limited by the receptor binding properties of the
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haemagglutinin of avian viruses [38–39] and by residue 627 of the

PB2 subunit [40–41]. Nevertheless, the mechanism of transmission

from birds to human is not fully understood. In most cases, H5N1

subtypes are highly pathogenic in humans and cause death

(mortality ,60%) or severe disease compared to classical human

strains such as H3N2 and H1N1 [34,42]. Recently, the

contribution of RNA polymerase and nucleoprotein to pathogen-

esis of avian H5N1 influenza virus in chickens has been reported

[43–44]. However, the molecular mechanism of the pathogenicity

in chickens and in humans is still poorly understood.

In recent reports on the mechanism of genome replication, it

has been shown that point mutants in the N-terminal region of the

PA subunit of influenza A/WSN/33 virus can interfere with

cRNA promoter binding, suggesting that this region of PA is

involved, directly or indirectly, in regulating promoter binding

[6,22–23]. In order to extend these studies to more recently

isolated strains, the RNA polymerase of A/Hong Kong/156/97

(H5N1) and A/Vietnam/1194/04 (H5N1) were compared here

with one another and with the older, more classical strains of

different subtypes, i.e. A/WSN/33 (H1N1) and A/NT/60/68

(H3N2). We found that the PA subunit of both of the polymerases

of H5N1 subtype can substantially increase RNA polymerase

activity by enhancing promoter binding in vitro. Analysis of

chimeras of the PA subunit of A/HongKong/156/97 (H5N1) with

A/WSN/33 (H1N1) showed that N-terminal domain of PA of A/

HongKong/156/97 (H5N1) increased polymerase activity in

vitro. However, unexpectedly, this N-terminal region of the PA

of A/HongKong/156/97 (H5N1), when expressed as a ribonu-

cleoprotein hybrid with the PB1, PB2 polymerase and NP subunits

of A/WSN/33 virus, decreased transcription and/or replication in

two different, cell-based assays in vivo, presumably by inhibiting

promoter clearance in the initial stages of replication and/or

replication. Our data highlight the importance of the N-terminal

region of PA of more recent H5N1 strains in influencing viral

replication.

Results

Comparison of polymerase activity of H5N1 human
strains with classical H1N1 or H3N2 strains in vitro

In order to test if the RNA polymerases of human-isolated

H5N1 strains differed from the polymerase of classical strains, we

initially compared recombinant polymerase activities of 2 human-

isolated avian strains A/HongKong/156/97 (H5N1) [HK] and

A/Vietnam/1194/04 (H5N1) [VN] with 2 classical human strains

of different subtypes A/WSN/33 (H1N1) [WSN] and A/NT/60/

68 (H3N2) [NT] in vitro. Figure 1A shows the trimeric complex of

influenza polymerase, which was transiently expressed in human

293T cells and partially purified utilizing a TAP (tandem affinity

purification) tag on the C-terminus of the PB2 subunit (see

Materials and Methods). The migration of PB1 and PB2 subunits

were identical in each strain (Figure 1A). However, the PA subunit

migrated differently, as observed before [23]. After quantitation of

the yields of the PA subunits (see Materials and Methods),

polymerase preparations were normalized to a standard amount of

polymerase (Figure 1A) before testing enzymatic activity.

Initially, we performed an ApG-primed transcription assay [45]

and a globin mRNA-primed transcription assay [18] with a short

model vRNA promoter (see Materials and Methods). In both

assays (Figure 1B and C), both HK and VN H5N1 strains showed

significantly higher activity, ranging from 2 to 4 fold, than the

classical human strains (WSN and NT) tested. To confirm the

differences in polymerase activity observed with ApG and globin

mRNA primers, we subsequently performed an ApG synthesis

assay – a measure of replication initiation, using either a vRNA

(Figure 1D) or a cRNA (Figure 1E) promoter as a short model

template (see Materials and Methods). The two H5N1 strains

(Figure 1D and E) showed significantly higher activity (3–11 fold)

than the classical strains (Figure 1D and E, lanes 1 and 2),

especially with the model cRNA promoter (Figure 1E). Overall,

the four in vitro assays (Figure 1B–E) consistently showed that both

H5N1 strains isolated from humans demonstrated significantly

higher activities in model replication and transcription assays in

vitro than those of classical human strains.

Analysis of the contribution of the polymerase subunit to
polymerase activity in vitro

To determine which polymerase subunit(s) are required for the

increased activity of the H5N1 polymerase in vitro, we measured

polymerase activities derived from various artificial hybrid

polymerases. In these experiments, the hybrid trimeric complexes

consisted of one polymerase subunit from one or other of the

H5N1 polymerases and the other two subunits from either the

H1N1 or the H3N2 polymerases. In all cases the 3 polymerase

subunits (PB1, PB2 and PA) were visualized on 7.5% SDS-PAGE,

showing that these hybrids could form a functional complex

(results not shown). Figure 2A and B show the results from hybrids

of HK (H) with WSN (W). In both the ApG-primed (Figure 2A)

and globin mRNA-primed transcription assays (Figure 2B), the

hybrid formed from the PB1 subunit of HK showed no significant

difference in activity from a WSN wild-type trimeric complex

(Figure 2A and B compare lanes 1 and 3). By contrast, polymerase

activities were significantly higher than wild-type WSN in the

hybrid with the PA subunit of HK (Figure 2A and B, compare

lanes 1 and 2). The mean polymerase activity was also increased in

hybrids with the PB2 subunit of HK (Figure 2A and B, lane 4),

although there was no statistically significant difference between

these hybrids and the wild-type used (lane1). Overall, Figure 2A

and B suggested that PA and possibly the PB2 subunits of HK may

have contributed to the increased activity of the wild-type H5N1

polymerase seen in Figure 1B–E. It should be noted that position

627 of the PB2 subunit – known to be involved in host restriction

[41], of HK is E (avian-like) whereas that of VN is K (human-like)

- see Discussion.

To test if the results were specific to the HK-WSN hybrids

tested above or were more generally valid, we constructed a set of

different hybrid polymerases derived from the VN (H5N1) strain

(V) in a background of the NT (H3N2) strain (N). We then

compared the polymerase activity of these hybrids with the wild-

type NT strain in vitro (Figure 2C and D). In these polymerase

hybrids, only the PA subunit of VN increased activity compared to

the wild-type NT in both the ApG-primed transcription assay

(Figure 2C, compare lanes 1 and 2) and the globin-primed assay

(Figure 2D, compare lanes 1 and 2). There was no increase in

activity with the PB2 subunit (Figure 2C and D). In fact, there was

a slight and statistically significant decrease in activity in hybrids

containing the PB1 and PB2 subunits of VN in the ApG-primed

transcription assay (Figure 2C, compare lanes 3 and 4 with lane 1).

Taking the results of Figure 2A–D together, we conclude that the

PA subunit of the two H5N1 strains (HK and VN) tested has a

major influence in increasing the in vitro activity (Figure 1) of the

H5N1 polymerase, when compared to classical H1N1 or H3N2

strains (Figure 2A and B, lane 4), although the PB2 subunit of HK

may also have an effect - see Discussion.

Finally, to confirm the significance of the PA subunit of the

H5N1 strains as a determinant of polymerase activity in vitro, we

measured the activities of hybrids with PA derived from NT

(H3N2), HK (H5N1) and VN (H5N1) in a complex with the PB1

PA and Promoter Binding
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and PB2 subunits derived from WSN (H1N1). Figure 2E (ApG-

primed transcription) and Figure 2F (globin-primed transcription)

showed that both HK PA (Figure 2E and F, lane 3) and VN PA

(Figure 2E and F, lane 4) increased activity, whereas the PA

subunit of NT decreased activity (Figure 2E and F, lane 2)

compared to the wild-type WSN (lane 1). These results confirmed

that PA subunits of both HK and VN H5N1 strains were

responsible for increased polymerase activity in vitro. Thus the

effect of PA on polymerase activity seems to be shared by at least

these two H5N1 strains.

The PA subunit of the H5N1 strains tested enhanced
promoter binding

Because the increased polymerase activity of H5N1 viruses

(Figure 1) was observed in 4 independent assays, this suggested

that a shared property of these assays was likely to mediate the

effects. The replication and transcription assays of Figure 1 all

depend on promoter binding prior to RNA polymerization

suggesting that H5N1-derived polymerase might have enhanced

promoter binding. To test this hypothesis, binding of radiolabelled

promoter to various hybrid polymerases was assayed by UV cross-

linking (see Materials and Methods). The PA subunit of HK in a

WSN background enhanced binding to the model vRNA

promoter (Figure 3A) and both PA and PB2 subunits enhanced

binding to the model cRNA promoter (Figure 3B) when compared

with wild-type WSN, but PA showed the greater effect (2.5–7 fold

increase). In the case of the V-N hybrids, however, only the PA

subunit of VN increased promoter binding by 2.5–3 fold

(Figure 3C and D, compare lanes 1 and 2). To test whether the

PA subunit of H5N1 viruses is generally required to increase

promoter binding, we measured promoter binding of hybrids of all

PA subunits tested in a WSN backbone. Both HK PA (Figure 3E

and F, lane 3) and VN PA (Figure 3E and F, lane 4) significantly

increased vRNA (Figure 3C) and cRNA (Figure 3D) promoter

binding. The higher promoter binding activity of the PA-H hybrid

compared to the PA-V hybrid (Figure 3E and F) is consistent with

the higher activity of the HK compared to VT polymerase in

Figure 1. Overall, these promoter binding results were in

agreement with the in vitro transcription and replication assays

(Figure 1 and 2), suggesting that the increased polymerase activity

of the HK or VN H5N1 strains in vitro resulted from enhanced

promoter binding - see Discussion.

Dissection of regions within the PA subunit of A/Hong
Kong/156/97 (HK) important for enhanced polymerase
activity

In order to localize regions on the PA subunit, which might

control the increased activity of the H5N1 polymerase, chimeras of

HK PA and WSN PA (PA-W/H and PA-H/W) were constructed,

dividing PA roughly in half at position 407 (Figure 4A). For these

experiments, HK PA and WSN PA were selected, because the HK

PA subunit showed the highest activity in all polymerase assays

(Figure 1B–E) and because the PA subunit of WSN is an

extensively studied classical strain [6,17,23,46–47]. Figure 4B

Figure 1. Comparison of polymerase activities of two H5N1 strains and two classical human strains in vitro. (A) 7.5% SDS-PAGE of WSN
(W), NT (N), HK (H) and VN (V) partially purified polymerases analysed by silver staining. The positions of PB1, PB2-TAP and the variable positions of PA
are indicated. (B) ApG-primed transcription of W, N, H & V polymerases (see Materials and Methods). (C) Globin mRNA-primed transcription of W, N, H
& V polymerases (see Materials and Methods). (D) ApG synthesis with a model vRNA promoter and (E) with a model cRNA promoter of W, N, H & V
polymerases (see Materials and Methods). Relative activity is % activity relative to WSN (W) from at least 3 independent experiments. Inset square
panels in B–E show typical results. * and ** show statistical significance at p,0.05 and p,0.01, respectively, in a Student’s t-test.
doi:10.1371/journal.pone.0005473.g001

PA and Promoter Binding
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shows the variation in migration of the PA subunits of WSN (W),

HK (see PA-H), and the 2 chimeras (WSN/HK (PA-W/H) and

HK/WSN (PA-H/W)). Migration of the PA of both PA-W/H and

PA-H/W chimeras was intermediate between the PA subunits of

wild-type WSN (W) and wild-type HK (see PA-H). The

polymerase activities were increased with the PA-H/W chimeras,

compared to wild-type WSN, in both the ApG-primed transcrip-

tion assay (Figure 4C, lane 4) and the globin mRNA-primed

transcription assay (Figure 4D, lane 4), whereas the slight increase

in activity with the PA-W/H chimera (Figure 4D, lane 3) was only

marginally significant. In the promoter binding assay with either

the model vRNA (Figure 4E) or cRNA promoters (Figure 4F), the

HK/WSN (PA-H/W) chimera also showed strong promoter

binding (Figure 4E and F, lane 4) comparable to the wild-type HK

level (Figure 4E and F, lane 2). These results suggested that the N-

terminal 1–407 amino acid of the PA subunit of HK made a large

contribution to the increased polymerase activity by increasing

promoter binding. There may also be a smaller contribution of the

C-terminal region of the PA subunit of HK to vRNA promoter

binding, but this is less significant than the N-terminal region

(Figure 4E, lane 3).

Ribonucleoprotein (RNP) reconstitution of polymerase
activity in avian DF1 cells and human 293T cells in vivo

The in vitro assays described above would suggest that the N-

terminal region of the PA subunit of HK was responsible for

increased polymerase activity of HK polymerase mediated by

enhanced promoter binding. In order to test if similar results were

valid in vivo, RNP reconstitution assays [6,17,23] were performed

in avian DF1 and human 293T cells and the results were

compared. We initially tested the activity of wild type HK and

WSN polymerase reconstituted as RNP in avian DF1 (chicken

fibroblast) cells by expressing PB1, PB2, PA and NP with a vRNA

neuraminidase reporter (see Materials and Methods) and assayed

Figure 2. Comparison of activities of polymerase hybrids between H5N1 strains and classical human strains in vitro. (A) and (B) a WSN
(W) subunit was replaced with the corresponding HK (H) subunit as indicated in 1–4. (C) and (D) a NT (N) subunit was replaced with the
corresponding VN (V) subunit as indicated in 1–4. (E) and (F) The PA subunit of WSN (W) was replaced with either the PA of NT (PA-N), or HK (PA-H) or
VN (PA-V). The activity was analyzed by the ApG-primed transcription assay (in A, C and E) and by the globin mRNA-primed transcription assay (in B, D
and F). Relative activity is % activity relative to the WSN (W) polymerase from at least 3 independent experiments. Inset square panels show typical
gels. * and ** show statistical significance at p,0.05 and p,0.01, respectively, in a Student’s t-test.
doi:10.1371/journal.pone.0005473.g002

PA and Promoter Binding
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neuraminidase vRNA, cRNA and mRNA levels by primer

extension (Figure 5A). For expression in DF1 cells it was necessary

to use a reporter with a chicken Pol I promoter [48]. In DF1 cells

all 3 steady-state neuraminidase RNA levels (vRNA, cRNA and

mRNA) of the HK strain were similar to the WSN control

(Figure 5A, compare W and H), whereas in 293T cells the levels of

vRNA, cRNA and mRNA were all significantly less than that of

the WSN strain (Figure 5B, compare W and H). However, RNP

activity of the HK strain was approximately 50% of the WSN

activity (i.e. it was not completely restricted) in 293T cells despite

the presence of an avian-type Glu residue at position 627 of PB2 in

the HK strain, consistent with previous replication studies with

RNP of this same HK strain [49]. These results suggested that the

HK strain did not show a significantly enhanced replication and

transcription activity in vivo, in either chicken DF1 or human

293T cells, that might have been predicted from our in vitro

results.

To test if another H5N1 strain, derived from ducks, showed

similar trends to the HK H5N1 strain on reconstitution of RNP in

chicken DF1 or human 293T cells, we reconstituted RNP from A/

duck/Fujian/01/02 (H5N1) (FJ) with a neuraminidase vRNA

reporter in either chicken DF1 or human 293T cells. In chicken

DF1 cells that the mean steady-state levels of neuraminidase

vRNA, cRNA and mRNA of FJ were all about 50% higher than

Figure 3. UV cross-linking of model vRNA and cRNA promoters to hybrid polymerases. Purified and quantified polymerases were
incubated, in (A), (C) and (E), with 32P-labelled 39 strand of the vRNA promoter in the presence of the unlabelled 59 strand of the vRNA promoter, or in
(B), (D) and (F), with 32P -labelled 39 strand of the cRNA promoter in the presence of the unlabelled 59 strand of the cRNA promoter. (A), (B) Hybrids
between HK (H) and WSN (W), as indicated. (C), (D) Hybrids between VN (V) and NT (N), as indicated. (E), (F) WSN (W) polymerase was compared to
hybrid polymerases of the PA of NT (PA-N), HK (PA-H) or VN PA (PA-V) with PB1 and PB2 from WSN. Relative activity is % relative to WSN from at least
3 independent experiments. Inset square panels show typical gels. * and ** indicate statistically significant differences (from W or N) at p,0.05 and
p,0.01, respectively, in a Student’s t-test.
doi:10.1371/journal.pone.0005473.g003

PA and Promoter Binding
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the classical human WSN isolate (Figure 5D, compare W and FJ),

although these differences was statistically significant only at the

90% significance level (mRNA, p = 0.05; vRNA, p = 0.09; cRNA,

p = 0.10). In contrast, the FJ strain showed significantly lower

levels of all 3 RNAs in 293T cells when compared with WSN

(Figure 5E, compare W and FJ). Thus reconstituted RNP of an

authentic avian strain of H5N1 had very similar properties, in both

DF1 cells and 293T cells, to the HK strain isolated from humans

(compare Figure 5A and D; compare Figure 5B and E).

Next, we tested the effect of the HK PA subunit alone in a

hybrid (PA-H) where the other polymerase subunits, PB1 and PB2,

were derived from WSN. This clearly showed that PA was

inhibitory to replication and transcription, compared to wild-type,

in both chicken DF1 and human 293T cells (Figure 5A and C). By

testing the previously constructed PA chimeras (Figure 4A), we

found that the N-terminal 1–407 region of PA (chimera PA-H/W)

(Figure 5A and C) was responsible for the decreased activity in

both cell types, although chimeras with the C-terminal half of PA

(PA-W/H) showed slightly increased activity in DF1 (Figure 5A),

but not in 293T cells (Figure 5B). Overall, these results showed

that the N-terminal region (1–407) of the HK PA subunit (PA-H/

W), when expressed as a RNP with PB1, PB2 and NP derived

from WSN, decreased transcription and/or replication activity in

both DF1 and 293T cells. This result suggested that the enhanced

promoter binding mediated by the N-terminal region of PA of HK

observed in vitro was detrimental to transcription and/or

replication in vivo, at least in DF1 and 293T cells.

Discussion

The aim of this study was to compare the RNA polymerase of 2

human-isolated avian H5N1 strains both with one another and

also with 2 classical human isolates of differing subtypes i.e. A/

WSN/33 (H1N1) and A/NT/60/68 (H3N2). One of the human-

isolated avian H5N1 strains was A/Hong Kong/156/97 isolated

in 1997, the other A/Vietnam/1194/04, isolated from Vietnam in

2004. These two strains were selected because the 1997 stain was

the index strain - the first human isolate of H5N1 [50] while the

2004 Vietnam strain was a well characterized, genetically distinct,

antigenic variant [51]. Moreover, A/Vietnam/1194/04 had

acquired the PB2 627K host range mutation generally character-

istic of mammalian viruses, whereas A/Hong Kong/156/97

retained PB2 627E characteristic of avian viruses [41]. After

cloning the polymerase genes from both H5N1 strains, we

expressed and partially purified recombinant, heterotrimeric

(PB1, PB2 and PA) polymerase in 293T cells. Unexpectedly, we

found that the polymerase of both the HK and VN H5N1 strains

had significantly higher transcription and replication activities in

vitro than the 2 classical human H1N1 and H3N2 subtypes

(Figure 1).

To investigate which subunit, or subunits, of the polymerase was

required for the increased activity in the H5N1 strains we

constructed inter-strain hybrids where we mixed and matched

subunits. Surprisingly, the only polymerase subunit in such hybrids

to show increased activity in both H5N1 polymerases, irrespective

Figure 4. Polymerase activity and UV cross-linking of hybrids containing PA chimeras. (A) Design of PA chimeras. PA-W/H contained the
N-terminal amino acids, 1–407 of WSN and C-terminal 408–716 of HK. PA-H/W contained the N-terminal amino acids, 1–407 of HK and C-terminal
408–716 of WSN. (B) 7.5% SDS-PAGE of WSN (W) polymerase and 3 hybrid polymerases with the PA subunit derived from HK (PA-H) or from chimeras,
PA-W/H and PA-H/W, analysed by silver staining. The positions of PB1, PB2-TAP and the variable position of the PA subunits are shown. (C) ApG-
primed transcription activity. (D) Globin mRNA-primed transcription activity. (E), (F) Promoter binding activity analyzed by UV cross-linking with the
model vRNA promoter (in E) or the cRNA promoter (in F). Relative activity is % relative to WSN (W) from 4 independent experiments. * and ** indicate
statistically significant differences from W at p,0.05 and p,0.01, respectively, in a Student’s t-test.
doi:10.1371/journal.pone.0005473.g004

PA and Promoter Binding
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of whether WSN or NT was used as a background, was the PA

subunit (Figure 2). Significantly, we could convincingly attribute

the increased activity of the H5N1 derived polymerase, compared

to the WSN (H1N1) or NT-derived (H3N2) polymerase, to

increased binding to both a model vRNA and a cRNA promoter

(Figure 3).

Figure 5. RNP reconstitution assays in chicken DF1 cells and human 293T cells. mRNA, cRNA and vRNA levels were measured by
primer extension. (A) RNA levels of RNP derived from WSN (W), HK (H), or from the (PA-H) hybrid of WSN, or from 2 hybrids (PA-W/H or PA-H/W)
containing the PA chimeras, were compared in DF1 cells. (B) RNA levels of RNP derived from WSN (W) and HK (H) were compared in human 293T cells.
(C) RNA levels of RNP derived from PA-H, PA-W/H and PA-H/W were compared in 293T cells. (D) RNA levels of RNP derived from WSN (W) and Fujian
(F) in DF1 cells. (E) RNA levels of RNP derived from WSN (W) and Fujian (F) in 293T cells. In all experiments, activities are expressed as a % relative to
the wild-type WSN (W) from 3 independent experiments. Black, white and oblique lined columns show steady-state levels of mRNA, cRNA and vRNA,
respectively. * and ** show statistically significant differences from wild-type WSN (W) at p,0.05 and p,0.01 in a Student’s t-test. WSN NP was used
for WSN and HK strains, and FJ NP was used for the FJ strain.
doi:10.1371/journal.pone.0005473.g005

PA and Promoter Binding
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The effect of the PB2 subunit, which had different amino-acids

at position 627 and varied in sequence by 4% between the HK

and VN strains, was apparently strain-specific, i.e. different results

were obtained with the HK and VT PB2 subunits (Figure 2 and 3).

Surprisingly, the HK PB2 seemed to promote activity more than

the VT PB2, even although the VT strain has the PB2 627K

residue characteristic of human-adapted strains, whereas HK has

an E residue at this position characteristic of avian viruses. Our

results may reflect the unusually active replication activity of this

HK strain (see below). Further studies, however, are needed to

confirm the different properties of the PB2 subunit of the HK and

VN strains in our experiments, because the results might simply be

a reflection of the different background strains (WSN or NT) used

in the hybrids (Figure 2).

We subsequently focused on the PA subunit of HK because its

polymerase was the more active of the 2 H5N1 strains studied.

Analysis of chimeras between the N and C-terminal regions of the

PA subunit of the HK and WSN strains suggested that the N-

terminal region of the PA of the HK stain was the main

determinant of the increased activity in vitro (Figure 4). Interest-

ingly, it has been shown recently that the N-terminal region of the

PA subunit (1–197 a.a.) has an endonuclease active site [13]. This

observation is consistent with the involvement of the N-terminal

region of PA in promoter binding, as demonstrated here. There

was, however, a smaller effect with the chimera containing the C-

terminal region of the HK H5N1 strain suggesting that the C-

terminal region of PA may also be involved in increasing

polymerase activity, but to a more limited extent. Subsequent

attempts to characterize which amino acid(s) in the N-terminal

region of the PA subunit of the H5N1 strains were responsible for

the increased polymerase activity were inconclusive. We found

that P28, R57 and S65 - all 3 amino acids characteristic of the PA

subunit of both HK and VN, when introduced into the PA subunit

of WSN, increased ApG-primed transcription activity in vitro, but

this stimulation was not confirmed in other in vitro assays, e.g.

globin-primed transcription, ApG synthesis (results not shown).

Because S65 of the HK PA subunit encompassed a potential CKII

phosphorylation site [52] we also tested for phosphorylation of HK

PA, after in-gel trypsin digestion, by LC-MS/MS mass spectrom-

etry. Only the non-phosphorylated peptide, GESIIVESGDP-

NALLK, was detected suggesting that phosphorylation had not

occurred at this position 65 (underlined).

In order to test the effect of the PA subunit of the HK (H5N1)

strain in vivo, the activity of the RNA polymerase of HK was

studied in RNP reconstitution assays in both human 293T cells

and avian DF1 cells. A reduced activity of the HK polymerase,

which has a PB2 subunit with 627E, compared to WSN

polymerase, which has a PB2 subunit with 627K, in 293T cells

was initially expected. This expectation was based on the fact that

the HK polymerase is essentially an avian isolate and would be

expected to show host-restriction in human cells [41]. However,

recent studies [49] on the same, HK polymerase show that it

retains significant replication activity in 293T cells irrespective of

whether PB2 at position 627 is E (avian-like) or K (human-like)

residue. This suggested that the reduced activity of the HK RNP,

when compared with WSN, in 293T cells (Figure 5B) is not caused

by the 627E residue in PB2. Nevertheless, our results (Figure 5A)

showed that the HK strain failed to significantly enhance

polymerase activity in DF1 cells (although there was a slight

increase in the mean value), as might have been expected from the

increased promoter binding in vitro (Figure 3).

Further insight into the properties of the PA subunit of HK was

obtained by studying the effects of a hybrid (PA-H) of the PA

subunit of HK with the PB1 and PB2 subunits derived from WSN

in RNP reconstitution assays. In both DF1 and 293T cells, activity

of this hybrid was significantly reduced (Figure 5A and C).

Confirming this and providing further information, we found that

chimeras between the N-terminal region of the PA subunit of HK

with the C-terminal region derived from WSN (PA-H/W) also

markedly inhibited replication in both DF1 and 293T cells

(Figure 5A and C). Consistent with this finding, no inhibition was

observed with the reciprocal chimera (PA-W/H). This strongly

suggested that the N-terminal region of the PA of HK mediated

the reduction in RNP activity.

Although the N-terminal region of the PA of HK clearly

influences polymerase activity both in vitro and in vivo, the

question arises how this region stimulated polymerase activity in

vitro (Figures 1–4) yet inhibited activity in the particular in vivo

assays (Figure 5) used here? Binding of the influenza RNA

polymerase to the proposed promoter corkscrew structure, formed

by the 59 and 39 ends of all influenza RNA segments, is an initial

step obligatorily required for polymerase activity whether this

occurs in vitro or in vivo. Promoters thus define the site of

initiation, yet the polymerase must release (promoter clearance)

from the promoter because the promoter itself is transcribed.

Subsequently the initial transcript is elongated to form short

transcripts in the case of the in vitro assays (Figures 1–4) or longer

transcripts similar to those produced in vivo in our RNP

reconstitution assay (Figure 5). Differences between the in vivo

and in vitro assays suggest a possible explanation for the different

results obtained. The in vivo assay uses polymerase reconstituted

as RNP and requires promoter binding followed by promoter

clearance to allow initiation of transcription/replication and

efficient synthesis of long RNA transcripts, without polymerase

‘‘stalling’’ (or polymerase release) from the template causing

abortive transcripts. By contrast, the in vitro assays use free

polymerase and promoter binding and only very limited promoter

clearance, since only between 1 and 14 nucleotides are synthesized

in the various assays used here (see Materials and Methods). It

follows that a promoter that binds the polymerase efficiently in

vitro, might not necessarily enhance transcription and replication

in vivo, because promoter clearance might be impaired. In vivo, a

strong promoter could result in excessive ‘pausing’ of transcription

and replication leading to abortive initiation. Lower levels of

influenza-specific transcripts would then accumulate.

Another potential reason for differences between the in vivo and

in vitro assays is that non-viral, host factors, such as Pol II, MCM

and hCLE - all factors proposed to interact with the influenza

polymerase, might influence replication of ribonucleoprotein of

HK and WSN to different extents in vivo, whereas these factors

would be expected to be absent in the in vitro polymerase

preparations [53–55]. Finally, the 293T and DF1 cells used here,

might not reflect the properties of the virus during infection of the

respiratory tract in humans. Thus, tissue-specific host factors,

differing between normal cells (e.g. lung alveolar epithelia) of the

respiratory tract and the 293T and DF1 cells used here, might

significantly alter viral transcription and/or replication.

It might be argued that the differences observed here between the

in vitro results and the in vivo results are not representative of H5N1

strains in general. However we have found that recombinant

polymerase derived from an H5N1 duck strain (A/duck/Fujian/

01/02) showed similar enhanced activity in vitro in the 4 different

assays reported in Figure 1 (results not shown). Moreover in RNP

reconstitution experiments in DF1 and 293T cells in vivo, this

authentic avian strain has similar properties to the human-derived

HK strain studied in detail here (see Figure 5D and E). Thus it is

likely that our results - emphasizing the role of the N-terminal region

of PA, are representative of H5N1 strains in general.
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It is known that the passage history of A/HongKong/156/97

virus influences its virulence in mice [56]. A/HongKong/156/97

virus, used as a source of RNA for cloning here, had been passaged

in eggs - a procedure known to attenuate virulence, so it is

conceivable that the PB1, PB2 and PA clones isolated here derived

from attenuated viruses. However, a comparison of the sequences of

our PB1, PB2 and PA clones showed an imperfect correlation with

mutations correlating with attenuation [56]. Thus PA had the

amino acid (gly) at residue 631 correlating with the high pathogenic

sequence. PB2 had the amino acid (asp) at residue 701 characteristic

of the less pathogenic form. PB1 had 2 mutations (at amino-acids

residues 17 (ala) and 456 (tyr) characteristic of the less pathogenic

form) but a third at residue 711 (ser) was characteristic of the high

pathogenic form. Given that the correlation of nucleotide mutations

in the polymerase genes with pathogenicity was not investigated in

detail [56], it is premature to conclude that the results reported here

were influenced by passage history of the virus, although this still

remains a possibility.

Thus we speculate that the N-terminal domain of the PA subunit of

the HK strain identified here will have a role in virulence of H5N1

viruses, although this hypothesis would have to be directly tested by

constructing recombinant viruses by reverse genetics and testing such

viruses in mouse or ferret animal models. Although the importance of

PB2 in virulence is not in doubt [40–41], it is becoming increasingly

clear that virulence is multigenic and the role of PA cannot be

ignored. Thus, recently, amino acid 515 of PA has been implicated in

the virulence of an avian H5N1 strain in ducks [43]. The PA subunit

was also proposed to act synergistically with the PB2 subunit in

regulating activity of the A/Hong Kong/156/97 RNP complex in

human cells in culture [49]. Moreover an interaction between PB2

and PA was proposed based on early studies of genetic suppression in

temperature-sensitive, influenza vaccines [57].

In summary, a major aim of this study was to extend previous

work showing that the N-terminal region of PA in influenza A/

WSN/33 was multifunctional, and was involved in endonuclease

activity, cap binding and promoter binding [6,22–23], to H5N1

viruses. Here we have extended the previous studies of the PA

subunit of the RNA polymerase of influenza A/WSN/33 (H1N1)

to 2 more recently isolated strains, A/HongKong/156/97 (H5N1)

and A/Vietnam/1194/04 (H5N1), and have shown that both

these H5N1 strains possess dramatically higher polymerase activity

in vitro, as a result of enhanced promoter binding, than those of

the classical human strains (H1N1 and H3N2) tested. This

enhanced activity, in the case A/HongKong/156/97, was shown

to be mainly a function of the N-terminal region of the PA subunit.

Overall, our data confirmed the importance of the PA subunit of 2

recent H5N1 strains in influencing promoter binding of the RNA

polymerase. Potentially this enhanced promoter binding may be a

factor in the virulence of H5N1 viruses, although this hypothesis

remains to be tested in animal models.

Materials and Methods

Strains
RNA or cDNA clones isolated from the following influenza

strains were used: A/HongKong/156/97 (H5N1), A/Vietnam/

1194/04 (H5N1), A/duck/Fujian/01/02, A/WSN/33(H1N1) and

A/NT/60/68 (H3N2). Position 627 of the PB2 subunit in A/

HongKong/156/97 and A/duck/Fujian/01/02 is glutamic acid

(E); the PB2 subunits of the other strains have a lysine (K) at 627.

Plasmids
PB1, PB2, PA and NP-expressing plasmids of influenza virus A/

WSN/33 (H1N1) pcDNA-PB1, pcDNA-PB2, pcDNA-PA,

pcDNA NP, pcDNA-PB2-TAP and pcDNA-PA-TAP) have been

described [17,47,58]. Full-length A/NT/60/68 (H3N2) PB1, PB2

and PA sequences were PCR amplified from the pBR322 clones,

A/NT/60/68/2/62, A/NT/60/68/1 and A/NT/60/68/3/11

[accession numbers: J02138 (PB1), J02139 (PA) and J02140 (PB2)]

[59–61] and inserted into pcDNA3A [45] using KpnI and NotI

restriction sites generating pcDNA/60/PB1, pcDNA/60/PA,

pcDNA/60/PB2, pcDNA/60/PA-TAP and pcDNA/60/PB2-

TAP expression vectors. To construct expression vectors for A/

duck/Fujian/01/02 PB1, PB2 and PA and NP [accession

numbers: AY585483 (PB1), AY585504 (PB2) and AY5854625

(PA) and AY585420 (NP)] [62], full-length sequences were PCR

amplified from pBD clones [63]. PB1, PA and NP PCR products

were inserted into pcDNA3A using KpnI and NotI restriction sites

generating pcDNA-FJ/01/02-PB1, pcDNA-FJ/01/02-PA and

pcDNA-FJ/01/02-NP. PB2 was inserted into pcDNA3A and

pcDNA-PB2-TAP using HindIII and NotI restriction sites

generating pcDNA-FJ/01/02-PB2 and pcDNA-FJ/01/02-PB2-

TAP, respectively.

To construct PB1, PB2 and PA expression vectors of A/

HongKong/156/97(H5N1) [accession numbers: AF036362 (PB1),

AF046095 (PA) and AF046093 (PB2)] [32,49] and A/Vietnam/

1194/04(H5N1) [accession numbers: AY651664 (PB1), AY651610

(PA) and AY651718 (PB2)] [64], RT-PCR was performed with

Superscript II reverse transcriptase (Invitrogen) and Fusion

polymerase (Stratagene) with RNA isolated from virus grown in

embryonated chicken eggs. PCR fragments were inserted into

pCR2.1-TOPO (Invitrogen) by TA cloning, and the coding region

subcloned into pcDNA3A using KpnI and NotI sites, generating

pcDNA/156/PB1, pcDNA/156/PA, pcDNA/156/PB2,

pcDNA/156/PA-TAP, pcDNA/156/PB2-TAP, pcDNA/1194/

PB1, pcDNA/1194/PA, pcDNA/1194/PB2, pcDNA/1194/PA-

TAP and pcDNA/1194/PB2-TAP.

The A/Hong Kong/156/97 PB1 cDNA cloned here has 4

mutations at the following nucleotide positions (counting from the A

of the initiator ATG as nucleotide 1) compared to the sequence of

AF036362 (i) 318, GRA (ii) 355, ARG (iii) 1828, GRT (iv) 2276,

ARG, causing 2 coding changes at amino acid residues 119,

MetRVal and 610, GlyRCys. PB2 and PA nucleotide and amino

acid sequences of A/Hong Kong/156/97 were identical to the

databases AF046093 (PB2) and AF046095 (PA). A/Vietnam/1194/

04 PB2 cDNA cloned here also two coding changes (H60D and

K189E) compared to the sequence of AY651718. The pPOLI-vNA

plasmid has been described previously [17]. The PRC425.vNA

plasmid was created by subcloning the EcoRI and BpuAI fragment

of the A/WSN/33 NA gene of pPOLI NA into pPRC425 [48]. The

plasmid contains part of the sequence of the NA gene under the

control of a chicken Pol I promoter. To construct PA chimera

plasmids, the N-terminal half or the C-terminal half of WSN PA was

amplified by PCR and inserted into pcDNA/156/PA at KpnI and

BamHI sites, or BamHI and NotI sites, generating pcDNA/WH/

PA and pcDNA/HW/PA, respectively. Point mutations in the

WSN PA gene were made by site directed mutagenesis [6,17,23]

and were confirmed by full sequencing of the gene. Primer

sequences are available upon request.

Preparation of partially purified TAP-tagged polymerase
293T cells were transfected with the expression vectors

containing PB1, PB2-TAP and PA subunit of each strain. Crude

cell lysates were harvested 40 hours post-transfection and the

polymerase were partially purified by the tandem affinity

purification (TAP) method described previously [58]. The partially

purified polymerase was analyzed by 7.5% SDS-PAGE with silver
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staining (Invitrogen) and quantitatively adjusted to a standard

amount of polymerase [23].

In vitro transcription assay
The quantitatively adjusted (see above), partially purified poly-

merase was used in the ApG-primed and globin mRNA-primed

transcription assay as described previously [17]. Briefly, 1.5 ml of

TAP-purified polymerase was mixed with either 10 ng/ml globin

mRNA or 1 mM ApG as primer, 0.5 mM of the 59 strand of the

model vRNA promoter (59 AGUAGAAACAGGCC 39) (Dharma-

con), 0.5 mM of the 39 strand of the model vRNA (59 GGCCUG-

CUUUUGCU 39) (Dharmacon), 5 mM MgCl2, 1 mM DTT,

0.15 mM [a32P] GTP (3000 Ci/mmol, GE Healthcare), 1 mM

ATP, 0.5 mM CTP and 2 U RNase inhibitor (Promega) in a reaction

volume of 3 ml. After 60 min incubation at 30uC, transcription

products were analyzed by 16% polyacrylamide gel containing 7 M

urea in Tris-Borate-EDTA (TBE) buffer. Transcripts were detected

by autoradiography and quantitated by phosphorimaging.

In vitro replication assay
The dinucleotide initiation of replication assay was performed as

described previously [6,65–66], using adenosine instead of ATP.

Briefly, 1.5 ml of adjusted polymerase was mixed with 0.02 mM

[a32P] GTP (3000 Ci/mmol), 5 mM MgCl2, 1 mM DTT, 3 U

RNase inhibitor, 1 mM adenosine and 1.75 mM each of the 59 and

39 strands of a model vRNA or model cRNA promoter in a 3 ml

reaction volume. After 16 hours at 30uC, the ApG products were

analyzed by 25% PAGE in 6 M urea in TBE buffer. ApG was

detected by autoradiography and quantitated by phosphorimaging.

UV cross-linking
UV cross-linking to model vRNA and cRNA promoters was

performed as described previously [6,17,23]. Briefly, 2.5 ml of

quantitatively adjusted polymerase [23] in the presence of 0.25

pmol (50,000 dpm) [c32P]-labelled 39 end of the vRNA promoter

and 2 pmol of unlabelled 59 end of vRNA promoter in a 5 ml

reaction containing 10 mM HEPES (pH 7.5), 100 mM KCl, 2 mM

MgCl2, 0.5 mM EGTA, 1 mM DTT, 10% glycerol and 8 U RNase

inhibitor (Promega) was incubated at 30uC for 30 min. Reactions

were then UV irradiated (254 nm) and the cross-linked products

separated by 7.5% SDS-PAGE. Cross-linking was performed with

the model cRNA promoter by replacing the [a32P]-labelled 39 end

of the vRNA promoter with approximately 0.25 pmol (50,000 dpm)

[a32P]-labelled 39 end of the cRNA promoter (59 GGCCUU-

GUUUCUACU 39) (Dharmacon) and replacing the unlabelled 59

end of the vRNA promoter with 2 pmol of the unlabelled 59 end of

the cRNA promoter (59 AGCAAAAGCAGGCC 39) (Dharmacon).

The products were detected by autoradiography and quantitated by

phosphorimaging.

RNA isolation and primer extension assay
293T cells were transfected with expression vectors of PB1, PB2

and PA subunit of each strains (WSN, NT, HK and VN), pcDNA-

NP (WSN) and pPOLI-vNA (WSN). Subconfluent monolayers of

DF1 cells in DMEM medium supplemented with 10% FCS, in

60 mm dishes were transfected with Lipofectamine 2000 reagent

(Invitrogen) according to the manufacturer. Briefly, 2 mg each of

pcDNA-PB1, pcDNA-PB2, pcDNA-NP, pPRC425.vNA plasmids

and 2 mg of PA plasmid of each strains (WSN, HK or mutant)

were diluted with 150 ml OPTI-MEM (Invitrogen). This solution

was then mixed with 20 ml of Lipofectamine 2000 reagent

(Invitrogen) previously diluted in 100 ml OPTI-MEM. 24 h. later

total cell RNA was isolated using TRIzol reagent (Invitrogen).

RNA was then analyzed in a primer extension assay using three

primers-one for vRNA, one for mRNA and cRNA, one for 5S

rRNA as an internal control [6,17,23]. Transcripts were visualized

by 6% polyacrylamide gel containing 7 M urea in TBE buffer and

quantitated by autoradiography and phosphorimaging.
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14. Dias A, Bouvier D, Crépin T, McCarthy AA, Hart DJ, et al. (2009) The cap-

snatching endonuclease of influenza virus polymerase resides in the PA subunit.

Nature. In press.

15. Guilligay D, Tarendeau F, Resa-Infante P, Coloma R, Crepin T, et al. (2008)

The structural basis for cap binding by influenza virus polymerase subunit PB2.

Nat. Struct. Mol. Biol. 15: 500–506.

16. Tarendeau F, Boudet J, Guilligay D, Mas PJ, Bougault CM, et al. (2007)

Structure and nuclear import function of the C-terminal domain of influenza

virus polymerase PB2 subunit. Nat. Struct. Mol. Biol. 14: 229–233.

17. Fodor E, Crow M, Mingay LJ, Deng T, Sharps J, et al. (2002) A single amino

acid mutation in the PA subunit of the influenza virus RNA polymerase inhibits

endonucleolytic cleavage of capped RNAs. J. Virol. 76: 8989–9001.

18. Honda A, Mizumoto K, Ishihama A (2002) Minimum molecular architectures

for transcription and replication of the influenza virus. Proc. Natl. Acad. Sci.

USA 99: 13166–13171.

PA and Promoter Binding

PLoS ONE | www.plosone.org 10 May 2009 | Volume 4 | Issue 5 | e5473



19. Biswas SK, Nayak DP (1994) Mutational analysis of the conserved motifs of

influenza A virus polymerase basic protein 1. J. Virol. 68: 1819–1826.
20. Li ML, Rao P, Krug RM (2001) The active sites of the influenza cap-dependent

endonuclease are on different polymerase subunits. EMBO J. 20: 2078–2086.

21. Fechter P, Mingay L, Sharps J, Chambers A, Fodor E, et al. (2003) Two
aromatic residues in the PB2 subunit of influenza A RNA polymerase are crucial

for cap binding. J. Biol. Chem. 278: 20381–20388.
22. Lee MT, Bishop K, Medcalf L, Elton D, Digard P, et al. (2002) Definition of the

minimal viral components required for the initiation of unprimed RNA synthesis

by influenza virus RNA polymerase. Nucleic Acids Res. 30: 429–438.
23. Maier HJ, Kashiwagi T, Hara K, Brownlee GG (2008) Differential role of the

influenza A virus polymerase PA subunit for vRNA and cRNA promoter
binding. Virology 370: 194–204.

24. Hara K, Shiota M, Kido H, Ohtsu Y, Kashiwagi T, et al. (2001) Influenza virus
RNA polymerase PA subunit is a novel serine protease with Ser624 at the active

site. Genes Cells 6: 87–97.

25. Perales B, Sanz-Ezquerro JJ, Gastaminza P, Ortega J, Santaren JF, et al. (2000)
The replication activity of influenza virus polymerase is linked to the capacity of

the PA subunit to induce proteolysis. J. Virol. 74: 1307–1312.
26. Rodriguez A, Perez-Gonzalez A, Nieto A (2007) Influenza virus infection causes

specific degradation of the largest subunit of cellular RNA polymerase II. J.

Virol. 81: 5315–5324.
27. De BK, Brownlee GG, Kendal AP, Shaw MW (1988) Complete sequence of a

cDNA clone of the hemagglutinin gene of influenza A/Chicken/Scotland/59
(H5N1) virus: comparison with contemporary North American and European

strains. Nucleic Acids Res. 16: 4181–4182.
28. Wood GW, McCauley JW, Bashiruddin JB, Alexander DJ (1993) Deduced

amino acid sequences at the haemagglutinin cleavage site of avian influenza A

viruses of H5 and H7 subtypes. Arch. Virol. 130: 209–217.
29. Xu X, Subbarao EK, Cox NJ, Guo Y (1999) Genetic characterization of the

pathogenic influenza A/Goose/Guangdong/1/96 (H5N1) virus: similarity of its
hemagglutinin gene to those of H5N1 viruses from the 1997 outbreaks in Hong

Kong. Virology 261: 15–19.

30. Claas EC, de Jong JC, van Beek R, Rimmelzwaan GF, Osterhaus AD (1998)
Human influenza virus A/HongKong/156/97 (H5N1) infection. Vaccine 16:

977–978.
31. Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan GF, et al.

(1998) Human influenza A H5N1 virus related to a highly pathogenic avian
influenza virus. Lancet 351: 472–477.

32. Shortridge KF, Zhou NN, Guan Y, Gao P, Ito T, et al. (1998) Characterization

of avian H5N1 influenza viruses from poultry in Hong Kong. Virology 252:
331–342.

33. Suarez DL, Perdue ML, Cox N, Rowe T, Bender C, et al. (1998) Comparisons
of highly virulent H5N1 influenza A viruses isolated from humans and chickens

from Hong Kong. J. Virol. 72: 6678–6688.

34. Abdel-Ghafar AN, Chotpitayasunondh T, Gao Z, Hayden FG, Nguyen DH, et
al. (2008) Update on avian influenza A (H5N1) virus infection in humans. N.

Engl. J. Med. 358: 261–273.
35. Li Y, Lin Z, Shi J, Qi Q, Deng G, et al. (2006) Detection of Hong Kong 97-like

H5N1 influenza viruses from eggs of Vietnamese waterfowl. Arch. Virol. 151:
1615–1624.

36. Webster RG, Guan Y, Peiris M, Walker D, Krauss S, et al. (2002)

Characterization of H5N1 influenza viruses that continue to circulate in geese
in southeastern China. J. Virol. 76: 118–126.

37. Neumann G, Shinya K, Kawaoka Y (2007) Molecular pathogenesis of H5N1
influenza virus infections. Antivir. Ther. 12: 617–626.

38. Ito T, Suzuki Y, Suzuki T, Takada A, Horimoto T, et al. (2000) Recognition of

N-glycolylneuraminic acid linked to galactose by the alpha 2,3 linkage is
associated with intestinal replication of influenza A virus in ducks. J. Virol. 74:

9300–9305.
39. Vines A, Wells K, Matrosovich M, Castrucci MR, Ito T, et al. (1998) The role of

influenza A virus hemagglutinin residues 226 and 228 in receptor specificity and

host range restriction. J. Virol. 72: 7626–7631.
40. Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for high

virulence of Hong Kong H5N1 influenza A viruses. Science 293: 1840–1842.
41. Subbarao EK, London W, Murphy BR (1993) A single amino acid in the PB2

gene of influenza A virus is a determinant of host range. J. Virol. 67: 1761–1764.
42. Uyeki TM (2008) Global epidemiology of human infections with highly

pathogenic avian influenza A (H5N1) viruses. Respirology 13 Suppl 1: S2–9.

43. Hulse-Post DJ, Franks J, Boyd K, Salomon R, Hoffmann E, et al. (2007)
Molecular changes in the polymerase genes (PA and PB1) associated with high

pathogenicity of H5N1 influenza virus in mallard ducks. J. Virol. 81: 8515–8524.

44. Wasilenko JL, Lee CW, Sarmento L, Spackman E, Kapczynski DR, et al. (2008)

NP, PB1, and PB2 viral genes contribute to altered replication of H5N1 avian

influenza viruses in chickens. J. Virol. 82: 4544–4553.

45. Brownlee GG, Sharps JL (2002) The RNA polymerase of influenza a virus is

stabilized by interaction with its viral RNA promoter. J. Virol. 76: 7103–7113.

46. Fodor E, Mingay LJ, Crow M, Deng T, Brownlee GG (2003) A single amino

acid mutation in the PA subunit of the influenza virus RNA polymerase

promotes the generation of defective interfering RNAs. J. Virol. 77: 5017–5020.

47. Fodor E, Smith M (2004) The PA subunit is required for efficient nuclear

accumulation of the PB1 subunit of the influenza A virus RNA polymerase

complex. J. Virol. 78: 9144–9153.

48. Massin P, Rodrigues P, Marasescu M, van der Werf S, Naffakh N (2005)

Cloning of the chicken RNA polymerase I promoter and use for reverse genetics

of influenza A viruses in avian cells. J. Virol. 79: 13811–13816.

49. Labadie K, Dos Santos Afonso E, Rameix-Welti MA, van der Werf S, Naffakh N

(2007) Host-range determinants on the PB2 protein of influenza A viruses

control the interaction between the viral polymerase and nucleoprotein in

human cells. Virology 362: 271–282.

50. Subbarao EK, Klimov A, Katz J, Regnery H, Lim W, et al. (1998)

Characterization of an avian influenza A (H5N1) virus isolated from a child

with a fatal respiratory illness. Science 279: 393–396.

51. Tran TH, Nguyen TL, Nguyen TD, Luong TS, Pham PM, et al. (2004) Avian

influenza A (H5N1) in 10 patients in Vietnam. N. Engl. J. Med. 350: 1179–1188.

52. Blom N, Gammeltoft S, Brunak S (1999) Sequence and structure-based

prediction of eukaryotic protein phosphorylation sites. J. Mol. Biol. 294:

1351–1362.

53. Chan AY, Vreede FT, Smith M, Engelhardt OG, Fodor E (2006) Influenza virus

inhibits RNA polymerase II elongation. Virology 351: 210–217.

54. Huarte M, Sanz-Ezquerro JJ, Roncal F, Ortin J, Nieto A (2001) PA subunit from

influenza virus polymerase complex interacts with a cellular protein with

homology to a family of transcriptional activators. J. Virol. 75: 8597–8604.

55. Kawaguchi A, Nagata K (2007) De novo replication of the influenza virus RNA

genome is regulated by DNA replicative helicase, MCM. EMBO J. 26:

4566–4575.

56. Hiromoto Y, Saito T, Lindstrom S, Nerome K (2000) Characterization of low

virulent strains of highly pathogenic A/Hong Kong/156/97 (H5N1) virus in

mice after passage in embryonated hens’ eggs. Virology 272: 429–437.

57. Treanor J, Perkins M, Battaglia R, Murphy BR (1994) Evaluation of the genetic

stability of the temperature-sensitive PB2 gene mutation of the influenza A/Ann

Arbor/6/60 cold-adapted vaccine virus. J. Virol. 68: 7684–7688.

58. Deng T, Sharps J, Fodor E, Brownlee GG (2005) In vitro assembly of PB2 with a

PB1-PA dimer supports a new model of assembly of influenza A virus

polymerase subunits into a functional trimeric complex. J. Virol. 79: 8669–8674.

59. Bishop DH, Huddleston JA, Brownlee GG (1982) The complete sequence of

RNA segment 2 of influenza A/NT/60/68 P1 protein. Nucleic Acids Res. 10:

1335–1343.

60. Bishop DH, Jones KL, Huddleston JA, Brownlee GG (1982) Influenza A virus

evolution: complete sequences of influenza A/NT/60/68 RNA segment 3 and

its predicted acidic P polypeptide compared with those of influenza A/PR/8/34.

Virology 120: 481–489.

61. Jones KL, Huddleston JA, Brownlee GG (1983) The sequence of RNA segment

1 of influenza virus A/NT/60/68 and its comparison with the corresponding

segment of strains A/PR/8/34 and A/WSN/33. Nucleic Acids Res. 11:

1555–1566.

62. Chen H, Deng G, Li Z, Tian G, Li Y, et al. (2004) The evolution of H5N1

influenza viruses in ducks in southern China. Proc. Natl. Acad. Sci. U.S.A. 101:

10452–10457.

63. Fan S, Deng G, Song J, Tian G, Suo Y, et al. (2009) Two amino acid residues in

the matrix protein M1 contribute to the virulence difference of H5N1 avian

influenza viruses in mice. Virology 384: 28–32.

64. Li KS, Guan Y, Wang J, Smith GJ, Xu KM, et al. (2004) Genesis of a highly

pathogenic and potentially pandemic H5N1 influenza virus in eastern Asia.

Nature 430: 209–213.

65. Deng T, Sharps JL, Brownlee GG (2006) Role of the influenza virus

heterotrimeric RNA polymerase complex in the initiation of replication. J.

Gen. Virol. 87: 3373–3377.

66. Deng T, Vreede FT, Brownlee GG (2006) Different de novo initiation strategies

are used by influenza virus RNA polymerase on its cRNA and viral RNA

promoters during viral RNA replication. J. Virol. 80: 2337–2348.

PA and Promoter Binding

PLoS ONE | www.plosone.org 11 May 2009 | Volume 4 | Issue 5 | e5473


