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Influenza virus polymerase complex is a heterotrimer consisting of polymerase basic protein 1 (PB1),
polymerase basic protein 2 (PB2), and polymerase acidic protein (PA). Of these, only PB1, which has been
implicated in RNA chain elongation, possesses the four conserved motifs (motifs I, II, III, and IV) and the four
invariant amino acids (one in each motif) found among all viral RNA-dependent RNA or RNA-dependent DNA
polymerases. We have modified an assay system developed by Huang et al. (T.-J. Huang, P. Palese, and M.
Krystal, J. Virol. 64:5669-5673, 1990) to reconstitute the functional polymerase activity in vivo. Using this
assay, we have examined the requirement of each of these motifs of PB1 in polymerase activity. We find that
each of these invariant amino acids is critical for PB1 activity and that mutation in any one of these residues
renders the protein nonfunctional. We also find that in motif III, which contains the SSDD sequence, the
signature sequence of influenza virus RNA polymerase, SDD is essentially invariant and cannot accommodate
sequences found in other RNA viral polymerases. However, conserved changes in the flanking sequences of
SDD can be partially tolerated. These results provide the experimental evidence that influenza virus PB1
possesses a similar polymerase module as has been proposed for other RNA viruses and that the core SDD
sequence of influenza virus PB1 represents a sequence variant of the GDN in negative-stranded nonsegmented
RNA viruses, GDD in positive-stranded RNA virus and double-stranded RNA viruses, or MDD in retroviruses.

Influenza viruses carry an RNA-dependent RNA poly-
merase, also known as transcriptase or replicase. The viral
polymerase, which is a heterocomplex (3P), consists of three
proteins, polymerase basic protein 1 (PBI), polymerase basic
protein 2 (PB2), and polymerase acidic protein (PA), present
in a 1:1:1 ratio. By using an in vitro transcription system that
involves ribonucleoprotein (RNP)-polymerase complex iso-
lated from either virus or virus-infected cells, much informa-
tion has been obtained about the mechanism of the transcrip-
tion reaction, including primer involvement, transcription
initiation, and chain elongation (4, 6, 8, 23). However, this in
vitro system has limitations since the specific role of individual
components cannot be dissected at the molecular level. Data
from biochemical as well as genetic studies involving temper-
ature-sensitive mutants have implied that PB2 is involved in
the initiation of transcription, including primer recognition
and, possibly, cap cleavage, whereas PB1 is involved in mRNA
chain elongation (23, 45, 46). However, as yet no specific
function of PA in mRNA transcription has been demonstrated
(23, 24). These studies have also shown that nucleoprotein
(NP) is required for full-length synthesis of plus-strand RNA
and subsequent synthesis of minus-strand genomic RNA (4, 5,
40). However, with this in vitro transcription-replication sys-
tem it has not yet been possible to determine the structure of
the polymerase complex or function of the domains of individ-
ual polymerase proteins or their role in regulating the switch
from transcription (mRNA) to replication (cRNA) or from
cRNA synthesis to vRNA synthesis. Over the years we have
been interested in defining the structure-function aspect of the
influenza virus polymerase proteins. Accordingly, we and
others have determined the primary structure of polymerase
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proteins from influenza virus types A, B, and C (21, 23, 41, 50).
Furthermore, we and others have shown that three polymerase
proteins form a heterocomplex in the absence of viral RNP (2,
23) and that they are transported into the cell nucleus (2), the
site of viral transcription and replication. We have also shown
that PB 1 and PB2 possess bipartite nuclear localization signals
(28, 30). However, the lack of a suitable system to reconstitute
the functional polymerase complex has hampered the detailed
structure-function analysis of individual components of the
polymerase complex (22, 44).

Recently, novel experimental approaches by reverse genetics
have been developed for the rescue of heterologous RNA into
infectious virus (9, 10, 26, 29). This system involves in vitro
reconstituted RNP with synthetic RNA containing NP and the
polymerase complex, which is transfected into cells infected by
a helper virus. This system has been successfully used to
introduce defined mutations into the viral genome and viral
proteins and to study their role in viral pathogenesis (9, 10, 29).
Similarly, by using either a reporter gene activity in transfected
cells or a synthetic template in an in vitro transcription system,
it has also been possible to perform detailed mutational
analysis of the viral promoter including the requirements for
cis-acting noncoding sequences of influenza virus RNA in
transcription-replication (31, 48, 49). Similar studies with the
hybrid NA gene (type A) containing the noncoding sequences
from influenza virus type B implied the requirement of homol-
ogous cis-acting noncoding sequences for efficient transcrip-
tion-replication by type A virus polymerase (14, 29). Recently,
Huang et al. (17) have extended this system by using the
vaccinia virus expression system and have demonstrated that
only three polymerase proteins (PBI, PB2, and PA) and NP
can perform the transcription-replication of a reporter gene
containing the promoter sequence of influenza virus RNA in
vivo, thus making it possible to study the function of individual
polymerase proteins. In another negative-strand RNA virus
system (vesicular stomatitis virus), similar vaccinia virus-ex-
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pressed proteins have been used to study the transcription-
replication as well as encapsidation and budding of the viral
nucleocapsids (32, 33).
Of the three polymerase proteins, PBI has been implicated

in catalytic activity including nucleotide polymerization and
chain elongation (8, 23). Comparative sequence analysis has
demonstrated that PBI possesses four conserved motifs that
are present among all viral RNA-dependent RNA polymerases
and RNA-dependent DNA polymerases (38). In the work
reported in this paper we have modified the protocol used by
Huang et al. (17) to reconstitute the function of the influenza
virus type A polymerase complex in vivo. Using this system we
have performed mutational analyses of each of the four
conserved motifs of PBI to define their role in polymerase
activity. Our data demonstrate that all the conserved motifs in
PB1 play critical roles in influenza virus RNA transcription-
replication.

MATERIALS AND METHODS

Viruses and cells. Influenza A/PR/8/34 and A/WSN/33 vi-
ruses were grown in embryonated chicken eggs and MDCK
cells, respectively. Egg-grown influenza A/PR/8/34 virus was
concentrated by polyethylene glycol precipitation and purified
by gradient centrifugation (15). Viral RNP cores were pre-
pared from the whole virus as described by Parvin et al. (31).
Recombinant vaccinia viruses expressing PB1 (PB1-Vac), PB2
(PB2-Vac), PA (PA-Vac), NP (NP-Vac), and T7 RNA poly-
merase (VTF7.3) were obtained from Bernard Moss, National
Institute of Allergy and Infectious Diseases, Bethesda, Md.
(43). Stocks of recombinant vaccinia viruses were propagated
in HeLa cells, and infectivity titers were determined by plaque
assay on CVI cells.

Plasmids and site-directed mutagenesis of the PB1 gene.
Plasmid pGEM PBI was constructed by cloning the entire PB1
cDNA of A/WSN/33 (30) into the HindIll site of pGEM4
(Promega Inc., Madison, Wis.) under T7 RNA polymerase
promoter control. The conserved I, II, and IV motifs were
mutated by site-directed mutagenesis (Amersham, Arlington
Heights, Ill.). Mutations in the conserved motif III (DD motif)
were introduced by PCR. PBI cDNA between the AccI site (nt
778) and the EcoRI site (nt 1495) was used as the template for
PCR amplification with different oligonucleotide primers span-
ning the BsmI site (nt 1377) site at one end but the same
oligonucleotide primer spanning the PstI site (nt 1130) site at
the other end. The PCR product was double digested with
BsmI and PstI, and the 247-bp DNA fragment was ligated into
pGEM PBI, digested with BsmI and PstI, by three-way liga-
tion. Therefore all wild-type or mutated PBI cDNAs were
under the control of the T7 promoter in pGEM 4. Individual
pGEM PB1 clones containing different mutant PB1 sequences
were identified by sequencing the entire PCR-amplified DNA
(247 nt) to ensure that additional mutations were not intro-
duced by amplification. All plasmids were isolated through a
column for transfection (Qiagen Inc., Chatsworth, Calif.). The
plasmid IVACATI, which directs an NS-like transcript con-
taining the chloramphenicol acetyltransferase (CAT) gene
(26), was kindly provided by P. Palese, Mt. Sinai School of
Medicine, New York, N.Y.
RNP complex formation and transfection. Plasmid IVA-

CATI was digested with HgaI, filled with Klenow enzyme, and
transcribed with T7 RNA polymerase to produce IVACATI
RNA containing the precise ends of the NS gene (26). The
RNP complex was made by the procedure of Luytjes et al. (26).
Briefly, CVI cells were infected at a multiplicity of infection
(MOI) of 5 for I h with each of the different recombinant

vaccinia viruses expressing PB2, PA, and NP proteins as well as
VTF7.3 expressing T7 RNA polymerase. Unadsorbed viruses
were removed by washing with phosphate-buffered saline
containing 0.01% Ca2+ and Mg2+ (PBS+), and vaccinia virus-
infected cells were transfected together with the mixture of
RNP complex (1 pLg of IVACATI RNA plus 2 Vig of RNP
polymerase complex) and pGEM PB1 DNA by the lipofectin-
mediated transfection method (11, 27). After incubation for 1
h at 37°C, fresh medium was added and cells were further
incubated for 16 h, at which time they were used for preparing
the lysate and for the CAT assay.
CAT assays. Cells were lysed and assayed for CAT activity

by a standard method as described by Gorman et al. (13). The
reaction mixture for the CAT assay contained 1 to 1.5 [L of
["4C]chloramphenicol (0.025 mCi/ml; Amersham), 10 I of
n-butyryl coenzyme A (5 mg/ml; Sigma Chemical Co., St.
Louis, Mo.), and 25 pg of cell lysate in a 125-pL final volume of
0.25 M Tris-HCl (pH 7.5). The incubation was done at 37°C for
4 h, which was in the linear range of the reaction. Finally, the
product was extracted with ethyl acetate and analyzed by
thin-layer chromatography for the acetyl form of ['4C]chlor-
amphenicol. Each assay was done at least from duplicate plates
and from two independent transfection experiments. The same
amount of cellular protein was used in all assays, and results of
all CAT assays were based on the linear range of acetylation
with substrate in excess. For quantification, spots of acetylated
forms were marked on the thin-layer chromatography plate
and the material on each spot was scraped and counted in a
scintillation counter. The percent activity was based on the
amount of the product obtained by using four recombinant
vaccinia viruses (each at an MOI of 5) as a positive control
(100%) in each experiment. All other conditions for infection
and assay were kept constant.

Radiolabeling, immunoprecipitation, and Western blotting
of the polymerase complex. For radiolabeling of proteins, cells
at 14 h posttransfection were washed in PBS+, incubated in
methionine-free medium for 1 h at 37°C, and labeled for 1 h in
1 ml of methionine-free medium containing 50 jiCi of Trans-
"S-label (ICN Biomedicals Inc., Irvine, Calif.) per ml. At the
end of labeling, the cell monolayer was washed twice in cold
PBS+, scraped into cold PBS+, and pelleted by centrifugation.
For immunoprecipitation of the polymerase complex, the cell
pellet was resuspended in RIPA buffer (10 mM Tris-HCl [pH
7.4], 2 mM EDTA, 100 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1%
aprotinin) and immunoprecipitated with monospecific anti-
PBI antibodies as described previously (2). The polymerase
complex was analyzed by SDS-polyacrylamide gel electro-
phoresis (PAGE) (8% polyacrylamide). For Western immuno-
blotting, the cell pellet was directly lysed in sample buffer by
boiling and protein samples were electrophoresed by SDS-
PAGE (8% polyacrylamide) transferred to and Nytran mem-
brane (Schleicher & Schuell Inc., Keene, N.H.). Polymerase
proteins were detected by standard procedures with monospe-
cific rabbit anti-PBI antibodies and alkaline phosphatase-
conjugated anti-rabbit immunoglobulin G (2).

RESULTS

In vivo reconstitution of influenza virus transcription-rep-
lication by component expression of the polymerase complex.
To define the functional domains of PB1 in transcription-
replication, we needed an assay system in which individual
components of the polymerase complex could be used to
reconstitute the functional polymerase complex. For this, we
modified the system described by Huang et al. (17). First, we
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CV1 cells

Infect with PB2-Vac, PA-Vac,
NP-Vac and VTF7.3 at m.o.i. 5 (each)

37 °C, 1 hour

Transfect with mixture of IVACAT1 RNA,
RNP-polymerase complex and pGEM PB1

DNA by lipofectin method

1 37°C, 16 hours

Assay CAT activity in the cell lysate
FIG. 1. Schematic representation of the protocol for analysis of

influenza virus RNA transcription-replication in cells expressing influ-
enza virus proteins. m.o.i., multiplicity of infection.
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confirmed that PB1, PB2, PA, and NP under the control of
vaccinia virus can efficiently transcribe and replicate the IVA-
CAT1 RNA as reported previously (17, 26). In our system, we
expressed PB2, PA, and NP through recombinant vaccinia
viruses but provided PB1 (wild type or mutated) expression via
a vaccinia virus-T7 RNA polymerase-based transfection system
(12). In this system, bacteriophage T7 RNA polymerase,
expressed in the cytoplasm of cells infected with a recombinant
vaccinia virus (VTF7.3), was used to transcribe the transfected
plasmid DNA which contained the PB1 gene under the control
of the T7 RNA polymerase promoter. The basic protocol for
analyzing the influenza virus RNA replication is outlined in
Fig. 1. Briefly, CV1 cells were infected with VTF7.3 along with
recombinant vaccinia viruses expressing PB2, PA, and NP
(each at an MOI of 5) and then transfected with a mixture of
IVACAT1 RNP and pGEM PB1 DNA (11, 27). The efficiency
of transcription-replication of the recombinant CAT RNA was
measured by analyzing the CAT activity present in the cell
lysate at 16 h posttransfection. In this system, CAT activity
measures the amount of CAT protein, which in turn depends
on the relative amount of CAT mRNA. The level of the CAT
mRNA is dependent on the function of the active influenza
virus polymerase complex since the influenza virus promoter
controls the transcription-replication of the CAT RNA. Initial
results demonstrated that CAT activity was present in cells in
which PB1 was expressed either via infection with a recombi-
nant vaccinia virus or by using a vaccinia virus T7-RNA
polymerase system (data not shown). In addition, omission of
CAT RNP or pGEM PB1 DNA abolished the CAT activity
completely, indicating that functional PB1 was necessary for
the transcription-replication of the synthetic influenza virus
RNA. We also found that under these conditions transfection
with 1 jig of RNA and 2 ,ug of RNP produced the maximum
level of CAT activity, as was reported before (26).
To optimize the T7 transfection system for CAT expression,

we examined the quantitative relationship between the amount
of CAT activity and the amount of the transfected pGEM PB1
DNA. Accordingly, CV1 cells were infected with PB2-Vac,
PA-Vac, NP-Vac, and VTF7.3 (each at an MOI of 5) and
subsequently transfected with various amounts of pGEM PB1
DNA mixed with the fixed amount of CAT RNP. The cells
were lysed at 16 h posttransfection and assayed for CAT
activity. For quantification, the amount of radioactive
[14C]chloramphenicol converted to acetylated forms was
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FIG. 2. Optimization of influenza virus RNA transcription-replica-
tion by PB1 transfection. CV1 cells in 60-mm plates were infected with
PB2-Vac, PA-Vac, NP-Vac, and VTF7.3 at an MOI of 5 (each) for 1
h and subsequently transfected with a mixture of 1 ,ug of IVACAT1
RNA, 2 jig of RNP-polymerase complex, and different amounts of
pGEM PB1 DNA as shown. Cells were incubated for 16 h, harvested,
and assayed for CAT activity as described in Materials and Methods.
The numbers under the lanes indicate the amount of transfected
pGEM PBI DNA. 4 REC indicates four recombinant vaccinia viruses
expressing PBI, PB2, PA, and NP, used as the positive control (100%).

counted and compared with the positive control by using all
four vaccinia viruses. The results showed that CAT activity
increased with increasing DNA concentrations and reached its
maximum at 7.5 ,ug of DNA, which was essentially same as the
positive control (Fig. 2). However, further increasing the
amount of plasmid DNA for transfection resulted in the
decrease of CAT activity. The reduced activity may be due to
the use of two components in the transfection system in which
both IVACAT1 RNA and pGEM PB1 DNA were transfected
together. This might have resulted in competitive inhibition of
RNA transfection at higher concentrations of DNA. Therefore
we used 7.5 p,g of DNA for transfection in all our experiments.

Sequence comparison of the conserved motifs of RNA-
dependent RNA polymerases. Comparison of the amino acid
sequences of the RNA-dependent DNA polymerases and
RNA-dependent RNA polymerases revealed four highly con-
served motifs conforming a large domain of 120 to 210 amino
acids (35). Each of these conserved motifs is present in all
retroviruses and in positive-strand RNA viruses, double-
stranded RNA viruses (including plant, yeast, and animal
viruses), and segmented and nonsegmented negative-strand
RNA viruses (Fig. 3). This domain possesses at least 4 invari-
ant amino acids (one in each motif) and 18 conservatively
maintained amino acids among the polymerase proteins of all
RNA viruses analyzed to date. This domain has been proposed
to constitute the polymerase module (3, 20, 35). In particular,
the invariant DD (or DN) sequence in motif III is flanked by
hydrophobic residues in all viruses and has been implicated in
metal binding, template recognition, and catalytic activity (3,
20). However, the functions of individual motifs have been
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FIG. 3. Sequence comparison of the four conserved motifs of PB1 of influenza A/WSN/33 (41), B/Lee/40 (21), and C/JJ/50 (50) viruses. The
relative positions of the conserved motifs of vesicular stomatitis virus (VSV) (34), Human immunodeficiency virus (HIV) (38), and polio virus (37)
are also shown. Invariant sequences in each motif are boxed.

studied experimentally with only a few viruses and not with
influenza virus.
Among three influenza virus polymerase proteins, only PBI,

which is implicated in RNA chain elongation (8), possesses all
four polymerase motifs including the four invariant amino
acids (Fig. 3). Sequence comparison among PB1 of influenza
A, B, and C viruses indicates that all four motifs are highly
conserved among all three types of influenza viruses and that
the observed changes are very rare and conservative in nature.
Since there is no information available regarding the structural
requirement of any influenza virus polymerase proteins, we
decided to examine the role of invariant amino acids in each of
the four motifs. In particular, we wanted to determine the role
of SDD in motif III, which is different from that present in
nonsegmented negative-strand RNA viruses (GDN), retrovi-
ruses (MDD), or positivc-strand RNA viruses (GDD). These
three amino acids are invariant within each group of viruses,
suggesting that they may provide similar functions.

Mutational analyses of PB1 sequences. All mutations were
done either by site-directed mutagenesis or by PCR amplifica-
tions as described in Materials and Methods. Since few exper-
imental data are available on the function of motifs I, II, and

Motif I Motif II

WildtDy_: T G D N E G T A S L S P G M

IV for any polymerase protein, we mutated the invariant
amino acids D-305 (motif I), G-406 (motif II) and K-481 (motif
IV) to 0, R, and 0, respectively, to determine whether these
motifs are functionally involved in replicase-transcriptase ac-
tivity (Fig. 4). In addition, another mutation, T-400-- adja-
cent to the invariant G residue in motif II was examined. All
mutant proteins were expressed in CVI cells by using the T7
RNA polymerase promoter in pGEM4 and VTF7.3 vaccinia
virus expressing T7 polymerase. The CAT activity was assayed
and quantified as described in Materials and Methods. Results
(Fig. 5) show that mutation of each invariant amino acid in
motifs I, II, and IV caused a drastic reduction in CAT activity,
ranging from 1 to 7% of the wild-type PB1 activity, supporting
the notion that these motifs and the invariant amino acids in
the motif are important in replicase-transcriptase activity of
PBI (Fig. 5). Clearly, many more mutations will be required to
delineate the function of each motif and of the individual
amino acids in the motif.

Motif III containing the SSDD sequence was studied more
extensively. All viral polymerases contain the central DD,
except in motif III of rhabdoviruses and paramyxoviruses,
which contains DN instead (35). In addition, there is consid-

Motif III
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Motif IV
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445DH
445DE
446DY
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FIG. 4. Single-amino-acid mutations in the conserved motifs of influenza A/WSN/33 virus PB1. 305D0 represents the D-305--*Q mutation, and
so on. All mutations are underlined in the text.

Inf A

Inf B

Inf C

VSV

maqII

298 I S F T I T G

298 I S M T V T G

300 F A V N I T G

599 V C L A N H I

D

D

D

D

maq III

J. VIROL.

om&4 IV



INFLUENZA VIRUS PBI PROTEIN 1823

*--------*~~~~~~~~~~~~~~~~~~~~~~~~~~~~1Y-*----- -* -------
o ) CJ)

O
1-

l
0 I J>a Z W )>a a X Wl ( 0 _ IK 0

0 o Cfen) c ) 0 0 0 0D~ IL ILJ XJ > > 0] IF C
a VI~oC~ CI IR 1) LO) CD CD CD 0) 0) LO'-It CD '-

o
o o

q
X X

LO LO 0 0 0 CD

FIG. 5. Transcriptase-replicase activity of mutant PB1s. CV1 cells in 60-mm plates were infected with PB2-Vac, PA-Vac, NP-Vac, and VTF7.3
as described in the legend to Fig. 2. At 1 h after infection, cells were transfected with a mixture of I ,ug of IVACAT1 RNA, 2 ,ug of RNP. and
7.5 pg of the wild-type or different mutated pGEM PBI DNA. At 16 h posttransfection, cells were lysed and assayed for CAT activity. The results
were quantified as described in Materials and Methods. The bar diagram represents the percent CAT activity, using the activity of the wild-typc
pGEM PB1 DNA as 100%. Each experiment was done in duplicate. The labels under the lanes indicate the names of the mutants.

erable sequence conservation around the DD sequence. We
therefore undertook two approaches for systematic mutational
analysis of this region: (i) we introduced either the conserved
or nonconserved amino acid changes in the flanking region of
DD motif; and (ii) we introduced mutations that altered the
PB1 sequence in such a way that it resembled the sequence of
other viral RNA-dependent RNA polymerases. In total, we
introduced 16 independent mutations in this motif (Fig. 4).
These mutations were introduced by PCR as described in
Materials and Methods, and their effects were analyzed by
assaying CAT activity. Results (Fig. 5) show that DD was
absolutely critical for influenza virus polymerase activity.
When either of these DD residues were changed, D-445-*H or
E, or D-446---Y, N, or E, the mutated PB1 became essentially
nonfunctional. It should be noted that in nonsegmented neg-
ative-strand RNA viruses, DD is replaced by DN but some
activity is retained when DN of the vesicular stomatitis virus L
protein is mutated to DD (42). When the S-444 was changed to
G, making the sequence GDD as is found in positive-strand
RNA viruses, polymerase activity was drastically reduced
(1.9%), suggesting that influenza virus PB1 cannot accommo-
date G in this position even though all plus-strand and
unsegmented negative-strand RNA viruses have a G in this
position. The next preceding residue, S-443, could be mutated
to A without affecting the activity whereas S-*I greatly
reduced the activity drastically.
When G-440 (5 amino acids upstream of the DD residues)

was mutated to either S or R, PB1 was inactive (-1% of the
wild-type activity), although some negative-strand RNA vi-
ruses (measles virus, tacaribe virus) possess S in this position
(35). Downstream of DD, mutation of F-447 to either Y or S
inactivated PB1, although positive-strand plant RNA viruses
(e.g., tobacco mosaic virus, brome mosaic virus) possess S in
this position (35). PB1 was inactive when L-449 was mutated to
R but partially active (15%) when it was changed to P. Finally,
when V-451 was changed to A, PB1 remained active but
V-451- -E rendered PBI inactive.
The phenotypic behavior caused by the mutation in PBI

residues could be due to a number of factors. Therefore we

wanted to determine whether the mutated protein was ex-
pressed and stable in CV1 cells. The steady-state level of the
proteins was examined by analyzing a fraction of the cell lysate
used for CAT assay by SDS-PAGE and Western blot analysis
with monospecific rabbit antibodies against PBI. The results
show that equivalent amounts of the wild-type and mutated
PB1 proteins were made in transfected cells (data not shown).
Two other factors are important in influenza virus polymerase
activity: (i) PBI must form a complex with PB2 and PA, and
(ii) PB1 should migrate into the nucleus, where transcription-
replication of the influenza virus RNP takes place. Previously,
we have shown that the bipartite nuclear localization sequence
of PB1 is present within residues 180 to 217 (30), whereas the
polymerase motifs are located between residues 298 and 485
(Fig. 3). Therefore mutations in the polymerase motif are
unlikely to affect the nuclear localization of PBI. Furthermore,
Western blot analysis of the nuclear extract showed that all
PB1 proteins are transported into the nucleus (data not
shown). To examine whether the polymerase complex forma-
tion was affected by the mutated PBl, cells expressing PA,
PB2, NP, and the mutated PB1 proteins were pulse-labeled for
1 h and immunoprecipitated with anti-PB1 or anti-PB2 anti-
bodies. As can be seen (Fig. 6), anti-PB I antibodies coprecipi-
tated PB2, indicating that polymerase complex formation did
take place with all mutated PBIs. Association of PA appears to
be less stable in the complex and often dissociates during
immunoprecipitation (2). These results show that both the
wild-type and mutated PB1 proteins were stable and formed a
complex with other polymerase proteins. Similar results were
obtained when immunoprecipitated with anti-PB2 antibody
(data not shown). A second, smaller PBl band was found in all
lanes (Fig. 6). A similar band was observed in influenza
virus-infected cells (1). The significance of the second band
remains unknown at present. Since mutated PBls were stable,
migrated to the nucleus, and formed complexes with PB2 and
PA, the phenotypic behavior of the mutants might be due to
the difference in either recognizing and binding the vRNA (or
vRNP) template or initiating and continuing the polymerase
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FIG. 6. Detection of polymerase protein complex by immunoprecipitation. HeLa cells were infected with PB2-Vac, PA-Vac, NP-Vac, and
VTF7.3 and subsequently transfected with the wild-type or mutated pGEM PB1 DNAs. The cells were labeled with Trans-35S-label (50 ,uCi/ml)
for 1 h, lysed, and immunoprecipitated with monospecific anti-PB1 antibodies in RIPA buffer (2). The immunoprecipitated proteins were analyzed
by SDS-8 PAGE (8% polyacrylamide). The positions of polymerase proteins (PB1 and PB2) are shown. In the third lane from the left (PB1), PB1
was expressed alone without any other influenza virus protein. In all other lanes, the wild-type (3P+NP) or mutant PB1 was coexpressed with PB2,
PA, and NP. 0, second band of PB1 (1).

reaction. Further experiments to define the effect of mutations
are in progress.

DISCUSSION

Genetic and biochemical studies strongly argue for the
involvement of three polymerase proteins (PB1, PB2, and PA)
in the transcription and replication of influenza virus RNA
(23). However, the lack of a suitable reconstitution system has
been the major block in defining the function of individual
polymerase proteins in viral transcription-replication and de-
lineating specific domains within the protein for specific func-
tions. Using a vaccinia virus expression system and a reporter
gene (CAT) containing the influenza virus promoter, Huang et
al. (17) demonstrated that three polymerase proteins and NP
were sufficient for transcription-replication of influenza virus
RNA. In the present study, we have modified this system to
reconstitute an active polymerase complex in vivo from indi-
vidual components. In this system, the component to be tested
is presented as plasmid DNA under the control of the T7
promoter and is introduced into cells by transfection. Thus it is
possible to analyze many mutations rather quickly without
preparing the recombinant vaccinia virus each time. The data
presented in this paper show that the assay is consistently
reproducible and that the CAT activity after transfection
compares favorably with that obtained by using all recombi-
nant vaccinia viruses.

Using this system, we have analyzed the functional motifs of
PB1. Initially we have chosen PB1 for a number of reasons.
First, PB1 appears to form the core catalytic component of the
polymerase complex involved in chain elongation (8, 23).
Second, and more important, comparative sequence analysis
demonstrated the presence of four conserved motifs (the
polymerase module) only in PB1 and not in PB2 or PA of
influenza virus (35). Since no data demonstrating the struc-
ture-function relationship of PB1 were available, our first goal
was to determine whether the conserved motifs were important
in PB1 function and define their relationship to other known
viral polymerases. Although conserved motifs have been ob-
served among many RNA polymerases, including the reverse
transcriptase of retroviruses and RNA-dependent RNA poly-
merases of double-stranded and positive-strand RNA viruses
(naked or enveloped) and of negative-strand RNA viruses
(segmented or nonsegmented), experimental data demonstrat-
ing the involvement of these motifs in polymerase activity are
available for relatively few virus families. Furthermore, no
consensus sequence except the four invariant amino acids (one
in each motif) has been found (35).

Data presented here show that the invariant amino acids in
motifs I, II, III, and IV are critical in PB1 function. For motif
I, a similar conclusion was drawn for the human immunodefi-
ciency virus reverse transcriptase from studies involving a
D-*E mutation (25) and by linker insertion, GDAYF->GD
GIPYF (16). For motif II, some mnutation, PQGW-*>£QQGW
(7), and linker insertion, PQGW-*PPEFRW (16), in this
region were lethal whereas other alterations, PQGW->
PNGW, could be tolerated (7). Similarly, inactivation of L-A
virus (double-stranded RNA virus in yeasts) by mutation of G
as well as other adjacent residues within this region also
underscores the importance of motif II in polymerase activity
(39).
Sequence comparison, structure analysis, and experimental

data suggest that motif III forms the core of the transcriptase/
replicase activity (3, 35). It has the invariant DD (or DN)
sequence flanked by hydrophobic residues on either side and
possesses a strand-loop-strand (the beta hairpin) structure with
YGDD contained in the exposed loop (35). This motif is
presumed to be involved in one or more functions of the active
site such as metal binding, template binding, phosphate bind-
ing, or other catalytic functions (3, 20). The active sites ofDNA
polymerases of many human DNA viruses (YGDTD) also
have a similar secondary structure and sequence and possess
similar functions (3, 20).

Motif III of influenza virus PB1 including the flanking
sequences of DD obeys the rules proposed for this region and
possesses a similar secondary structure and flanking hydropho-
bic sequence (3, 35). However, this core also contains the
signature sequence of individual RNA virus polymerases e.g.,
YMDD (retroviruses), YGDD (positive-strand RNA viruses),
XGDD (double-stranded RNA viruses), QGDN (unseg-
mented negative-strand RNA viruses), and SSDD (influenza
viruses). We therefore made a number of mutations in this
core site to examine the sequence requirement of this motif.
Overall our data support the conclusion obtained from studies
with other viral polymerases. In particular, both DDs appear to
be absolutely critical, because alteration of either D residue
makes the protein inactive. A similar conclusion was obtained
from mutation of DD in human immunodeficiency virus
reverse transcriptase (7, 25, 36) and yeast L-A virus RNA
polymerase (39). However, the second D is not invariant, since
QGDN is found in the L protein of the unsegmented negative-
strand RNA viruses (34, 35) and the protein remains moder-
ately active after the mutation QGDN->QGDD (42). Muta-
tion of the flanking position (SDD-->GDD) abrogates
polymerase activity, indicating that GDD, which is common in
most viral polymerases, is not compatible with influenza virus
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PBI. It should be noted that mutations of GDD->A/iDD and
MDD->V/S/ADD could be partially tolerated in poliovirus
(19) and retrovirus (47), respectively. Mutation of other up-
stream adjacent sequences shows that some alterations could
be tolerated whereas others could not. For example, S-443->A
did not affect PBI activity but S-IT reduced it considerably. A
similar effect was observed when Y of YGDD was mutated in
poliovirus (18). Downstream of DD, conservative changes
(L-449-P or V-451--A) did not affect the PB1 activity greatly.
A similar conclusion was reached after mutation of the L
protein of vesicular stomatitis virus in this region (42). How-
ever, caution should be exercised in drawing conclusions from
this kind of mutational analysis since changes must be conser-
vative and multiple changes of the same residues should be
examined. Alanine scanning has been proposed to be useful in
making neutral changes without significantly affecting the
structure (39). Such studies are under way to define the
boundaries of the motifs. Furthermore, motifs I, II, III, and IV
may work cooperatively, and the intermotif distances may also
be critical for the correct folding and three-dimensional struc-
ture (35).

In conclusion, studies reported here have demonstrated that
four conserved motifs, present in viral polymerases, are also
important in influenza virus PB1 activity and that, of the
signature sequence SSDD in motif III, SDD is invariant for
influenza virus polymerase. Future studies will investigate the
boundaries of each motif and the specificity of the sequence
among influenza type A, B, and C, viruses.

ACKNOWLEDGMENTS

We sincerely thank Ming- Ya Chwu for excellent computational
work and technical assistance. We also thank Christopher Sanderson,
Amitabha Kundu, C. Gujuluva, and Osvaldo Rey for helpful discus-
sions and critical reading of the manuscript.

This work was supported by Public Health Service grants from the
National Institute of Allergy and Infectious Diseases (ROI A112749
and ROl A116348).

REFERENCES
1. Akkina, R. K., J. C. Richardson, M. C. Aguilera, and C. M. Yang.

1991. Heterogeneous form of polymerase proteins exist in influ-
enza A virus-infected cells. Virus Res. 19:17-30.

2. Akkina, R. K., T. M. Chambers, D. R. Londo, and D. P. Nayak.
1987. Intracellular localization of the viral polymerase proteins in
cells infected with influenza virus and cells expressing PBl protein
from cloned cDNA. J. Virol. 61:2217-2224.

3. Argos, P. 1988. A sequence motif in many polymerases. Nucleic
Acids Res. 16:9909-9916.

4. Beaton, A. R., and R. M. Krug. 1984. Synthesis of the templates for
influenza virion RNA replication in vitro. Proc. NatI. Acad. Sci.
USA 81:4682-4686.

5. Beaton, A. R., and R. M. Krug. 1986. Transcription antitermina-
tion during influenza viral template RNA synthesis requires the
nucleocapsid protein and the absence of a 5' capped end. Proc.
Natl. Acad. Sci. USA 83:6282-6286.

6. Bouloy, M., S. J. Plotch, and R. M. Krug. 1978. Globin mRNAs are
primers for the transcription of influenza viral RNA in vitro. Proc.
Natl. Acad. Sci. USA 75:886-890.

7. Boyer, P. L., A. L. Ferris, and S. H. Huges. 1992. Cassette
mutagenesis of the reverse transcriptase of human immunodefi-
ciency virus type 1. J. Virol. 66:1031-1039.

8. Braam, J., I. Ulmanen, and R. M. Krug. 1983. Molecular model of
a eukaryotic transcription complex: function and movements of
influenza P proteins during capped RNA primed transcription.
Cell 34:609-618.

9. Castrucci, M. R., and Y. Kawaoka. 1993. Biological importance of
neuraminidase stalk length in influenza A virus. J. Virol. 67:759-
764.

10. Enami, M., W. Luytjes, M. Krystal, and P. Palese. 1990. Introduc-

tion of site-specific mutation into the genome of influenza virus.
Proc. Natl. Acad. Sci. USA 87:3802-3805.

11. Flegner, P. L., T. R. Gadek, M. Holm, R. Roman, and H. W. Chan,
Wenz, M., J. P. Northop, G. M. Ringold, and M. Danielsen. 1987.
Lipofectin: a highly efficient, lipid mediated DNA-transfection
procedure. Proc. Natl. Acad. Sci. USA 84:7413-7417.

12. Fuerst, T. R., A. L. Earl, and B. Moss. 1987. Use of a hybrid
vaccinia virus-T7 RNA polymerase system for expression of target
genes. Mol. Cell. Biol. 7:2538-2544.

13. Gorman, M., L. F. Moffat, and B. H. Howard. 1982. Recombinant
genomes which express chloramphenicol acetyltransferase in
mammalian cells. Mol. Cell. Biol. 2:1044-1051.

14. Guangxiang, L., M. Bergmann, A. Garcia-Sastre, and P. Palese.
1992. Mechanism of attenuation of a chimeric influenza A/B
transfectant virus. J. Virol. 66:4679-4685.

15. Heyward, J. T., R. A. Klimas, M. D. Stapp, and J. F. Obijeski.
1977. The rapid concentration and purification of influenza virus
from allantoic fluid. Arch. Virol. 55:107-119.

16. Hizi, A., A. Barber, and S. H. Huges. 1989. Effects of small
insertions on the RNA-dependent DNA polymerase activity of
HIV-1 reverse transcriptase. Virology 170:326-329.

17. Huang, T.-S., P. Palese, and M. Krystal. 1990. Determination of
influenza virus proteins required for genome replication. J. Virol.
64:5669-5673.

18. Jablonski, S. A., and C. D. Morrow. 1993. Enzymatic activity of
poliovirus RNA polymerases with mutations at the tyrosine resi-
due of the conserved YGDD motif: isolation and characterization
of polioviruses containing RNA polymerases with FGDD and
MGDD sequences. J. Virol. 67:373-381.

19. Jablonski, S. A., M. Luo, and C. D. Morrow. 1991. Enzymatic
activity of poliovirus RNA polymerase mutants with single amino
acid changes in the conserved YGDD amino acid motif. J. Virol.
65:4565-4572.

20. Kamer, G., and P. Argops. 1984. Primary structural comparison of
RNA-dependent RNA polymerases from plant, animal and bac-
terial viruses. Nucleic Acids Res. 12:7269-7282.

21. Kemdirim, S., J. Palefsky, and D. J. Briedis. 1986. Influenza B
virus PB1 protein: nucleotide sequence of genome RNA predicts
a high degree of structural homology with the corresponding
influenza A virus polymerase protein. Virology 152:126-135.

22. Kobayashi, M., K. Tuchiya, K. Nagata, and A. Ishihama. 1992.
Reconstitution of influenza virus RNA polymerase from three
subunits expressed using recombinant baculovirus system. Virus
Res. 22:235-245.

23. Krug, R. M., F. V. Aloso-Caplen, I. Julkunen, and M. G. Katze.
1989. Expression and replication of the influenza virus genome, p.
89-152. In R. M. Krug (ed.), The influenza viruses. Plenum Press,
New York.

24. Krug, R. M., M. Ueda, and P. Palese. 1975. Temperature-sensitive
mutants of influenza WSN virus defective in virus-specific RNA
synthesis. J. Virol. 16:790-796.

25. Larder, A. B., D. J. M. Purifoy, K. L. Powell, and G. Darby. 1987.
Site-specific mutagenesis of AIDS virus reverse transcriptase.
Nature (London) 327:716-717.

26. Luytjes, W., M. Krystal, M. Enami, J. D. Parvin, and P. Palese.
1989. Amplification, expression and packaging of a foreign gene by
influenza virus. Cell 59:1107-1113.

27. Malone, W. R., P. L. Feigner, and I. M. Verma. 1989. Cationic
liposome-mediated RNA transfection. Proc. Natl. Acad. Sci. USA
86:6077-6081.

28. Mukaigawa, J., and D. P. Nayak. 1991. Two signals mediate
nuclear localization of influenza virus (A/WSN/33) polymerase
basic protein 2. J. Virol. 65:245-253.

29. Muster, T., E. K. Subbarao, M. Enami, B. P. Murphy, and P.
Palese. 1991. An influenza A virus containing influenza B virus 5'
and 3' noncoding regions on the neuraminidase gene is attenuated
in mice. Proc. Natl. Acad. Sci. USA 88:5177-5181.

30. Nath, S. T., and D. P. Nayak. 1990. Function of two discrete
regions is required for nuclear localization of polymerase basic
protein 1 of A/WSN/33 influenza virus (HI NI). Mol. Cell. Biol.
10:4139-4145.

31. Parvin, J. D., P. Palese, A. Honda, A. Ishihama, and M. Krystal.
1989. Promoter analysis of influenza virus RNA polymerase. J.

VOL. 68, 1994



1826 BISWAS AND NAYAK

Virol. 63:5142-5152.
32. Pattaniak, A. K. and G. W. Wertz. 1990. Replication and amplifi-

cation of defective interfering particle RNAs of vesicular somatitis
virus in cells expressing viral proteins from vectors containing
cloned cDNAs. J. Virol. 64:2948-2957.

33. Pattnaik, A. K., and G. W. Wertz. 1991. Cells that express all five
proteins of vesicular stomatitis virus from cloned cDNAs support
replication, assembly and budding of defective interfering parti-
cles. Proc. Natl. Acad. Sci. USA 88:1379-1383.

34. Poch, O., B. M. Blumberg, L. Bougueleret, and N. Tordo. 1990.
Sequence comparison of five polymerases (L proteins) of unseg-
mented negative-strand RNA viruses: theoretical assignment of
functional domains. J. Gen. Virol. 71:1153-1162.

35. Poch, O., I. Sauvaget, M. Delarue, and N. Tordo. 1989. Identifi-
cation of four conserved motifs among the RNA-dependent
polymerase encoding elements. EMBO J. 8:3867-3874.

36. Prasad, V. R., and S. P. Goff. 1989. Linker insertion mutagenesis of
the human immunodeficiency virus reverse transcriptase ex-
pressed in bacteria: definition of the minimal polymerase domain.
Proc. Natl. Acad. Sci. USA 86:31(14-3108.

37. Racaniello, V. R., and D. Baltimore. 1981. Molecular cloning of
poliovirus cDNA and determination of the complete nucleotide
sequence of the viral genome. Proc. Natl. Acad. Sci. USA 78:4887-
4891.

38. Ratner, L., W. Haseltine, R. Paterca, K. N. Livak, B. Starcich, S. F.
Josephs, E. R. Doran, J. A. Rafalski, E. A. Whitehorn, K.
Baumeister, L. Ivanoff, S. R. Petteway, Jr., M. L. Pearson, J. A.
Lautenberger, T. S. Papas, J. Ghrayeb, N. T. Chang, R. C. Gallo,
and F. W. Staal. 1985. Complete nucleotide sequence of AIDS
virus, HTLV-III. Nature (London) 313:277-284.

39. Ribas, J. C., and R. B. Wickner. 1992. RNA-dependent RNA
polymerase consensus sequence of the L-A double-stranded RNA
virus: definition of essential domains. Proc. Natl. Acad. Sci. USA
89:2185-2189.

40. Shapiro, G. I., and R. M. Krug. 1988. Influenza virus RNA
replication in vitro: synthesis of viral template RNAs and virion
RNAs in the absence of an added primer. J. Virol. 62:2285-2290.

41. Sivasubramanian, N., and D. P. Nayak. 1982. Sequence analysis of
the polymerase I gene and secondary structure prediction of
polymerase 1 protein of human influenza virus A/WSN/33. J.
Virol. 44:321-329.

42. Sleat, D. E., and A. K. Banerjee. 1993. Transcriptional activity and
mutational analysis of recombinant vesicular stomatitis virus RNA
polymerase. J. Virol. 67:1334-1339.

43. Smith, G. L., J. Z. Levin, P. Palese, and B. Moss. 1987. Synthesis
and cellular location of the ten influenza polypeptides individually
expressed by recombinant vaccinia viruses. J. Virol. 160:336-345.

44. Szewczyk, B., W. G. Laver, and D. F. Summers. 1988. Purification,
thioredoxin renaturation, and reconstitute activity of the three
subunits of the influenza A virus RNA polymerase. Proc. Natl.
Acad. Sci. USA 85:7907-7911.

45. Ulmanen, I., B. A. Broni, and R. M. Krug. 1981. The role of two of
the influenza virus core P proteins in recognizing cap I structures
(m7Gppp Nm) on RNAs and initiating viral RNA transcription.
Proc. Natl. Acad. Sci. USA 78:7355-7359.

46. Ulmanen, I., B. A. Broni, and R. M. Krug. 1983. Influenza virus
temperature-sensitive cap (m7Gppp Nm)-dependent endonucle-
ase. J. Virol. 45:27-35.

47. Wakefield, J. K., S. A. Jablonski, and C. D. Morrow. 1992. In vitro
enzymatic activity of human immunodeficiency type I reverse
transcriptase mutants in the highly conserved YMDD amino acid
motif correlates with the infectious potential of the proviral
genome. J. Virol. 66:6806-6812.

48. Xingoiang, L., and P. Palese. 1992. Mutational analysis of the
promoter required for influenza virus virion RNA synthesis. J.
Virol. 66:4331-4338.

49. Yamanaka, K., N. Ogasawara, H. Yoshikawa, A. Ishihama, and K.
Nagata. 1991. In vivo analysis of the promoter structure of the
influenza virus RNA genome using a transfectant system with an
engineered RNA. Proc. Natl. Acad. Sci. USA 88:5369-5373.

50. Yamashita, M., M. Krystal, and P. Palese. 1989. Comparison of
the three large polymerase proteins of influenza A, B, and C
viruses. Virology 171:458-466.

J. VIROL.


