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The RNA polymerase of influenza A virus: mechanisms of viral
transcription and replication
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Summary. - The influenza A virus RNA genome segments are packaged in ribonucleoprotein complexes
containing RNA polymerase and nucleoprotein. The ribonucleoprotein is involved in the transcription of viral
genes and replication of the viral RNA genome in the nucleus of the infected cells, and represents the minimal
transcriptional and replicative machinery of an influenza virus. During transcription, the viral RNA polymerase
synthesizes capped and polyadenylated mRNA using 5' capped RNA primers. During replication, the viral RNA
polymerase generates a complementary RNA (cRNA) replication intermediate, a full-length complement of the
VRNA that serves as a template for the synthesis of new copies of VRNA. The nucleoprotein is also an essential
component of the viral transcriptional machinery. The molecular determinants of the transcriptional and repli-
cative activities of the viral RNA polymerase are not fully understood, but recent data suggest that transcription
is performed by a cis-acting RNA polymerase, forming part of the ribonucleoprotein complex, while replica-
tion might be carried out by a trans-acting RNA polymerase. Viral as well as cellular factors are known to be
involved in the regulation of the activities of the RNA polymerase, e.g. the viral nuclear export protein has been
shown to regulate the accumulation of viral transcription and replication products. The viral transcriptional
machinery represents an attractive target for the development of antiviral drugs and lead compounds targeting
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nucleoprotein and the PA endonuclease domain of the RNA polymerase have already been identified.
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1. Introduction

Influenza viruses are important human pathogens that
cause yearly epidemics and occasional pandemics. Vac-
cines against seasonal influenza are available but these are
unlikely to protect against an emerging pandemic strain.
Although efforts to develop a universal vaccine that would
offer protection against all influenza A virus subtypes are
underway, it remains to be seen to what extent such efforts
will be successful (reviewed in Ekiert and Wilson (2012).
In the absence of a universal vaccine, preparing sufficient
quantities of a matching vaccine against an emerging pan-
demic virus can take several months and in such situations
antivirals would represent the first line of defence. However,
the number of available antivirals against influenza virus is
limited to those targeting the viral M2 ion channel (aman-
tadine and rimantadine) or neuraminidase (oseltamivir and
zanamivir) and emerging antiviral resistance against these
is a problem (reviewed in Das (2012). An alternative target
for the development of antivirals is the viral transcriptional
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machinery consisting of the trimeric RNA-dependent RNA
polymerase complex and of genomic RNA associated with
the viral nucleoprotein (NP). Therefore considerable effort
has been spent in recent years on studies aiming to obtain
high resolution structural information of the transcriptional
machinery and to understand the control mechanisms of
transcription of viral genes and replication of the viral ge-
nome. This review focuses on recent findings on the influenza
A virus RNA polymerase and the mechanisms that control
the transcriptional and replicative activities of the RNA
polymerase during the viral replication cycle.

2. The viral replication cycle

Influenza A virus belongs to the family of Orthomyxoviri-
dae and contains eight segments of single stranded negative
sense viral RNA (VRNA) as its genome (Palese and Shaw,
2007). These eight segments are reported to encode at least 16
polypeptides, some of which were only discovered in recent
years, suggesting that our understanding of the influenza
virus proteome might still be incomplete (Jagger et al., 2012;
Muramoto et al., 2012; Wise et al., 2009; Wise et al., 2012).
Within the virion the vVRNA segments occur in the form of
ribonucleoprotein complexes (VRNPs). More specifically, the
highly conserved 5’ and 3" termini of VRNA interact through
base-pairing to form a partially double-stranded structure
which is bound by the trimeric RNA-dependent RNA
polymerase complex. The rest of the vVRNA associates with
multiple copies of oligomeric nucleoprotein (NP) with one
NP for approximately every 24 nucleotides. A VRNA segment
with bound RNA polymerase and nucleoprotein represents
the minimal transcriptional and replicative machinery of an
influenza virus. Viral infection initiates with the binding of
the infecting virion to cell surface receptors containing sialic
acid, followed by the endocytosis of the virion. After fusion of
the viral and endosomal membranes the vRNPs are released
into the cytoplasm and then transported into the nucleus. In
the nucleus the viral RNA polymerase transcribes the vVRNA
segments into mRNAs, which are 5’ capped and 3" polyade-
nylated. mRNA is exported to the cytoplasm for translation by
cellular mechanisms. The viral RNA polymerase also performs
replication of VRNA by copying it into complementary RNA
(cRNA) which in turn serves as a template for the produc-
tion of more VRNA. cRNA and vRNA are assembled with
newly expressed viral polymerase and NP to form vRNPs
and cRNPs, respectively. Following nuclear export, progeny
VRNPs are transported across the cytoplasm in a Rab11- and
microtubule-dependent manner to the cell membrane, where
assembly of progeny virions takes place followed by their
release by budding. The 5" and 3" termini of each segment,
including the non-coding regions as well as parts of the coding
regions, contain signals required for the specific packaging of

each of the eight genome segments into virions (reviewed in
Hutchinson et al. (2010)). However, the nature of these pack-
aging signals and the mechanism how the eight segments are
selected for remains unknown.

3. The viral RNA polymerase and the nucleoprotein

The trimeric viral RNA-dependent RNA polymerase,
consisting of polymerase basic protein 1 (PB1), polymerase
basic protein 2 (PB2) and polymerase acidic protein (PA)
subunits, is responsible for the transcription and replica-
tion of the viral RNA genome segments. Biochemical
studies indicated that the C terminus of PA interacts with
the N terminus of PB1 and the C terminus of PB1 interacts
with the N terminus of PB2, suggesting an N-terminal to
C-terminal linear PA-PB1-PB2 arrangement of the subunits,
without apparent direct interaction between PA and PB2.
However, three-dimensional images obtained by single-
particle analysis using electron microscopy indicate that
the RNA polymerase forms a compact globular structure,
suggesting more intimate interactions between all three
subunits (Arranz et al., 2012; Coloma et al., 2009; Moeller et
al., 2012). Indeed, a direct interaction between PA and PB2
was reported when a bimolecular fluorescence complemen-
tation assay was used to study their interaction (Hemerka
et al., 2009). High-resolution structural studies confirmed
the interaction domains between the PA and PB1 as well as
between the PB1 and PB2 subunits (He et al., 2008; Obayashi
et al., 2008; Sugiyama et al., 2009).

The PB1 subunit contains the conserved motifs charac-
teristic of RNA-dependent RNA polymerases and catalyzes
the sequential addition of nucleotides during RNA chain
elongation. Although no structural information is avail-
able for the active site of PB1, sequence alignments and
mutational analysis show that an S-D-D motif in the central
region of PBI is likely to form the active site (Biswas and
Nayak, 1994). PB1 is also involved in binding to the terminal
5" and 3' sequences of VRNA and cRNA within the vRNP
and cRNP, respectively (Gonzalez and Ortin, 1999; Li et al.,
1998). The exactlocation of these sites has not been resolved,
although the regions flanking the polymerase motifs are
strongly implicated. The PA and PB2 subunits are likely to
contribute to promoter binding as they can be photochemi-
cally cross-linked to promoter RNA, but the exact nature of
these interactions remains to be determined (Fodor et al.,
1993, 1994; Pritlove et al., 1995).

The PB2 and PA subunits play critical roles in the initia-
tion of transcription by binding to and cleaving capped host
pre-mRNAs, respectively. Although the cap binding site
has been associated with various regions of PB2, structural
analysis of the cap-binding domain in complex with m’GTP
confirmed the involvement of two aromatic amino acid resi-
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dues, H357 and F404, which sandwich the methylated base in
amanner similar to that described for other cap-binding pro-
teins (eIF4E, CBP20, and vaccinia virus VP39) (Fechter and
Brownlee, 2005; Fechter et al., 2003; Guilligay et al., 2008).
The endonuclease domain, responsible for cleaving capped
pre-mRNA, has been shown by structural analysis to reside
in the N-terminal domain of the PA subunit, in agreement
with previous mutagenic analyses (Dias ef al., 2009; Hara
et al., 2006; Yuan et al., 2009). The fold of the endonuclease
domain and its biochemical properties are similar to those of
type Il restriction endonucleases and it involves the binding
of the bivalent metal ions Mn** or Mg*".

NP is essential for transcription of viral genes and
replication of the viral RNA genome, and represents an
important structural component of vVRNPs and cRNPs.
It is an RNA binding protein that binds RNA with high
affinity but no sequence specificity (Yamanaka et al.,
1990). The high-resolution atomic structures of HIN1
and H5N1 influenza A virus NPs have been solved in the
form of a trimeric complex which revealed a structure
consisting of a head domain, a body domain and a tail
loop/linker region (Ng et al., 2008; Ye et al., 2006). Several
clusters of basic amino acid residues have been identified
which play a role in RNA binding. In addition to RNA
binding, NP can also homo-oligomerize through the tail
loop of one NP molecule being inserted into a groove in
the body domain of a neighbouring NP molecule (Chan
et al., 2010). The identification of phosphorylation
sites in the tail loop and groove of NP suggests that NP
oligomerisation might be regulated by phosphorylation
(Hutchinson et al., 2012). Functional analyses indicate
that homo-oligomerization as well as RNA-binding are
important properties of NP as oligomerisation and RNA
binding mutants cannot support the transcription and
replication of genome-length vVRNA templates (Chan et
al., 2010). NP is also known to interact with the PB1 and
PB2 subunits of the RNA polymerase (Biswas et al., 1998;
Poole et al., 2004). Three amino acid residues in a loop
at the top of the head domain of NP were found to be
required for both its binding to the viral polymerase and
its ability to support viral RNA synthesis catalyzed by the
viral polymerase (Marklund et al., 2012).

Recent studies using cryo-electron microscopy revealed
a double-helical arrangement of the influenza virus RNP
resembling a large loop twisted into a helical filament with
the RNA polymerase at one end and a short loop at the
other end (Arranz et al., 2012; Moeller et al., 2012). Within
this helical filament, the anti-parallel NP-RNA strands were
found to associate with each other, exhibiting a major and
a minor groove similar to a DNA duplex. However, unlike
in DNA, the interactions between the anti-parallel NP-RNA
strands appear to be solely mediated by the NP molecules
rather than nucleotide pairing. Interactions between adjacent

NP molecules on the same RNA strand are facilitated by the
tail loop-groove interaction.

The influenza virus genome is of negative sense and
therefore the RNA polymerase must be packaged into virus
particles and introduced into infected cell nuclei as part of
the vRNPs to allow an initial round of transcription early
during infection. In addition, during the viral life cycle
new RNA polymerase and NP are produced, which must
be transported into the nucleus to allow assembly of cRNPs
and progeny VRNPs as well as to carry out transcription
and replication. Various models have been proposed to
explain how the RNA polymerase is imported into the nu-
cleus and assembled into a trimeric complex (reviewed in
Hutchinson and Fodor (2012)). However, most studies agree
that PB1 and PA form a dimeric complex in the cytoplasm
which is imported into the nucleus by Ran binding protein
5 (RanBP5), a member of the importin B family of cellular
import factors, shown to associate with PB1 (Deng et al.,
2006a; Hutchinson et al., 2011). In contrast, PB2 is imported
separately by the classical importin a/f pathway and joins
the PB1-PA dimer in the nucleus. Similarly to PB2, NP is
also imported by the importin o/p pathway (Gabriel et al.,
2008; O'Neill et al., 1995). Nuclear import and assembly
could be further facilitated by interactions of the viral RNA
polymerase and NP with cellular chaperones, i.e. Hsp90 and
the CCT complex (Fislova et al., 2010; Naito et al., 2007).
The nuclear import of PB2 and NP of avian and mammalian
adapted influenza viruses depends on different importin a
isoforms and adaptive mutations have been identified that
facilitate their nuclear import upon crossing species barri-
ers (Gabriel et al., 2011). Thus the nuclear membrane may
represent a species-specific barrier that needs to be overcome
by mutations upon transmission of influenza viruses from
one host to another in a manner analogous to the adaptation
of avian influenza virus haemagglutinins to the a2,6-linked
sialic acid receptors characteristic of human cells (reviewed
in Resa-Infante and Gabriel (2012)).

4. Transcription of the viral genes

4.1 Mechanisms of transcription initiation and polyade-
nylation

Viral mRNA synthesis is initiated by a cis-acting viral
RNA polymerase that is part of the vRNP structure and
is bound to the VRNA promoter formed by the terminal
5"and 3" sequences of the VRNA template (Fig. 1) (Fodor et
al., 1994; Hagen et al., 1994; Luytjes et al., 1989). The vRNA
contains 13 nucleotides at the 5" end, and 12 nucleotides at
the 3" end, which are conserved between all eight segments
in all influenza A viruses, and display partial inverted com-
plementarity (Desselberger et al., 1980). These ends were
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found to interact both in infected cells and virions (Hsu et
al., 1987). Based on NMR analysis of short synthetic RNAs,
extensive mutagenic analysis using in vitro transcription
of synthetic templates, and reporter gene analysis in vivo,
several secondary structures have been proposed for the
VRNA promoter (reviewed in (Neumann et al., 2004)). The
currently favoured model, based on functional analysis, is
the corkscrew model which predicts an internal stretch of
abased-paired region, consisting of 5-7 base pairs depending
on the segment, with the very ends adopting two-base-pair
hairpin loop conformations (Flick et al., 1996). These hairpin
loop structures have been shown to be required for binding
the RNA polymerase complex.

Viral mRNA synthesis depends on cellular RNA polymer-
ase IT (Pol II) activity as it requires a 5' capped RNA primer
which is derived from host pre-mRNAs. Indeed, inhibitors
of Pol II, e.g. alpha-amanitin, were found to specifically
inhibit viral transcription (Chan et al., 2006; Mark et al.,
1979). The capped primer is generated by the viral RNA
polymerase, with the PB2 subunit involved in binding to the
5' cap of a pre-mRNA through its cap-binding domain, and
the PA subunit responsible for its endonucleolytic cleavage
(Fig. 1) (Dias et al., 2009; Guilligay et al., 2008; Yuan et al.,
2009). The viral polymerase was found to associate with
Pol IT and this association might facilitate the access of the
viral polymerase to the 5" cap of host nascent pre-mRNAs
(Engelhardt et al., 2005). To carry out cap-binding and
endonuclease cleavage, the RNA polymerase also needs to
be associated with the VRNA template (Hagen et al., 1994).
Cleavage of host pre-mRNAs occurs at a site approximately
10-13 nucleotides downstream of the cap structure, resulting
in primers with a 3'-hydroxyl group. Transcription is usu-
ally initiated by the addition of a G residue to the 3" end of
the capped primer, directed by the penultimate C residue at
the 3" end of the VRNA template. However, initiation by the
addition of a C residue directed by the G residue at position
3 in the VRNA template has also been observed. The presence
of a cap-1 structure with a 7-methyl on the terminal G as
well as a 2'-O-methyl on the penultimate base of the primer
strongly increase priming activity (Bouloy et al., 1980). There
seems to be a preference for primers with “CA” 3" ends to be
used for transcription initiation in infected cells (Beaton and
Krug, 1981; Shaw and Lamb, 1984) although the structural
basis for this sequence specificity remains unknown.

Transcription elongation proceeds until a sequence of 5-7
U residues usually located 16 nucleotides from the 5" end of
the vVRNA template (Fig. 1). This sequence of U residues then
acts as a signal for polyadenylation (Robertson et al., 1981).
Unlike polyadenylation of host mRNAs which is carried out
by a specific poly(A) polymerase, polyadenylation of viral
mRNAs is catalyzed by the viral RNA polymerase. The viral
polymerase is proposed to remain associated with the 5" end
of the vVRNA template throughout elongation while the tem-

plate is threaded through its active siteina 3" to 5" direction
(Fig. 1) (Fodor et al., 1994; Hagen et al., 1994; Moeller et al.,
2012). Upon the U sequence reaching the active site of the
polymerase, the template cannot proceed further because
of steric hindrance caused by the 5' end being bound to the
polymerase. This will lead to template slipping and repeated
copying of the U sequence by the polymerase resulting in
a poly(A) tail. In support of this model, mutations in the 5
end of VRNA template that affect polymerase binding were
found to also affect polyadenylation (Poon et al., 1998). That
the U sequence acts as a template for polyadenylation was
proven by replacing the U sequence with an A sequence
which resulted in mRNA transcripts with poly(U) tails. These
were retained in the nucleus of infected cells, consistent
with the poly(A) tail being required for the nuclear export
of mRNAs (Poon et al., 1999, 2000).

In contrast to genome replication which continues late
in infection, viral mRNA synthesis peaks early, at about 2-6
hours post-infection, after which it declines sharply (Shapiro
et al., 1987; Vreede et al., 2010). This could be caused by the
cell running out of cap-donor host mRNAs due to host shut-
off and/or inhibition and degradation of Pol II induced by
viral infection (reviewed in Vreede and Fodor (2010).

4.2 Mechanisms of mRNP assembly and nuclear export

Cellular mRNA synthesis is believed to be coupled to RNA
processing, including capping, splicing and polyadenylation,
as well as assembly into mRNPs and their nuclear export
(reviewed in Moore and Proudfoot (2009)). In an analogous
manner, it is likely that viral transcription, mRNP assembly
and nuclear export are closely linked processes, although
the molecular details remain poorly characterized. After
initiation of viral mRNA transcription the 5' cap of the nas-
cent viral transcript is believed to be released from the PB2
subunit of the transcribing RNA polymerase and is likely to
be bound by the 20 kDa subunit of the nuclear cap binding
complex (CBC) to initiate the assembly of viral mRNPs by the
recruitment of further cellular factors, i.e. the TREX complex
and NXF1/TAP, to ensure nuclear export (Fig. 1) (Bier et al.,
2011; Braam et al., 1983; Read and Digard, 2010; Wang et
al., 2008). The association of the viral RNA polymerase with
the cellular Pol II transcriptional machinery might not only
facilitate the access of the viral RNA polymerase to the 5" cap
structure of nascent host pre-mRNAs, but might also partici-
pate in the recruitment of the these mRNA nuclear export
factors as well as the splicing machinery to viral mRNAs.
Two genome segments, segments 7 and 8, give rise to mRNAs
that can undergo splicing with both the unspliced and the
spliced versions being translated (Lamb and Choppin, 1979;
Lamb et al., 1980). Segment 7 unspliced mRNA encodes the
matrix protein 1 (M1). Three spliced versions of segment 7
mRNA are known, one of which encodes the M2 ion channel.
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Fig. 1
Models for the transcription and replication of the influenza virus vRNP

In a VRNP the viral polymerase, consisting of the PB1, PB2 and PA subunits, is bound to the partially complementary 5" and 3" termini of a VRNA segment.
The oligomeric nucleoprotein that associates with the rest of the VRNA is not shown for simplicity. (i) Transcription is initiated by PB2 binding to the 5’ cap
structure of host pre-mRNA followed by endonucleolytic cleavage of the host pre-mRNA by PA. (ii) The 3" end of the capped RNA primer is positioned in the
active site of PB1, along with the 3" end of the vVRNA template, to allow transcription initiation to take place. (iii) Once the 3" end of VRNA has been copied it
re-binds the polymerase, a process possibly facilitated by base-pairing between the VRNA termini. (iv) As elongation proceeds the vRNA template is threaded
through the active site of PB1 eventually leading to polyadenylation by repeated copying of the U sequence near the 5’ end of the vVRNA template, due to
steric hindrance caused by the vVRNA 5’ end remaining bound to the transcribing polymerase. The 5’ cap of mRNA is released from PB2 and is bound by the
cellular nuclear cap-binding complex (CBC) triggering the recruitment of cellular factors for mRNP assembly. (v) Replication of vRNA into cRNA is shown
as proposed in the trans-acting polymerase model, but note that alternative models involving a cis-acting polymerase in VRNA—cRNA replication have also
been proposed (see text for details). According to the trans-acting polymerase model, the 3" end of the vRNA template is released from the vRNP-associated
polymerase by an unknown mechanism that allows it to bind to a trans-acting RNA polymerase. Replication is initiated by the binding of the trans-acting
polymerase to GTP, directed by the penultimate residue in the vRNA 3" terminus, and the generation of pppApG (not shown) to be elongated by the trans-
acting polymerase. (vi) Once the 3" end of vRNA has been copied it re-binds the vRNP-associated polymerase while the 5 end of the newly synthesized cRNA
binds to the trans-acting polymerase. (vii) As elongation proceeds the 5’ end of vVRNA template needs to be released by the VRNA-associated polymerase to
allow the trans-acting polymerase to read through the U sequence near the 5’ end of VRNA to generate a full-length, run-off copy of vRNA. After the 5" end
of VRNA has been copied it re-binds the VRNP-associated polymerase while the 3" end of the newly synthesized cRNA binds to the trans-acting polymerase
which becomes part of the cRNP complex. Co-replicational encapsidation of cRNA with NP is not shown for simplicity.
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Another spliced mRNA, in certain influenza virus strains,
encodes a variant form of M2 called M42 (Wise et al., 2012).
Segment 8 unspliced mRNA is translated into non-structural
protein 1 (NS1) which has an interferon antagonist func-
tion, while the spliced version is translated into the nuclear
export protein NEP (also known as non-structural protein
2 (NS2)). For splicing, influenza virus relies entirely on the
host cell splicing machinery, although viral factors could
play a regulatory role (Garaigorta and Ortin, 2007; Robb et
al., 2010). In particular, NS1 was shown to play a regulatory
role in determining the ratios of alternatively spliced mRNA
products from the M1 mRNA (Robb and Fodor, 2012). Thus
influenza viruses use intronless mRNAs as well as spliced
and unspliced versions of intron-containing mRNAs for
protein translation. These different types of mRNAs most
likely require a different set of cellular factors to produce
nuclear export and translation competent mRNPs. Indeed,
some aspects of mRNA assembly and nuclear export appear
to be genome segment specific as viral mRNAs derived from
different segments show differential dependence on cellular
NXF1/TAP for their nuclear export (Read and Digard, 2010).
After nuclear export, CBC is likely to be replaced in the
cytoplasm by the eIF4E translation initiation factor (Bier et
al.,2011), although it has also been reported that translation
of viral mRNAs can proceed normally in different situations
of functional impairment of the eIF4E factor suggesting that
eIF4E might not be essential for the translation of influenza
virus mRNAs (Burgui et al., 2007).

5. Replication of the viral RNA genome

5.1 Mechanisms of replication: cis-acting versus trans-
acting polymerase

Replication of the viral RNA genome consists of two
stages. During the first stage, genomic VRNA is replicated
into cRNA (VRNA—>cRNA) (Fig. 1), while during the second
stage the cRNA is copied into VRNA (cCRNA—->VRNA). cRNA
represents a full-length copy of the vRNA, without a 5' cap
structure and a 3' poly(A) tail, and therefore its synthesis
requires initiation and termination mechanisms that are
distinct from those used for the production of mRNA from
the same VRNA template. Both cRNA and vRNA contain
a 5' triphosphate strongly suggesting that their synthesis
is initiated de novo in a primer-independent manner. For
the vVRNA promoter, primer-independent initiation occurs
at the 3" terminus of vRNA. It has been proposed that the
polymerase initially binds GTP, directed by the 3'-terminal
penultimate C residue in vVRNA, followed by phosphodiester
bond formation with ATP directed by template position 1,
giving initially rise to the pppApG dinucleotide, which is
then elongated by the polymerase (Vreede et al., 2008). Alter-

natively, it has been suggested that initiation from the vVRNA
promoter is directed by the second residue of the 3" end
after the addition of a non-templated residue (preferentially
apurine) to the 3" end of the vVRNA template by host-specific
ribonucleotidyltransferase (Zhang et al., 2010). For the cRNA
promoter, pppApG is synthesized internally, directed by posi-
tions 4 and 5 of the 3" end of cRNA, which then realigns to
the 3" terminal residues 1 and 2 for subsequent elongation
(Deng et al., 2006b). cRNA, being an exact copy of VRNA,
also contains conserved 5' and 3’ nucleotides which have
the potential to form a partially double-stranded structure.
Indeed, functional analysis strongly suggests that the cRNA
promoter consists of both termini forming a similar, but not
identical structure to that formed by the vVRNA (Azzeh et al.,
2001; Crow et al., 2004). Differences in vRNA and cRNA
promoter structures could influence their binding properties
to the RNA polymerase, thereby altering the site of initiation
of pppApG synthesis. Proof of these mechanisms must await
the crystallization and X-ray analysis of the influenza virus
polymerase in complex with promoter RNAs.

The vRNPs introduced into the cell by the infecting
virions must act as templates for both mRNA and cRNA
synthesis (Fig. 1). A large body of research has been devoted
to the question of what determines whether the vRNP is
transcribed into mRNA or replicated into cRNA. Vari-
ous models to explain the control mechanisms have been
proposed which involve regulatory roles for viral factors
(NP, RNA polymerase, NS1, NEP/NS2, small viral RNAs
(svRNAs)) as well as host factors (e.g. MCM, UAPG65, tat-
SF1 and the availability of capped RNA primers and rNTPs)
(reviewed in Resa-Infante et al. (2011)). A model that mRNA
synthesis is performed in cis by the RNA polymerase that
forms part of the vRNP, while replication is performed
in trans by an RNA polymerase that is distinct from the
RNP-associated polymerase, has gained strong support
in recent years (Fig. 1) (Jorba et al., 2009; Moeller et al.,
2012). According to this model, newly synthesized RNA
polymerase, distinct from the polymerase in vRNPs intro-
duced into cells by the infecting virions, would be required
for replication and the incoming vRNP would simply act
as a template for a second, trans-acting polymerase. In this
model, the 3" end of the VRNA template needs to be released
by the vRNP-associated polymerase to be copied by the
trans-acting polymerase into the 5" end of the new cRNA
which then binds to the replicating trans-acting polymerase
(Fig. 1). After 5' terminus binding, the first NP is added to
the product cRNA adjacent to the replicating polymerase,
initiating encapsidation of cRNA in a 5’ to 3" direction
(Moeller et al., 2012). Thus, encapsidation of cRNA would be
triggered by the sequence specific binding of the trans-acting
RNA polymerase to the cRNA 5" terminus. The binding of
NP to nascent viral RNA may be facilitated by UAP56 and
Tat-SF1, proposed to act as chaperones for NP (Momose et
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al., 2001; Naito et al., 2007a). A similar mechanism would
also operate during the replication of cRNPs into vRNPs.
In support of this replication model, recent examination of
negative stain EM micrographs revealed RNP complexes
with a branched arrangement in which a smaller nascent
RNP appears to bud from a larger full-length RNP (Moel-
ler et al., 2012). Additionally, a polymerase residing at the
junction of the smaller RNA with the full-length RNP was
observed, in agreement with replication being carried out
by a trans-acting polymerase.

The proposed model of replication being carried out by
a trans-acting RNA polymerase is in agreement with previ-
ous observations that viral protein synthesis is required for
RNA genome replication, and that in the presence of the
translation inhibitor cycloheximide only mRNA can be de-
tected in infected cells (Mark et al., 1979; Vreede et al., 2004).
Although this observation originally led to the hypothesis
that a viral protein is required to switch the activity of the
incoming vRNPs from transcription into replication mode
with biochemical studies strongly suggesting the NP might
perform this function, emerging evidence suggests that NP
plays no regulatory role in determining the mode of initiation
and termination by the viral RNA polymerase. In particular,
short genome segments (up to 76 nt) with large internal
deletions but preserving the 5" and 3’ terminal sequences
were found to be efficiently transcribed and replicated in the
absence of NP in vivo, resulting in authentic 5’ capped and 3"
polyadenylated mRNA-like transcripts and non-capped non-
polyadenylated vRNA- and cRNA-like replication products
(Resa-Infante et al., 2010; Turrell et al., 2013). It is therefore
more likely that the main reason for viral protein synthesis
being required for genome replication is to provide newly
synthesized trans-acting RNA polymerase and newly syn-
thesized NP to co-replicationally encapsidate and stabilize
full-length replication products.

The proposal of the model that transcription is performed
by a cis-acting polymerase while replication is carried out
by a trans-acting polymerase is an important step towards
understanding the molecular mechanisms of influenza
virus transcription and genome replication. However, a lot
of questions remain unanswered. For example, it is not
clear how the release of the vRNA 3’ end from the vRNP-
associated polymerase would be triggered to allow a trans-
acting polymerase to bind to it and use it as template to
initiate replication. Moreover, the model that the first step of
replication (VRNA—>cRNA) is carried out by a trans-acting
polymerase is not fully compatible with the observation that
vRNPs isolated from virions can produce cRNA in vitro and
vRNPs introduced into the cell by infecting virions have the
capability to produce both mRNA and cRNA early on during
infection (Vreede and Brownlee, 2007; Vreede et al., 2004).
It was suggested that although cRNA is synthesized early it
is quickly degraded by cellular nucleases in the absence of

newly synthesized viral RNA polymerase and NP. However,
cRNA can be detected if RNA polymerase and NP are pre-
expressed to stabilize it and, significantly, cRNA can also
accumulate in the presence of a mutant RNA polymerase
that can bind cRNA but cannot replicate, strongly suggesting
that cRNA synthesis can be performed by vRNP-associated
RNA polymerase. This led to the proposal that a trans-acting
polymerase might operate on the cRNP, but not on the vVRNP
template (Jorba et al., 2009). Alternatively, early low levels of
replication of VRNA into cRNA might be directed by a cis-
acting polymerase but once newly synthesized polymerase
accumulates in the nucleus, most replication would be trans-
acting polymerase dependent. Further studies are needed to
address the significance of a trans-acting polymerase in the
two stages of replication.

It has been proposed the viral NEP is involved in the
regulation of viral RNA synthesis. In particular, NEP was
found to up-regulate the accumulation of replication prod-
ucts while down-regulating the accumulation of transcrip-
tion products in RNP expression assays in vivo (Robb et al.,
2009). The involvement of NEP in the regulation of viral RNA
synthesis gained further support recently when it was found
that adaptive mutations in NEP can compensate for defective
replication by partially or non-adapted RNA polymerase
from an H5N1 avian influenza virus in mammalian cells,
possibly by directly interacting with the RNA polymerase
(Manz et al., 2012). Another study suggested that NEP could
regulate viral RNA synthesis by promoting the synthesis of
small viral RNAs (svRNAs) (Perez et al., 2010). svRNAs 22-
27 nt in length, corresponding to the 5" end of each of the
vRNA segments, were found to be expressed at high levels in
infected cells (Perez et al., 2010; Umbach et al., 2010). Their
expression correlates with the accumulation of VRNA and
abias in RNA polymerase activity from transcription towards
genome replication. Consequently, it was proposed that
svRNA promotes replication, possibly through an interaction
with a novel RNA binding channel of the polymerase PA
subunit (Perez et al., 2012). It is plausible that syRNAs might
promote the second stage of replication (cCRNA—>vRNA) by
associating with trans-acting RNA polymerase.

5.2 Mechanisms of nuclear export of vVRNPs

Progeny vRNPs are exported from the nucleus by the
Crm1 pathway. In particular, the viral NEP mediates the
nuclear export of VRNPs by directly interacting with Crm1
(reviewed in (Paterson and Fodor, 2012)). NEP interacts
with vRNPs through the viral matrix protein M1 which is
believed to bind NP, although it also has direct RNA-bind-
ing activity (Akarsu et al., 2003; Wakefield and Brownlee,
1989). However, more recently an interaction between NEP
and the viral RNA polymerase has also been demonstrated
(Manz et al., 2012) raising the possibility that NEP could
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also mediate nuclear export of vVRNPs through an interac-
tion with the RNA polymerase. Moreover, nuclear export
mediated directly by NP cannot be excluded (Elton et al.,
2001). It appears that vRNPs are selectively exported, while
cRNPs are restricted to the nucleus. The molecular basis
of this selectivity is not fully understood, although it has
been linked to the differences in the promoter structures
of VRNA and cRNA (Tchatalbachev et al., 2001). It was
proposed recently that vRNP complexes gain preferential
access to cellular export machinery through chromatin
targeting (Chase et al., 2011). In particular, chromatin
targeting of VRNP export complexes brings them into
association with Rccl, the Ran guanine exchange factor
responsible for generating RanGTP and driving Crm1-
dependent nuclear export.

6. Conclusions

The influenza virus transcriptional machinery is a po-
tential target for the development of antiviral drugs and
the recent developments in our understanding of the mo-
lecular structures of the RNA polymerase and NP, and of
their interplay during the processes of viral transcription
and replication, will without any doubt greatly facilitate
the development of novel classes of influenza antivirals. In
particular, the endonuclease active site in the N-terminal
region of the PA appears to be an excellent target for
the development of antiviral drugs and crystallographic
studies have facilitated this approach (Dias et al., 2009;
Yuan et al., 2009). Recently two groups reported struc-
tures of complexes of the PA endonuclease with several
compounds that are known or were predicted to inhibit
endonuclease-dependent polymerase activity (DuBois et
al., 2012; Kowalinski et al., 2012), revealing new strate-
gies for structure-based design and optimization of PA
endonuclease inhibitors. Apart from the endonuclease
domain of the RNA polymerase, other domains, e.g. the
cap-binding domain of the PB2 subunit, the interaction
domains between the three subunits, as well as the nucleo-
protein provide alternative targets for drug development
(reviewed in Das (2012)).
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