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It has been established that influenza virus synthesizes its viral mRNAs

through a "cap-snatching" mechanism; specifically, the viral mRNA synthesis is

initiated with capped-RNA primers generated by the endonuclease intrinsic to the

viral polymerase from host cellular mRNAs. To exert the cap-binding and

endonuclease activity, the polymerase must be activated by the conserved terminal

sequences in the viral genomic RNAs (vRNAs).

By UV cross-linking and protein microsequencing, a short peptide (544-556

in the PB2 protein) is found to directly bind to the capped-RNAs. To identify the

specific amino acids involved in direct cap recognition, five aromatic amino acids

around this region were mutated individually to alanine. Four of the five mutated
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PB2 proteins are unable to form functional polymerase complexes with other

subunits. The fifth mutant, W552A, which forms functional polymerase, has

attenuated cap-binding and endonuclease activities. Therefore, some of the other

four aromatic amino acids may be involved in direct cap recognition.

Using different capped RNA as substrates for endonuclease, I compared the

effect of the dinucleotides at the cleavage site on the endonuclease activity and

transcription initiation in vitro. I demonstrate that only the substrate containing a 3'

CA terminus is effectively used as a primer for viral mRNA synthesis. This

explains the previous observation that the vast majority of cellular capped primers

used during virus infection contain CA at their 3' termini.

Using this system, I found, in contrast to previous reports, the 5' terminal

sequence of viral RNA (vRNA) alone is sufficient for the activation of the

endonuclease, and the 3' terminal sequence of vRNA functions solely as template

for transcription initiation. I further identified the sequence/structure in the 5' and 3'

termini of vRNA that are both necessary and sufficient for their function as

endonuclease activator and transcription template, respectively.  The 3'vRNA binds

the polymerase by both RNA-polymerase and RNA-5’vRNA interactions. My

results also indicate that the viral mRNA elongation may be bi-phasic. In early

elongation, within 18 nucleotides from the transcription initiation site, the viral

polymerase and the conserved vRNA terminal sequences are sufficient. In the

second phase of elongation, additional factors/conditions are required.
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INTRODUCTION

1.  Influenza virus

Influenza viruses are members of the family Orthomyxoviridae. They are

enveloped viruses with a segmented, negative-stranded RNA genome. Based on the

antigenic differences between their nucleocapsid (NP) and matrix (M) proteins,

influenza viruses are divided into three groups: influenza A, B and C. Influenza A

and B are more similar to each other than to influenza C. Though all three groups

of influenza viruses are found in humans, only A and B are found to be associated

with severe human diseases (Lamb and Krug, 2001). Most of our present

knowledge about influenza viruses is obtained from studies of influenza A viruses.

1.1  Influenza virus virion structure and protein functions

Influenza A virus is an enveloped virus with 8 negative-stranded genomic

RNA segments. The biphospholipid envelope derives from the plasma membrane

of virus infected cells when the progeny virus particles bud out. Two viral proteins

are on the envelope: neuraminidase (NA) and hemagglutinin (HA), which are

encoded by segment 4 and 6, respectively. Their antigenic nature is the basis for

dividing influenza A viruses into subtypes. They are both integral membrane

glycoproteins with HA shaped like spikes and NA like mushrooms. HA is

responsible for binding to the sialic acid-containing receptors on the cell surface

thereby bringing about the cellular attachment of virus particles. Conformational
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change of HA at low pH in the endosome helps membrane fusion during virus

infection (Bullough et al., 1994; Skehel and Wiley et al., 1998; Stegmann, et al.,

1989; White, 1990). NA removes sialic acid from glycoproteins on progeny virus

particles and host cell receptors, thus facilitates virus release from infected cells

(Lamb and Krug, 2001).

Under the phospholipid envelop, there is a layer of matrix protein (M1) that

is encoded by segment 7. M1 is the most abundant virion protein of influenza

viruses. Yet, there is no evidence for the existence of a stable lipid-free core

structure other than the ribonucleoprotein complexes (RNPs) (the virus core). M1

mediates the encapsidation of the viral RNPs into the viral envelope by its

membrane- and RNP-binding activities. Dissociation of M1 from influenza RNPs

allows RNPs to be transported to the nucleus (Martin and Helenius, 1991;

Helenius, 1992). Transport of M1 proteins into the nucleus is required for nuclear

export of newly synthesized RNPs to the cytoplasm late in virus infection (Martin

and Helenius, 1991; Bui et al., 2000). On the other hand, the interaction of M1 with

RNPs can inhibit their transcription function (Hankins et al., 1989 and 1990;

Watanabe et al., 1996; Perex and Donis, 1998). Another protein encoded by

segment 7 through alternative splicing is the ion channel protein M2. It is also an

integral membrane protein in the virus envelope. M2 pumps hydrogen ions (H+)

into the virus particle and decreases the pH in the virion while the virus is in the

endosome. Low pH facilitates the dissociation of the M1 from the inner core RNPs

and releases RNPs to the cytoplasm (Helenius, 1992). Amantadine, an anti-
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influenza A virus drug, blocks M2's ion channel function by binding to its trans

membrane domain (Hay et al., 1985; Duff et al., 1992 and 1994, Bron et al., 1993;

Wharton et al., 1994).

Inside the M1 layer is the virus core: the ribonucleoprotein complexes

(RNPs). Influenza RNPs are stable complexes of nucleoprotein (NP) covered virion

RNAs (vRNAs). The terminal ends of each RNP are locked with a polymerase

complex composed of PA, PB1 and PB2 proteins (Rochovansky, 1976, Baudin, et

a., 1994; Klumpp et al., 1997). PB2, PB1, PA and NP are encoded by viral

segments 1, 2, 3 and 5, respectively. These four proteins are the minimal protein

combination required for influenza virus genome replication and transcription

(Huang et al., 1990). Based on this result, reverse genetics systems that generate

recombinant influenza viruses from cDNAs for both A and B strains have been

established (Pleschka et al., 1996; Hoffmann et al., 2000; Hoffmann and Webster,

2000; Jackson et al., 2002). NP is a non-specific single-stranded RNA (ssRNA)-

binding protein. It binds to RNA every 20 nucleotides. Binding of NP proteins to

RNA melts RNA second structure and exposes the bases to the environment

(Klumpp et al., 1997). The polymerase formed by PA, PB1 and PB2 is the actual

complex that performs transcription and replication.

The most recent protein identified in the virion is NS2. It is encoded by

segment 8 and generated through alternative splicing. It helps transport RNPs from

the nucleus to the cytoplasm (O’Neill et al., 1998; Neumann et al., 2000). Another

protein encoded by segment 8 is the nonstructural protein NS1, which is not
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present in the virion. NS1 is the only nonstructural protein encoded by the virus

(Lamb and Krug, 2001). It is important for the virus to take over the cellular

transcription and translation machinery. Reported functions of NS1 include: 1)

inhibition of cellular pre-mRNAs splicing in vivo and in vitro (Qiu et al., 1995; Lu

et al., 1994); 2) inhibition of polyadenylation of cellular mRNAs through binding

the 30K subunit of cleavage and polyadenylation specificity factor (CPSF) and

poly(A)-binding protein (PAB II) (Nemeroff et al, 1998; Chen et al., 1999); 3)

inhibition of the nuclear export of cellular mRNAs (Qian et al., 1994); 4) inhibition

of PKR activation by binding double-stranded RNAs (dsRNAs) produced in virus

replication (Lu et al., 1995; Hatada et al., 1999); 5) inhibition of viral and dsRNA-

induced stress response signaling pathways by inhibiting Jun N-terminal kinase and

AP-1 transcription factors activation (Ludwig et al., 2002) and 6) down-regulation

of host cell apoptosis in an interferon-dependent way (Zhirnov et al., 2002).

1.2  Influenza virus life cycle and synthesis of viral RNAs

Influenza viruses infect cells through binding of the HA proteins to sialic

acid-containing glycoprotein receptors on the cell surface. After receptor-mediated

endocytosis, membrane fusion occurs between the virus envelope and the

intracellular membrane at a low pH (Stegmann, et al., 1989; White, 1990). This

process is mediated by conformational change of HA. At the same time, RNP

complexes are dissociated from M1 proteins and are cast into the cytoplasm. Then
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the RNPs of the influenza virus are transported to the nucleus for replication and

transcription (Martin and Helenius, 1991).

In the nucleus, the polymerases transcribe the vRNAs into mRNAs using

capped-RNA primers obtained by the polymerase via endonuclease cleavage of

cellular pre-mRNAs (Bouloy et al., 1978; Plotch et al., 1981). Subsequently,

vRNAs are used as templates to synthesize complement RNAs (cRNAs)

presumably through unprimed RNA synthesis. Influenza virus is one of the few

RNA viruses that carry out their transcription and replication in infected cell nuclei.

The synthesized mRNAs are exported to the cytoplasm to direct the synthesis of

viral proteins. vRNAs are exported to the cytoplasm in the form of RNPs. Export

of RNPs requires the import of M1 proteins to the nucleus. Formation of RNP-M1

complexes not only helps transport of the progeny RNPs to the cytoplasm, but also

inhibits further transcription from newly formed RNP complexes (Martin and

Helenius, 1991). In addition, NS2 and NP have both been reported to help export

the RNPs to the cytoplasm (Neumann et al., 2000; Elton et al., 2001). Virus

particles are assembled at the host cell membrane where virus M2, NA and HA

proteins are located.

2.  Influenza virus RNAs and polymerase

Through out the influenza viral lifecycle, there are three kinds of RNA

species: the viral genomic RNAs (vRNAs), the complement RNAs (cRNAs) and

the messenger RNAs (mRNAs). The synthesis of these RNAs is performed in the
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nucleus by the influenza virus RNA-dependent RNA polymerase, a complex

composed of PA, PB1 and PB2 ([the three P proteins).

2.1  Characteristics of influenza virus RNAs

Influenza virus genomic RNAs, vRNAs, are negative-sense RNAs. They

are the templates used for both cRNA and mRNA synthesis. The influenza vRNA

contains one or more open reading frames (ORFs) that are flanked by short non-

coding sequences at both ends of the gene (Lamb and Krug, 2001; Lamb and

Horvath, 1991). These non-coding sequences are believed to contain the signals

required for vRNA replication, transcription, and packaging (Luytjes et al., 1989;

Tchatalbachev et al., 2001). They are also involved in strain type-specific

interaction with the polymerase complex (Crescenzo-Chaigne and van der Werf,

2001). The non-coding sequences of the different RNA segments of influenza virus

strains share several characteristics: 1) the first 12 and 13 nucleotides (nt) at vRNA

3’ and 5’ ends, are highly conserved among different RNA segments and virus

strains (Robertson, 1979) and are partially complementary to each other and 2) a

stretch of 5-7 uridine residues is located 15-16 nt from the 5’ end. Reiterative

copying of these uridines by the virus polymerase results in polyadenylation of

viral mRNAs during viral mRNA synthesis (Pritlove et al., 1998; Luo et al., 1991;

Poon et al., 1999).

The synthesis of cRNAs and mRNAs both use vRNAs as templates. cRNAs

are the templates for synthesizing progeny vRNAs. Although both are positive-



 

7

sense RNAs, the synthesis of mRNA (transcription) and cRNA (replication) are

different in three major ways: 1) mRNA synthesis is primed while replication is

unprimed RNA synthesis; 2) the polymerase stutters at the stretch U's 15-16 nt

downstream of the vRNA 5’ end and generates a poly (A) tail during transcription,

while it generates an full-length vRNA complementary copy during replication and

3) mRNAs are not NP associated while both vRNAs and cRNAs, products of

replication, are covered by NP proteins (Lamb and Krug, 2001).

Before my research, it was thought that the conserved terminal sequences of

the vRNAs, which are partially complementary to each other, are both important

for the polymerase to initiate transcription.  The current theory is that the

"corkscrew" structure formed between the conserved terminal sequences of the

vRNA is required for transcription and/or replication. The "corkscrew" structure is

characterized by three base paired regions formed within or between the terminal

arms. They are: 1) two base pairs formed within the 5'vRNA arm; 2) two base pairs

formed within 3'vRNA arm and 3) up to six base pairs formed between 5'vRNA

and 3'vRNA (see also 3.2.2 for more details) (Flick et al., 1996; Leahy et al., 2001

a and b).

2.2  Influenza virus polymerase

The influenza virus polymerases are complexes containing three protein

subunits: PA, PB1 and PB2.  They are responsible for the synthesis of all three

forms of influenza RNAs: vRNAs, cRNAs and mRNAs. The molecular weights of
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PA, PB1 and PB2 are 85 kilo-Dalton (kD), 96 kD and 87 kD, respectively. On an

SDS-polyacrylamide gel, they migrate between 80 kD and 100 kD with PB1

migrating the slowest and PA the fastest. PB1 and PB2 are basic proteins and PA is

an acidic protein (Lamb and Krug, 2001).

PB1 is the catalytical subunit that possesses the four conserved motifs

(motifs I, II, III and IV) and the four invariant amino acids (one in each motif)

conserved among all viral RNA-dependent RNA or RNA-dependent DNA

polymerases (Biswas and Nayak, 1994; Poch et al., 1989; Argos, 1988). It

catalyzes sequential nucleotide addition in the growing RNA chain. Therefore PB1

is required for both replication and transcription (Braam et al., 1983;  Nakagawa et

al., 1996; Li et al., 2001; Honda et al., 2002). PB2 is a cap-binding protein that

plays a role in viral mRNA synthesis initiation by recruiting capped RNA primers

(Braam et al., 1983; Blok et al., 1996; Perales et al., 1996; Honda et al., 1999; Li et

al., 2001). The requirement of PB2 for cRNA and vRNA synthesis, i.e. replication,

is still controversial (Nakagawa et al., 1995; Perales and Ortin, 1997; Honda et al.,

2002). PA is required for replication (Nakagawa et al., 1996; Honda et al., 2002;

Massin et al., 2001). It can also induce degradation of coexpressed proteins (Sanz-

Ezquerro et al., 1995 and 1996; Hara et al., 2001). Whether PA is involved in

mRNA synthesis or proteolytic activity of PA is correlated with its

transcription/replication activity is still controversial (Fodor et al., 2002; Nakagawa

et al., 1996; Lee et al., 2002; Honda et al., 2002; Naffakh et a., 2001; Perales et al.,

2000). The differential involvement of the three P proteins, especially PA and PB2,
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in replication and transcription indicates that the transcription and replication

polymerase complexes may be different (Nakagawa et al., 1996; Honda et al.,

2002). This is supported by the facts that cellular factors are involved in the

modulation of the influenza virus RNA synthesis (Nagata et al., 1989; Shimizu et

al., 1994; Huarte et al., 2001).

So far, most of the active sites on the polymerase that are involved in viral

mRNAs synthesis have been identified through UV-cross linking and protein micro

sequencing (details in 3.2.4).

3.  Influenza virus replication and transcription

Both influenza virus replication and transcription take place in the nucleus.

The most extensive studies have been carried out on viral mRNA synthesis, i.e.

transcription. The distinctive feature of influenza viral mRNA synthesis is that it is

primed by 5' capped (m7GpppNm-containing) fragments derived from newly

synthesized host-cell RNA polymerase II transcripts. The mRNA chains are

elongated until a stretch of uridine is reached 15-22 nucleotides before the 5' ends

of the vRNAs. Then transcription terminates and poly (A) is added by the viral

polymerase in a template-encoded manner. mRNAs of M1 and NS1 are also

subject to alternative splicing to generate M2 and NS2 mRNAs, respectively

(Lamb and Krug, 2001).

The replication process is not very clear due to the lack of in vitro study

system. Unlike mRNA synthesis, replication is likely to initiate without any primer
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since the 5' ends of both vRNAs and cRNAs are tri-phosphorylated. cRNA

synthesis is not terminated at the poly (A) site like in mRNA synthesis either

(Lamb and Krug, 2001).

3.1  Influenza virus genome replication

As mentioned above, influenza virus replication takes place in the nucleus

of the virus infected cells. Influenza virus replication includes two steps of

reactions: the synthesis of template RNAs (cRNAs) and the copying of cRNAs into

vRNAs (Lamb and Krug, 2001). Replication is an unprimed process since the 5’

ends of the replication products, cRNAs and vRNAs, are both pppA (Hay et al.,

1982; Young and Content, 1971). The c i s-elements that promote template

replication are likely the highly conserved 3’ ends of both vRNAs and cRNAs

(Parvin et al., 1989; Kimura et al., 1993). The virus RNA-dependent RNA

polymerase catalyzes the replication reaction, but how the polymerase initiates

replication is not clear yet. The switch from mRNA synthesis to replication might

involve virus induced cellular protein(s) (Nagata et al., 1989; Shimizu et al., 1994;

Huarte et al., 2001). Replication from vRNAs to cRNAs requires that copying of

the templates does not terminate at the U stretch 15-16 nt to the 5’ end of the

vRNA templates, as in mRNA synthesis, so as to make full-length template copies.

Free NP protein has been shown to function as an anti-terminator here (Beaton and

Krug, 1986). Copying cRNAs to vRNAs also requires nonnucleocapsid-bound NP

protein molecules in a similar way (Shapiro and Krug, 1988). In addition to PB1
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protein, PA is required for vRNA and cRNA synthesis (Nakagawa et al., 1996;

Honda et al., 2002). Both the template and product of replication are covered by

NP proteins. NP is a required component of the replication complex (Shapiro and

Krug, 1988; Medcalf et al., 1999).

3.2  Influenza virus mRNA synthesis

3.2.1  Preparation for transcription: generating primers by the endonuclease

intrinsic to the polymerase

Influenza virus mRNA synthesis is initiated by capped-RNA fragments

generated by the viral polymerase through endonucleolytic cleavage of cellular pre-

mRNAs in the cell nucleus. A continuous supply of newly synthesized host cell

primers is required for viral mRNA synthesis, which explains the requirement for a

functional cellular RNA polymerase II for viral mRNA synthesis and the inhibition

of viral mRNA synthesis by actinomycin D and α-amanatin (both inhibitors of

DNA-dependent RNA polymerases) (Lamb and Krug, 2001). The capped-RNA

oligos, which are 11-14 nt in length (including the capped G), are then used as

primers to initiate viral mRNA synthesis. This is well known as the “cap-snatching

mechanism” (Bouloy et al., 1978 and 1979; Plotch et al. 1981).

Although the cap-snatching mechanism was first reported in influenza

virus, it is also employed by other negative-sense or ambisense segmented RNA

viruses, which belong to three virus families (summarized in Table 1) (Duijsings et

al., 2001; Estabrook et al., 1998; Leahy et al., 1997; Nguyen et al., 1997; Garcin et
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Table 1: Viruses synthesize mRNAs through cap-snatching mechanism

Family Genus Genome viruses Host

Orthomyxovirus
(-)

ssRNA*

influenza A and B

salmon anaemia virus

Human

Birds

SwineOrthomyxoviridae

Thogotovirus
(-)

ssRNA

Tick-borne Thogoto

virus

vertebrate

and ticks

Bunyavirus
(-)

ssRNA

snow shoe hare

bunyavirus

germiston virus

Bunyamwera

La cross virus

animal

Phlebovirus
(-)

ssRNA

rift valley fever virus

punta toro phlebovirus
vertebrate

Unkuvirus
(-)

ssRNA
Uukuniemivirus NA**

Tospovirus
(-)

ssRNA
tomato spotted wilt virus Plant

Hantavirus
(-)

ssRNA
hantaan virus animal

Bunyaviridae

Nairovirus
(-)

ssRNA
Dugbe nairovirus animal

Tenuivirus NA**

(-) or

(+/-)***

ssRNA

Rice hoja blanca virus

Maize strip virus
Plant

*      Negative, single-stranded RNA

**    Not available

***  Negative or ambisense, single-stranded RNA
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al., 1995; Jin and Elliott, 1993a and b; Raju et al., 1990; Bishop et al., 1983; Bouloy

et al., 1990; Collett, 1986; Eshita et al., 1985; Ihara et al., 1985; Patterson and

Kolakofsky, 1984; Simons and Pettersson, 1991; Sandvik et al., 2000).

Previous studies showed that the polymerase complex is not active in the

absence of vRNA sequences. Addition of RNA containing the first 13nt sequence

at the 5' end of vRNA (5'vRNA) stimulates the cap-binding activity of the

polymerase, but not the endonuclease function. Subsequent addition of RNA

containing the last 12nt sequence at the 3' end of vRNA (3'vRNA) stimulates the

endonuclease activity, leading to a functional transcriptase complex. The binding

of the polymerase to the 3'vRNA requires prior binding of the 5'vRNA (Hagen et

al., 1994; Tiley et al., 1994; Cianci et al., 1995; Li et al., 1998; Li et al., 2001;

Leahy et al., 2001b).

To generate the primers for transcription initiation, three signals in the

cellular pre-mRNA are recognized by the polymerase: 1) the cap1 structure

(m7GpppNm, where N is any nucleotide) at the 5’ end of the pre-mRNA; 2) the

sequence of the endonuclease cleavage site and 3) the distance between the cap and

the cleavage site (Bouloy et al., 1978; Bouloy et al., 1980; Plotch et al., 1979;

Plotch et al., 1981). The cap1 structure is required since the absence of the methyl

groups at either the 7 position or the 2’O position of the cap decreases the

transcriptional activity by 85% (Bouloy et al., 1980). Endonuclease cleavage

prefers cut after a purine, especially an A (Plotch et al., 1981). The primers

generated by the endonuclease vary from 10 to 13 nt in length (not including the
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cap nucleotide) depending on which primer donor is used (Plotch et al., 1981;

Cianci et al., 1997). Primer-extension analysis of the cellular sequences on the 5'

ends of viral mRNAs in virus infected cells showed that the vast majority of the

cellular sequences used as primers to initiate viral transcription end with CA

(Beaton and Krug, 1981; Shaw and Lamb, 1984). Prior to my research, no data has

mirrored this specificity.

3.2.2  Transcription initiation and vRNA requirement

In the presence of primer, the polymerase is now able to initiate

transcription. Priming requires hydrogen bonding between primers and the 3' end

of the vRNA templates (Hagen et al., 1995). Transcription initiation usually starts

by incorporating a G or C onto the 3’ end of the primer, which is directed by the

penultimate C at the second position or G at the third position of the 3’vRNA end,

which starts with 3’UCG5’ (Hagen et al., 1994; Hagen et al., 1995; Li et al., 1998).

The result of this transcription initiation is chimera viral mRNAs that contain host-

derived heterogeneous sequences at their 5’ends (Beaton and Krug, 1981; Shaw

and Lamb, 1984).

The reconstitution of viral transcriptase activity using recombinant

polymerase proteins and synthetic RNAs have greatly facilitated the

characterization of the RNA signals required for endonuclease cleavage. These

studies have led to a so-called “corkscrew” model (Leahy et al., 2001a; Leahy et

al., 2001b). In this model, three base-pairing elements are required for the
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activation of endonuclease. They are: 1) base pairs formed between the 3rd and 8th

nucleotide and 2nd and 9th nucleotides within 3’vRNA counted from 3' end; 2)

base pairs formed between the 3rd and 8th nucleotide and 2nd and 9th nucleotides

within 5’vRNA and 3) up to 6 base pairs formed between 5’vRNA 11-16 and

3’vRNA 10-15. In addition, the identity of nucleotides at position 1, 5, 10 in the

5'vRNA and position 1 in the 3'vRNA, counted from 3' end, are also important for

the endonuclease activation (Leahy et al., 2001a; Leahy et al., 2001b). Before my

research, no specific study has ever addressed the requirements of vRNA

sequences for transcription initiation with capped RNA as primer.

3.2.3  Transcription termination and polyadenylation

After transcription initiation, the successful synthesis of viral mRNA

requires proper transcription termination at the stretch U's 15-16 upstream of the 5'

end of vRNA followed by polyadenylation. The polyadenylation of virus mRNAs

is catalyzed by the virus polymerase through reiterative copying (stuttering) of the

stretch of U's (Pritlove et al., 1998; Luo et al., 1991; Poon et al., 1999). Stuttering is

thought to occur because the 5’vRNA end of the template is bound to the

polymerase, which provides a hindrance for the polymerase to copy through

(Pritlove et al., 1998). It is reported that free NP proteins are important for the anti-

termination (Beaton and Krug, 1986).

3.2.4  Viral polymerase and alternative splicing of viral mRNA
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Most influenza virus mRNAs only encode one viral protein, but M1 and

NS1 mRNAs encode two proteins. The M1 mRNA has two alternative 5' splice

sites: a distal 5' splice site producing mRNA3 that has the coding potential for 9

amino acids and a proximal 5' splice site producing M2 mRNA encoding the

essential M2 ion-channel protein. In influenza virus-infected cells, M2 mRNA is

made, but only after a delay, suggesting that some early synthesized viral gene

product(s) are needed to activate the M2 5' splice site. These gene products are

found to be the complexes of the three polymerase proteins (Shih et al., 1995). The

use of the alternative splice site of M1 mRNA to generate M2 mRNA is controlled

by the influenza virus polymerase, which binds to the viral sequence in M1 mRNA

that is immediately 3' to the 5' sequence snatched from cellular RNAs. The binding

is both sequence specific and cap1 dependent. Binding of the polymerase to the 5'

end of M1 mRNA protects the distal 5' splice site from being used by the splicing

machinery. The result is that only the proximal 5' splice site is used and M2 mRNA

is generated (Shih et al., 1995). Another function of polymerase binding to the viral

mRNA 5' ends is that it can protect the viral mRNAs from the cap-snatching

reaction catalyzed by the same polymerase proteins (Shih and Krug, 1996).

 3.2.5  Transcription sites on influenza virus polymerase

It has been known that the polymerase is only transcriptionally active in the

presence of both the 3'vRNA and 5'vRNA (Hagen et al., 1994; Li et al., 1998).

Recently, the sites for 3’ and 5’ vRNA binding and endonuclease activity have
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been identified (Li et al., 1998; Li et al., 2001). PB1 is the core of the polymerase.

It contains 5’vRNA binding site, 3’vRNA binding site, endonuclease activity and

nucleotide addition activity (Ulmanen et al., 1981; Biswas and Nayak, 1994; Li et

al., 1998; Gonzalez and Ortin, 1999). The arginines at position 571 and 572 at the

binding site for 5'vRNA are required for 5'vRNA binding. So far there is no

obvious homologue of this site in the gene bank. The 3’vRNA-binding site is an

RNP1 like domain. The phenylalanines at positions 251 and 254 within the

3’vRNA-binding site are required for the 3’vRNA binding (Li et al., 1998). The

binding sites for 5’vRNA and 3’vRNA on the PB1 subunit are 300 amino acids

apart in the protein sequence. However, it is expected that in three-dimensional

structure, these two sites are close to each other. The endonuclease catalytic site

identified on PB1 contains three acidic acids at position 508, 519 and 522. The

SDD tri-amino acid sequence, which is a signature sequence of the influenza virus

RNA polymerase residing in one of the most conserved motifs (motif III) of PB1,

was found to be important only for nucleotide adding and has nothing to do with

endonucleolytic primer generation (Biswas and Nayak, 1994; Li et al., 1998). PB2

is responsible for capped RNA binding (Ulmanen et al., 1983; Perales et al., 1996;

Honda et al., 1999), but the exact binding site for the cap structure is not known.

Although no catalytic activity related to the virus RNA transcription has been

found in PA, the presence of this subunit is required for active transcription

complex formation (Hagen et al., 1994; Li et al., 1998).
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Since the activation of the virus polymerase transcriptase activity absolutely

requires the binding of the conserved terminal sequences of vRNAs, drugs

designed against this activation mechanism may have the following advantages: 1)

resistance to these drugs may not develop as quickly as to the drugs against other

viral proteins and 2) side effects from cellular interactions could be minimized

since the drugs are specific to influenza virus-specific RNA-dependent RNA

polymerase.

4. Cap binding proteins and their interaction with the cap structure

A cap1 structure (m7GpppNm, where N is any nucleotide) is found at the 5'

ends of mature eukaryotic messenger RNAs (mRNAs). It contributes to many

aspects of pol II transcript metabolism, including protection against 5'-3'

exonucleases, facilitating efficient pre-mRNA splicing, 3' end formation,

translation of mRNA and mRNA degradation (Lewis and Izaurralde, 1997; Varani,

1997). A number of cap-binding proteins have been identified, including the

eukaryotic translation initiation factor eIF4E, vaccinia virus-encoded cap-specific

mRNA 2'-O-methyltransferase (VP39), nuclear cap-binding complex (CBP),

mRNA decapping enzymes and other viral cap binding proteins. So far the

structure of three cap-binding proteins, eIF4E, VP39 and CBP, has been solved,

which has provided insights for cap structure recognition.

4.1  eIF4E
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eIF4E is an eukaryotic translation initiation factor. Eukaryotic translation is

initiated by cap-dependent binding of mRNA to ribosomes. This is the limiting step

of translation and it is mediated by a complex called eIF4F (Sonenberg, 1996;

Merrick and Hershey, 1996).

In higher eukaryotes, eIF4F is a three-subunit complex composed of eIF4E,

eIF4G and eIF4A. eIF4E, which is a 25 kDa polypeptide, is the subunit responsible

for specific interaction with the cap structure at the 5' end of all eukaryotic cellular

mRNAs (Sonenberg et al., 1978). eIF4E not only serves as a mediator for binding

the cap structure to eIF4F, it is also a major point for eukaryotic translation control

(Haghighat et al., 1995; Pause et al., 1994; Flether et al., 1998; Mader et al., 1995).

Activation of eIF4E requires its binding to eIF4G, which is another subunit of

eIF4F. eIF4G can enhance the cap-binding capability of the eIF4E (Haghighat and

Sonenberg, 1997; Gingras et al., 1999; Niedzwiecka et al., 2002)

The three-dimensional structure of murine eIF4E and its yeast homologue,

both bound to m7Gpp, have been solved by x-ray crystallography (Marcotrigiano et

al., 1997) and NMR spectroscopy (Matsuo et al., 1997). In those structures, the

recognition of the 7-methylguanine moiety is mediated by: 1) base sandwich-

stacking of the guanine between two tryptophans (Trp56 and Trp102); 2) formation

of three Watson-Crick-like hydrogen bonds with Glu103 and Trp102 and 3) a van

der Waals contact with Trp166. The diphosphate chain forms salt bridges and

direct or water-mediated hydrogen bonds with Trp102, Trp166, and side-chains of

Arg112, Lys162 and Arg157 (Matsuo et al., 1997). The free energy of 7-
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methlguanine stacking and hydrogen bonding (-4.9 kcal/mol) separates from the

energies of phosphate chain interactions (-3.0, -1.9, -0.9 kcal/mol for α, β and γ

phosphates, respectively), supporting a two-step mechanism of the binding.

Stabilization of the stacked trp102/m7G/trp56 configuration is a precondition to

form three hydrogen bonds with Glu103 and Trp102. The negatively charged

phosphate groups of the cap act as a molecular anchor, enabling further formation

of the intermolecular contacts within the cap-binding slot (Niedzwiecka et al.,

2002).

4.2  VP39

VP39, which is a multi-functional vaccinia virus protein, functions in the

modification of both ends of viral mRNAs. At the 5' end it acts catalytically as a

cap-specific mRNA 2'-O-methyltransferase which converts viral mRNAs' cap0

structure (m7GpppN...) to its cap 1 (m7GpppNm...) counterpart (Schnierle et al.,

1992; Schnierle et al., 1994). At the mRNA 3' end, VP39 apparently acts as a

processivity factor for the vaccinia poly(A) polymerase (PAP) VP55, with which it

forms a heterodimer (Moss et al., 1975; Gershon et al., 1991; Gershon and Moss,

1993). VP39 may also have a third function at the transcriptional level, namely, the

control of transcript-length homeostasis (Xiang et al., 2000).

Recently, the structural basis for VP39's 5' end-modification function has

been elucidated. The high-resolution crystal structure of VP39 has been solved as a

complex with its methyltransferase cofactor (S-adennosyl methionine) and with
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cofactor-product (S-adenosyle homocysteine) plus 5' capped RNA substrate

(Hodel, et al., 1996, 1997 and 1998). In conjunction with the mutagenesis data

(Schnierle et al., 1994; Hodel et al., 1997 and 1998; Shi et al., 1996), three factors

were identified to contribute to VP39's specific recognition of the cap's m7G

moiety: The most important is the enhanced stacking interactions between the

aromatic side chains of Tyr22 and Phe180 and the N7-methylated guanine moiety.

The second is the electrostatic interactions with guanine-specific polar

functionalities, via hydrogen bonds and salt links. The third is the van der Waals

contacts with the 7-methyl group itself (Hodel, et al., 1996, 1997 and 1998).

4.3  CBP20/CBP80 (nuclear cap binding complex)

CBC, the nuclear cap-binding complex, is a conserved protein complex that

binds to the 5' cap structure of nascent RNA polymerase II transcripts including

pre-mRNAs and uracil-rich small nuclear RNA (U snRNAs). It has three major

functions. First, it increases the efficiency of U1 snRNA binding to the cap-

proximal 5' splice site and enhances splicing of the cap-proximal intron (Izaurralde

et al., 1994; Lewis et al., 1996). Second, it helps nuclear export of snRNAs (Hamm

and Mattaj, 1990; Ohno et al., 2000). Finally, CBC stabilizes the interaction of pre-

mRNA with the 3' end-processing machinery and promotes poly(A) site cleavage

(Flaherty et al., 1997).

CBC is a complex of two peptides, CBP80 and CBP20, which are 790 and

156 amino acids long, respectively. The X-ray structure of the CBC complex
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associated with the cap analogue m7GpppG and the structure of unligated CBC

were both solved recently (Mazza et al., 2002; Calero et al., 2002). The overall

CBP structure is very different from that of other known cap-binding proteins.

However, the specificity for the methylated guanosine is again achieved by

sandwiching the base between two aromatic residues, Tyr43 and Tyr20, in CBP20

subunit. In addition, there are also direct hydrogen bonds to almost all of the

possible acceptor or donor groups on the m7Gppp moiety with the ligand.

Despite the lack of sequence and structure homology among the eIF4E,

VP39 and CBP20, the mode in which they interact with the cap structure is

strikingly similar. They all achieve m7G specificity principally by parallel stacking

of the methylated base between two aromatic residues.  In the case of eIF4E, those

two aromatic acids are Trp56 and Trp102. In VP39, they are Tyr22 and Phe180. In

CBP20, they are Tyr43 and Tyr20. The positive charge arising from methylation is

delocalized on the base in its cationic form and enhances the interactions with the

π-electrons of the stacked aromatic rings. The positive charge of the methylated

base also provides electrostatic reinforcement to the hydrogen bond interactions

made by the acidic residues to the N1 and N2 positions. Van der Waals or weak

polar interactions with the methyl group itself appear to play a minor role in m7G

specificity. It was proposed from chemical considerations that the stacking ability

of aromatic amino acids with m7G would decrease in the order of tryptophan,

tyrosine and phenylalanine (Ishida et al., 1988). Mutational studies of VP39, eIF4E
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and CBC suggested that various combinations of aromatics could be sufficient for

m7G discrimination provided at least one tyrosine or tryptophan was present (Hsu

et al., 2000; Mazza et al., 2002; Hu et al., 2002). However, changing either of those

two aromatic amino acids to a non-aromatic one resulted in complete loss of cap

binding ability. In addition to the base sandwich stacking, hydrogen bonds and salt

links between the protein and the base also contribute to the binding energy.

Substitution of those amino acids result either reduced or complete loss of cap

binding activity (Matsuo et al., 1997; Mazza et al., 2001 and 2002).
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MATERIALS AND METHODS

1. Influenza virus amplification and titering

To amplify influenza virus A/WSN, MDCK cells were split into 150 mm

tissue culture plates (Corning Co.) and grown in DMEM media containing 10%

fetal bovine serum (FBS) to 95-100% confluency. Before infection, the MDCK

cells were rinsed twice with serum free DMEM medium. Then influenza virus

stock was diluted in DMEM containing 2.5% calf serum (CS) and inoculated to the

cells at a multiplicity of infection (MOI) of 0.001 pfu/cell. After incubation at 37°C

for 1 hour, the virus was replaced with fresh DMEM containing 2.5% CS. The

virus was allowed to amplify for 2 days at 37°C in 5% CO2 incubator before

harvest. The production of virus was checked occasionally by hemagglutination

(HA) assay. To harvest the virus, the medium was collected and cell debris was

removed by centrifugation at 2500 rpm for 10 minutes. Supernatant containing

influenza virus was stored at –80°C.

For titration by plaque assay, MDCK cells were grown in 6-well plates

(Corning Co.) in DMEM medium containing 10% FBS to 95-100% confluency.

Virus stock was diluted to 10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7. After two washes of

confluent MDCK cells with serum free DMEM medium, 500 µl of the diluted virus

stocks were added. After 1 hour incubation at 37°C, the virus was removed and

replaced with agar overlay medium (1 X DMEM, 100 µg/ml DEAE-Dextran, 2.2

mg/ml NaHCO3, four times as much vitamins, 20 µg/ml trypsin, 0.6% Noble agar).
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After 3 days at 37°C, an equal amount of a second agar overlay containing 0.003%

neutral red was added, and the plaques were counted 6 hours later.

For titration by HA assay, virus stocks were diluted in phosphate buffered

saline (PBS) and mixed with 0.5% (v/v) chicken red blood cell suspension

(Cocalico Biologicals). The mixture was incubated at 4°C for 60 minutes and

hemagglutination was then examined.

2. Preparation of virion polymerase

Influenza virus was concentrated by applying the virus containing medium

onto a 60% sucrose/D2O cushion (60% sucrose, 10 mM Tris pH7.4, 1 mM EDTA,

100 mM NaCl in D2O) and centrifuging at 25,000 rpm for 1.5 hour at 4°C in a

SW28 rotor. Virus accumulated on the sucrose cushion was collected, diluted 3

times with dilution buffer (10 mM Tris pH7.4, 1 mM EDTA, 100 mM NaCl). Then

the virus was purified by layering onto a 12.5% / 25% / 60% sucrose gradient.

After centrifugation at 25,000 rpm for 30 minutes at 4°C in a SW28 rotor, the virus

band was collected and concentrated by another 60% sucrose/D2O cushion. The

purified virus particles were collected and stored at 4°C.

Before using the purified virion as a source of polymerase in preparing the

endonucleolytic product A13 for cap-binding assay, Triton N-101 was added to the

purified virus to a final concentration of 0.2%.

3. Vaccinia virus amplification and titering
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Recombinant vaccinia viruses expressing influenza virus polymerase, the

three P proteins: PB1, PB2 and PA, were gifts from Dr. Mark Krystal (Bristol

Myers Squibb Pharmaceutical Research Institute). To amplify viruses, vaccinia

viruses were first incubated at 37°C for 30 min in the presence of 0.025% trypsin.

Then the trypsinized viruses were inoculated to 90-100% confluent HeLa

monolayer at a MOI of 0.01 pfu/cell. After 2 hours of incubation at 37°C in 5%

CO2 incubator, the viruses were replaced with fresh MEM medium containing

2.5% FBS. The viruses were allowed to amplify in the CO2 incubator at 37°C for

two days. Then HeLa cells containing amplified viruses were collected, spun down

and resuspended into MEM medium containing 2.5% FBS. Three freeze-thaw

cycles were carried out between 37°C and ethanol-dry ice mixture to release

viruses from the cells. These virus stocks were stored at –80°C (Elroy-Stein and

Moss, 1996; Smith et al., 1987).

For plaque assay of vaccinia virus, BSC-1 cells were grown in 6-well plates

in MEM medium containing 10% FBS to 95-100% confluency. Virus stock was

trypsinized for 30 min at 37°C and diluted to 10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7

with MEM containing 2.5% FBS. Duplicate of 500 µl viruses with each dilution

were inoculated to 6 well plates. After incubation at 37°C for 2 hours, the virus was

replaced with fresh MEM containing 2.5% FBS. Then the plaques were allowed to

develop by incubating at 37°C for 2 days. Before scoring the plaques, the medium

was aspired and the cell monolayer was stained with 0.1% crystal violet (Elroy-

Stein and Moss, 1996).
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4. Making recombinant vaccinia virus expressing PB2 mutant

Mutated PB2 genes were cloned into BamHI site of PGS20 vector (Smith et

al., 1987). To make recombinant vaccinia viruses, CV-1 cells were grown to 95-

100% confluency in 25 cm2 flask in MEM medium containing 10% FBS. Then the

cells were infected with trypsinized vaccinia virus/WR at a MOI of 0.1 pfu/cell.

After the cells were incubated in 37°C for 2 hours, the viruses were aspired. The

cells were then transfected with 8 µg of calcium phosphate-precipitated pGS-PB2

mutant plasmid DNAs. After incubating for 30 minutes at room temperature, the

transfection mixtures were replaced with fresh MEM containing 10% FBS. The

medium was changed once 4 hours later. Then the cells were grown in CO2

incubator at 37°C for 2 days. The CV-1 cells containing recombinant viruses were

scraped off and spun down at 2500 rpm. After resuspended into 500 µl MEM

containing 2.5% FBS, the cells were subjected to three freeze-thaw cycle between

dry ice-ethanol mixture and 37°C. The viruses were then ready for plaque

purification (Elroy-Stein and Moss, 1996).

For plaque purification, HuTK- 143B cells were grown in 6-well plates to

95-100% confluency. The cells were infected with proper dilutions of trypsinized

recombinant viruses as in titering assay. After infection, the viruses were replaced

with 3 ml of agar overlay (1% low-melt-point agar, 1 X Basal Medium Eagle, 2.5%

FBS, 50 µg/ml bromouridine (BrdU)). After 2 days incubation in the CO2 incubator

at 37°C, staining agar overlay was added (1% low melt point agar, 1X Basal
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Medium Eagle, 100 µg/ml neutral red). Six hours later, the well-separated plaques

were located and 6 of them were picked with sterile pasture pipettes and mixed

with 500 µl of MEM containing 2.5% FBS.  Three freeze-thaw cycles was carried

out before storing the viruses at –80°C.

To examine the expression of PB2 mutant proteins, CV-1 cells in 6-well

plates were infected with 1/5 of a plaque each well. Two days after infection, CV-1

cells were collected and lysed in 1 X SDS PAGE sample buffer. Then western blot

was carried out to confirm expression of the PB2 protein. The plaques that

expresses PB2 were subject to another round of plaque purification. Then the

viruses were amplified twice and titered (Elroy-Stein and Moss, 1996).

5. Polymerase nuclear extract preparation

HeLa cells were infected with three recombinant vaccinia viruses

individually encoding the influenza virus PB1, PB2 and PA proteins at MOI 3

pfu/cell for each virus (Hagen et al., 1994; Li et al., 1998). Where indicated, the

vaccinia virus expressing wild-type PB1 (or PB2) protein was replaced by the virus

expressing mutant PB1 (or mutant PB2). At 18-20 hours post-infection, the HeLa

cells were collected.

To prepare nuclear extracts containing polymerases, the vaccinia virus-

infected HeLa cells were washed once with PBS solution followed by a brief wash

with buffer A (10 mM Hepes pH7.8, 15 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1

mM DTT, 1 mM PMSF, 6 µg/ml Approtinin, 0.3 µg/ml Leupeptin). The cells were
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then lysed in buffer A containing 0.2% NP-40. The nuclei were pelleted by

centrifugation at 2,500 rpm for 10 minutes in Beckman JS-7.5 rotor. After

suspending in buffer B (50 mM Hepes pH7.8, 50 mM KCl, 0.1 mM EDTA, 10%

glycerol, 1 mM DTT, 1 mM PMSF), the nuclei were extracted by adding 4 M

(NH4)2SO4 stock solution to bring the final (NH4)2SO4 concentration to 0.3 M. The

extraction were performed at 4°C with constant inverting for 30 minutes, followed

by centrifugation at 42,000 rpm for 30 minutes in SWTi55 rotor. The supernatants

were collected and 4 M (NH4)2SO4 was added to bring its final concentration to 1.5

M to precipitate the polymerase complexes. After another centrifugation at 42, 000

rpm for 30 minutes, the supernatants were carefully aspirated. The protein pellets

were dissolved in buffer B and stored at –80°C. These were the nuclear extracts

containing polymerases used for most experiments (Fiering et al., 1990 and

Ohlsson et al., 1986).

6. Synthesis and labeling of RNAs

Unless specifically mentioned, most RNA oligos used in this research,

including all wild-type cRNAs, vRNAs and their mutants, were synthesized

chemically (Dharmacon Inc.). In RNA binding assays, 5’vRNA, 5’cRNA or

3’vRNA were labeled at their 5’ end by T4 nucleotide kinase (Invitrogene) in the

presence of γ-32p-ATP. Where indicated, the 5'vRNA was labeled by T4 RNA

ligase (Amersham Pharmacia Biotech) in the presence of [5' - 32p] pCp.
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Capped-RNA oligos used in endonuclease and elongation assays as primer

donors, including pGEM-7z RNA and pGEM-9z RNA, were prepared by SP6

RNA polymerase-catalyzed transcription of pGEM-7z (+) and pGEM-9z (-)

(Promega Corporation) plasmids linearized with SmaI and SalI respectively. The

transcripts, which are 67nt and 46nt long respectively, were isolated by gel

electrophoresis and incubated with the vaccinia virus capping enzyme (Martin et

al., 1975; Moss, 1977) and 2’O-methyltransferase (Schnierle et al., 1992) in the

presence of α-32p-GTP to produce an m7G32pppGm 5' end (Plotch et al., 1981).

Unincorporated α-32p-GTP was removed by passing the reaction mixture through a

G-25 Quick Spin Column (Boehringer Mannheim). Where indicated, the cap of

pGEM-9z transcript was formed using unlabeled GTP.

To label ALMV RNA4, another primer donor used in endonuclease and

elongation assay, at its cap structure, the original cap has to be removed first.

Decapping was conducted by β-elimination (Fraenkel-Conrat and Steinschneider,

1967; Plotch et al., 1979). Briefly, ALMV RNA4 was first incubated in oxidization

buffer (1.5 mM periodate, 0.15M NaOAc pH5.2) in dark for 30 minutes at room

temperature. Then β-elimination was carried out by incubating the RNA in aniline

solution (6.5% aniline v/v, 20 mM NaOAc pH5.2) at room temperature for 3 hours.

The decapped ALMV RNA4 was recapped with vaccinia virus capping enzyme

(Martin et al., 1975; Moss, 1977) and 2’O-methyltransferase (Schnierle et al.,

1992) in the presence of α-32p-GTP (Plotch et al., 1981). Unincorporated α-32p-
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GTP was removed by passing the reaction mixture through a G-50 Quick Spin

Column (Boehringer Mannheim).

To prepare cap-labeled A13 RNA for capped-RNA binding assay, cap-

labeled ALMV RNA4 was subject to endonuclease cleavage using virion

polymerase. The A13 cleavage product was isolated by gel electrophoresis.

7. 5’ vRNA binding assay and UV cross-linking

For 5’vRNA (or 5’cRNA) binding gel-shift assay, 10 µl of binding

reactions containing 5 X 104 cpm of labeled 5’vRNA (or 5'cRNA), 5 µg of the

influenza polymerase nuclear extract and 1X BB buffer (10 mM Hepes pH7.8, 100

mM KCl, 0.5 mM EGTA, 2 mM MgCl2, 1 mM DTT, 8 U RNase inhibitor, 10%

glycerol) were incubated at room temperature for 30 minutes. Then the reactions

were loaded on a 4% native gel to separate complexes from free-labeled RNA.

For UV-cross-linking, after binding reactions finished, the reactions were

exposed to ultraviolet (UV) light (365 nm) for 30 minutes on ice. Then the cross-

linked protein-oligoribonucleotide complexes were separated on 7% SDS-PAGE

gel. The cross-linked complexes migrated around 90 kD.

8. 3’vRNA binding assay

For 3’vRNA binding, 5 µg of nuclear extract containing polymerase was

first incubated with 1 pmol of 5’vRNA at room temperature for 15 min in 1X BB

buffer as in the 5'vRNA-binding assay. Then 5 X 104 cpm of labeled 3’vRNA was
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added followed by 30 minutes room temperature incubation. The reactions were

loaded on 4% native gel to separate complex from free-labeled RNA.

9. Cap binding assay

For capped-RNA binding, 10 µl binding reaction mixtures containing 5 µg

polymerase nuclear extract, 1 pmol of 5’vRNA, and 1 X BB buffer were first

incubated at room temperature for 15 min. Then 15 µl of capped-RNA mixtures

(100 mM KCl, 50 mM Hepes pH7.8, 1 mM DTT, 10 mM MgCl2, 10 U RNase

inhibitor, 2.5 µg tRNA, 5 X 104 cpm A13 cap-labeled RNA) were added. After 30

minutes incubation at room temperature, the reactions were separated on 4% native

gel.

10. Endonuclease and elongation assays

For cap-dependent endonuclease assay, the polymerases were first activated

by the addition of 1 pmol of either: 5'vRNA alone; both 5'vRNA and 3'vRNA;

5'cRNA alone or both 5'cRNA and 3'cRNA in 10 µl of reaction mixtures

containing 5 µg polymerase nuclear extract in 1 X BB buffer. Then 15 µl of

endonuclease mixtures (100 mM KCl, 50 mM Hepes pH7.8, 1 mM DTT, 10 mM

MgCl2, 10 U RNase inhibitor, 2.5 µg tRNA) containing indicated cap-labeled RNA

(0.25 ng, 1 x 105 cpm) were added. Endonuclease reaction was carried out for 1.5

hours at 30°C. The reactions were loaded on 20% urea-PAGE.



33

For elongation assay, the four ribonucleoside triphosphates (4NTP, 1 mM

each) were also included in the endonuclease mixtures. For elongation assay with

α-32p-GTP, the reaction was essentially set as the endonuclease and elongation

assay except two modifications: (1) instead of adding radioactive cap-labeled

capped-RNA, unlabeled capped- RNA was added; (2) α-32p-GTP was included in

the 4NTP mix (1mM ATP, 1mM CTP, 1mM UTP, 0.25 mM GTP and 40 uCi α-

32p-GTP) so that only the elongation product was labeled. In control reaction, only

α-32p-GTP was added.

11. Western blot

Protein samples were mixed with equal volume of 2X SDS-PAGE loading

buffer and boiled for 2 minutes. The protein samples were then separated on 7%

SDS-PAGE regular gel. Proteins were electro-blotted to PVDF membrane at 100

mA for 1 hour. The membrane was incubated with 5% milk to block non-specific

binding. First antibody was added and incubated for 1 hour. After washes with

PBS-0.2% Tween-20, second antibody was added and incubated at room

temperature for 30 minutes. Following washes with PBS-0.2% Tween-20 buffer,

the membrane was soaked in western blotting detection reagents (Amersham

Biosciences) for 1 minutes and then exposed to X-ray film.
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RESULTS

Part I. The cap-binding site of the influenza virus polymerase resides in a

tryptophan-rich region on the PB2 subunit

1.  Most mutations at the cap-binding site result in mis-folding of the polymerase

complex

The cap binding site was identified using similar procedures as in

identifying 5’vRNA-, 3’vRNA-binding and endonuclease cleavage sites in the

polymerase (Li et al., 1998). Specifically, a 32P-labelled capped RNA

oligonucleotide (m7G32pppGmU(thio)CAGAAGACGCGC) was added to a cap

binding reaction mixture containing recombinant influenza virus RNA polymerase

in the nuclear extract from HeLa cells infected with three vaccinia virus vectors

expressing the PB1, PB2 and PA proteins (Hagen et al., 1994; Cianci et al., 1995;

Li et al., 1998). The thio U residue adjacent to the labeled cap structure leads to

highly efficient cross-linking of this RNA oligo to polymerase proteins when the

reaction is exposed to UV light (Favre et al., 1998; Wang and Rana, 1998). The

single protein species that was cross-linked to the cap-labeled oligoribonucleotide

was isolated by gel electrophoresis and then digested with endoproteinase (Glu-c

from Staphylococcus aureus strain V8, Sigma). Following another denaturing gel

separation, the labeled peptide was purified and microsequenced. In a blast search

against the gene bank, the peptide sequence obtained matches a sequence in the

PB2 protein subunit, extending from amino acid 544 to amino acid 556. The
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peptide contains a W (tryptophan) and a Y (tyrosine), two aromatic amino acids

that in other cap-binding proteins have been shown to interact with the m7G moiety

of the cap by base sandwiching (Hodel et al., 1997; Marcotrigiano et al., 1997;

Matsuo et al., 1997). This PB2 peptide is part of a larger PB2 sequence region

(amino acids 537-564) that is tryptophan rich and contains additional Ws at

position 537, 557 and 564 (Figure 1A).

To determine which aromatic amino acids in the 537-564 region on the PB2

protein function in cap binding, five aromatic amino acids in this region were

replaced individually with non-aromatic amino acid alanine (Figure 1A). Each of

the mutated PB2 genes was inserted into a vaccinia virus vector (Elroystein and

Moss, 1996), which was used to infect HeLa cells together with the two vaccinia

virus constructs expressing the wild type PB1 and PA proteins. Then nuclear

extracts were prepared from the infected HeLa cells (Fiering et al., 1990; Ohlsson

et al., 1986).

To determine whether the mutant PB2 proteins fold correctly and form

functional complex with PB1 and PA protein, the ability of the polymerases

containing PB2 mutants to bind 5’vRNA were examined (Figure 1B). Unlike the

site mutations at other RNA binding site on the polymerase, most site mutations

(four out of five) at the cap-binding site cause mis-folding of the 3P complex and

disrupt the polymerase’s binding to 5’vRNA. Only mutant W552A still preserves

the 5’vRNA binding ability (lane 4). To verify that the deficiency of 5’vRNA
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binding of the mutants is not due to failure of mutant PB2 proteins' expression or

problems during nuclear extract, the amount of PB1 and PB2 proteins present in

the nuclear extract were examined by western blot (Figure 1C). Similar amount of

both PB2 and PB1 proteins is present in all the nuclear extracts and the expression

of PB2 is similar to the expression level of PB1. The reasons for why the PB2

mutants are incapable of forming functional polymerase complexes  are discussed

later.

2.  W552A mutation attenuates the capped RNA binding and endonuclease

activities of the polymerase

Since only W552A is capable of forming functional polymerase complexes,

the polymerase complexes containing the PB2 protein with this mutation (W552A)

are the only ones that I could assay for cap-binding activity. The cap-binding

activity of the W552A mutant polymerase complexes in the presence of 5'vRNA

was compared with that of wild-type polymerase complexes. The substrate, A13, is

a 13-nuceotide-long capped RNA fragment that has been cleaved from alfalfa

mosaic virus (ALMV) RNA 4 by the influenza virion endonuclease (Li et al.,

1998). The W552A mutant polymerase complexes are defective in cap-binding

activity: they possess only ~ 25% of the activity of wild-type polymerase

complexes (Figure 2A, compare lane 2 and 3). As a consequence, the endonuclease

activity of the W552A mutant also decreases ~ 80% (Figure 2B). In contrast, these
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polymerase complexes retain wild-type activity for the binding of 3'vRNA in the

presence of 5'vRNA, a step that is activated concomittantly with cap-binding (data

not shown). Consequently, these results indicate that the W552A mutation in the

PB2 protein results in polymerase complexes that possess wild-type 5' vRNA

binding activity but are defective in the subsequent step of cap binding and

endonuclease cleavage and some of the other four aromatic acids are involved in

direct cap recognition (see Discussion).

Part II. The crucial role of the CA endonuclease cleavage sites on the cap-

snatching mechanism for initiation of influenza virus mRNA synthesis

1.  The CA-terminated endonuclease products are preferentially used as primers to

initiate influenza viral mRNA synthesis

During viral “cap-snatching” of cellular mRNAs, the cap-dependent

endonuclease that is intrinsic to the viral polymerase has been shown to be activated

by the addition of both the 5' and 3' terminal sequences of influenza vRNA (Cianci

et al., 1995; Hagen et al., 1994; Leahy et al., 2001a; Leahy et al., 2001b; Li et al.,

1998; Li et al., 2001). However, the capped 10-13 nt long RNA fragments, which

were generated by the endonuclease in these previous studies, were poorly used as

primers to initiate viral mRNA synthesis (Hagen et al., 1994; Li et al., 2001; Leahy

et al., 2001a and 2001b). Figure 3 shows representative examples of the poor
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priming exhibited by two capped RNA fragments used in previous studies, one

containing an AG 3' terminus (Cianci et al., 1995; Hagen et al., 1994; Leahy et al.,

2001a; Leahy et al., 2001b) and the other containing a UA 3' terminus (Li et al.,

1998; Li et al., 2001). The influenza virus polymerase is formed in HeLa cells that

are infected with vaccinia virus recombinants expressing the influenza virus PB1,

PB2 and PA proteins. To assay for both endonucleolytic cleavage and subsequent

priming, I used capped RNA substrates that contain 32P only in their 5' terminal cap

structure and have the initial 5' terminal sequences indicated in Figure 3A. The viral

endonuclease was activated by the addition of 16- and 15-nucleotide-long RNA

oligonucleotides containing the 5' and 3' terminal sequences of influenza vRNA,

respectively, which will be referred to as 5' vRNA and 3' vRNA, respectively. In the

absence of ATP, GTP, CTP and UTP, these two capped RNAs are efficiently

cleaved at the indicated G or A residue to produce the capped RNA fragments, 10

and 13 nucleotides long, respectively, which are designated as AG10 and UA13

(lanes 2 and 5). However, in the presence of the four nucleoside triphosphates

(NTPs), only a very small amount of the capped RNA cleavage product is

transcriptionally elongated (lanes 3 and 6), indicating that these two capped RNA

fragments are poorly used as primers for the transcription of the 3' vRNA template.

The cellular capped primers that are used during influenza virus infection

contain predominately CA at their 3' termini (Beaton and Krug, 1981; Shaw and

Lamb, 1984). To determine whether this in vitro system exhibits the same
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specificity, I used the 32P cap-labeled RNA substrate shown in Figure 4A, which

has a CA sequence at a potential cleavage site. In fact, this capped RNA is cleaved

to produce a capped RNA fragment containing a CA 3' terminus, designated as

CA12 (Figure 4B lane 2). In the presence of the four NTPs, a large amount of an

RNA product that is 14 nucleotides longer than the capped RNA fragment is

produced (Lane 3). The addition of these nucleotides shows that the polymerase has

efficiently transcribed the 15-nucleotide-long 3’vRNA oligonucleotide. The reason

that 14, rather than 15, nucleotides are added is because transcription initiates at the

penultimate, rather than the ultimate 3’ vRNA base (Krug et al., 1989; Plotch et al.,

1981). To confirm the transcription result, I carried out another elongation assay in

which unlabeled capped pGEM-9z RNA was used and RNA synthesis was

measured using a labeled NTP (α-32P-GTP) (Figure 4B, Lane 4 and 5). As shown

in Figure 4B lane 5, a single RNA product of the same size is observed as in lane 3.

Significant transcription of the 3' vRNA template occurs only in the presence of a

capped RNA substrate that contains a CA cleavage site. Therefore the influenza

virus makes use of CA-ended endonuclease products more efficiently than capped-

RNA species containing other ends. Such a capped RNA substrate will be

designated as capped CA-containing RNA in subsequent experiments.

2.  In the presence of a capped CA-containing RNA, only 5’vRNA is required for

endonuclease activation
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Because of the unique ability of the capped CA-containing RNA to produce

capped RNA primers that initiate viral mRNA synthesis, I revisited the roles of 5’

and 3’ vRNA in polymerase activation using this capped RNA substrate. Previous

studies using other capped RNA substrates found that the addition of both 5’ vRNA

and 3’ vRNA is required for the activation of the endonuclease (Cianci et al., 1995;

Hagen et al., 1994; Leahy et al., 2001a; Leahy et al., 2001b; Li et al., 1998).

However, in my endonuclease assay in the presence of a capped CA-containing

RNA substrate, the addition of 5’ vRNA alone efficiently activates the

endonuclease (Figure 5 lane 2). Adding 3’vRNA subsequently only results in a

small (~15%) increase in endonuclease activity (lane 3). These results show that 5’

vRNA binding to the polymerase is sufficient to activate the endonuclease activity

for CA-containing RNA substrates. The results also suggest that neither base-

pairing interactions between 5’ and 3’ vRNA nor the interaction of 3’ vRNA with

the polymerase is required for endonuclease activation. So using capped-RNA

containing CA endonuclease cleavage site, the requirement for endonuclease

activation differs from those previous identified using non-CA containing capped-

RNAs. This may indicate that the endonuclease when using CA containing RNA

might behave differently from those when non-CA containing RNAs were used as

endonuclease substrates.
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3.  Both 5’vRNA and 5’cRNA bind to the same site in polymerase and activate

endonuclease

It has been reported that the 5' end of the full-length copies of vRNA, the

cRNA, can bind to the polymerase and activate the cap-binding activity of the

polymerase (Cianci et al., 1995). However cRNA was not able to activate the

endonuclease of the polymerase (Cianci et al., 1996; Leahy et al., 2001a and

2001b). In these studies, the capped RNAs lacked a CA cleavage site.    

Using capped CA-containing RNA substrate, I tested the ability of 5’cRNA

to activate endonuclease. As shown in Figure 6A, 5’cRNA alone also efficiently

activates the endonuclease, although the amount of endonuclease activity is lower

(~30%) than that in the presence of 5'vRNA (compare lane 2 and 3). The addition

of 3’cRNA as well as 5’cRNA results in little or no increase in endonuclease

activity (lane 4). These results indicate that the 5’vRNA- and 5’cRNA-activated

polymerases are structurally and functionally similar. This is confirmed by binding

both 5’vRNA and 5’cRNA to wild type or 5’vRNA binding-deficient polymerases:

571A and 572A, in which the arginine at either 571 or 572 in PB1 subunit is

substituted with alanine (Li et al., 1998). As shown in Figure 6B, both 5’vRNA and

5’cRNA bind to the wild-type polymerase (lane 2 and 6). The mutant polymerase

complexes, 571A and 572A, do not bind to either 5’vRNA (lane 3 and 4) or

5’cRNA (lane 7 and 8). These suggest that 5’vRNA and 5’cRNA bind to the same

site in the polymerase.
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4.  Defining sequence and secondary structure elements in the 5’vRNA required for

endonuclease activation

Since both 5’vRNA and 5’cRNA activate endonuclease cleavage of CA-

containing RNA, the four differences in the sequence (bases 3, 5, 8 and 11, Figure

7A) between 5’vRNA and 5’cRNA must have minimal effect on the ability of

5’vRNA to activate the endonuclease. Thus, the extra A at position 11 in the

5’vRNA cannot significantly effect endonuclease activation. In addition, changing

the G at position 5 to a U in 5’vRNA has no effect on activation of endonuclease

cleavage at CA (Figure 7B lane 4), indicating that position 5 can be a G (in

5'vRNA), A (in 5'cRNA) or U (in 5'vRNA-5U). Consequently, the identity of the

base at position 5 of 5’vRNA does not affect endonuclease activation, in contrast to

the results obtained with other capped RNA substrates (Leahy et al., 2001b). But

transition mutation at either position 3 (U -> A) or 8 (A -> U) totally abolishes the

ability of 5’vRNA to activate endonuclease (Figure 7B lane 3 and 5). In addition,

another transition mutation at position 3 (U ->G) does not activate endonuclease

either (data not shown). These suggest that the polymerase prefers pyrimidine at

position 3 and purine at position 8, but has no preference at position 5.

To determine how bases at position 3 and 8 affect the activation of

endonuclease, I tested the possibility that they form base pair since it has been

suggested that 3 and 8 form base pair using capped-RNA lacking CA cleavage site
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(Flick et al., 1996; Leahy et al., 2001b). As shown in figure 7C, when the wild type

U-A at position 3 and 8, respectively, was changed to C-A, which disable base pair

forming between these positions, the mutant does not activate endonuclease at all

(compare lane 2 and 3). On the other hand, whenever the nucleotide at 3 and 8 can

potentially form base pair (C-G or A-U), the endonuclease can be fully activated

(lane 4 and 5). These results strongly suggest that nucleotides at position 3 and 8

base pair. The transition mutations at position 3 or 8, abolished the ability of

5’vRNA to activate endonuclease because the base pair between position 3 and 8

was disrupted. Since one base pair is not sufficient for a stem-loop structure, I also

tested whether bases at position 2 and 9 also form base pair. As in Figure 7C lane

6-8 and lane 2, bases at position 2 and 9 also form base pair. These results

concerning positions 2, 3, 8 and 9 are similar to those obtained previously with a

capped RNA substrate lacking a CA cleavage site, i.e. the identity of the bases at

positions 2, 3, 8 and 9 has no effect on endonuclease activation as long as the bases

at position 2 and 3 can form hydrogen bonds with the bases at position 9 and 8,

respectively (Leahy et al., 2001b). With respect to the 5'cRNA sequence, since its

different nucleotides from 5’vRNA at position 5 and 11 do not significantly affect

endonuclease activity, and its nucleotides at position 3 and 8 preserve the ability to

form base pair (C/G in 5’cRNA versus A/U in 5’vRNA), it is not surprising that it

can also activate endonuclease. I conclude that to activate the endonuclease activity

intrinsic to the influenza virus polymerase, a stem-loop secondary structure enabled
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by two base pairs within the 5'vRNA arm between bases 3 - 8 and 2 - 9 is crucial

for endonuclease activation.

Because binding the 5'vRNA is the first crucial step in activating the virus

polymerase during transcription, it is important for us to understand all the features

on 5'vRNA that are recognized by the polymerase. This can potentially contribute

to the design of novel anti-influenza virus drugs. To this end, I further examined

the sequence requirement for endonuclease activation at other positions within

5’vRNA (Figure 8). As shown in panel A, the identity of bases at position 1 and 7

is also important for endonuclease activation (lane 2 and 4). Combined with

previous data about nucleotide at position 5 (Figure 7), bases at position 4, 5 and 6

can be any nucleotide (Figure 8A lane 3, Figure 8C lane 2-4). Consequently, in the

presence of a capped CA-containing RNA substrate, the only base in the 5’vRNA

tetraloop that is required for endonuclease activation is an A at position 7, in

contrast to previous results obtained with other capped RNA substrates (Leahy et

al., 2001b). My results concerning the A at position 10 suggest that endonuclease

activation prefers an A or U at this position (Figure 8A lane 5 and 6).

Finally, I determined whether bases 11-13 in 5’vRNA play a role in

endonuclease activation that is independent of hydrogen-bond formation with bases

in 3’vRNA. Substitution at position 11 does not have any affect on endonuclease

activity while substitution at position 12 and 13 severely decrease endonuclease

activity by more than 80% (Figure 8C lane 2-4), indicating that the two Gs at
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position 12 and 13 play an important role in endonuclease activation. The

sequence/structure requirements for endonuclease activation by 5’vRNA in the

presence of capped CA-containing RNA are summarized in Figure 8D.

5.  3’vRNA, but not 3'cRNA, acts as the transcription template

It is clear now that in the presence of a capped CA-containing RNA

substrate, 3'vRNA is not required for the activation of endonuclease, instead it

serve as the template for viral transcription. By binding their 5’ counterparts, the 3'

sequence of the full-length vRNA copies, the 3'cRNA and 3'vRNA are also very

close to each other. Again there are only 4 nucleotide differences between them, as

in the case in 5'vRNA and 5'cRNA (Figure 9A). I tested whether 3'cRNA can also

function as template for transcription as 3'vRNA. In contrast to 5’ terminal

sequences, the 3’cRNA cannot replace 3’ vRNA as a template for primed RNA

synthesis when 5’vRNA is used to activate the endonuclease (Figure 9B, lanes 3

and 5). In consistent with this, only 3'vRNA can initiate transcription when 5'cRNA

is used to activate the polymerase, although the transcription products made are

much lower in amount than by 5'vRNA-activated polymerase (Lane 7 and 9).

These results indicate that the ability of the polymerase to initiate mRNA

transcription is attributed to the presence of 3’vRNA. The fact that 3'cRNA can not

serve as the template for primed RNA synthesis is in consistent with the fact that

cRNA can not be used as the template for transcription in infected cells.
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The above results also indicate that 5'cRNA not only can activate

endonuclease but also enable the polymerase to potentially initiate transcription in

the presence of proper template (lane 7). The weak transcription initiation with

5'cRNA-activated polymerase (lane 7), when incubated with 3'vRNA, may be a

reflection of the fact that 5’cRNA-activated endonuclease is 20% less than that of

5’vRNA. In addition, the potential of 5’cRNA to form perfect double strand with

3’vRNA may affect the 5’cRNA and 3'vRNA to assume proper confirmation in

order to fit the polymerase RNA binding pocket, therefore affect the transcription

efficiency.

6.  Identification of bases in the 3’vRNA that are required for its template activity

Because only 3’vRNA can be used as the template to initiate viral mRNA

synthesis, some or all the four base changes between 3’vRNA and 3'cRNA (bases

3, 5, 8 and 11 counting from 3' end) (Figure 10A) must be responsible for the loss

of the template activity. To determine which of these bases in 3’ vRNA are

required for template activity, bases 3, 5 and 8 in 3’ vRNA were individually

replaced with the corresponding bases in 3’ cRNA (Figure 10A). Replacement of

the U at position 5 has little or no effect on template activity (lane 3). In contrast,

replacement of either G at position 3 or C at position 8 reduces template activity

more than ~ 75% (lanes 2 and 5). Replacement of the bases at both position 3 and 8

has more sever effect than 3 or 8 single mutant (Figure 10C lane 3). The fact that
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the nucleotide at position 5 has no effect on the template ability of 3'vRNA is also

supported by a double mutant with A and C at position 3 and 5 respectively. This

mutant has similar template activity as the single mutant at position 3 (data not

shown). Notably endonuclease activity in the presence of wild type 5’vRNA and

each of the 3’vRNA mutants is as strong as that of wild-type 3’vRNA (data not

show). This is in consistence with our previous conclusion that activation of

endonuclease is attributed to 5’vRNA only. The combination of the above tells us

that positions 3 and 8 quantitatively affect the template ability of 3’vRNA.

U insertion before position 11 in the 3’vRNA completely abolishes the

template activity of 3’vRNA (Figure 10C lane 2). Therefore the absence of U

before position 11 in 3’vRNA plays a crucial role for 3’vRNA to serve as template

for viral mRNA synthesis.

The above results indicate that with the absence of U at position 11 being

the most crucial element that enables 3'vRNA to initiate transcription, position 3

and 8 contribute quantitatively in increasing transcription initiation.

It has been suggested previously that 3’vRNA forms stem-loop structure by

base pairing between bases at 2 - 9 and 3 - 8 (Flick et al., 1996; Leahy et al.,

2001a). However, in my results the mutant with base replacement at both positions

3 and 8 (A and U at 3 and 8 positions respectively), while preserving the potential

to base pair, results in almost complete loss of template activity (Figure 10C lane

3). This suggests that nucleotides at position 3 and 8 in 3'vRNA do not form base
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pair. This conclusion is confirmed by switching the identities of the bases at

positions 3 and 8, thereby preserving the potential for a G-C base pair, template

activity is almost completely lost (Figure 11 lane 2). A similar switching

experiment involving positions 2 and 9 (lane 3) demonstrates that hydrogen

bonding between these two bases does not play a role in template activity either.

These results proved that the nucleotide identity rather than the base pair forming at

position 2, 3, 8 and 9 is important for the 3'vRNA to serve as the transcription

template. It is most likely that right before transcription initiation, the bases 1-10 in

3'vRNA are in single stranded RNA conformation, rather than in a stem-loop

structure as proposed in previous reports (Flick et al., 1996; Leahy et al., 2001a).

7.  Defining interactions between 5’vRNA and 3’vRNA required for transcription

initiation

In the 5’vRNA and 3’vRNA sequences that were used in my experiments,

which are derived from influenza virus A/Puerto Rico/8/34 segment 8, six base

pairs can potentially form between 5’vRNA 11-16 and 3’vRNA 10-15 nucleotides.

Although I have shown that hydrogen-bonding between 5'vRNA and 3'vRNA does

not play a role in activation of the CA-specific endonuclease, such hydrogen-

bonding could be important for the template activity of 3’vRNA. To test this

possibility, I used a series of mutant 5' and 3' vRNAs indicated in Figure 12. The

transcription activity of the various pairs of 5' and 3' vRNAs are shown in Figure
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13A. Changing the A at position 11 in 5’ vRNA to a C, thereby eliminating the

potential for the hydrogen bonding of this base with the U at position 10 in 3’

vRNA, results in complete loss of transcription (RNA pairs a, lane 2). Some

(~30%) transcription is restored by changing the U at position 10 in 3’ vRNA to a

G (RNA pairs b, lane 3), thereby enabling a C-G base pair between these bases in

5’ and 3’ vRNA. Because the restoration of transcription is not complete, it is likely

that the original A-U base pair at this position is preferred to a G-C base pair. The

same conclusion was also obtained from other research (Kim et al., 1997).

Changing the G at position 12 in 5’ vRNA to A results in complete loss of

transcription (RNA pairs c, lane 4). Transcription is restored to wild type levels by

changing the C at position 11 in 3’ vRNA to U (RNA pairs d, lane 5).

Consequently, base-pairing between base 11 in 3’ vRNA and base 12 in 5’ vRNA

is required for transcription initiation. The same base substitutions corresponding to

the 3' vRNA bases at positions 12, 13 and 15 demonstrated that: (i) base-pairing

between base 12 in 3' vRNA and base 13 in 5' vRNA is required for transcription

initiation; (ii) base-pairing between base 13 or 15 in 3' vRNA and base 14 or 16 in

5' vRNA, respectively, is not required for transcription initiation, because some

transcription occurs in the absence of base pairing at these positions, but

nonetheless such base pairing does enhance transcription 2-3 times, compared with

those when no base pair formed at these positions (RNA pairs e-j, lanes 6-11). I
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conclude that base pairing between 3’vRNA bases 10-12 and 5’vRNA bases 11-13

is required for transcription initiation, as summarized in Figure 13B.  

As we have already documented, base-pairing between wild-type 5’ and 3’

vRNA is not required for activation of the endonuclease that cleaves at CA.

However, when endonuclease activation is decreased by introducing a mutation

into 5’vRNA at either position 12 or 13, this decrease is ameliorated by forming

base-pairs at these positions with mutant 3’ vRNA (Figure 13A, lanes 4-7). These

results also confirm the importance of bases 12 and 13 in 5’ vRNA for

endonuclease activation.

8. 3’vRNA's template activity is associated with its ability to bind activated

polymerase

To determine the mechanism of the specific recognition of 3’vRNA as the

template for the polymerase, I examined whether the template activity of 3’vRNA

is mediated by its ability to bind to the viral polymerase (Figure 14). I observed

very good correlation between the 3’vRNA binding strength and its template

activity. The wild type 3’vRNA, which is a good template for viral mRNA

synthesis, binds to the 5’vRNA activated polymerase strongly (lane 2 and 6).

3’vRNA with either a U insertion before the 11th position (11 Ins) or 3’vRNA with

substitutions at both 3 and 8 positions (3'v-38AU), which do not serve as the

template for transcription, do not bind 5'vRNA activated polymerase (lane 7 and 8).
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The 3’vRNA with a single substitution at either 3 or 8 position (3’v-3A and 3’v-

8U), which serves as the template for low level transcription initiation, binds

5’vRNA activated polymerase at a moderate strength (lane 9 and 10). I conclude

that it is the 3'vRNA's ability to bind 5'vRNA activated polymerase that determines

the strength of its template activity.

Interestingly, mismatch of the base pair between base 12 in 5’vRNA and

base 11 in 3’vRNA, which fails to initiate transcription also failed to bind to the

polymerase (lane 3). Recovering the base pairing between them restores both

transcription and 3'vRNA binding (lane 4). These results not only correlate the

transcription initiation ability of 3’vRNA with its binding ability, but also suggest

that binding of 3’vRNA to the three P complex is mediated by both the interaction

of the first 9 bases of 3'vRNA with its polymerase binding site on the PB1 protein

(RNA-protein interaction) and by the formation of three base pairs with 5' vRNA,

namely, base pairing between nucleotides 10-12 in 3' vRNA and nucleotides 11-13

in 5' vRNA (RNA-RNA interaction).

9. Factor(s) other than the vRNA and polymerase is(are) required for transcription

elongation beyond 18 nucleotide

The transcription system being used so far transcribes a template of 15

nucleotides, I examined whether this 5’vRNA activated influenza polymerase is

able to make full transcription copy with longer templates (Figure 15).
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Surprisingly, although the 5’vRNA activated polymerase is able to generate full

length transcripts of templates 15 and 18 nucleotides long (Figure 15B lane 1 and

2), it fails to generate full length transcript of templates 27 nucleotides long no

matter whether the template has native influenza sequence (3'v27NS: the first 3' 27

nucleotides of influenza A/PR/8/34 NS1 segment) or exotic sequence (3'v27: the

first 15 nucleotides from influenza A/PR/8/34 followed by 12 arbitrary nucleotides)

(Figure15B lane 3 and 4). To exclude the possibility that longer templates do not

initiate transcription, early transcription initiation events were examined by doing

transcription elongation assays in the presence of 3NTPs, i.e. with UTP left out

from the reaction.  In the presence of 3NTPs, transcription cannot copy beyond the

A underlined in Figure 15A and stops 12 nucleotides after transcription initiation.

As shown in Figure 15C, all template initiates transcription and generate similar

elongation RNA products. These results suggest that the transcription elongation of

virus mRNA synthesis can be divided into two phases. During the first phase of

transcription, 5'vRNA and 3'vRNA are required. The second phase of transcription

starts approximately 19 nucleotides from the initiation site. Some additional

factor(s) may be required for elongation in this phase (see discussion).
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DISCUSSION

Part I: The Cap binding site of the influenza virus polymerase resides in the

PB2 subunit and is centered around tryptophan 552

In order to identify the cap-binding site, a 32p cap-labeled RNA

oligonucleotide with a thio-U at the nucleotide adjacent to the m7GpppGm cap

structure was synthesized enzymetically (Li et al., 2001). Then the cap-binding

assay was performed in the absence of Mg2+, a condition that is required for

endonuclease activity (Doan et al., 1999). After UV-crosslinking, the cap-binding

site in the polymerase was cross-linked to the RNA oligonucleotide and labeled.

The peptide fragment that cross-links with the RNA oligo under these conditions

was identified as sequence region in the PB2 protein that extends from amino acid

544 to 556: SVLVNTYQWIIRN. This sequence, which is completely conserved in

the PB2 protein of all influenza A virus strains sequenced, contains a Y (position

550) and W (position 552), two aromatic amino acids that have been shown to

interact with the m7G of the cap in other cap-binding proteins (Hodel et al., 1997;

Marcotrigiano et al., 1997; Matsuo et al., 1997; Mazza et al., 2002). The center

sequence in the peptide containing these two aromatic amino acids, NTYQW, is

also conserved in all influenza B virus strains that have been sequenced. The

influenza A virus PB2 peptide that cross-links to the cap-labeled oligonucleotide is

part of a larger, tryptophan-rich PB2 sequence that extends from amino acids 537
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to 564. A study carried out with polymerase complexes isolated from virions has

also shown that this region of the PB2 protein cross-links to cap-labeled RNA

(Honda et al., 1999). The larger PB2 sequence region, which contains Ws at

positions  537, 552, 557 and 564, is completely conserved in all influenza A virus

strains. Only tryptophans at positions 537 and 552 are conserved in the PB2 protein

of influenza B virus.

My goal is to verify the cross-linking results and identify the amino acids

involved in direct cap structure interaction by site mutagenesis. I tried to determine

whether substitution of an alanine for the individual five aromatic amino acids in

the PB2 sequence extending from amino acids 537 to 564 leads to loss of the cap-

binding activity of the viral polymerase. However, I was not able to test the cap-

binding activity for all the mutants because substitution of alanines for individual

tryptophans at position 537, 557 and 564, or the Y at position 550, renders the PB2

protein incapable of forming functional polymerase complexes. These results

suggest that these aromatic amino acids are crucial to the correct folding of the PB2

protein and/or to its interaction with the PB1 and PA proteins. In contrast, the

mutant PB2 protein containing a substitution of alanine for the tryptophan at

position 552, which also within the peptide cross-linked to the cap-labeled

oligonucleotide, forms functional polymerase complexes that bind 5’vRNA. These

mutant polymerase complexes have low level of cap-binding activity (about 25%

of that of wild-type polymerase complexes). This suggests that the tryptophan at
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552, although might be part of the capped RNA binding pocket, is not involved in

base sandwiching of the cap structure.

It is likely that the PB2 protein in the polymerase complexes interacts with

the cap structure in a similar way as other cap-binding proteins. Crystal structures

of three other cap-binding proteins, the translation initiation factor eIF4E, the

vaccinia virus 2'-O-methyltransferase VP39 and the nuclear cap binding complex

(CBC), have established that the m7G of the cap is sandwiched by two aromatic

amino acids (Hodel et al., 1997; Marcotrigiano et al., 1997; Matsuo et al., 1997;

Mazza et al., 2002). In the case of eIF4E, both aromatic amino acids are

tryptophans (Marcotrigiano et a., 1997; Matsuo et al. 1997). Substitution of either

of these tryptophans with a non-aromatic amino acid (leucine) eliminates the cap-

binding activity, whereas substitution of neighboring tryptophans results in either

eliminating or substantially reducing cap-binding activity (Morino et al., 1996).

Because replacement of the PB2 tryptophan at position 552 with a non-aromatic

amino acid (alanine) substantially reduces, but does not eliminate, the cap-binding

activity, this tryptophan may not be directly involved in base sandwiching the m7G

of the cap. Instead, some of the neighboring aromatic amino acids (three

tryptophans and one tyrosine) may serve this function. However, for the reason

discussed above, it was not possible to test this possibility at this time.

Although eIF4E, VP39 and CBC bind m7G in a strickingly similar way,

through parellel base sandwiching with two aromatic amino acids, there is no
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significant sequence homology among them (Hodel et al., 1997; Marcotrigiano et

al., 1997; Masuo et al., 1997; Mazza et al., 2002). It was therefore not surprising

that the tryptophan-rich PB2 peptide that cross-links to the cap does not align, to

any sequence in either eIF4E, VP39 or CBC. However, it should be noted that

some of the functions of CBC and PB2 protein may be similar: the 5' caps of

influenza viral mRNAs in the nucleus are bound to the PB2 subunit of viral

polymerase complexes rather than to CBC, suggesting that the PB2 protein may

provide CBC-like functions for the viral mRNAs (Shih and Krug, 1996).

Part II: The crucial role of the CA endonuclease cleavage site on the cap-

snatching mechanism for initiation of the influenza virus mRNA synthesis

Influenza virus polymerase preferentially makes use of capped-RNA

primers ended with CA for viral mRNA synthesis in vivo (Shaw and Lamb, 1984;

Beaton and Krug, 1981). Here I demonstrated that CA ended primer is also

preferred in vitro. Using the CA ended primer donor, which is closer to the natural

primer donors used by the influenza virus in infected cells, I dissected the roles of

5'vRNA and 3'vRNA during viral transcription. First I demonstrated that 5'vRNA

alone can activate the endonuclease activity of the influenza virus polymerase.

Secondly I found that 3'vRNA is only required for transcription initiation. To serve

as a template for the transcription, 3’vRNA has to bind to the polymerase through
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both RNA-protein and RNA-RNA interaction. By mutagenesis study, I identified

the sequence and secondary structure elements in the 5'vRNA that are crucial for

endonuclease activation. I also identified the bases that are required for the ability

of the 3'vRNA to initiate viral mRNA transcription. Thirdly I found that there are

two phases in the transcription of viral mRNAs and in the second phase of

elongation, additional factor(s) other than the polymerase and the vRNA termini

are required for transcribe mRNA product longer than 18 nucleotides.

1.  An in vitro system that mirrors the cap-snatching process in infected cells

Influenza viral mRNA synthesis is initiated by a process that has been

designated as cap-snatching: an endonuclease intrinsic to the viral polymerase

cleaves capped RNAs to produce10-13 nucleotide-long capped fragments that serve

as primers to initiate the synthesis of viral mRNA (Bouloy et al., 1978; Lamb and

Krug, 2001; Plotch et al., 1979; Plotch et al., 1981). In the present study I

demonstrated that the viral polymerase preferentially uses CA-terminated capped

fragments as primers to initiate viral mRNA synthesis in vitro. Primer extension

analysis of the cellular sequences on the 5’ ends of viral mRNAs in infected cells,

which was carried out in the early 1980s, showed that the vast majority of the

cellular sequences terminate in CA (Beaton and Krug, 1981; Shaw and Lamb,

1984), indicating that the viral polymerase predominately utilizes capped CA-

containing RNA fragments as primers for viral mRNA synthesis in vivo. I have thus
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provided the first in vitro results that mirrors the cap-snatching mechanism

occurring in vivo during virus infection.

2.  Endonuclease that cleaves capped RNAs at CA can be activated solely by the

binding of 5’vRNA to the polymerase

I have shown that the addition of 5’vRNA alone to the influenza virus

polymerase activates endonuclease cleavage at a CA sequence in a capped RNA

substrate. Consequently, this activation does not require base-pair interactions

between 5’ and 3’ vRNA nor interaction of 3'vRNA with the polymerase. Rather,

this activation is mediated solely by the recognition of specific structural

elements/bases in 5'vRNA by its polymerase binding site, specifically the sequence

in the PB1 subunit centered around two arginine residues at positions 571 and 572

(Li et al, 1998). The structural element in 5’vRNA that is recognized is a stem-

tetraloop resulting from the formation of two base pairs, between bases 2 and 9, and

between bases 3 and 8. I have shown that the only base in the tetraloop that is

required for endonuclease activation is the A at position 7. The other 5’vRNA bases

that are recognized are the A at position 1 and the GG dinucleotide at positions 12

and 13. Recognition of this structure and sequences in 5’vRNA activates not only

the cap-binding site in the PB2 protein but also the endonuclease site in the PB1

protein for cleavage at the 3’ side of a CA sequence (Figure 16-I).
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Although the influenza virus endonuclease that is activated in the presence

of 5’vRNA alone preferentially cleaves at CA, subsequent addition of 3’vRNA

enables the endonuclease to cleave at sites other than CA (Hagen et al., 1994;

Leahy et al., 2001b; Li et al., 1998). Two of the reported requirements for the

activation of a viral endonuclease that cleaves at AG, namely, base-pairing of bases

11-13 in 5'vRNA with bases 10-12 in 3'vRNA, and a small hairpin loop in 3'vRNA

(Leahy et al., 2001a; Leahy et al., 2001b), are clearly not involved in the activation

of the viral endonuclease that preferentially cleaves at CA. In fact, I showed later

that such a hairpin loop in 3’vRNA is not formed during the initiation of viral

mRNA synthesis. However, my results showed that base-pairing of bases 11-13 in

5'vRNA with bases 10-12 in 3'vRNA can enhance endonuclease activity when it is

weak, potentially providing an explanation of the results obtained with capped RNA

substrates lacking CA cleavage sites. Specifically, when the capped RNA substrate

lacks a CA cleavage site and hence is poorly cleaved, base-pairing between 5’ and

3’ vRNA would likely enhance cleavage. Endonuclease activity that cleaves at

either CA or other sites both require a stem-tetraloop in 5'vRNA, but the required

sequence of the tetraloop apparently differs: NNNA for cleavage at CA (present

study); and NGNN for cleavage at AG (Leahy et al, 2001a; Leahy et al, 2002).

5’vRNA not only activates the polymerase endonuclease activity, research

has suggested that it is also required for proper termination of the mRNA

transcription and polyadenylation (Poon et al., 1998; Pritlove et al., 1999). It’s
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likely that through out the transcription process the polymerase stays bound to the

5'vRNA. This further suggests that 5'vRNA is the only RNA factor that is required

for essentially all the activities of the polymerase in transcription.

3.  The sequences in 3’vRNA that are required for its function as a template for the

initiation of influenza viral mRNA synthesis

I was able to identify sequence/structure element in the 3’vRNA that are

required for its function as a template for viral mRNA synthesis because this is the

sole function for 3’vRNA when the capped RNA substrate contains a CA cleavage

site. I show that the identity of the bases at positions 2, 3, 8 and 9, rather than their

participation in base-pairing, is important for template activity. Consequently, the

template activity of 3’vRNA does not require a stem-tetraloop structure resulting

from base-pairing between bases 2 and 9, and between bases 3 and 8. The absence

of a stem-loop structure in 3’vRNA should facilitate its transcription during the

initiation of viral mRNA synthesis. My results indicated that the bases at positions

2, 3, 8 and 9 mediate the interaction of 3’vRNA with its binding site on the PB1

subunit of the polymerase, because 3’vRNA does not bind to the polymerase when

changes are made in these positions. Further, I showed that the ability of 3’vRNA to

function as a template also requires that it forms three essential base-pairs with

5’vRNA, specifically base pairs between bases10-12 in 3'vRNA with bases 11-13 in

5'vRNA. In the absence of any of these base pairs, 3’vRNA does not bind to the
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polymerase. The formation of three essential base pairs between 5’ and 3’ vRNA

indicates that the binding sites for these two RNA sequences on the PB1 protein,

which are approximately 300 amino acids apart (Li et al, 1998), are adjacent to each

other in the three-dimensional structure of the active form of the PB1 protein. I

conclude that the 3’vRNA template is bound to the polymerase by both RNA-

protein and RNA-RNA interactions: the first 9 bases of 3’vRNA are bound to its

specific binding site on the PB1 protein subunit and bases 10-12 of 3’vRNA are

bound via hydrogen-bonding to bases in 5’vRNA (Figure 16-II). Binding of

3'vRNA to the polymerase via these two interactions is eliminated by the insertion

of a U between bases 10 and 11 in 3'vRNA. This insertion should not disrupt the

potential for the required base-pairing between 5' and 3' vRNA, but would change

the spacing between the 3'vRNA bases involved in this base-pairing interaction and

the 3'vRNA bases involved in the interaction with the PB1 protein. The inhibition

resulting from the insertion of this U indicates that this spacing is also critical.

We have thus identified sequences in 5’ and 3’ vRNA that are required for

their participation in viral mRNA synthesis, specifically in the coordinated

processes of RNA activation of the polymerase, endonuclease cleavage of capped

RNA substrates, and initiation of mRNA synthesis. It is instructive to compare

these sequence requirements to those previously determined in vivo using a

transfection-virus infection assay (Flick et al, 1996). In these experiments a DNA

plasmid, which encodes an RNA containing the antisense of the chloramphenicol
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acetyltransferase (CAT) gene linked at its ends to the 5’ and 3’ terminal sequences

of an influenza virus genomic RNA, was transfected into cells. Then the cells were

infected with influenza virus to provide the viral mRNA synthesis/RNA replication

machinery, and CAT activity was measured. Various mutations were made in the

sequence of the DNA encoding the 5’ and 3’ viral ends (5’ and 3’ vRNA). The

underlying premise was that the resulting changes in CAT activity would establish

the roles of particular 5’ and 3’ vRNA sequences in viral mRNA synthesis and/or

viral RNA replication, and that these roles would apply to the authentic viral RNA

segments encoded by the virus. One major difficulty with this premise was that the

RNA containing the wild-type 5’ and 3’ vRNA sequence resulted in very little CAT

activity (Flick et al, 1996). For this reason, three mutations were introduced into the

wild-type 3’vRNA sequence, thereby increasing CAT activity approximately 20-

fold. The CAT activity obtained using this mutated 3’vRNA sequence was used as

the base line for all subsequent mutations. Two results coincided with ours, namely,

that viral mRNA synthesis/RNA replication required: (i) a stem-tetraloop in

5’vRNA formed by base-pairing between bases 2 and 9 and between bases 3 and 8;

and (ii) hydrogen-bonding between bases10-12 in 3'vRNA with bases 11-13 in 5'

vRNA. However, other results differed from ours, e.g., the preferred base sequence

in the 5’ tetraloop, and the requirement for a stem-tertaloop in 3’vRNA. Some

differences between their results and ours might be expected because their in vivo

assay, unlike ours, was designed to measure the participation of 5’ and 3’ vRNA in
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both viral RNA replication and viral mRNA synthesis (Crescenzo-Chaigne et al.,

1999). Another difference between the two assays is that the CAT activity measured

in the in vivo assay is a composite of not only viral mRNA synthesis/RNA

replication but also translation. Finally, it is not clear how the mutation of three

bases in 3’vRNA affects the interpretation of the in vivo assay.

4. A mechanism for the preferential usage of CA-terminated capped RNA

fragments as primers for viral mRNA synthesis initiation

Binding of 5’vRNA is the required first step in the activation of the

polymerase, because 5’vRNA activates the endonuclease and provides the bases

with which 3’vRNA forms the hydrogen-bonds that are required for its template

activity (Figure 16-I-II). Immediately upon 5’vRNA binding, capped RNA

substrates with CA cleavage sites are preferentially cleaved. We postulate that, as a

result of this specificity of the PB1 endonuclease site for CA 3’ termini, the CA-

terminated capped RNA fragments remain tightly bound to the endonuclease active

site, which positions these termini close to both the 3’ end of the vRNA template

and the nucleotide addition site of the polymerase (also located on the PB1 subunit

(Li et al, 2001)) (Figure 16-III). Although other capped RNAs can be cleaved after

3’vRNA binding, the resulting capped fragments would be weakly bound to the

endonuclease active site and hence would not be effectively positioned in the same

manner. Transcription is initiated by the addition of a G to the CA-terminated
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capped RNA primer, which is subsequently released from the endonuclease site on

the polymerase (Figure 16-IV). The 3’vRNA template is released from both its PB1

binding site and its base-pairing with 5’vRNA (Klumpp et al., 1998), and is

threaded past the nucleotide addition site of the polymerase, resulting in the

synthesis of an RNA containing the capped RNA fragment linked to sequences

encoded by 3’vRNA. During this synthesis the cap of the elongating mRNA is

released from its PB2 binding site (Braam et al., 1983). Thus, the three essential

base pairs between 5' and 3' vRNA are formed transiently during the polymerase-

catalyzed initiation of mRNA synthesis, consistent with previous experiments

which showed that the juxtaposition of the 5' and 3' ends of vRNA requires the

polymerase (Klumpp et al, 1997). Figure 16 (panels I-IV) presents our model for

the influenza virus cap-snatching mechanism, in which the processes of RNA

activation of the polymerase, endonuclease cleavage of capped CA-containing RNA

substrates, and initiation of mRNA synthesis are coupled.

5.  What is the function of the capped RNA fragments lacking CA termini that are

produced by the polymerase in the presence of both 5’ and 3’ vRNA?

CA-terminated capped fragments are preferentially used as primers to initiate

viral mRNA synthesis catalyzed by the influenza viral polymerases that are

assembled either in influenza virus-infected cells or in human cells using vaccinia

virus vectors (Beaton and Krug, 1981; Shaw and Lamb, 1984; present study). Other
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capped RNA fragments lacking CA termini that are produced by the viral

endonuclease in the presence of both 5’ and 3’ vRNA are poorly, if at all, used as

primers by these viral polymerases (Beaton and Krug, 1981; Shaw and Lamb, 1984;

Cianci et al., 1995; Hagen et al., 1994; Leahy et al., 2001a; Leahy et al., 2001b; Li

et al., 1998; Li et al., 2001; present study). However, the capped RNA fragments

lacking CA termini are effectively used by one form of the viral polymerase,

specifically, the form that is packaged in virus particles (virions) (Bouloy et al.,

1978; Lamb and Krug, 2001; Plotch et al., 1979; Plotch et al., 1981). In fact, the

cap-snatching mechanism for influenza viral mRNA synthesis was discovered using

the virion polymerase and β-globin mRNA, which yields G-terminated capped

RNA fragments. It is not known how the virion polymerase is able to utilize capped

RNA fragments lacking CA termini as primers. The flexibility resulting from the

use by the virion polymerase of a larger assortment of capped RNA fragments as

primers facilitates the initiation of viral gene expression, i.e., the initial (primary)

transcription of vRNA by the virion polymerase. Another implication is that results

obtained using the influenza virion polymerase are probably only relevant to

primary transcription in infected cells, and do not mirror the overall transcriptional

events in infected cells, which are catalyzed by newly assembled viral polymerases.

6.  The function of 5’cRNA sequence binding to the polymerase
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Our results show that 5’cRNA (complementary RNA, the full-length copy

of vRNA) activates the cap-dependent endonuclease via binding to the same site on

the PB1 subunit as does 5’vRNA. The activation of endonuclease activity by

5’cRNA does not lead to capped RNA-primed synthesis because 3’cRNA does not

function as a template for such synthesis. Instead, the binding of a 5’cRNA

sequence to the polymerase has been shown to function in the selective protection

of viral mRNAs from cap-snatching catalyzed by the viral polymerase (Shih and

Krug, 1996). This selectivity is essential because if the 5’ ends of viral mRNAs

were cleaved and used as primers, net synthesis of viral mRNAs would not occur.

A 5’cRNA sequence is found in all viral mRNAs, where it is located immediately

3’ to the capped sequence that is snatched from cellular capped RNAs (Lamb and

Krug, 2001; Shih and Krug, 1996). Binding of this cRNA sequence to the PB1

subunit activates both the cap-binding and endonuclease sites of the polymerase

(present study). The cap-binding site binds to the cap of the viral mRNAs, thereby

strengthening the viral mRNA-polymerase complex (Shih and Krug, 1996; Shih et

al., 1995), but the endonuclease is unable to cleave the bound viral mRNAs

because its access to the cleavage site in the viral mRNAs is blocked by the

polymerase itself (Shih and Krug, 1996).  In addition, binding of the polymerase to

the 5' end of M1 mRNA also protect the distal 5' splice site for RNA3 generation so

that only the proximal 5' splice site was been used and M2 mRNA is generated. In
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another word, binding of the polymerase to the 5' end of M1 mRNA regulates the

M2 protein expression (Shih et al., 1995).

7.  Two-phase transcription synthesis of influenza virus mRNA

My data suggest that the elongation stage in the transcription of viral

mRNA can be divided at least into two phases. In the first phase of transcription,

which transcribes up to 18 nucleotides, the virion termini and the polymerase are

sufficient. However, in the second phase of elongation, additional factors are also

required.

One possible candidate for these additional factors in the second phase is the

NP protein. There are many lines of evidences indicating that NP is an

indispensable factor in the viral mRNA synthesis. (1) NP antibody is shown to

inhibit transcription (van Wyke et al., 1981); (2) RNA elongation, both transcription

and replication, requires NP (Honda et al., 1988). (3) In transfected cell, both NP

and the three P proteins are in the minimum protein set required for expression of

reporter gene in virus like RNP template (Huang et al., 1990; Kimura et al., 1992).

(4) In virus infected cells, vRNA is always coated by NP protein. NP protein may

facilitate the polymerase transcription by binding the single stranded RNA and

prohibiting the formation of higher RNA structure thus helping the template RNA

thread through the virus RNA polymerase.
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Another possibility is that the influenza virus polymerase may undergo

some kind of change or modification before it can get into the second phase of

elongation. One hint comes from the DNA dependent RNA polymerase II (RNA

Polymerase II) in eukaryotic organism. The RNA polymerase II initiates mRNA

transcription at the promoter and synthesizes RNA product up to 12 nucleotide-

long. Before the RNA synthesis goes into elongation phase, the RNA polymerase II

undergoes a process called “promoter clearance”. During the “promoter clearance”

process, the RNA polymerase II goes through a lot changes including

phosphorylation of the CTD (Weaver, 2002). In terms of influenza virus

polymerase, it is not clear what kind(s) of changes the polymerase complex may go

through before the next elongation phase. However, at least one event has to occur

when transcription goes beyond 11-15 nucleotide down the mRNA chain: PB2,

which originally bind to the cap structure, dissociates from the cap (Braam et al.,

1983).

8.  Do the polymerases of other segmented, negative-strand and ambisense RNA

viruses share the mechanism of cap-snatching depicted in Figure 16?

The synthesis of the mRNAs of other segmented, negative-strand or

ambisense RNA viruses, both animal and plant viruses, is also initiated by cap-

snatching (Duijsings et al., 2001; Estabrook et al., 1998; Garcin et al., 1995; Huiet

et al., 1993; Jin and Elliott, 1993a; Jin and Elliott, 1993b; Ramirez et al., 1995;
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Vialat and Bouloy, 1992). However, the studies so far carried out with these viruses

have not included the two experimental approaches which provided the evidence for

the cap-snatching mechanism for influenza viral mRNA synthesis depicted in

Figure 16. The first experimental approach was the reverse transcriptase-catalyzed

copying of the total population of two influenza A viral mRNAs synthesized in

infected cells, followed by direct sequencing, which demonstrated that CA-

terminated capped fragments are preferentially used as primers for influenza viral

mRNA synthesis during virus infection in vivo (Beaton and Krug, 1981; Shaw and

Lamb, 1984). For other segmented, negative-strand and ambisense RNA viruses,

sequence information concerning host capped primers utilized in vivo has only been

obtained by sequencing cloned DNAs generated from the viral mRNAs synthesized

in vivo (Duijsings et al., 2001; Estabrook et al., 1998; Garcin et al., 1995; Huiet et

al., 1993; Jin and Elliott, 1993a; Jin and Elliott, 1993b; Ramirez et al., 1995). The

host sequences in these cloned DNAs may not represent the total population of

primer sequences snatched from host mRNAs. Consequently, it will be important to

determine the total population of these host primer sequences by reverse

transcriptase-catalyzed copying of viral mRNAs synthesized in infected cells. The

second experimental approach utilized influenza virus polymerases that are

assembled by expressing the three viral polymerase subunits in human cells in the

absence of vRNA (Cianci et al., 1995; Hagen et al., 1994; Li et al., 1998; Li et al.,

2001; Tiley et al., 1994; present study). These experiments established that the
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influenza virus polymerase is activated by 5’vRNA sequences and that CA-

terminated capped fragments are preferentially used as primers for viral mRNA

synthesis. Experiments using the already assembled and activated polymerase from

influenza virions did not reveal either of these properties (Krug et al., 1989). For

other segmented, negative-strand or ambisense RNA viruses, only experiments with

virion polymerases have been carried out (Vialat and Bouloy, 1992). Consequently,

with these other RNA viruses, it will be important to use recombinant polymerases

that are produced in cells in the absence of vRNA to elucidate the mechanism of

transcriptional initiation. We postulate that future experiments will establish that

key features of the cap-snatching mechanisms catalyzed by the polymerases of

these other RNA viruses are similar to the influenza virus cap-snatching mechanism

depicted in Figure 16.
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Figure 1.  Only W552A PB2 forms functional polymerase complex. (A) PB2 protein
sequence around the cap binding site. 544-556 is the crosslinked peptide identified
through protein microsequecing. Individual substitution of aromatic amino acids with
alanines are denoted by arrows. (B) Binding of 5’vRNA by the PB2 mutants. 3’ 32P
labeled 5’vRNA was incubated with nuclear extract containing wild type three P
proteins (Lane 7) or mutant PB2 with wild type PB1 and PA (Lane 2-6) at room
temperature for 30 minutes. Then the binding complexes were separated from free
5’vRNA by electrophoresis on a 4% non-denature gel. The free RNA and complexes
are denoted by arrows. C: HeLa nuclear extract containing T7 polymerase.  (C)
Western blot of polymerase proteins in the nuclear extracts. 5 ul of the nuclear
extracts containing wild type three P proteins (Lane 1) or mutant PB2 with wild type
PB1 and PA (lane 2-6) were separated by electrophoresis on 7% SDS-PAGE. Western
blots were performed with antibody against PB1 or PB2 separately.
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Figure 2.  PB2 W552A mutation attenuates the capped-RNA binding and
endonuclease activities of the polymerase.  (A) Binding of the capped-RNA by the
W552A PB2 mutant. 32P cap-labeled A13 RNA was prepared from virion
endonuclease cleavage of cap-labeled ALMV RNA4. For capped-RNA binding assay,
32P labeled A13 was incubated with HeLa nuclear extracts containing the wild type
three P proteins (Lane 2) or mutant PB2 with wild type PB1 and PA (Lane 3) in the
presence of 5' vRNA. After 30 minutes incubation at room temperature, the binding
complexes were separated from free A13 by electrophoresis on a 4% non-denature
gel. C: negative control, capped-RNA binding without 5’vRNA added. The free A13
RNA and binding complexes were denoted by arrows. (B) Endonuclease activity of
the W552A PB2 mutant. 32P cap labeled ALMV RNA4 was incubated with HeLa
nuclear extracts containing the wild type three P proteins (Lane 1) or mutant PB2 with
wild type PB1 and PA (Lane 2) in the presence of both 5' vRNA and 3' vRNA. After
1.5 hour incubation at 30°C, the reactions were separated by electrophoresis on a 20%
denature gel. The A13 endonucleolytic products were denoted by arrow.
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Figure 3. RNAs which generate non-CA ends by the polymerase endonuclease are
poorly used as primers for viral mRNA synthesis. (A) The sequences of the first 15
nucleotides of the RNAs containing m7G32pppGm 5' cap structure used as substrates of
endonuclease. The endonucleolytic cleavage sites were denoted by arrows. (B)
Endonuclease and elongation assays using different capped-RNAs as primer donors.
For endonuclease assay, the indicated 32P cap-labeled oligoribonucleotides were
incubated with HeLa nuclear extract containing the three P proteins in the presence of
both 5' vRNA and 3' vRNA (Lane 2 and  5). For elongation assay, four
ribonucleotides (4NTP) were also included in the reaction (Lane 3  and 6).
Background RNA breakdown was shown by incubating the HeLa nuclear extract with
32P cap-labeled RNA in the absence of both 5’vRNA and 3’vRNA (lane 1 and 4). The
reaction mixtures were separated by electrophoresis on a 20% denature gel. AG10 and
UA13: endonuclease cleavage products. The elongation products were indicated by
arrows.
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Figure 4. RNA that generates CA end by the polymerase endonuclease is efficiently
used as primer for viral mRNA synthesis. Endonuclease and elongation assay (Lane 1-
3) were performed as in Figure 3 except using pGEM-9z RNA as primer donor. For
elongation assay with 32P α-GTP (Lane 4 and 5), unlabeled capped pGEM-9z RNA
was incubated with HeLa nuclear extract containing the three P proteins in the
presence of 5' vRNA and 3' vRNA with 32P α-GTP ( 0.25mM GTP and 40uCi 32p α-
GTP) only (Lane 4) or 4rNTP (1mM ATP, 1 mM CTP, 1mM UTP, 0.25mM GTP and
40uCi 32p α-GTP)(Lane 5). The reaction mixtures were separated by electrophoresis
on a 20% denature gel. CA12: endonuclease cleavage products. The elongation
products were indicated by arrows.
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Figure 5. 5’vRNA alone activates the cap-dependent endonuclease. Endonuclease
assay was performed with 32P cap-labeled pGEM-9z RNA and in the presence of
either 5'vRNA alone or both 5’vRNA and 3’vRNA(Lane 2 and 3). The reactions were
separated by electrophoresis on a 20% denature gel.  C: blank control without any
vRNA added. CA12: the endonuclease cleavage products.
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Figure 6. Both 5'vRNA and 5'cRNA bind to the same site on influenza virus
polymerase and activate endonuclease. (A) 5’cRNA alone can activate endonuclease
in the presence of CA-containing capped RNA. Endonuclease assay was performed by
incubating 32P cap-labeled pGEM-9z RNA with the influenza virus polymerase in the
presence of the viral RNA terminals indicated. The reactions were resolved on 20%
denature gel. C: negative control, no viral RNA added. (B) 5’cRNA bind to the same
site on the virus polymerase as the 5’vRNA. The binding assay was performed by
incubating 5’ 32P radiolabeled 5’vRNA or 5’cRNA with nuclear extracts containing
the three wild type P proteins (3P) or mutant PB1 with wild type PB2 and PA (571A,
572A). Then the binding reactions were subject to UV-cross link for 30 minutes on
ice. The bound complexes were separated from free RNA by electrophoresis on 7%
SDS-PAGE. Nuclear extract containing T7 RNA polymerase serves as negative
control.
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Figure 7. Identification of the  secondary structures in the 5’vRNA required for
endonuclease activation. (A) Nucleotide sequences of 5’vRNA and 5’cRNA. The
sequence difference between 5’vRNA and 5’cRNA are boxed. (B) Cap-dependent
endonuclease activities activated by wild type or mutant 5’vRNAs. After binding
wild-type 5'vRNA (Lane 1) or its mutants (Lane 3-5) to the polymerase complexes,
polymerases were incubated with pGEM-9z RNA containing an m7G32pppGm 5' end.
The RNA products were separated on a 20% denature gel. The cleavage products
were indicated by arrows. C: negative control (Lane 2) with no 5’vRNA added. (C)
Base pairing within 5’vRNA end is critical for the activation of cap-dependent
endonuclease activity. Endonuclease assay was performed with wild-type 5’vRNA
(Lane2), or position 3 and 8 double mutants (Lane 3-5), or position 2 and 9 double
mutants (Lane 6-8). C: negative control with no 5’vRNA added. The cleavage
products were indicated by arrows.
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Figure 8. Identification of the elements other than base pairing in the 5’vRNA
required for endonuclease activation. (A, B and C) Cap-dependent endonuclease
activities activated by wild type or mutant 5’vRNAs. After binding wild-type 5' vRNA
(Lane 1 in panel A, B and C) or its mutants (Lane 2-6 in panel A, lane 2-4 in panel B
and C) to the polymerase complexes, polymerases were incubated with pGEM-9z
RNA containing an m7G32pppGm 5' end.  The RNA products were separated on a 20%
denature gel. The cleavage products were indicated by arrow. (D) The stem-loop
structure of the 5’vRNA. The nucleotides which are crucial for endonuclease
activation are boxed.

N

G
A

C

AU

A

NN

A
5’ A G G G U G

D

A B

5’V wt 1G 4G 7G 10G 10U wt 11C 12A 13A

1      2       3        4       5      6 1        2       3        4  

CA12

Endonuclease

C

wt 4C 6C 6G

1      2       3      4  

78



4NTP C - + + - + - +-

CA12

Elongation 
product

1         2        3        4       5         6        7       8        9

Endonuclease and elongation

Figure 9. 3’vRNA, but not 3’cRNA, functions as template for the initiation of viral
mRNA synthesis. (A) Sequences of 3’vRNA and 3’cRNA showing from 3’ to 5’ end.
The different bases are boxed. (B) Endonuclease and elongation assay. After activated
by 5’vRNA (Lane 2-5) or 5’cRNA (Lane 6-9), the polymerase was bound to 3’vRNA
(Lane 2, 3, 6, 7) or 3’cRNA (Lane 4, 5, 8, 9). Then the polymerase was incubated with
32p cap-labeled pGEM-9z RNA in the absence of 4NTP (Endonuclease assay, Lane 2,
4, 6, 8) or in the presence of 4NTP (Elongation assay, Lane 3, 5, 7, 9). The RNA
products were resolved on a 20% denature gel. C: blank control without any vRNA or
cRNA or NTP. The cleavage products and the elongation products were indicated by
arrows.
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Figure 10. Identification of the bases in the 3’vRNA that are required for its template
activity. (A) 3’vRNA and 3’cRNA sequences showing from 3’ to 5’. The single
3’vRNA mutations been made were denoted by arrows. (B) (C) Template activity of
the 3’vRNA mutants. After activation by binding to the 5’vRNA, the polymerase was
bound to the wild-type (Lane 1, 4 in panel B, Lane 1 in panel C) or mutant 3’vRNAs
(Lane 2, 3, 5 in panel B, Lane 2, 3 in panel C). Then the polymerase was incubated
with 32p cap-labeled pGEM-9z RNA in the presence of four NTPs. The RNA products
were resolved on a 20% denature gel. 3’v-11Ins: 3’vRNA with a U insertion before
the 11th position. 3’v-38AU: 3’vRNA with A and U at position 3 and 8 respectively.
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Figure 11. No stem-loop structure forms within the 3’vRNA arm during viral
transcription initiation. Template activity of the 3’vRNA mutants. After activation by
binding to the 5’vRNA, the polymerase was bound to the wild-type (Lane 1) or
mutant 3’vRNAs (Lane 2 and 3). Then the polymerase was incubated with 32p cap-
labeled pGEM-9z RNA in the presence of four NTPs. The RNA products were
resolved on a 20% denature gel. 3’v-38CG: 3’vRNA with C and G at position 3 and 8
respectively. 3’v-29GC: 3’vRNA with G and C at position 2 and 9 respectively.
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Figure 12. The sequence of bases 11-16 and bases 10-15 in the 5’ and 3’ vRNA
oligonucleotides, respectively, used to assess the role of hydrogen-bond formation
between 5’ and 3’ vRNA. Mutations were boxed. Dots indicate potential Watson-
Crick base pair formation.
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Figure 13. Base pairing between 5’vRNA and 3’vRNA is required for viral
transcription initiation . (A) Transcription activity of the 5’vRNA and 3’vRNA
mutants. Elongation assay was performed in the presence of wild-type 5’vRNA and
3’vRNA (Lane1) or their mutants (Lane 2-11). A possible base pair mismatch was
introduced to the 5’vRNA arm (lane 2, 4, 6, 8, 10). The mismatched base pair was
restored by a second site mutation at 3’vRNA end (Lane 3, 5, 7, 9, 11). The cleavage
product and the elongation product were indicated by arrows. (B) Base pairing
between 5’vRNA and 3’vRNA during the initiation of viral mRNA synthesis. Solid
lines denote base pairs required for initiation; dotted lines indicate base pairs that
although not required but strongly enhance viral transcription initiation.
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Figure 14. Binding of 3’vRNA and its mutants to the influenza virus polymerase.
After binding to 5’vRNA or 5’vRNA mutant (Lane 4), the polymerase was incubated
with 5’ 32p labeled 3’vRNA (Lane 2 and 6), or its mutants (Lane 3, 4 and Lane 7-10).
Then the bound complexes were separated from free RNA on a 4% non-denature gel.
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Figure 15. Transcription using RNA template with different length. (A) 3’vRNA
sequences used as template in the elongation assay. 3’v27 NS: 3’vRNA sequence
derived from the eighth segment (NS1 segment) of influenza virus A/PR/8/34. 3’v27:
3’v15 followed by 12nt arbitrary sequence (B, C) Unlabeled capped pGEM-9z RNA
was incubated with the polymerase in the presence of both 5’vRNA and 3’vRNA with
different lengths with either 3rNTP (1mM ATP, 1 mM CTP, 0.25mM GTP and 40uCi
32p α-GTP) or 4rNTP (1mM ATP, 1 mM CTP, 1mM UTP, 0.25mM GTP and 40uCi
32p α-GTP). The elongation products were separated on 20% denature gel.
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