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RNA-dependent activation of primer RNA
production by influenza virus polymerase: different
regions of the same protein subunit constitute the

two required RNA-binding sites
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by 5'-capped RNA fragments which are cleaved from host-
cell RNA polymerase Il transcripts. The production of these
primers, i.e. the cleavage of capped host-cell RNAs, is
catalyzed by the viral polymerase complex itself. The PB2
protein subunit of the polymerase serves an essential role:
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The capped RNA primers required for the initiation of
influenza virus mMRNA synthesis are produced by the
viral polymerase itself, which consists of three proteins
PB1, PB2 and PA. Production of primers is activated
only when the 5- and 3'-terminal sequences of virion
RNA (VRNA) bind sequentially to the polymerase, indi-
cating that vVRNA molecules function not only as tem-
plates for mMRNA synthesis but also as essential cofactors
which activate catalytic functions. Using thio U-substi-
tuted RNA and UV crosslinking, we demonstrate that
the 5" and 3’ sequences of VRNA bind to different amino
acid sequences in the same protein subunit, the PB1
protein. Mutagenesis experiments proved that these two
amino acid sequences constitute the functional RNA-
binding sites. The 8 sequence of VRNA bindsto anamino
acid sequence centered around two arginine residues at
positions 571 and 572, causing an allosteric alteration
which activates two new functions of the polymerase
complex. In addition to the PB2 protein subunit acquir-
ing the ability to bind 5’-capped ends of RNAs, the PB1
protein itself acquires the ability to bind the 3’ sequence
of VRNA, via a ribonucleoprotein 1 (RNP1)-like motif,
amino acids 249-256, which contains two phenylalanine
residues required for binding. Binding to this site
induces a second allosteric alteration which results in
the activation of the endonuclease that produces the
capped RNA primers needed for mRNA synthesis.
Hence, the PBL1 protein plays a central role in the cata-
lytic activity of the viral polymerase, not only in the
catalysis of RNA-chain elongation but also in the activa-
tion of the enzyme activities that produce capped RNA
primers.

Keywords capped RNA primers/influenza virus
polymerase/PB1 protein/RNA as cofactor/RNA-binding
sites

Introduction

The RNA-dependent RNA polymerase of influenza virus,
which is comprised of three viral polymerase (P) proteins,
PB1, PB2 and PA, catalyzes the synthesis of viral mMRNAs

and the replication of genomic RNAs in infected cells
(reviewed in Kruget al., 1989). The distinctive feature of
influenza virus mRNA synthesis is that it requires initiation
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MRNAS. An endonuclease then cleaves these capped RNAs
10-13 nucleotides from their ®nds. It has not yet been
clearly established which P protein(s) catalyze endonucle-
ase cleavage. The capped RNA fragments produced by the
endonuclease serve as the primers for viral mMRNA syn-
thesis. The PB1 protein subunit catalyzes nucleotide addi-
tion during mRNA-chain elongation.

The complex of the three P proteins acquires cap binding
and endonuclease activities only when influenza virion
RNA (VRNA) is present (Hageat al., 1994; Ciancet al.,
1995). First, binding of the commori-ferminal sequence
of the VRNA segments activates the capped RNA-binding
activity of the PB2 protein. Subsequent binding of the com-
mon 3-terminal sequence of the VRNA segments activates
endonuclease activity, thereby enabling the polymerase
complexto catalyze capped RNA-primed mRNA synthesis.
Consequently, the’5and 3-terminal sequences of VRNA
function as essential cofactors which activate the catalytic
activities of the P-protein complex that produce capped
RNA primers. Via this control mechanism the production
of primers is activated only when the template for viral
MRNA synthesis, namely vVRNA, is present.

Our goal is to determine the mechanism by which the
binding of these two virus-specific RNA sequences activates
the catalytic activity of the P-protein complex for the pro-
duction of primer RNAs. Here we identify the specific
binding sites of these two RNA sequences in the P-protein
complex, using thio U-substituted RNA and UV crosslink-
ing. Replacement of specific amino acids in the identified
sites with alanines abrogated both RNA binding and the
activation of catalytic activity, proving that these are indeed
the functional RNA-binding sites. Surprisingly, both RNA-
binding sites are on the same protein subunit, the PB1
protein. The two RNA-binding sites in the PB1 protein,
which are separated from each other by ~300 amino acids,
are on opposite sides of the consensus sequence for the
active site for RNA polymerization (Pocét al., 1989;
present study). We conclude that binding of the two terminal
VRNA sequences to two different amino acid sequences in
the PB1 protein causes the polymerase complex to undergo
two sequential allosteric alterations that first activate capped
RNA-binding activity, followed by the activation of endonu-
clease activity.

Results

Identification of the site in the P-protein complex

to which the 5 -terminal sequence of vRNA binds

Our strategy was to take advantage of the very high
efficiency with which thio U residues crosslink with amino
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RNA-binding sites on influenza polymerase

A A UV crosslinking B Protease digestion
5' oligo
5 3 g;o Ch}'
AGUAGAAACAAGGGUG 15 30  min £ —
| in Top Bottom
thio
B —a— Top
+5' oligo .- ‘—- ~=—Bottom . e »
C polymerase
50 05 1.0 50 ug
2 3

1
_ -=— free oligo
1 2

Fig. 2. Isolation of the polymerase peptide that is crosslinked to the
oligoribonucleotide containing thio U and thé-terminal sequence of

. “ -— complex

L VRNA. (A) This oligoribonucleotide®P-end-labeled) was incubated
with a nuclear extract from cells expressing the three P proteins. After
this binding reaction and subsequent exposure to 366 nm UV light for

. . 4 <—5'oligo the times indicated (15 or 30 min), the reaction mixtures were
electrophoresed on a 7% denaturing gel to separate the crosslinked
1 2 3 4 protein—oligoribonucleotide complexes from free oligoribonucleotide.

(B) The two radiolabeled protein bands from (A) were digested with
chymotrypsin, and the resulting products were analyzed by
electrophoresis on a 18% denaturing gel (lanes 2-5). Lane 1: the
32p_end-labeled oligoribonucleotide prior to UV crosslinking.

Fig. 1. The oligoribonucleotide that contains thio U and the
5'-terminal sequence of VRNA binds to recombinant influenza virus
polymerase complexesA) Sequence of the thio U-containing
oligoribonucleotide. The first 13 nucleotides at tHee®d constitute

the common sequence at theéhds of the eight influenza VRNA
segments. Nucleotides 14-16 contain the sequence at #hedSof the
VRNA segment encoding the two nonstructural (NS) proteiBy.Gel-
shift assay for binding. The oligoribonucleotid®R-end-labeled: 10

ng, 1X10° c.p.m.) was incubated with increasing amounts of a nuclear
extract from cells expressing the three P proteins (lanes 2—4) or with
5 pg of a nuclear extract from cells expressing T7 RNA polymerase
(C, lane 1), and protein—oligoribonucleotide complexes were separated
from free oligoribonucleotides by electrophoresis on 4% non-
denaturing gels. The arrows denote the positions of ffee 5
oligoribonucleotide and of the oligoribonucleotide—polymerase
complexes.

oligoribonucleotide (Figure 2A). The presence of two
labeled protein species was consistent with two possibil-
ities: either two different P proteins were crosslinked to
the oligoribonucleotide, or the slower protein species was
a breakdown product of the larger species. To distinguish
between these two possibilities, both protein species were
separately digested with chymotrypsin, and the resulting
products were analyzed by gel electrophoresis (Figure 2B).
The labeled chymotrypsin digestion products migrated
slightly slower than the labeled oligoribonucleotide, con-
sistent with the presence of a small peptide covalently
acids after exposure to UV light (Favet al., 1998; Wang attached to the oligoribonucleotide. The chymotrypsin
and Rana, 1998). Thio U was inserted at position 15 of a digestion products of both the top and bottom bands
16 nucleotide-long oligoribonucleotide which contains the contained a single peptide that was microsequenced. The
common 5-terminal 13 nucleotide-long sequence of the two crosslinked peptides had the same sequence, indicating
VRNA segments (Figure 1A). This oligonucleotide was that the bottom band was a breakdown product of the top
labeled with*2P at its 3 end and was added to a preparation band. The sequence matched a sequence in the PB1 protein
of recombinant influenza virus RNA polymerase. To subunit, extending from amino acid 560 to 574 (Figure 3A).
prepare this polymerase, HelLa cells were infected with

three vaccinia virus vectors expressing the PB1, PB2 and Two arginines in the 560-574 amino acid sequence

PA proteins; the nuclear extract from these cells contains of the PB1 protein are required for the binding of

the influenza virus polymerase (Hagetal., 1994; Cianci the 5'-terminal sequence of vRNA to the

et al, 1995). The thio U-containing oligoribonucleotide, polymerase complex

like those lacking thio U, bound to polymerase complexes The 560-574 amino acid sequence of the PB1 protein
in these extracts, as determined in a gel-shift assaycontains four arginine (R) residues which are potential
(Figure 1B, lanes 2—4). Nuclear extracts from cells infected candidates for interacting with the negatively charged
with a control vaccinia virus plasmid that expressed the oligoribonucleotide containing the’erminal sequence

T7 RNA polymerase did not cause a gel shift (lane 1). of vRNA (Figure 3A). To determine whether any of these

Also, in confirmation of previous results (Hagen al.,
1994; Cianckt al.,, 1995), gel shift of this oligoribonucleo-

arginines were required for RNA binding, each arginine
codon was individually replaced with an alanine (A) codon

tide required the nuclear extracts to contain all three P by site-directed mutagenesis, and the resulting mutated

proteins (data not shown).
To identify the binding site of the labeled, thio U-

PB1 gene was inserted into a vaccinia virus vector (Elroy-
Stein and Moss, 1996). HelLa cells were then coinfected

containing oligonucleotide, it was incubated with the with vaccinia virus vectors expressing the wild-type PB2
polymerase preparation, and the mixture was exposed toand PA proteins, and one of the mutant PB1 proteins. The
UV light. Gel electrophoresis indicated that two protein polymerase complexes in the nuclear extracts from these
bands were radiolabeled and hence crosslinked to thecells were assayed for their ability to bind the oligoribo-
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Fig. 3. Identification of the functional polymerase binding site for tHee&gminal sequence of vVRNAA() Amino acid sequence of the peptide in the
PB1 protein that crosslinks to the oligoribonucleotide containing thio U and ‘therfinal sequence of VRNA. The positions of the four arginines
that were individually replaced with an alanine are denotBj .Binding of the 3 oligoribonucleotide (lacking thio U) to polymerase complexes
containing a wild-type PB1 protein or one of the mutant PB1 proteins. This oligoribonucledt®lerid-labeled) was incubated with a nuclear
extract from cells expressing either the wild-type (lane 2) or mutant polymerase complexes (lanes 3-6), and protein—oligoribonucleotide complexes
were separated from free oligoribonucleotide by electrophoresis on 4% non-denaturing gels. The arrows denote the positions of free
oligoribonucleotide and of the protein—oligoribonucleotide complexes. Lane 1 (@)igeribonucleotide alone Q) Binding of capped RNA

fragments to polymerase complexes containing a wild-type PB1 protein or one of the mutant PB1 proteins. Subsequent to the binding of the
unlabeled 5 oligoribonucleotide to the polymerase complexes, the 13 nucleotide-long-capped AIMV RNA 4 RNA fragment containing a
m’G3%pppG, 5’ end (10 ng, X10° c.p.m.) was incubated with the wild-type (lane 2) or mutant polymerase complexes (lanes 3-6). The arrows
denote the positions of free capped RNA fragments and of the capped RNA polymerase complexes. Lane 1 (C): capped RNA fragment alone.

nucleotide containing the’Serminal sequence of VRNA. + preimmune + anti-PB1

In addition, the activity of these complexes for binding

capped RNAs was determined, using as substrate the 13 Wt STIA 5724 W STIA ST2A
nucleotide-long capped RNA fragment which had been
cleaved from alfalfa mosaic virus (AIMV) RNA 4 by the
influenza virion endonuclease itself. This capped RNA
fragment, which containeP only in its cap, binds to
the polymerase complex but is not subsequently cleaved 8=
by the endonuclease activity of this complex (Plogthal.,

1981; Ulmaneret al,, 1981).

Polymerase complexes that contained a PB1 protein in ~ 43=
which the arginine at either position 560 or 563 was
replaced with alanine behaved like wild-type polymerase
complexes. They bound the oligoribonucleotide containing Fig. 4. PB1 proteins containing an alanine substitutions at either
the 5-terminal sequence of VRNA (Figure 3B, lanes 3 position 571 or 572 interact with the PB2 and PA proteins to form
and 4), and as a consequence acquired the ability to bindpolymerase c_omplexes_,. Nucl_ear extracts from c_eIIs expressing the PB2

. and PA proteins and either wild-type PB1 protein (lanes 1 and 4) or
a capped RNA fragment (Figure 3C, lanes 3 and 4). In one of the mutant PB1 proteins (lanes 2, 3, 5 and 6) were
contrast, polymerase complexes that contained a PBlimmunoprecipitated with control (preimmune) antiserum (lanes 1-3) or
protein in which the arginine at either position 571 or 572 with anti-PB1 antiserum (lanes 4-6). After denaturing gel
wes replaced with slanine dic not benave like wilype. Seopiote e praviie s Fsern o A kbosbuces e
They dl.d hot bind the ollgonbonuqleoude containing the identity of the tWF()J proteins was established by probing with a single
5'-terminal sequence of VRNA (Figure 3B, lanes 5 and antiserum, either the anti-PB2 or the anti-PA antiserum.
6), and consequently did not acquire the ability to bind a
capped RNA fragment (Figure 3C, lanes 5 and 6). The was wild-type or contained an alanine substitution at
latter two amino acid replacements did not cause an position 571 or 572. We conclude that the arginines at
inhibition of an earlier step: these mutant PB1 proteins positions 571 and 572 of the PB1 protein are required for
interacted with the other two P proteins to form polymerase the binding of the 5terminal sequence of VRNA to the
complexes (Figure 4). Anti-PB1 antiserum co-immunopre- polymerase complex and for the consequent acquisition
cipitated the PA and PB2 proteins, whether the PB1 protein of the ability to bind capped RNAs.

--—PA
-=—PB2

1 2 3 4 5 6
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1 2 Fig. 6. Identification of the functional polymerase binding site for the
) o ) ) ] 3'-terminal sequence of vVRNAA() Amino acid sequence of the
Fig. 5. The oligoribonucleotide that contains thio U and the peptide in the PB1 protein that crosslinks to the oligoribonucleotide
3'-terminal sequence of VRNA binds to recombinant influenza virus containing thio U and the’&erminal sequence of VRNA. The
polymerase complexesA) Sequence of the thio U-containing positions of the two phenylalanines and the single arginine that were
oligoribonucleotide. The first 12 nucleotides at tHeeBd constitute individually replaced with an alanine are denoteB) Binding of
the common sequence at theehds of the eight influenza VRNA capped RNA fragments to polymerase complexes containing a wild-
segments. Nucleotides 13-15 contain the sequence at ted3of the type PB1 protein or one of the mutant PB1 proteins. Subsequent to the
VRNA segment encoding the two NS proteinB) Gel-shift assay for binding of the unlabeled’Soligoribonucleotide to the polymerase
binding. This oligoribonucleotide®{P-end-labeled: 10 ng,X10° complexes, the 13 nucleotide-long capped AIMV RNA 4 RNA
c.p.m.) was incubated with a nuclear extract from cells expressing the fragment containing a iG32pppG, 5' end (10 ng, X10° c.p.m.) was
three P proteins in the absence (lane 1) or the presence of the incubated with the wild-type (lane 2) or mutant polymerase complexes
oligoribonucleotide (unlabeled) containing thetérminal sequence of (lanes 3-6). The arrows denote the positions of free capped RNA

VRNA (lane 2). Protein-oligoribonucleotide complexes were separated fragments and of the capped RNA—protein complexes. Lane 1 (C):
from free oligoribonucleotide by electrophoresis on 4% non-denaturing capped RNA fragment aloneC) Binding of the 3
gels. The arrows denote the positions of free oligoribonucleotide and  oligoribonucleotide (lacking thio U) to polymerase complexes
of the protein—oligoribonucleotide complexes. containing a wild-type PB1 protein or one of the mutant PB1 proteins.
Subsequent to the binding of the unlabelédbgoribonucleotide to
the polymerase complexes, the oligoribonucleotide containing the
Identification of the site in the P-protein complex 3'-terminal sequence of vVRNA{P-end-labeled) was incubated with a

to which the 3 -terminal sequence of vRNA binds nuclear extract from cells expressing either the wild-type (lane 2) or
For these experiments, thio U was inserted at position 10 Mutant polymerase complexes (lanes 3-6), and protein—

. . . . . oligoribonucleotide complexes were separated from free
of a 15 nUCIeOt'de'lqng 0I|gor|bonupleot|de that contains oligoribonucleotide by electrophoresis on 4% non-denaturing gels. The
the common 3terminal 12 nucleotide sequence of the arrows denote the positions of free oligoribonucleotide and of the
VRNA segments (Figure 5A). This oligoribonucleotide protein-oligoribonucleotide complexes. Lane 1 (C): 3
(5'-3%P-labeled) bound to polymerase complexes, but bind- oligoribonucleotide alone.
ing was dependent on the prior addition of an unlabeled
oligonucleotide containing the’&erminal sequence of phoresis and digested with trypsin to yield a product
VRNA (Figure 5B). This dependence, which was previ- containing a small peptide covalently attached to the
ously observed with comparable oligoribonucleotides lack- labeled oligoribonucleotide (data not shown). The
ing thio U (Cianciet al., 1995), verifies that the binding of  sequence of this peptide matched a sequence in the PB1
VRNA sequences to the polymerase complex is sequential:protein subunit, extending from amino acid 250 to 260
first, the B-terminal sequence of VRNA, followed by the (Figure 6A).
3'-terminal sequence of VRNA.

To identify the binding site of the oligonucleotide Two phenylalanines in the 250-260 amino acid
containing the 3terminal sequence, the polymerase pre- sequence of the PB1 protein are required for the
paration was first incubated with an unlabeled oligoribonu- binding of the 3 -terminal sequence of vRNA to
cleotide containing the’&erminal sequence of vVRNA and  the polymerase complex
lacking thio U. The labeled, thio U-containing oligonucleo- The amino acid sequence of the PB1 protein from amino
tide containing the 3terminal sequence of VRNA was acid 249 to 256 has a strong homology with the ribonucleo-
then added, and the mixture was exposed to UV light. protein 1 (RNP1) motif, which is found in many RNA-
The single protein species which was crosslinked to the binding proteins (Figure 6A). Because phenylalanines (F)
labeled oligoribonucleotide was isolated by gel electro- mediate RNA binding by the RNP1 motif (Burd and
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Fig. 7. Enzymatic activities of PB1 mutants in the presence’oblgo. Specific alanine replacements in the PB1 binding site for the 3
oligoribonucleotide result in polymerase complexes that fail to acquire the cap-dependent endonuclease activity required for RNA-chain elongation.
(A) Cap-dependent endonuclease activities of wild-type and mutant polymerases. After bindingligerbonucleotide to the polymerase

complexes, wild-type (lanes 2 and 3) or mutant polymerases (lanes 4-11) were incubated with full-length AIMV RNA 4 contaif8Ygppp,

5" end, either with (lanes 3, 5, 7, 9 and 11) or without (lanes 2, 4, 6, 8 and 10) prior incubation of the polymerases Withligfoeil3onucleotide.

The RNA products were separated on a denaturing 20% gel. The position of the specific 13-long cleavage product is indicated by an arrow. Lane 1
(C): full-length AIMV RNA 4 incubated in the absence of a polymerase compBXxRNA-chain elongation activities of wild-type and mutant
polymerases. The endonuclease assays contained tig&ibonucleotide, and where indicated (lanes 3, 5, 7, 9 and 11) three ribonucleoside
triphosphates (ATP, CTP and GTP, each at 1 mM). The positions of the endonuclease cleavage product and the partially elongated RNA chains are
denoted. No elongation products were detected in lanes 5, 7 and 9 even when the gel was exposed 20 times longer.

Dreyfuss, 1994), our strategy was to replace the phenylal- of these viral polymerases, full-length AIMV RNA 4
anines at either position 251 or 254 of the PB1 sequencecontaining®?P only in its 3 cap was incubated with each
with alanine. As a control, the arginine at position 260 polymerase complex, and the amount of the specific 13
was replaced with alanine. Each of the mutated PB1 genesnucleotide-long capped cleavage product was determined
was inserted into a vaccinia virus vector (Elroy-Stein and (Plotchet al.,, 1981; Figure 7A). All the viral polymerases,
Moss, 1996), which was used to infect HeLa cells together whether containing a wild-type or a mutant PB1 protein,
with the two vaccinia virus vectors expressing the wild- cleaved a small amount of the capped RNA precursor in
type PB2 and PA proteins. The polymerase complexes inthe absence of the oligoribonucleotide containing the 3
the nuclear extracts from these cells were assayed in theterminal sequence of VRNA (Figure 7A, lanes 2, 4, 6, 8
presence of an oligonucleotide containing tHeesminal and 10). However, addition of the 8ligoribonucleotide
sequence of VRNA. Because the binding of this VRNA greatly stimulated endonucleolytic cleavage 10- to 20-
sequence was not inhibited by these mutations in the PB1fold, but only when the polymerase contained either a
protein, all the viral polymerases, whether containing a wild-type PB1 protein or a PB1 protein in which the
wild-type or a mutant PB1 protein, acquired equivalent arginine at position 260 was replaced with an alanine
capped RNA-binding activities (Figure 6B). (Figure 7A, compare lanes 3 and 11 to lanes 5, 7 and 9).
Two of the mutations in the PB1 protein, specifically In contrast, no detectable increase in endonuclease activity
replacement of one or both of the phenylalanines at occurred with polymerases in which one or both of the
positions 251 and/or 254 of the PB1 protein with alanine, phenylalanines at positions 251 and/or 254 of the PB1
resulted in polymerases which did not bind an oligonucleo- protein subunit was replaced with an alanine (Figure 7A,
tide containing the 3terminal sequence of VRNA lanes 5, 7 and 9). Only those capped RNA fragments that
(Figure 6C). In contrast, replacement of the arginine at were cleaved from the precursor in the presence of the
position 260 with an alanine had no detectable effect on oligonucleotide containing the’&erminal sequence of
the binding of this oligoribonucleotide. We conclude that vRNA were functional. These fragments served as primers
the phenylalanines at positions 251 and 254 of the PB1 for the minimal amount of RNA-chain elongation which
protein are required for the binding of thé-t&rminal these polymerase complexes are capable of catalyzing in
sequence of VRNA to the polymerase complex. the presence of ribonucleoside triphosphates, whereas
To measure the cap-dependent endonuclease activitythose capped RNA fragments that were produced at low
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levels in the absence of this oligonucleotide were not RRMs, the RNP-like motif of the PB1 protein is adjacent
elongated (Figure 7B, compare lanes 3 and 11 to lanes 5to a downstream region that is predicted to be aan
7 and 9). Consequently, a polymerase complex that con-helix (amino acids 277-290). However, the PB1 protein
tained a mutant PB1 protein in which one or both of the sequence does not contain the upstream RNP2 motif that
phenylalanines at positions 251 and/or 254 was replacedis found in the larger RRM domain of other proteins.
with an alanine did not acquire the cap-dependent endonu-Instead, the PB1 sequence contains a potential RNP2
clease activity that is required for RNA-chain elongation. motif that is far downstream (amino acids 500-505) from
its RNP1-like sequence. Perhaps the PB1 protein contains
a novel RRM in which the RNP1 and RNP2 motifs are
inverted and are separated from each other by a large
Capped RNA primers are required for the initiation of amino acid sequence.
viral mMRNA synthesis by the influenza virus RNA-depend-  Our results, along with those of other investigators
ent RNA polymerase (Krugt al., 1989). The production  (Hagenet al., 1994; Cianciet al., 1995), indicate that the
of these primers, which is catalyzed by the viral polymerase binding of the two terminal VRNA sequences to the
itself, is activated only when vRNA, the template for viral polymerase complex induces two allosteric alterations in
MRNA synthesis, is present (Hageh al., 1994; Cianci this enzyme complex (Figure 8B). In the absence of vVRNA
et al, 1995; present study). This activation results from the complex of the three P proteins is enzymatically
the sequential binding of two different vVRNA sequences inactive, but contains a functional site on the PB1 subunit
to the polymerase: first, the’ferminal sequence; then, for the binding of the 5terminal sequence of VRNA
the 3-terminal sequence. Here we show that both of which is centered around two arginine residues at positions
these VRNA sequences bind to the same subunit of the571 and 572. Upon the binding of thérminal sequence
polymerase, the PB1 protein, specifically to two amino to this site on the PB1 protein, two new functions of the
acid sequences that are ~300 amino acids apart. The 5 polymerase complex are activated, presumably as a result
terminal sequence of VRNA binds to an amino acid of allosteric alterations of the complex. One function is
sequence centered around two arginine residues at posiacquired by a different subunit, the PB2 protein, which is
tions 571 and 572, and thé-&rminal sequence binds to now capable of binding the’ £apped ends of RNAs. The
an RNP1-like motif extending from amino acids 249-256 other new function is acquired by the PB1 protein itself:
(Figure 8A). The PB1 protein, which also catalyzes a functional RNA-binding site that is specific for thé& 3
nucleotide addition during mRNA-chain elongation (Krug terminal sequence of VRNA, i.e. the RNP1-like motif
et al, 1989), would be expected to contain the consensusextending from amino acid 249 to 256. When the latter
sequence for the active site for RNA polymerization. The RNA binding occurs, a second allosteric alteration is
seqguence S-D-D at amino acids 444-446, which is locatedinduced, resulting in the activation of the enzymatic
between the two RNA-binding sites, is the prime candidate activity that endonucleolytically cleaves capped RNAs
for this active-site sequence (Poehal., 1989). Thus, the  10-13 nucleotides from theif 8nds. The resulting capped
PB1 protein plays a central role in the catalytic activity RNA fragments serve as primers for mRNA synthesis, as
of the viral polymerase, both in the activation of the demonstrated here by the addition of nucleotides to the
enzyme activities that produce capped RNA primers and 3’ ends of the fragments. Nucleotide addition is catalyzed
in the subsequent catalysis of RNA-chain elongation. by the PB1 protein (Kruget al, 1989), presumably
The amino acid sequence to which thét&minal utilizing the consensus sequence for the active site of
sequence of VRNA binds is conserved in all sequenced RNA polymerization centered around amino acids 444—
influenza A virus PB1 proteins. This sequence does not 446 (Pochet al., 1989). This RNA polymerase site, which
exhibit significant homology to any sequence in the GCG is not able to initiate chaingle novg requires that a
or NCBI database, indicating that it is a novel motif for capped RNA primer be provided for the initiation of
specific RNA binding. On the other hand, the sequence mRNA synthesis (Kruget al., 1989). It should be noted
to which the 3-terminal sequence of VRNA binds has a that this mechanism is consistent with the recent demon-
strong homology with the RNP1 motif found in many stration that the juxtaposition of the @nd 3 ends of
RNA-binding proteins (Burd and Dreyfuss, 1994; present VRNA molecules in the nucleocapsids of influenza virions
study). In fact, this sequence was identified as an RNP1requires the presence of the polymerase (Klurepgl,
motif in a previous computer search of PB1 sequences 1997).
(Fodor et al, 1993). This PB1 sequence, RGEVYFVE The activation of the production of capped RNA primers
(amino acids 249-256), differs from the consensus RNP1 requires the sequential binding of two different vVRNA
motif only by the presence of an additional amino acid, sequences to two different amino acid sequences in the
the underlined Y residue. In addition, the RNP1-like motif PB1 protein (Hageret al, 1994; Cianciet al., 1995;
of the PBL1 protein, which is conserved in the PB1 proteins present study). Specific RNA binding to the first site
of other influenza A viruses, shares several properties activates only one activity, the binding of a capped RNA
with the consensus RNP1 motif (Naggtial., 1990; Burd to the PB2 protein. The activation of this binding activity
and Dreyfuss, 1994): its binding activity is dependent on alone without the activation of the endonuclease does in
one or more phenylalanine residues; and it is predicted to fact occur (Shitet al.,, 1995; Shih and Krug, 1996). Such
form a-sheet structure, the known structure of consensusa partial activation enables P-protein complexes to serve
RNP1 motifs (present study). In many of the other RNA- two other functions in addition to the catalysis of mMRNA
binding proteins the RNP1 motif is part of a larger domain, and genome RNA synthesis. For these other functions,
the RNA recognition motif (RRM) (Burd and Dreyfuss, activation of capped RNA binding results from the binding
1994). As with consensus RNP1 motifs which are part of of an alternative virus-specific RNA sequence, specifically

Discussion
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A PB1 PROTEIN
251 234 H4 446 571572 757
N F—F SDD RR C

3'vRNA binding  RNA polymerization 5'vRNA binding
(2) (3) (1)

Inactive polymerase

Cap-binding & 3' vRNA
binding sites activated

3

3' vRNA

T Endonuclease activated;
initiation & elongation
occur

Fig. 8. The central role of the PB1 protein in the activation of the catalytic functions of the influenza virus polyménaBeldtive positions of the

three functional amino acid sequences of the PB1 protein: the binding site fof-tam8nal sequence of VRNA (designated asyBNA), the

presumed catalytic site for RNA polymerization, and the binding site for tilerfninal sequence of vVRNA (designated as/BNA). The numbers

above these amino acid sequences denote their positions in the PB1 protein. The numbers in parentheses denote the sequential order that these
sequences function during viral mMRNA synthesB) Model for the activation of capped primer production by the influenza virus polymerase

complex. This model is described in the text, Binding site for the 5end of vVRNA; 3, binding site for the 3end of VRNA; ¢, binding site for

capped RNA; p, polymerase active site. Blue denotes an inactive site, and red denotes an active site. The p site is shown with neither color, because
it is not known whether it is constitutively active or requires activation. One possibility is that it possesses constitutive activity, but that this activity

is inapparent because capped RNA primers have to be provided before the P site can initiate mRNA synthesis. Capped RNA is shown in green; its
5’ cap structure is denoted by an oval at one end.

the sequence in all viral MRNAs that is immediately 3 that only cellular, and not viral, mMRNAs are cleaved for
to the B-terminal sequence supplied by the cellular capped the production of capped RNA primers (Shih and Krug,
RNA primers. Presumably this RNA sequence also binds 1996). In addition, the partially activated P-protein com-
to the PB1 sequence centered around the two arginineplexes that are bound to thé &nd of one viral MRNA,
residues at positions 571 and 572. When this viral mMRNA the M1 mRNA, regulate its alternative splicing by blocking
sequence binds to P-protein complexes, their PB2 proteinone of its B splice sites (Shitet al.,, 1995).

subunits are activated and bind to thecap structures of During mRNA synthesis influenza VRNA molecules
the viral mRNAs. Consequently, partially activated P- function not only as templates, but also as essential
protein complexes are bound to thé énds of all viral cofactors which activate the catalytic activities of P-
MRNAs (Shihet al,, 1995; Shih and Krug, 1996). These protein complexes that produce capped RNA primers.
complexes selectively protect viral, but not cellular, Specific RNA sequences also act as cofactors for other
MRNAs from the endonucleolytic cleavage that is cata- enzymes. For example, the polymerase of another virus,
lyzed by other, fully activated P-protein complexes, so hepatitis B virus, also requires activation by a specific
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containing the 5terminal sequence of VRNA (80 ng) plus tRéP-

viral RNA sequence, a stem-loop at thé énd of the 5te ( f \ {
end-labeled oligoribonucleotide containing thio U and theeBminal

preqursor of the genomic .R.NA (TaVIS and Ganem, 1996; sequence of VRNA (80 ng, X110’ c.p.m.). The reaction, in a final
Tavis et al, 1998). In addition, telomerases, the cellular | me of 300ul, contained 10 mM HEPES pH 7.5, 150 mM KCl,
enzymes which maintain the telomeres at the ends of 0.5 mm EGTA, 2 mM MgCh, 1 mM dithiothreitol, 1 unit RNasin and
eukaryotic chromosomes, contain a short RNA component 10% glycerol (binding buffer). After the binding reaction, the mixtures
that not only serves as a template but is also necessarylvere put on ice _and exposed to 366 .nm UV light at a distance of 2 cm
for the catalytic activity of the enzyme (GiIIey and for 15 or 30 min (Favreet al, 1998; Wang and Rana, 1998). The

. . crosslinked protein—oligoribonucleotide complexes were separated from
Blackburn, 1996; Bhattacharyya and Blackburn, 1997; fee oligoribonucleotide by electrophoresis on 7% denaturing gels. The

Prescott and Blackburn, 1997; Autexier and Greider, gel slices containing the crosslinked complexes were dialyzed overnight
1998). Some tRNA synthetases also have an RNA cofactorto achieve equilibration with either the buffer used for chymotrypsin
(Lin et al,, 1996; Haleet al., 1997)_ Thus, isoleucyl-tRNA digestion or the buffer used for trypsin digestion. The proteins in the

h . | . h | | lated . _gel slices were then digested with one of these proteasequf).%or
synthetase incorrectly activates the closely related amino 1g , ot 25°c (chymotrypsin) or 37°C (trypsin), and then the gel slices

acid, valine, with a relatively high frequency. The correc- were placed on the top of an 18% denaturing gel. After electrophoresis,
tion of this error is mediated by a specific sequence in the appropriate band (see Results) was cut out, and either eluted or
the cognate (isoleucyl) tRNA molecule itself which b'ottteo' onto PVDF “(;'embgaf;fes- Ehifhma;e”ta',W%Shmic,fiseguert‘@d ‘#Stiﬂg
. . . . automate man degradation e Protein Chemistry Section of the
Ind.uces the sy'nt'hetase to edit OUt. the InCorrectIy activated HHMI Biopolymer Fagility and W)./M.Keck Foundation B)i/otechnology
valine. We anticipate that there will be other examples of Rresource Laboratory at Yale University.

specific RNA sequences that function as cofactors of

enzymes. Assays for the activities of viral polymerase complexes

Assays for the binding of specific oligoribonucleotides to polymerase
complexes: in a final volume of 1@, a nuclear extract containing wild-
type or mutant polymerase complexes (21§) was incubated for
30 min at 25°C in the binding buffer with either tféP-end-labeled
oligoribonucleotide containing the’Berminal sequence of VRNA (10
ng, 1X10° c.p.m.), or an unlabeled oligoribonucleotide containing the
5'-terminal sequence of VRNA (10 ng) plus tPé®-end-labeled oligori-
bonucleotide the ‘3terminal sequence of VRNA (10 ngx1L0° c.p.m.)

Materials and methods

Preparation of recombinant influenza virus polymerase
complexes

Recombinant vaccinia virus vectors individually encoding the influenza
virus PB1, PB2 and PA proteins (Vac-PB1, Vac-PB2 and Vac-PA) or S 2]
encoding T7 RNA polymerase (VTF7-3) were grown in HelLa cells (Hagenet al, 1994; Cianciet al., 1995). The assay for the_blndlng of_
(Smith et al, 1987; Cianciet al, 1995). To construct recombinant ~ ¢a@Pped RNA fragments to polymerase complexes: following a 30 min
vaccinia virus vectors containing a mutant PB1 gene, the desired mutation '€action for the binding of an unlabeled oligoribonucleotide containing
was introduced by PCR into a PB1 gene which was in the plasmid the 5-terminal sequence ova_NA, the313 nucleo,tlde-long-capped AlMV
transfer vector pGS77. The entire mutant PB1 gene was sequenced toRNA 4 RNA fragment containing a f&*pppGp 5’ end (10 ng, X10° i
rule out the presence of extraneous mutations. The insertion of the C-P-M-) was added, and the mixture was incubated for 30 min at 30°C
mutant gene into vaccinia virus was carried out as described by Elroy- (UImanenet al, 1981). For both binding assays, the protein-RNA
Stein and Moss (1996). The pGS77 vector containing the mutant PB1 cOmplexes were separated from free RNA by electrophoresis on 4%
gene was transfected into CV-1 cells that had been infected with vaccinia NON-denaturing gels. The endonuclease assay: following binding of the

virus for 1.5 h. After 2 days, cell-associated vaccinia virus was collected, ©ligoribonucleotide containing the’§erminal sequence of VRNA, and

and then used to infect HUTK43B cells that are deficient in thymidine

kinase. These cells were grown under agarose containing 5-bromodeoxy-

uridine (BrdU), conditions under which only the TKecombinant virus

where indicated, the subsequent binding of the oligoribonucleotide

containing the 3terminal sequence of VRNA, full-length AIMV RNA
4 containing a MG3%pppG, 5' end (0.25 ng, X10° c.p.m.) was added,

will form plaques. Recombinant viruses were obtained after three plaque @/0Ng with 0.1ug of tRNA as an additional inhibitor of non-specific

purifications. HelLa cells were infected three times with Vac-PB2, Vac-
PA, and either Vac-PB1 encoding wild-type PB1 protein or a vaccinia
virus vector encoding one of the mutant PB1 proteins (Sraittal.,
1987; Cianciet al,, 1995). As a control, other HelLa cells were infected
with VTF7-3. At 20-24 h after infection, nuclear extracts were prepared

nucleases, and the mixture was incubated for 60 min at 30°C (Plotch
et al, 1981; Hageret al, 1994; Cianciet al, 1995). In the assay for
RNA-chain elongation, three ribonucleoside triphosphates (ATP, CTP
and GTP, each at 1 mM) were added during the cleavage reaction. For
both the endonuclease and elongation assays, the RNA products were

and used as the source of the influenza virus polymerase complex SeParated on a denaturing 20% polyacrylamide-7 M urea gel.

(Fiering et al.,, 1990; Hageret al., 1994).

Preparation of labeled oligoribonucleotides and RNAs
Oligoribonucleotides containing thé-®r 3'-terminal sequence of VRNA

were synthesized using an oligonucleotide synthesizer. Where indicated,

Antisera

Rabbit antisera specific for the PB1 protein (Detgnal., 1987), and

the PB2 and PA proteins (Tilegt al, 1994) were raised against the C-
terminal peptides of these proteins. The latter two antisera were kindly

thio U was introduced at a particular position of the oligoribonucleotide Provided by Mark Krystal.

(Shahetal., 1994). The purity of each oligoribonucleotide was established
by gel electrophoresis. Oligoribonucleotides were labeled at their 5
ends using polynucleotide kinase ang®fP]ATP. To prepare an RNA
substrate containing a labeled &ap, the 5 terminal NG of AIMV
RNA 4 was removed b-elimination, and the RNA was then incubated
with the vaccinia virus capping enzyme (guanyltransferase and
7-methyltransferase) and’-B-methyltransferase in the presence of
[a-32P]GTP to produce a AB3%pppGy, 5’ end (Plotchet al., 1981). The
substrate for capped RNA binding was prepared by incubating the full-
length AIMV RNA 4 (containing a labeled’&ap) with the polymerase
complexes in detergent-treated influenza virions (Plathal., 1981;
Ulmanenet al, 1981). The 13 nucleotide-long-capped RNA fragment

produced by the virion endonuclease was isolated by gel electrophoresis.

UV crosslinking

A nuclear extract containing wild-type polymerase complexes (¥H0
was incubated 25 min at 25°C with either §¥8-end-labeled oligoribonu-
cleotide containing thio U and the/-Bferminal sequence of vRNA (80
ng, 1X10’ c.p.m.), or an unlabeled oligoribonucleotide (lacking thio U)
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