
Solution structure of the in¯uenza A virus cRNA
promoter: implications for differential recognition of
viral promoter structures by RNA-dependent RNA
polymerase
Chin-Ju Park, Sung-Hun Bae, Mi-Kyung Lee, Gabriele Varani1 and Byong-Seok Choi*

Department of Chemistry and National Creative Research Initiative Center, Korea Advanced Institute of Science
and Technology, 373-1 Guseong-dong, Yuseong-gu, Daejon 305-701, Korea and 1Department of Biochemistry and
Department of Chemistry, University of Washington, Seattle, WA 98195-1700, USA

Received February 17, 2003; Revised March 29, 2003; Accepted April 8, 2003 PDB accession no. 1M82

ABSTRACT

In¯uenza A virus replication requires the interaction
of viral RNA-dependent RNA polymerase (RdRp)
with promoters in both the RNA genome (vRNA) and
the full-length complementary RNA (cRNA) which
serve as templates for the generation of new vRNAs.
Although RdRp binds both promoters effectively, it
must also discriminate between them because they
serve different functional roles in the viral life cycle.
Even though the inherent asymmetry between two
RNA promoters is considered as a cause of the
differential recognition by the RdRp, the structural
basis for the ability of the RdRp to recognize
the RNA promoters and discriminate effectively
between them remains unsolved. Here we report the
structure of the cRNA promoter of in¯uenza A virus
as determined by heteronuclear magnetic reson-
ance spectroscopy. The terminal region is extremely
unstable and does not have a rigid structure. The
major groove of the internal loop is widened by the
displacement of a novel A*(UU) motif toward the
minor groove. These internal loop residues show
distinguishable dynamic characters, with differing
motional timescales for each residue. Comparison
of the cRNA promoter structure with that of the
vRNA promoter reveals common structural and
dynamic elements in the internal loop, but also
differences that provide insight into how the viral
RdRp differentially recognizes the cRNA and vRNA
promoters.

INTRODUCTION

The in¯uenza A virus genome consists of eight negative-
sense, single-stranded RNA molecules. These genomic
segments (vRNAs) act as templates for both messenger
RNA (mRNA) and complementary RNA (cRNA) synthesis.

The cRNAs, full-length copies of the vRNA molecules (1),
serve as templates for viral genome replication (Fig. 1A). Both
mRNA synthesis and genomic replication are performed
within the nucleus of an infected cell by a ribonucleoprotein
(RNP) complex composed of nucleoproteins (NP) and a virus-
encoded heterotrimeric RNA-dependent RNA polymerase
(RdRp), which contains proteins PB1, PB2 and PA (1).

For initiation of RNA synthesis, the in¯uenza A virus RdRp
binds speci®cally to promoter structures formed by the 5¢ and
3¢ termini of each genomic RNA segment. Despite the high
levels of sequence variability in in¯uenza viruses, the two
opposite arms of the vRNA promoters are highly conserved
for all genomic segments among most in¯uenza A virus
variants (Fig. 1B). Regulatory signals for replication, tran-
scription initiation and termination, polyadenylation and
packaging are believed to reside within these terminal
sequences (2±4).

The termini of the corresponding cRNA molecules could
also form an irregular duplex analogous to that of the vRNA.
However, the sequences of the cRNA termini differ from those
of vRNA and, therefore, the two promoters form distinct
structures. Because genomic replication starts with the
synthesis of complementary RNP (cRNP) and a dramatic
shift from cRNA to vRNA synthesis occurs, it is implied that a
shift of template and recognition of the cRNA promoter by the
newly synthesized polymerase and NP occur. The observed
asymmetric pool sizes for cRNA versus vRNA molecules in
infected cells (~1:10, respectively) (5,6) also imply that the
viral RdRp differentially recognize them. In fact, it is widely
accepted that inherent asymmetry between the vRNA and
cRNA promoter structures results in the differential recogni-
tion by in¯uenza RdRp (5,6).

The internal loop among all residues in RNA promoters is
known as an important site not only for RdRp binding to both
RNA promoters (7) but also for the differential recognition by
RdRp (4,8). Even though only vRNPs are packaged into
virions, cRNP can be packaged into a virion by changing only
the A*(UU) internal loop motif to the (AA)*U motif observed
in the vRNP (4). The endonuclease activity of the viral
polymerase, which is activated only by the vRNA promoter,
also requires the presence of the (AA)*U sequence (8). By
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changing the A*(UU) of the cRNA to (AA)*U, the
endonuclease activity induced by the cRNA promoter is
signi®cantly increased in vitro (8). These imply that the
internal loop can be one of the most important factors for the
viral RdRp to recognize two promoters differently.

We previously reported the three-dimensional (3D) struc-
ture and dynamic properties of the vRNA promoter based on
NMR studies (9,10). These studies revealed that nucleotides at
or near the asymmetric internal loop have a ¯exible conform-
ation and identi®ed a novel (AA)*U motif and a C-A
mismatch that form within this promoter as well as the
characteristic bending property at the fourth position from the
3¢ terminus. Even though a structural basis for the requirement
for speci®c interaction with the RdRp is revealed, the structure
of the cRNA promoter is still an essential requirement for
understanding the structural and dynamic basis for differential
recognition of two RNA promoters by the RdRp.

In this study, we present the solution structure of the RNA
oligonucleotide model of the conserved internal loop sequence
of the in¯uenza A virus cRNA promoter (PDB accession no.
1M82). Our results revealed structural and dynamic properties

shared by the internal loops of the vRNA and cRNA promoters
that could be important for their interaction with the RdRp.
The comparison of cRNA and vRNA structures can provide
insight into how differential binding of RdRp to the two
promoters could occur.

MATERIALS AND METHODS

RNA sample preparation

Unlabeled and uniformly 13C, 15N-labeled samples of the 25 nt
cRNA promoter were prepared by in vitro transcription as
described previously (11,12). The unlabeled 31 nt cRNA
promoter was prepared by cleaving a substrate RNA (41 nt)
with a trans-cleaving hammerhead ribozyme designed for the
31 nt cRNA sequence (9). NMR samples contained 20 mM
sodium phosphate buffer (pH 6.0) with 0.1 mM EDTA. The
water NOESY spectrum was collected on a 1.0 mM unlabeled
sample in 90% H2O/10% D2O. All other experiments were
performed on a 1.0 mM unlabeled sample in 100% D2O or a
1.0 mM 13C, 15N-labeled sample in 100% D2O.

Figure 1. (A) Strategies for mRNA synthesis and genomic replication of the viral RNA genome of in¯uenza A virus. The newly synthesized cRNA associates
with NP and RdRp to form a cRNP complex, which then produces vRNAs. The newly synthesized vRNAs then bind NP and RdRp to form a vRNP complex,
which gives rise to viral mRNA. The mRNA strands have the canonical 5¢ cap and 3¢ poly(A) tail to allow nuclear export and translation by the host
translation machinery. In contrast, the cRNAs do not have such modi®cations, but are full-length copies of the vRNA molecules. (B) Terminal sequences of
vRNA from the in¯uenza A virus. Boxed sequences are converged in all of the in¯uenza A virus variants. Numbering of the 3¢ strand is followed by a prime
notation (¢). The sequence shown is that of vRNA segment 8 of in¯uenza A/PR/8/34. (C) Secondary structure of the 31 nt vRNA promoter, which was
determined previously (left), and the 31 nt cRNA promoter (middle) and 25 nt cRNA promoter (right), which were studied in this paper. Watson±Crick base
pairs and wobble base pairs are distinguished by bars and circles, respectively. The terminal 5 bp of the 31 nt cRNA promoter have been changed to two G-C
pairs in the 25 nt cRNA promoter model; these are boxed.
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NMR spectroscopy

NMR spectra were recorded on Bruker AMX 500 MHz,
Bruker DRX 600 or 800 MHz, or Varian Inova 600 MHz
spectrometers, processed using FELIX (Biosym/MSI) and
analyzed using SPARKY 3.95 (University of California, San
Francisco). All spectra were recorded at 300 K unless
otherwise speci®ed. Two-dimensional NOESY spectra were
recorded in water at 280 K with 150 ms mixing time. The
NOESY build-up spectra were recorded with three different
mixing times (80, 120 and 300 ms). The NOESY spectra
recorded with the 80 and 200 ms mixing times were also
recorded at 290 and 310 K. 31P-1H HetCOR, DQF-COSY,
TOCSY (tm = 60 ms), 3D 1H-13C NOESY-HSQC (tm =
200 ms), 3D HCCH-COSY-TOCSY (13) and 3D HCCH-
COSY spectra were also acquired and analyzed.

The 13C T1r measurements of aromatic carbons (C6/8) of
the cRNA promoter were performed at 600 MHz on the Varian
Inova spectrometer using the pulse sequence provided through
RNA pack. 1H-13C correlation intensities decayed exponenti-
ally as a function of the 13C spin lock mixing time, and the T1r
values for the aromatic carbon resonances were calculated by
a non-linear least squares ®t of the exponential decay. Ten
different spin-lock times between 5 and 60 ms were used; the
spectrum at the 10 ms spin-lock was repeated four times for
error analysis.

Spectral analysis and structure calculations

Distance constraints obtained in the D2O NOESY experiments
at 80, 120 and 200 ms mixing times and 3D NOSEY-HSQC
experiments at 200 ms mixing time were grouped into four
classes based on their intensities: strong (0±3 AÊ ), medium
(0±4 AÊ ), weak (0±5 AÊ ) and very weak (0±6 AÊ ). Peaks present
only at the longest mixing time (200 ms) were given even
looser upper bounds (0±7 AÊ ). The pyrimidine H5-H6 cross-
peak in the 80 ms spectra provided a reference for establishing
the `strong' category, while the H1¢-H3¢ cross-peaks were
used as a reference for medium intensity peaks. NOE cross-
peaks involving exchangeable protons were classi®ed as very
weak, except between the uracil imino and adenine H2, and
the guanosine imino and cytosine amino in Watson±Crick
base pairs.

Hydrogen bonding and planarity restraints were imposed
for the seven Watson±Crick base pairs in the stems and the
G5-U21 and C6-G20 base pairs in the internal loop on the
basis of the imino spectra and the observed NOEs and
chemical shifts. The d dihedral angles were derived from
analysis of the 3JH1¢±H2¢ in DQF-COSY spectra. All c values
were constrained to ±158 6 15°, based on the medium to weak
intra residue H1¢-H6/8 NOE that ruled out the syn conform-
ation, except for G14 (syn) and U18 (unconstrained). Other
dihedral angle restraints (for a, b, e and z) were obtained from
31P-1H HetCOR. 3JP±H5¢

3JP±H5¢ and 3JH3¢(i ± 1)±P(i) couplings
were measured to obtain information about the b and e
conformations and the a and z angles were restrained on the
basis of 31P chemical shifts. None of the backbone dihedral
angles were constrained in the internal loop, although the b
and e angles were loosely constrained based on 1H-31P
HetCOR data.

Structure calculations were performed with CNS (14). 100
starting structures were generated with distance geometry

using full structure embedding. The structures were then
subjected to a torsion angle dynamics (15) protocol of 40 ps at
20 000 K, followed by 40 ps of cooling to 1000 K and 10 ps of
cooling to 300 K. The distance force constant was 50 kcal
mol±1 AÊ ±2, and the dihedral angle constant was scaled to
400 kcal mol±1 AÊ ±2 when cooling.

RESULTS

Design of cRNA promoter sequence for NMR studies

The sequences and secondary structures of the cRNA and
vRNA promoters are shown in Figure 1C. Two G-U pairs in
the terminal stem of the vRNA promoter are replaced by A-C
mismatches in the cRNA promoter. As a consequence, the
terminal region of the cRNA promoter is extremely unstable,
and none of the ®ve putative base pairs could be observed in
the water NOESY spectra, even at low temperature (Fig. 2A).
The single-strand nature of the terminal region makes it
impossible to determine the entire structure of the 31 nt cRNA
promoter. Therefore, we were forced to study a shorter
fragment (25 nt cRNA) composed of residues 6±13 and 18±26
in the 31 nt cRNA promoter.

The 25 nt cRNA promoter showed the same base pairing as
the 31 nt cRNA promoter except for the terminal region, as
revealed by the analysis of NOESY spectra collected in water.
Figure 2A shows that the imino proton spectrum of the 31 nt
cRNA promoter is almost the same as that of the 25 nt cRNA
promoter. Also, we observed the same chemical shifts of the
residues in the internal loop and the proximal stem in the D2O
NOESY spectrum (data not shown). This implies that the
deletion of the terminal region did not induce structural
changes within the conserved internal loop of the cRNA
promoter that we aimed to study.

We are therefore con®dent that the sequence used in the
present study represents a valid model of the internal loop of
the in¯uenza A virus cRNA promoter.

Resonance assignments and structure determination

All imino proton resonances of the 25 nt cRNA promoter
except G1, U18 and U19 were assigned in water NOESY
spectra using well established methods (16) and all amino
protons from Watson±Crick paired bases were also identi®ed.
The G1 imino proton was absent, as is usually observed for
terminal base pairs, but the two U imino protons expected
within the internal loop were also invisible. Characteristically
strong NOE between G5 and U21 imino protons and the
behavior of the G5 amino proton resonances support the
formation of the putative G5-U21 wobble base pair.

All of the base protons, H1¢, H2¢ and most of H3¢, H4¢ and
H5¢/H5¢¢ resonances were assigned in D2O experiments (for
more information, see Materials and Methods). The A3 H2
and A4 H2 were identi®ed by strong NOEs to the U23 and
U22 imino protons in the water NOESY spectra, respectively.
The A7 H2 was identi®ed by NOEs to the G8 H1¢ and G20 H1¢
and con®rmed in the 1H-13C HSQC spectrum. Aromatic-H1¢
and H2¢ sequential assignments through all nucleotides were
made from 2D and 3D NOESY spectra (Fig. 2B) (16). H1¢-H2¢
cross peaks of U18 and U19 were observed in the DQF-COSY
spectra. U18 has a large 3JH1¢±H2¢ (~10 Hz) and therefore the
ribose sugar adopts primarily the C2¢-endo pucker. U19 has an
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intermediate value of 3JH1¢±H2¢ and its ribose sugar is
interconverting rapidly between the C3¢-endo and C2¢-endo
conformations. We were able to identify and assign several
phosphorous resonances in 31P Het-COR spectra. A7, U19 and
G20 showed 31P chemical shifts separated from other residues.

NOE distance and torsion angle constraints for structure
calculation were collected as described in Materials and
Methods and used in the program CNS to calculate the RNA
structure. A set of 31 ®nal structures was derived from 100
starting structures. These were based on 592 NOE-derived
distance restraints, 140 torsion angle restraints, 54 planarity
restraints and 48 base pair restraints. Average pairwise RMSD
of all nucleotides is 2.0 AÊ , but the average pairwise RMSDs
for the terminal stem and the proximal stem is 0.9 and 0.7 AÊ ,

respectively (Table 1). Thirty-one ®nal structures were
analyzed by MOLMOL (Institut fuÈr Molekularbiologie und
Biophysik, Switzerland).

Description of the overall structure

The stereoview of the lowest energy member of the family of
31 converged structures is shown in Figure 3A. The structure
consists of the terminal double-helical stem, the internal loop,
the proximal stem and the UUCG tetraloop. The structure of
the UUCG tetraloop is very similar to the previously observed
structure (17) and will not be discussed further. The G5-U21
wobble pair and C6-G20 normal Watson±Crick pair in the
internal loop region, as well as all expected Watson±Crick
base pairs in both stem regions, were con®rmed from the
pattern of NOE interactions and chemical shifts observed in
the NOESY spectra recorded in water. In addition, NOEs
observed in D2O NOESY spectra showed that both stems have
the expected A-form geometry (Fig. 2B).

Widened major groove of the internal loop

We previously reported that the internal loop of the vRNA
promoter consists of a novel (A10 A11)*U22 motif and a
C24-A8 mismatch (9); the counterparts in the cRNA promoter
are an A7*(U18 U19) sequence and a G5-U21 wobble pair.
The G5-U21 is well stacked above the C6-G20 pair (Fig. 4A).
Within the internal loop region, A7, U18, U19 and G20 have
the sequential NOEs characteristic of right-handed double
helices. The cross-peaks between A7 H2 and G20 H1¢ and the
up®eld chemical shift of the A7 H2 resonance (7.06 p.p.m.)
revealed that the A7 base stacks on top of the C6-G20 base
pair and that the A7 base is involved in inter-strand stacking
with G20. Consistent with this observation, the A7 as well as
U18 and U19 of the cRNA promoter are shifted towards the
minor groove (Fig. 4A).

Because the U18 and U19 bases are tilted upward and
displaced into the minor groove, the helix axis is slightly
redirected from the terminal stem toward the proximal stem;
this qualitative observation was con®rmed by a quantitative
analysis with CURVES (18). However, the distortion is not
large compared to other RNAs with asymmetric internal
loops, such as the HIV TAR sequence (19). Since there are
only two unpaired bases on the 3¢-side of the loop and the U18
base is not well stacked on the neighboring bases, the physical
separation between the base pairs adjoining the two stem
regions on that strand is reduced (19). Moreover, the C2¢-endo
sugar conformation of U18 and the interchanging sugar
conformation of U19 enable the backbone to proceed with a
remarkably small overall distortion compared to A-form
RNA, at the cost of an increased displacement of the bases into
the minor groove. This base displacement results in a much
wider and deeper major groove compared to normal A-form
RNA.

U19 exhibits signi®cantly weaker internucleotide NOE
compared to other nucleotides in the internal loop (Fig. 2B),
suggesting that U18 might be extra-helical. The U18 base was
almost perpendicular to the neighboring base pairs in 29 out of
31 structures (Fig. 4A). The remaining two structures had the
U18 base stacked into the helix, while the U19 base was
moved into the minor groove even more signi®cantly (data not
shown).

Figure 2. (A) Superimposed imino region spectrum of the 31 nt cRNA
promoter and 25 nt cRNA promoter. The spectrum was recorded at 4°C in
20 mM sodium phosphate buffer (pH 6.0) with 0.1 mM EDTA using a
Bruker DRX 600 MHz spectrometer. (B) Fingerprint (aromatic-H1¢) region
in a NOESY spectrum of the 25 nt cRNA promoter; sequential assignments
are indicated in violet. The spectrum was recorded at 300 K in 20 mM
sodium phosphate buffer (pH 6.0) with 0.1 mM EDTA using a Bruker DRX
800 MHz spectrometer. The mixing time was 200 ms.
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There have been studies on the motifs formed by two
uridines and one adenine in RNA (20±22). These studies
showed that the bases constituting this motif are apart
from one another in the sequence or that a distant uridine
is hydrogen bonded to one A-U base pair. However, there
have been no reports of a motif composed of one adenine
and two consecutive uridines on the opposite strand, as we
have studied here. In our structures, the A7 base does not
form hydrogen bonds with U18 or U19, even though it is
co-planar with U19 (Fig. 4B). Consistent with this, we failed
to observe any resonance for the U18 or U19 imino proton
resonances (Fig. 2A). The novel (AA)*U motif of the vRNA
promoter studied previously also failed to show any
speci®c hydrogen bonding between the bases. Altogether,
these results suggest that neither the cRNA nor the vRNA
internal loop is a rigid conformation in the absence of the
protein (19,23,24).

Dynamic structure of the internal loop residues

In order to investigate more quantitatively the dynamic
characters of the residues in the internal loop, we measured
rotating frame spin-lattice relaxation times (T1r) (Fig. 5A).
For the pyrimidine C6 carbon atoms in the helical region of the
cRNA promoter (residues C10, U22, U23 and U24), T1r
values were nearly identical within the experimental error,
varying from 22.6 to 23.4 ms. However, T1r values for U12
C6 (40.8 ms) in the UUCG loop and U19 C6 (40.9 ms) in the
internal loop are much longer than those for residues in the
helical regions. These results con®rm that the bases of U19
and U12 display signi®cant motion on the pico- to nanosecond
timescale (25). The T1r value of U18 is also slightly longer
than those for residues in the helical region (34.7 ms),
indicating the presence of internal motion for this residue as
well.

Considering instead purine residues, the T1r value for the
C8 carbon of A7 (25.6 ms) was the smallest among all
resolved purines (G2, A3, A4, A7, G15 and G20). However,

the difference between A7 and the other purines was not large
(e.g. one of the differences was 3.83 ms), suggesting that A7
may experience motion on a slower timescale (micro- to
millisecond).

T1r values for a particular carbon type (C6 or C8) are
expected to be identical for all nucleotides that are rigid with
respect to the molecular framework. Therefore, variations in
T1r values for different residues within the internal loop
strongly suggest that these residues have distinguishable
dynamic characters, with differing motional timescales for
each residue. Previous studies showed that motion on the
micro- to millisecond timescale decreases T1r, while disorder
on the pico- to nanosecond timescale increases T1r (25,26). In
this respect, these results suggest that the observation of
relatively large local RMSDs for the internal loop, as shown in
Table 1, is not due to insuf®cient NMR information (Fig. 5B),
but rather re¯ects genuine motional properties of this region of
the structure (26).

Table 1. Experimental and structural statistics

Experimental constraints
Number of NOE distance restraints 592

Intra-residue 247
Inter-residue 345

Mean number per residue 23
Dihedral restraints (a, b, g, d, e, z and c) 140
Base pair restraints including hydrogen bonding 48
Base planarity restraints 54
Total number of restraints 834
Structure analysis
RMSD for all heavy atoms from average structure (AÊ )

Terminal stem (residues 1±4, 22±25) 0.9 6 0.2
Proximal stem (residues 8±10, 15±17) 0.7 6 0.2
Internal loop (residues 5±7, 18±21) 1.4 6 0.4
UUCG tetraloop (residues 11±14) 0.7 6 0.2
All nucleotides 2.0 6 0.5

Average NOE violations (AÊ ) 0 (>0.5 AÊ )
Average dihedral angle violations (°) 0 (>5°)
Mean deviation from covalent geometry

Bond lengths (AÊ ) 0.002
Angles (°) 0.6
Improper (°) 0.3

Figure 3. (A) Stereo view of the lowest energy member of the family of 31
converged structures. Adenines are colored in yellow, guanines in pink,
uridines in green and cytidines in light blue. (B) Superimposed overall
structures (from residue 5 to 21) of the 10 lowest energy members of the
structure ensemble. (C) Superimposed internal loop structures of the 10
lowest energy members of the structure ensemble.
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DISCUSSION

Promoter binding of the RdRp is a prerequisite for positioning
the catalytic core of the enzyme at the polymerization start site
during initiation of RNA synthesis. Cross-linking studies
using in¯uenza A virus RdRp that had been prepared from
recombinant vaccinia virus showed that PB1 and PB2 can bind
to both the vRNA and cRNA promoters (27). The binding
regions within PB1 that are necessary for polymerase activity
have also been identi®ed (28). Residues located at the
N-terminus of the protein interact with both RNA promoters,
but PB1 also contains amino acid residues that selectively bind
either vRNA or cRNA. The central region of PB1 is necessary
for binding to the cRNA promoter, while the C-terminal
region is crucial for binding to the vRNA promoter. The RNA
residues within the two promoters that are necessary for
binding RdRp were also identi®ed. For the 31 nt vRNA
promoter, A8-A11 and/or C20-G23 and U28-U31 are crucial
for RdRp binding. For the 31 nt cRNA promoter, C9-A10 and
C3-A5 are required for binding RdRp (27,29). Most of these
residues belong to the internal loop in both RNA promoters
(Fig. 6A).

Our studies of the cRNA and vRNA promoters show that
both internal loops have highly dynamic structures, and the
major grooves of both RNAs are locally widened as described
above (9). Remarkably, this distortion results in similar spatial
cavities on the 3¢ side of the internal loop, even though the

symmetry of the loop is inverted (the extra nucleotide is on
opposite strands in the vRNA and cRNA promoters) (Fig. 4A).
The dynamic nature and widened major groove of the two
internal loops are frequently observed in other protein-binding
RNAs (19,30). From these data, it can be expected that the
protein interacts with the widened major groove side of the
internal loop. The importance of the asymmetric internal loop
structures is con®rmed by biochemical data showing that the
5¢ arm of either RNA does not bind to the viral polymerase
when paired with a perfectly complementary 3¢ strand (27).
This observation suggests that the organized structure and
consequent ¯exibility of the internal loop is more important
for protein binding than the sequence of the loop itself. In this
respect, the A8-C24 mismatch of the 31 nt vRNA promoter
and G5-U21 wobble pair of the 25 nt cRNA promoter may
play a similar role to maintain the highly dynamic but pre-
organized internal loop structure. Because the terminal region
of the cRNA promoter is extremely unstable, the G5-U21 pair
could be particularly important for the maintenance of the
internal loop structure.

In each step of the infectious replication process, the newly
synthesized viral polymerase must distinguish between the
two RNA promoters, because vRNA synthesis from cRNP and
mRNA synthesis from vRNP occur simultaneously and,
therefore, both RNAs are present at the same time (Fig. 1)
(31). Other viral and possibly cellular factors, such as the NP,
participate in the replication process and may be important in
providing this functional distinction between the two pro-
moters (32). However, a recent study showed that the NP is not
required for the initiation of de novo replication (33),
suggesting that the different biochemical processes performed
by the RdRp on the two different promoters should be
determined by distinct interactions between the RNA pro-
moters and the viral polymerase in their complex.

Previous biochemical studies about the packaging signal (4)
and endonuclease activity (8) provide evidence that the 5¢
bulge [5¢-(AA)*U-3¢] in the internal loop of the vRNA
promoter and also the 3¢ bulge [5¢-A*(UU)-3¢] in the internal
loop of the cRNA promoter are important for differential
recognition (Fig. 6B and C). As described above, the detailed
conformations of the two internal loops are different from
each other, even though they share global structural properties
such as the locally widened major groove (Fig. 4A). In
particular, the U18 and U19 bases of the cRNA promoter are
not stacked into the helix but are displaced into the minor
groove while all of the bases in (AA)*U of the vRNA
promoter are stacked within the helix.

Studies on other RNA±protein complexes revealed that
complex formation requires conformational changes in the
RNA and often in the protein as well (23,24). Looped-out
bases in both the Rev-RRE (Rev responsive element) complex
and TAR RNA are critical for protein binding because they are
stabilized by stacking and/or hydrogen bonding interactions
with protein side chains triggering the conformational transi-
tions (34). For the in¯uenza A virus polymerase, biochemical
studies have provided evidence for conformational changes in
PB1 that occur upon interaction with either vRNA or cRNA
(28). Therefore, ¯exibility within the internal loop, in
particular within the two uridines of the internal loop of the
cRNA promoter, may favor a conformational change that is
probably required for protein binding in the cRNP complex.

Figure 4. (A) Major groove stereoview of the internal loop of the cRNA
promoter (top) and the vRNA promoter (PDB accession no. 1fo7). (B) Top
views of the A*(UU) from the cRNA promoter (left) and (AA)*U from the
vRNA promoter structure (right).
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There have been three distinct promoter models for the
in¯uenza virus RNA: the panhandle (9,35), RNA-fork (36,37)
and corkscrew (5,38). The corkscrew model has been
suggested especially for the promoter±polymerase open
complex. Also, these models have been applied to the case
of the cRNA promoter (4,7). The promoter regions that
correspond to our internal loop are common for all three
models; the differences in these models are found at the very
end of the promoter structure. In the panhandle model, the 5¢
and 3¢ ends are base paired with each other, while they are not
in the RNA-fork model. In the corkscrew model, hairpin loop
structures are present in both the 5¢ and 3¢ termini. In our
studies, the terminal region of the cRNA is quite unstable and
cannot form a rigid structure, while that of the vRNA promoter
has a stable stem (9). In company with the internal loop, this
unstructured terminal region could be involved in differenti-
ating the cRNA from the vRNA promoter. Regarding the
initiation of viral replication, the endonuclease activity of
RdRp normally required for initiation of transcription is not
necessary because the replication is not cap-dependent. It has
been reported that full activation of the endonuclease activity

is dependent on the presence of both 5¢ and 3¢ termini of the
vRNA promoter, while either termini alone does not effect-
ively trigger the activity (39). Also, studies on other virus
RNA replications have shown that the single-strand nature of
the 3¢ end is essential for the initiation of de novo synthesis
(40,41). These studies suggest that the differences in the
terminal region of both RNA promoters contribute to the
effective viral replication by regulating RdRp activities, such
as the endonuclease activity (Fig. 6B).

Taken together, the structural data presented here and
previously published biochemical data allow us to formulate
several working hypotheses on how the same RdRp regulates
viral replication by interacting with distinct but similar
promoter structures. The internal loops of both RNA pro-
moters provide common protein binding sites, and the

Figure 5. (A) Nucleotides within the in¯uenza A virus cRNA promoter
experience internal motion on different timescales. Normalized intensity of
H6(8)/C6(8) cross-peaks versus 13C spin-lock mixing time in T1r
experiments for C6, C10, U12, U18, U19 and U22. The non-linear least
squares ®t of the data for each residue is shown with a solid line. (B) The
plot of the number of NOE restraints per residue over the whole RNA.
Sequential and long range NOE were counted both sides of two residues.
A7, U18 and U19 are underlined. Total numbers of restraints of those
residues are not signi®cantly smaller than other residues, while the number
of sequential NOEs of U19 is relatively small and most of the restraints of
internal loop residues were given loosely.

Figure 6. The differential recognition of the vRNA and cRNA promoters
by in¯uenza RdRp. (A) The RdRp can bind to both the vRNA and cRNA
promoters. (B) The endonuclease activity of the RdRp activated by the
vRNA promoter requires the presence of (AA)*U in the internal loop and
the stable terminal stem. (C) The packaging signal of vRNP is the (AA)*U
in the internal loop of vRNA promoter.
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common displacement into the minor groove and locally
widened major groove are likely to be the important common
features that allow recognition of RdRp to occur. However,
the structural and dynamic differences within the vRNA and
cRNA promoters may induce two distinct RNP conform-
ations. These structural differences of the initial interaction are
likely to be ampli®ed in the ®nal complex and may thus be
responsible for the divergent biological functions associated
with the cRNA and vRNA promoter complexes.
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