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Promoter elements in the influenza vRNA
terminal structure*

RAMON FLICK, GABRIELE NEUMANN,' ERICH HOFFMANN,
ELISABETH NEUMEIER, and GERD HOBOM
Institut fir Mikrobiologie und Molekularbiologie, Frankfurter Str. 107, 35392 Giessen, Germany

ABSTRACT

The role of the partially double-stranded influenza vRNA terminal structure and its constitutive elements as
a promoter signal was studied in vivo in a series of nucleotide substitution and insertion derivatives. A series
of single and complementary double exchanges restoring intrastrand base pairing shows that a distal promoter
element consists of a six-base pair double-stranded RNA rod in long-range complementary interaction. Within
the distal element, all base pair positions are freely exchangeable, and hence no nucleotide-specific recogni-
tion could be identified. The proximal promoter element consists of nine partially complementary nucleotides
at the vRNA 5’ and 3’ end. The nine plus six base pair panhandle rod of protein-free vRNA is interrupted by
a central third element, a single unpaired nucleotide: adenosine 10 or various substitute residues, which ap-
pears to cause a bulged conformation in the overall structure. Mutagenization studies in the promoter proxi-
mal element indicate that, upon binding to polymerase, nucleotides at positions 2 and 3 interact with positions
9 and 8 within each branch (5’ or 3’) in short-range base pairing. In this conformation, the intermediate posi-
tions 4-7 are exposed as a single-stranded tetra-loop, which includes invariant guanosine residue 5 in the top
conformational position of the 5’ segment loop. Altogether, the three base paired segments in angular con-
junction to each other adopt a conformation that is described in a ‘‘corkscrew model’’ for an activated stage
of vRNA/polymerase interaction.

Keywords: conformation; corkscrew model; panhandle structure; RNA polymerase |; tetra-loop; viral
polymerase

INTRODUCTION has been observed to be associated with that terminal
structure (Honda et al., 1988; Fodor et al., 1993),
whereas the major internal, single-stranded region of
each vRNA molecule is known to be covered by NP
subunits in cooperative interaction (Martin & Helenius,
1991). A different kind of panhandle structure has also
been observed in vitro for internally shortened vVRNA
molecules in the absence of proteins (Baudin et al.,
1994), and various such structures have been discussed
with regard to their potential significance for transcrip-

tion and replication of orthomyxoviral RNAs.
Although initially the vVRNA promoter signal had
been assumed to reside exclusively in the 3’ end of each
T o o ' segment (Li & Palese, 1992; Seong & Brownlee, 1992),
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i tary, partially double-stranded conformation have been
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Double-stranded RNA panhandle structures have been
proposed to involve both ends of the otherwise single-
stranded eight viral RNA (vRNA) molecules that col-
lectively constitute the genome of influenza viruses.
This structural interpretation relates to 16 and 15 ter-
minal nucleotides, predominantly complementary to
each other at both ends of such molecules, of which 13
and 12 residues are almost always identical among all
eight vRNA segments (Hsu et al., 1987; Stoeckle et al.,
1987; Yamanaka et al., 1991). Viral RNA polymerase
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as a result of mutagenization studies in vitro and in
vivo (Fodor et al., 1994, 1995; Tiley et al., 1994; Neu-
mann & Hobom, 1995). Various structural elements or
sequence positions have been proposed to be involved
directly in RNA-protein interaction with viral polymer-
ase. Among these are positions 9-11 (numbers marked
in this way are used in referring to positions counted
from the 3’ end) as concluded by Fodor et al. (1993,
1995), or 5 position 5, as demonstrated in vivo (Neu-
mann & Hobom, 1995). However, several experimen-
tal results still remain in contradiction to each other.

The vRNA promoter structure serves in initiation of
two different reactions of RNA synthesis. Early in
infection, mRNA is synthesized in a specific cap-
snatching mechanism (Krug et al., 1989) and, later in
infection, full-length complementary RNA (cRNA) is
transcribed, probably dependent on the absence or
presence of newly synthesized NP protein. The plus-
strand cRNA molecule with the potential to form a
double-stranded structure of its own, similar but not
identical to the corresponding vRNA, is then used as
a template for progeny minus-strand vRNA synthesis.
Inherent asymmetries between both vRNA and cRNA
promoter structures may result in a different recogni-
tion by RNA polymerase and in asymmetric pool sizes
for cRNA versus vRNA molecules (around 1:10; Mu-
kaigawa et al., 1991). The viral RNA polymerase com-
plex consisting of proteins PB1, PB2, and PA catalyzes
all three modes of influenza RNA synthesis following
its specific binding to the terminal structures of all
influenza vRNAs and cRNAs. Its PB2 subunit also re-
cruits capped cellular primer RNAs via cellular pre-
mRNA cleavage for initiation of viral mRNA synthesis
(Cianci et al., 1995; Shi et al., 1995).

RNA polymerase [ transcription of appropriately
constructed influenza cDNA templates was developed
in this laboratory for in vivo transcription of vVRNA-like
molecules. DNA transfection and infection with influ-
enza virus resulted in viral progeny carrying the for-
eign vRNA segment, which could be passaged into
next generations of influenza viruses (Zobel et al., 1993;
Neumann et al., 1994). For the analysis of the promoter
function, the influenza gene reading frame was re-
placed by the chloramphenicol acetyltransferase (CAT)
gene. Among a first series of single- and multiple-point
mutations, several promoter-up mutations were de-
scribed, resulting in up to 20-fold enhancement of CAT
expression from such RNAs, and in their accumulation
during passaging (Neumann & Hobom, 1995). This re-
sult prompted us to initiate a more extended series of
promoter variants in order to investigate the require-
ment for various elements of that partially double-
stranded structure. Our results suggest a new model
for the polymerase-interactive vRNA conformation,
and point out invariable nucleotide residues that are
likely to represent positions of direct RNA-protein
interactions.
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RESULTS

Nucleotide A10 constitutes a flexible joint within
an angular structure of two rigid elements

For the in vivo analysis of influenza vRNA promoter
elements, the method of RNA polymerase I transcrip-
tion was used for synthesis of VRNA molecules, which
contained the CAT coding sequence inserted exactly
between complete influenza terminal untranslated se-
quences. In these cDNA constructs, CAT reading
frames are transcribed in antisense, i.e., in vRNA ori-
entation, covalently linked to serial variants of the 34
and 29 nt of flanking promoter-containing sequences,
as present in segment 4. Two strong promoter-up mu-
tation derivatives, pHL1104 and pHL1102, have been
employed as references throughout these studies
rather than wild-type vRNA. pHL1104 cDNA carries
three point mutations in the vRNA 3’-terminal region,
resulting in G3 A, U5 C, and C8 U transitions, which
were designed to create a sequence exactly comple-
mentary to the 5 vVRNA sequence over nine 5'- and 3'-
terminal positions (Fig. 4A). In the related double
mutant pHL1102, position U5 is retained in wild-type
configuration. A more than 20- or more than 15-fold in-
crease of CAT activities over wild-type level, respec-
tively, allows for a more sensitive differentiation of
intermediate levels of activity, whereas both mutant
structures are close enough so that functional data may
be extrapolated back to wild-type influenza vRNA.

A working model for the influenza vRNA promoter
structure consists of three distinct elements. The prox-
imal and the distal rigid RNA segments include up to
nine base pairs (positions 1-9 and 1-9 from the 5" and
3’ ends) and six base pairs (on average; positions 11-16
and 10-15) that are separated by a single residue, aden-
osine 10, in an unpaired position without any com-
plementary nucleotide in the 3" segment. A10 may be
expected to cause an angle or kink between the two
rigid RNA segments, and may be present either in an
intrahelical position due to stacking interactions (with
All or G9) or may be exposed externally above a con-
tinuous rod extending over both of these segments
(Wimberly et al., 1993). Accordingly, A10 might either
be recognized indirectly by causing a bulge or an over-
all angular shape of a two-rod structure. Alternatively,
it might be recognized in an exposed position directly
and specifically by viral RNA polymerase in its VRN A-
specific binding (as is true for several other protein/
RNA recognition reactions; Wu & Uhlenbeck, 1987;
Riordan et al., 1992).

Single nucleotide substitutions at position A10 left
CAT expression rates unaffected when A10 was ex-
changed into guanosine 10, and caused only moderate
reductions (to around 50%) when A10 was converted
into a C10 or U10 residue, both in DNA-transfected
plus infected B82 cells, or after viral passage in MDCK
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cells (see Fig. 1). Due to a situation of A10 and A11 both
facing a single uridine residue, 10, in the 3’ segment,
it is not entirely certain whether U10 is involved in base
pairing with A1l, and A10 stays in the unpaired, an-
gular position, or vice versa. Therefore, also Al1 has
been exchanged in a series of nucleotide substitutions,
but all of those resulted in a loss of activity or, at most,
in spurious expression rates. Activity was regained,
however, upon introduction of secondary substitutions
in position U10, if designed to restore the potential for
base pair formation (e.g., C11:G10 in pHL1282, not
shown). From these results, we conclude that it is A10
that is located in the unpaired, angular position, as the
panhandle model is normally drawn, whereas A11 and
U10 constitute the first base pair of the distal dsRNA
segment. The latter argument is in agreement with fur-
ther experimental data (see below).

The data shown in Figure 1 support the conclusion
that the angular structural element in the promoter
structure, because of its variability, is recognized in-
directly. Complete inactivity, however, resulted upon
deletion of that position (pHL1152; see Neumann &
Hobom, 1995).

Some degree of promoter activity was observed also
for several constructs that deviate further (in one way
or another) from the preferred situation of a single un-
paired residue in position 10. These include: insertion
of a second unpaired adenosine (but not of a guano-
sine) residue next to A10, or insertion of a uridine res-
idue opposite A10, in the 3’ segment. An inserted U
residue opposite A10, with base pairing potential for
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that angular residue, still retained a small degree of
CAT expression or polymerase binding activity, as was
shown in vivo (pHL1140: 10% relative activity; Neu-
mann & Hobom, 1995) and in vitro (compare Fig. 7 in
Tiley et al., 1994). Also, upon insertion of two uridine
residues next to each other and opposite A10, a very
low rate of CAT expression was retained (pHL1354, not
shown). Insertion of an extra cytosine residue opposite
G10 (substitute for A10), with potential to form a G-C
base pair in this irregular position, destroyed the pro-
moter activity entirely, however, and several other re-
lated constructs also remained inactive.

In summary, our studies in the A10 region indicate
that a flexible joint has to be present in this location.
In interacting with viral RNA polymerase, this flexible
joint may facilitate an angular conformation within
an otherwise rigid RNA double-helical structure (for
pHL1140 and similar constructs via forced bending and
squeezing out the extra uridine residue), so that a dual
interaction of its two constitutive elements with the en-
zyme becomes possible. The role of the A10 unpaired
residue, however, is indirect, and can be fulfilled by
several other related structures, at least within a
pHL1104 vRNA framework, which potentially may be
more rigid than wild-type vRNA.

The distal element of the vRNA promoter structure
is dsRNA with no sequence specificity

All influenza A vRNA molecules contain a perfect se-
ries of mostly six complementary sequence positions:

MDCK
2 & & a
- a4 a 4o FIGURE 1. Nucleotide substitutions in
. [ S I angular position A10 of vRNA. CAT ac-
jany am T I tivities of cell lysates were analyzed as
o 2 o = described in the Materials and methods.
AlI0 GI0O C10 UIl0 Acetylated reaction products were sepa-

rated by chromatography. Nucleotide
substitutions in position 10 from the
5"end are indicated above each lane, rel-
ative to parental pHL1104 vRNA. CAT ac-
tivities relative to standard pHL1104 are
indicated below each lane and represent
the average of three or more experiments.
A: B82 cells were transfected with recom-
binant DNA and infected with influenza
virus. Cell lysates were prepared 8 h post
infection and analyzed for CAT activity as
described above. B: MDCK cells were in-
fected with recombinant influenza virus,
i.e., supernatants obtained at 8 h post
infection from B82 cells, treated as de-
scribed above. CAT activity of cell lysates
was determined at 8 h post infection.
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11-16 opposite 10-15. The same is true for other ortho-
myxoviruses (Stoeckle et al., 1987; Lee & Seong, 1996).
Sequence diversity is directly observed for base pairs
14-16 versus 13-15, because these are different among
the various influenza segments, even if always adher-
ing to the base pairing principle. In a systematic ap-
proach, the three proximal base pairs of this segment
were studied in vivo one by one in single- and two-step
complementary double exchanges. In every case, a
compensating double exchange that restores base pair
formation according to a double-strand model resulted
in full promoter activity, even though a different base
pair than originally present was finally inserted in such
two-step transition or transversion approaches (Fig. 2B).
Single-step intermediates with a single mismatch po-
sition, however, were either entirely inactive or instead
only marginally reduced in activity (Fig. 2C). The lat-
ter result was observed for all G:U-carrying vRNA mis-
match constructs in this series, such as pHL1276, and
is consistent with the known potential for forming a
low-energy base pair, in particular in a context of pre-
served base pairing to its left and right; it was not ob-
served for any of the A:C mismatch vRNA constructs.
Although that series of experiments gives direct proof
for the absence of nucleotide-specific interactions with
RNA polymerase in the distal structural segment, it
also proves the absolute requirement for a double-
stranded structure in this region of the vRNA pro-
moter. Equivalently, insertion of an extra base pair
(A:U) proximal to A11:U10 resulted in full promoter ac-
tivity, although that insertion shifts and rotates all con-
secutive base pairs of the distal element (data not
shown). Similar proof for base pairing in this region
was obtained in in vitro experiments (Fodor et al.,
1994; Tiley et al., 1994).

Patterns of single-nucleotide substitutions
in the proximal vRNA promoter element

The vRNA promoter was shown earlier to support a
substantially increased level of reporter gene expression
rates upon introduction of three nucleotide substitu-
tions, which were designed to result in an uninter-
rupted, perfectly complementary structure in the
proximal element. In pHL1104, the proximal RNA seg-
ment therefore potentially consists of nine instead of
the regular six base pairs plus three mismatch positions
(two of them being G:U pairs, however) as present
in wild-type VRNA; in the related double mutant
pHL1102, one of the wild-type VRNA G:U pairs is
retained (Neumann & Hobom, 1995). The results
achieved appear to argue for a role of the double-
stranded RNA structure also in the proximal promoter
segment, at least during one step of interaction with
polymerase. However, unlike before, in the distal RNA
segment, construction of an initial similar set of single
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and complementary double exchanges did not lead to
unequivocal results in this region.

We therefore decided to work out a complete pattern
of, altogether, 53 single-nucleotide substitutions in the
proximal element of the pHL1104 influenza promoter
structure covering both the terminal 5 and 3’ regions,
i.e., residues A1-C9 and UI-G9 (and in another incom-
plete series also for pHL1102), to determine their influ-
ence on CAT reporter gene expression rates in vivo.
Data for positions 4, 5, and 6 of the 5’ end are shown
as an example in Figure 3. The entire pattern of the
pHL1104 results is tabulated in Figure 4A. The inher-
ent structure of these data is most evident from the
3’ branch in the lower part of the figure: central posi-
tions 4-6 are freely exchangeable, whereas external po-
sitions 2, 3, and 7, 8, 9 do not tolerate any single
nucleotide deviation from the original pHL1104 se-
quence without complete or at least severe loss of ac-
tivity. The same pattern can also be discerned from the
5'branch in the upper part, even if complicated by sev-
eral additional features. This concerns an absolute re-
quirement for G5 (Neumann & Hobom, 1995), which
is unparalleled in the 3’ branch and, therefore, appears
to reflect a nucleotide-specific interaction with viral
polymerase in a locally single-stranded conformation.
In part, this argument may also hold for positions A4
and A7, because several single-nucleotide exchanges
lead to moderate or severe reduction in promoter ac-
tivity. In the external positions, no transversions, but
several transitions, such as A8G or COU —indicative of
the underlying secondary structure —appear to be tol-
erated here, even if accompanied by a partial loss of
activity (see below).

Patterns of complementary dual substitutions
in the proximal element are explained
by a ‘“‘corkscrew model’’

With regard to influenza wild-type sequence, both con-
structs pHL1102 and pHL1104 constitute double mu-
tants exactly in those positions 3 and 8, which will
tolerate no single substitutions. pHL1148 constitutes a
quadruple mutant in sensitive positions 3, 8, 3, and 8.
All three constructs are highly active, however, far
above wild-type level (Neumann & Hobom, 1995). This
paradox can be resolved on the basis of a new struc-
tural interpretation for the vRNA structure in its mode
of binding to viral RNA polymerase, the corkscrew
model. This model, as shown in Figure 4B, depicts the
double and quadruple mutations mentioned above as
complementary double exchanges able to reconstitute
short-range intrastrand base pairs 3:8 and 3:8. Simi-
larly, the single-nucleotide transitions mentioned
above, which may be tolerated and lead to partially re-
duced, but certainly not abolished promoter activity,
are reinterpreted with respect to this model to con-
stitute G:U (instead of G:C or A:U) base pairs in
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FIGURE 2. Single and complementary double substitutions at the second and third base pair of the distal promoter ele-
ment. A: Molecular constitutions of distal element base pair 3 and base pair 2 variants in comparison to pHL1104, which
is used as the reference construct throughout. pHL1104 deviates at three 3’ positions (larger grey boxes) from the vRNA
wild-type sequence, such that a maximum number of panhandle base pairs is realized in the proximal promoter element.
Specific mutations introduced for the analysis of the distal promoter element are indicated in larger white boxes. B: CAT
activities of MDCK cell lysates infected with base pair 3 variants. Scaling of CAT expression relates to pHL1104 and mock
reference data. C: CAT activities of MDCK cell lysates obtained after infection with base pair 2 variants.

corkscrew paired positions 3:8 or 2:9, whereas A:C
mismatch constellations in the same positions result in

minimal or no activity.

The corkscrew model in Figure 4B suggested addi-
tional experiments of complementary double exchanges

with regard to the predicted short-range intrastrand
base pairing positions in both branches of the proximal
element. Several of these are shown in Figures 5 and 6.
The results of these and other experiments for both
pHL1104 and pHL1102 basic variants can be summa-
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FIGURE 3. Comparative analysis of single-nucleotide sub-
stitution derivates for positions 4, 5, and 6 in the 5" branch
of the proximal element. Positions and type of nucleotide
substitutions as compared to pHL1104 are indicated above
each lane. For the structure of pHL1104, compare Fig-
ure 4A. CAT activities of MDCK cell lysates were analyzed
at 8 h post infection, i.e., after passage of supernatants
from DNA-transfected and influenza virus-infected B82
cells. CAT expression data relative to pHL1104 are indi-
cated below each lane, and these data are also used for tab-
ulating expression rates in Figure 4A, accordingly.
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rized as follows: short-range base pairing is crucial for
both, but is more important for the 3" branch than for
the 5" branch, which appears to be stabilized in addi-
tion by single-strand-specific interactions with poly-
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A7 (or A7/C7) (Fig. 4A). In the 5" branch, single G:U
mismatches in either base pair (2:9 or 3:8) do yield
functional promoters, even if partially reduced in their
activity. In the 3’ branch, surprisingly, any other base
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FIGURE 4. Summary of CAT expression rates for single-nucleotide substitution derivatives in the proximal promoter ele-
ment of pHL1104 vRNA. A: Nucleotide sequence of pHL1104 vRNA is shown in the central two lanes in complementary
panhandle conformation for its 5 and 3’ ends. CAT expression rates (average of three or more experiments each) have been
tabulated above and below that sequence for a complete set of 56 single-substitution mutants in the 5" and 3’ branch, re-
spectively. Tabulation of CAT activities reflects a scaling relative to pHL1104 CAT expression rates as explained below the
figure; for representative experimental data, compare Figure 1 (A10) and Figure 3 (A4, G5, A6). *Due to the mechanism
of RNA polymerase [ transcription termination, the substitution U1C cannot be analyzed (Zobel et al., 1993). B: Proposed
secondary structure of pHL1104 vRNA according to the corkscrew model, as suggested by the patterns of single-substitution
data in A, and supported by complementary double-substitution results as shown in Figures 5 and 6.
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FIGURE 5. Single and complementary double substitutions for pro-
posed corkscrew base pair 3:8. Nucleotide compositions in positions
3 and 8 in the 5 branch of the proximal promoter element are indi-
cated above each lane. Cell lysates were prepared 8 h post infection
from MDCK cells that had been infected with recombinant influenza
A virus and assayed for CAT activity. CAT activities are given in re-
lation to pHL1104 = 100%.

over wild-type (G:C), with pHL1104 (A:U) remaining
the most active variant throughout in the main series
containing the additional U5 C transition (Fig. 6). Ex-
actly the same pattern was observed in another series
of such complementary 3:8 double exchanges based on
pHL1102, i.e., without that additional U5 C transition
(not shown). This pHL1102 3:8 double substitution se-
ries is indeed equivalent to a wild-type variation series,
because it is entirely wild-type except for 3:8, i.e., the
points of complementary variation under study.
Another feature of the corkscrew model is the pre-
diction of two 4-nt single-stranded top-loop or tetra-
loop structures that are proposed for positions 4-7 and
4-7, respectively, which, besides several invariant nu-
cleotides (without any complementarity to each other),
also include freely variant positions, in particular for
residues A6 and U6. With regard to the results ob-
tained from single-nucleotide exchanges as tabulated
in Figure 4A, major specific nucleotide/protein inter-
actions besides G5 might be expected for positions 4
and 7, as well as 7 in the 3’ branch, if not resulting from
inherent tetra-loop constraints. These nucleotides are
supposed to be exposed in single-stranded tetra-loop
conformation according to that model. Minor influ-
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FIGURE 6. Single and complementary double substitutions for
proposed corkscrew base pair 3:8. Nucleotide composition in posi-
tions 3 and 8 in the 3’ branch of the proximal promoter element are
indicated above each lane. Cell lysates were prepared 8 h post infec-
tion from MDCK cells that had been infected with recombinant in-
fluenza A virus and assayed for CAT activity.

ences may result from a C < U exchange in position 5,
as observed for the pHL1104 versus pHL1102 series of
secondary mutagenizations (Neumann & Hobom,
1995). In another approach, we wanted to test whether
one or both of these 4-nt loops would tolerate a con-
version into 5-nt loops by single or complementary
double-nucleotide insertions, simultaneously done in
the 5’ and 3’ branch. This turned out not to be the case
(see pHL1708 and pHL1615 in Figure 7). Base pair in-
sertions were tolerated only to the left of the corkscrew
hairpins, but not within the tetra-loop sequence or to
the right of these hairpins, i.e., not between these
structures and the angular A10 position plus distal ele-
ment. This result may be expected if viral RNA poly-
merase is simultaneously interacting with both
structural elements, proximal and distal of A10, at a de-
fined distance, as well as torsional angle across that
structural bulge.

DISCUSSION

A vRNA panhandle structure has been introduced
earlier as a general model for influenza viral RNA
molecules. It proposes a partially double-stranded con-
formation involving both ends of an otherwise single-
stranded RNA segment. This structure was suggested
after terminally double-stranded RNP structures had
been observed in an electron microscopy study on in-
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B: CAT expression of the viral nucleotide insertion derivatives shown
in A. MDCK cells were infected with recombinant influenza viruses
and harvested 8 h post infection.
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fluenza RNA segments in virions (Hsu et al., 1987).
The detailed conformation of the influenza vRNA ter-
minal structure was analyzed in several in vitro stud-
ies for their function as a viral promoter signal (Li &
Palese, 1992; Seong & Brownlee, 1992; Piccone et al.,
1993; Fodor et al., 1994, 1995; Tiley et al. 1994), with
partially contradictory results. Following the develop-

ment of techniques for site-directed mutagenesis of in-
fluenza viruses (Luytjes et al., 1989; Zobel et al., 1993;
Neumann et al., 1994), such questions now can be
studied more appropriately in vivo. The proteins of the
viral RNP complex (PB1, PB2, PA, and NP) undoubt-
edly contribute to the stability of the VRNA conforma-
tion both in vivo and upon reconstitution in vitro.
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However, it was shown recently that protein-free
model vRNA molecules also adopt a kind of panhandle
structure (Baudin et al., 1994), even if aberrantly in a
bulged-4 rather than a bulged-10 conformation, as the
model is usually drawn.

Based on a set of in vitro data, Fodor et al. (1993,
1994) proposed a forked RNA model for influenza
vRNA. According to that concept, the panhandle
double-stranded segment would be reduced to the dis-
tal element (nt 11-16 versus 10-15) during interaction
with the viral polymerase. The requirement for a per-
fectly double-stranded RNA region without any se-
quence specificity was confirmed for the distal element
of the vRNA promoter structure via compensating
double exchanges in our in vivo experiments. Because
that distal dsRNA element may include seven (seg-
ment 3), six (segments 1, 5-8), or only five base pairs
(extended, however, by G:U and C:U base pairing;
segments 2 and 4), it cannot be recognized by polymer-
ase in its exact length. A severe reduction in overall ac-
tivity as resulting from an experimental decrease down
to four base pairs (Luo et al., 1991; also observed for
pHL1349, data not shown) may be explained more
readily by the resulting loss in overall stability of the
remaining 4-bp RNA double strand rather than by spe-
cific recognition of the length of that helix.

An extensive series of single-nucleotide substitutions
in the proximal element of the vVRNA promoter struc-
ture revealed a more complicated pattern of variant and
invariant sequence positions with only partial corre-
spondence between its 5" and 3’ branches (Fig. 4A). A
similar pattern was also observed in vitro (Fodor et al.,
1995). Short-range (2:9, 3:8) complementary double
exchanges that allow base pairing within the 5" or
3" branch of the proximal promoter element led us to
propose a special RNA secondary structure for that
vRNA element that can be described by the corkscrew
model (Fig. 4B). The model shows short-range, two-
base pair stem-loop structures supporting exposed
single-stranded RNA tetra-loop structures (positions
4-7, and 7-4) where nucleotide-specific interactions
with viral polymerase may occur, possibly within a
protein cavity. By exposing an AGAA and a UUCU
(or UUUU) sequence, the vRNA 5" and 3’ corkscrew
tetra-loops do not adhere to any of the standard tetra-
loop sequences, as observed in TIRNA (Wyatt & Tinoco,
1993), MS2 RNA so far (Valegard et al., 1994), or ribo-
zyme RNA so far (Pley et al., 1994). In general structural
agreement with such tetra-loop elements, however, the
VRNA 5" branch contains a major invariant and prob-
ably exposed nucleotide residue: G5 at position 2
within the tetra-loop conformation, whereas positions
1 and 4 (A4 and A7), which are supposed to sterically
interact with each other in specific hydrogen bonding
constellations, show limited degrees of variability. The
3" branch contains only one major invariant tetra-loop
position, U7. This difference may relate to a tighter
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polymerase binding, as was observed in vitro for the
5" end over the 3’ end of vRNA (Tiley et al., 1994).

An RNA structure such as in the corkscrew model
can only be stable in protein-bound RNA, but not
within free RNA molecules. In the absence of protein,
a panhandle conformation was observed in vitro for
wild-type model vVRNA molecules (Baudin et al., 1994),
which is expected to be stabilized even further and in
a bulged-10 conformation, in case of perfectly or nearly
perfectly complementary sequences, such as pHL1104
or pHL1102 vRNA. The superior efficiency of these and
other variants in corkscrew base pairing (Fig. 6) over
wild-type vRNA argues for the panhandle structure to
be realized at one stage during interaction with poly-
merase. The initial binding reaction between viral poly-
merase and VRNA promoter segment—in general
terms, formation of a closed complex —may therefore
involve a panhandle structure before it converts to a
corkscrew conformation, the equivalent of an open
complex structure (Fig. 8). Influenza viral polymerase
is known to consist of three subunits in a 1:1:1 ratio,
and PB2 was observed to be involved in initiation of
mRNA synthesis (and possibly in 3’ end binding;
Cianci et al., 1995). The subunit(s) responsible for 5’ end
and distal element binding are presently unknown.

In the initial, closed complex state, both proximal
and distal elements are expected to consist of comple-
mentary VRNA segments in double-stranded confor-
mation. Nucleotide-specific interaction of the RNA
polymerase with the influenza vRNA panhandle in
its double-stranded conformation is unlikely due to
the narrow major groove in A-form RNAs (Wyatt &
Tinoco, 1993). Specific recognition at this stage may,
therefore, depend on the third structural element of the
influenza promoter-structure, the unpaired adenosine
in 5" position 10. It is expected to cause a characteristic
angle (and torsion) between the two rigid elements to
the left and right, which may serve as a discriminating
element against a background of other RNA molecules
in the cell. Our data indicate that A10 may constitute
a flexible joint between the other two rigid, double-
stranded elements, and can be exchanged within a
rather broad spectrum of structural alternatives. This
variability excludes any direct interaction between
RNA polymerase and angular A10 itself, different from
a pattern of recognition in several other such systems
(Wu & Uhlenbeck, 1987; Wolters et al., 1992). A flexi-
ble joint of this kind may be required for a simulta-
neous interaction of a spherical enzyme protein with
both of the rigid elements.

Interaction with both the proximal and the distal ele-
ment is expected to continue even after vVRNA is con-
verted into an open complex of VRNA/polymerase
binding, i.e., extending across the angle caused by
A10. In accordance, no base pair insertion was toler-
ated between the two elements of recognition in the
immediate neighborhood of that angle, whereas base
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open complex

FIGURE 8. Model for two-step interaction of viral RNA polymerase with the vVRNA terminal promoter sequence. Initial
interaction of viral polymerase with the bulged-10 panhandle vRNA structure (wild-type or perfectly double-stranded,
as in pHL1104) is shown as an equivalent of a closed complex formation. The protein-bound vRNA is proposed to con-
vert into an open complex interaction with viral polymerase according to the corkscrew model. The three subunits of the
viral palymerase (PB1, PB2, and PA) are drawn arbitrarily with regard to their interaction with different elements of the

promoter structure.

pair insertions were indeed tolerated in an equivalent,
but external position within the proximal element
(compare structures in Fig. 7A).

All considerations of asymmetric double-strand in-
teractions face yet another problem. Not only minus-
strand vRNA molecules, but also plus-strand cRNA
molecules may be expected to form terminal RNA pro-
moter structures, again because of their largely comple-
mentary sequence and interaction with the same viral
RNA polymerase. Although at first it may be doubtful
to predict whether a particular feature observed in
polymerase/RNA interactions in vivo might have to be
projected upon vRNA or cRNA structures, a number
of results argues in favor of a vVRNA interpretation. In
analyzing the distal element, all single-nucleotide sub-
stitutions leading to a G:U mismatch in vRNA (C:A in
cRNA) are reduced only slightly in their promoter ac-
tivities, whereas all C:A mismatch constructs in rela-
tion to vRNA (G:U in cRNA) are as inactive as all other
mismatch constructs resulting from transversions:
e.g., AtA, G:G (Fig. 2C). Similarly, all G:U mismatch
constellations within the corkscrew base pairs and no
C: A pairs (Fig. 5) are also tolerated at much higher pro-
moter levels, and therefore, again consistently relate to
the vRNA structure. If projected onto cRNA instead,
it would have to be the C: A mismatch constructs that
end up in the 80-100% activity range, whereas the G:U
pairs would be all entirely or almost entirely inactive,

throughout all the dsRNA base pairs, e.g., including
base pair 13:12, i.e., the central position in an undis-
puted double-stranded RNA segment. And finally, all
of the known tetra-loop conformations have position
2 from the 5 end (G5 in vVRNA) exposed at the top of
the structure, i.e., ready for specific interaction with vi-
ral polymerase. Because of the opposite polarity, in the
CcRNA corkscrew structure this exposed position is
occupied by cRNA Us, i.e., the complementary nucle-
otide to vVRNA A6, which is freely exchangeable and
therefore unlikely to bind specifically to polymerase.

All these data argue in favor of a vVRNA promoter in-
terpretation, which is present in an infected cell in
about 10-fold excess over cRNA (Mukaigawa et al.,
1991) and via its initiation of mRNA synthesis also
gives rise to CAT protein synthesis and the actual mea-
surement of CAT activity. A final decision, whether the
specific requirement for G5 reflects an interaction of
vRNA-G5 with RNA polymerase or instead an inter-
action of cRNA-C5 (in the 3’ branch) with the enzyme,
cannot be made, however, at this stage. It also remains
an open question how the cRNA promoter may be
functioning in the presence of a U10 angular residue
in the 3’ end (not tolerated in vRNA, see pHL1164;
Neumann & Hobom, 1995) instead of an A10 angular
residue as in vVRNA, and also without any invariant
residue in particular in position 6 (to be exposed as po-
sition 2 in a 5’ cRNA tetra-loop). Analysis of cRNA pro-
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moter variants in the presence of dominant vRNA
concentration and promoter activity will require deter-
mination of relevant pool sizes for individual vRNAs,
cRNAs, and mRNAs in the infected cell.

Among a large number of constructed variants in the
terminal vRNA sequences containing single or multi-
ple substitutions, including also insertions or deletions,
we never encountered mutants displaying different
CAT activities in initially transfected cells versus con-
secutively infected cells after viral passaging, i.e., with
and without involvement of viral packaging. Because
any packaging signal that is separate from the pro-
moter structure would be expected to show up in such
an extensive and systematic mutagenization study, we
conclude that such a signal does not exist as a separate
entity in the terminal region, or indeed elsewhere. This
conclusion is supported by the observation that a seg-
ment in which the remaining untranslated sequence
(except for the adjacent Ug-stretch) has been exchanged
in its entirety, together with the coding sequence, was
not excluded from viral passaging (E. Hoffmann & G.
Hobom, unpubl. results). These data support a statisti-
cal mode of influenza RNP encapsidation during virion
formation at the plasma membrane.

MATERIALS AND METHODS

Plasmid constructions

Most of the influenza promoter variants were constructed as
derivatives of plasmid pHL1104, another less extensive se-
ries was related to pHL1102. These plasmids, containing an
ampicillin-resistance gene for selection in Escherichia coli and
the components of a murine RNA polymerase [ system for
transcription in mouse cells, serve as a cDNA template for
synthesis of influenza vRNA-type molecules after DNA trans-
fection in vivo. In both plasmids, the viral segment 4 cDNA
was inserted in antisense orientation between the rDNA pro-
moter and rDNA terminator signals, with the CAT reporter
gene exactly replacing the HA coding sequence. In more de-
tail, that CAT gene was flanked by the noncoding sequences
of segment 4 (34 and 29 nt), including, however, three or two
nucleotide substitutions, respectively, in the 3'-terminal re-
gion of the transcribed vRNA (G3 A and C8 U in both plas-
mids, U5 C in pHL1104 only; Neumann & Hobom, 1995).
Variations in either vVRNA promoter region were con-
structed by using PCR techniques. For mutagenization reac-
tions in the 5" region, a general primer, complementary to a
section of the rDNA promoter, and a specific primer, contain-
ing the desired nucleotide substitution(s), were used for am-
plification. Mutations in the 3’ vVRNA promoter region were
introduced similarly using a common primer hybridizing
to a position in the CAT-gene, plus a specific primer carry-

ing the nucleotide substitution(s) to be introduced into the .

3'-terminal vRNA segment. Amplification products of the
5"vRNA segment were cloned as 56-bp Bgl II/ Spe I fragments,
and PCR products of the 3'-segment of viral cDNA (573 bp)
were cloned via Sca 1/ Nee I restriction into pHL1104 DNA cor-
respondingly deleted for the pre-existing promoter sequence.
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Alternatively, restriction endonuclease BsmBI (or its iso-
schizomer Esp 31) was used for constructing promoter vari-
ants of pHL1104. This type IIs restriction enzyme cleaves
DNA at a defined distance from its recognition site and is able
to delete its own externally located recognition site, both from
a suitable vector plasmid (pHL1261) and from the PCR am-
plification products consisting of the CAT gene plus flank-
ing promoter regions, with modifications introduced via
primer oligonucleotides. This cloning procedure takes advan-
tage of the Bsm Bl properties so that no additional or modi-
fied sequence will remain in the manipulated promoter
region, in spite of the absence of any local “regular” cleav-
age site,

All plasmid constructs were confirmed by DNA sequenc-
ing in their final boundary regions, whereas the central re-
gion of the CAT insert was exchanged in order to eliminate
nucleotide substitutions that may have been caused by Tfl-
polymerase during PCR amplification. For this purpose,
CAT-internal restriction sites Neo I/BspM 11, Spe l/BamH 1, or
Ase 1/Sac T were used.

For a combination of constructs carrying various 5’-end
and 3'-end variations, 3’ mutant fragments were obtained by
Spe I and BamH I restriction and inserted into the appropri-
ate 5'-terminal variation plasmids now used as vector DNAs.

Cells and viruses

Influenza A/FPV/Bratislava virus was propagated in MDCK
cells. For transfection and passaging experiments, B82 cells
(amouse L cell line) and MDCK cells were used, respectively.

Lipofectamin DNA transfection and influenza
virus helper infection

For DNA transfection, approximately 107 B82 cells were
used. Five micrograms of plasmid DNA and 30 xL Lipofec-
tamin (Lipofectamine™, GIBCO/BRL, 1 pg/uL) were mixed
in serum-free Dulbecco minimal essential medium (DMEM)
and incubated for 15 min at room temperature. Cells were
washed twice with serum-free medium, and incubated with
the DNA/Lipofectamin mixture for 1-6 h. After further incu-
bation with DMEM containing 10% serum (FCS) for 1 h, the
transfected cells were washed with PBS+ (2.5 mM MgCl,,
3.4 mM CaCl, added), and superinfected with influenza
helper viruses (Influenza A/FPV/Bratislava) at a multiplicity
of infection of 0.1-1. After 30-45 min, the cells were washed
again and incubated with DMEM (+ 10% FCS) for 8 h. A
complete replication cycle takes place during this period.

Passaging of virus-containing supernatants

At 8 h post influenza infection, DNA-transfected and infected
cells were harvested for CAT assays, and the corresponding
supernatants for passaging of viral progeny. Cell debris was
removed by centrifugation (10,000 rpm, 5 min), and 1 mL of
the B82 supernatants was transferred to approximately 107
MDCK cells and incubated for 30-45 min. After 8 h of infec-
tion, the cytopathic effect was observed, and cells and super-
natants were treated in another round as described before.
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CAT assay

Cell extracts were prepared as described by Gorman et al.
(1982), Fifty-five microliters of cell lysate were mixed with
10 pL acetyl-CoA (4 mM), and 15 pL of fluorescent-labeled
chloramphenicol (borondipyrromethane difluoride fluoro-
phore: BODIPY™ CAM substrate, Flash Cat kit, Stratagene)
and incubated at 37 °C for 3-15 h. For extraction of reaction
products, 1 mL ethylacetate was added and, after centrifu-
gation for 1 min at 13,000 rpm, the upper phase containing
the acetylated chloramphenicol was isolated and the solvent
evaporated (either 24 h at room temperature, or 45 min in a
vacuum centrifuge). The resulting pellet was resuspended in
20 uL ethylacetate and the acetylchloramphenicol reaction
products were separated by thin-layer chromatography using
a solvent mixture of chloroform and methanol (87:13%).
Finally, the reaction products were visualized by UV illumi-
nation and photography.
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