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Infectious salmon anemia virus (ISAV) has emerged as a virus of great concern to the aquaculture industry
since it can lead to highly contagious and lethal infections in farm-raised salmon populations. While little is
known about the transcription/replication cycle of ISAV, initial evidence suggests that it follows molecular
mechanisms similar to those found in other orthomyxoviruses, which include the highly pathogenic influenza
A (inf A) virus. During the life cycle of orthomyxoviruses, a panhandle structure is formed by the pairing of the
conserved 5� and 3� ends of each genomic RNA. This structural motif serves both as a promoter of the viral
RNA (vRNA)-dependent RNA polymerase and as a regulatory element in the transcription/replication cycle. As
a first step toward characterizing the structure of the ISAV panhandle, here we have determined the secondary
structures of the vRNA and the cRNA panhandles on the basis of solution nuclear magnetic resonance (NMR)
and thermal melting data. The vRNA panhandle is distinguished by three noncanonical U � G pairs and one
U � U pair in two stem helices that are linked by a highly stacked internal loop. For the cRNA panhandle, a
contiguous stem helix with a protonated C � A pair near the terminus and tandem downstream U � U pairs was
found. The observed noncanonical base pairs and base stacking features of the ISAV RNA panhandle motif
provide the first insight into structural features that may govern recognition by the viral RNA polymerase.

Infectious salmon anemia virus (ISAV) has emerged as a
great threat to aquaculture of Atlantic salmon (Salmo salar)
and, more recently, Coho salmon (Oncorhynchus kisutch).
ISAV infection leads to disease with mortality rates of up to
90% in farm-raised salmon (53). First identified in Norway in
1984, the virus has since spread throughout fish farms in the
European Union, North America, and Chile (4, 19, 35, 54).
ISAV has been classified as a member of the family Ortho-
myxoviridae due to similarities in its genetic, morphological,
and biochemical properties to those of the influenza and
thogoto viruses (14, 26, 44). However, ISAV is a distant cousin
of influenza virus and has been categorized as the only species
in the genus Isavirus (26).

Orthomyxoviruses, including ISAV, are generally composed
of eight genomic segments of single-stranded RNA with neg-
ative polarity, although influenza C and Dhori viruses have
seven segments, and the thogoto virus has six segments (26).
The mRNAs derived from these genomic RNA segments en-
code proteins that include the RNA-dependent RNA polymer-
ase proteins (PB1, PB2, PA) and one nucleoprotein (NP) (7,
10, 23, 51, 55). While not much is known about the transcrip-
tion/replication cycle of ISAV, it has been proposed to utilize
mechanisms (Fig. 1) similar to those of influenza virus (8, 58),
which includes the highly pathogenic influenza A (inf A) virus.

During the inf A viral life cycle, the viral RNA (vRNA)
replication occurs through a highly regulated synthesis of both
mRNA and cRNA, the latter of which is used to produce
full-length genomic copies, through a complex interplay be-

tween the RNA, RNA polymerase, and NP (42, 45, 48). Highly
conserved sequences at the 5� and 3� ends of the noncoding
regions of inf A virus (12 to 13 nucleotides [nt]) and ISAV (7
to 8 nt) base pair to form a structure known as a panhandle
motif that is important for regulation of both transcription and
replication (7, 18, 28, 42, 52). While the exact regulatory mech-
anism underlying the RNA-polymerase interactions is not fully
understood, formation of the inf A virus panhandle has been
demonstrated in vivo (24) and determined to be essential for
the initiation of transcription (17). Subsequent mutational
analyses of inf A virus vRNA and cRNA promoter sequences
using a chloramphenicol acetyltransferase (CAT) reporter as-
say showed that disruption of panhandle formation greatly
reduces the efficacy of or altogether halts transcription (9, 15,
16, 46). These studies also revealed that nine terminal base
pairs of the RNA panhandles melt upon interaction with the
viral polymerase and subsequently form hairpin structures at
both the 5� and 3� termini, a rearrangement referred to as the
“corkscrew” structural model. CAT activity-based assays also
demonstrated that the inf A virus panhandles act as modular
motifs since they promote viral transcription, replication, and
packaging of a foreign gene in the absence of the coding
sequence within a viral genome segment (37). Such features
may be general characteristics of panhandle motifs for ortho-
myxoviruses, including ISAV.

Unlike the inf A virus panhandle motif, for which many
biochemical and structural studies have been reported, to date
there are very limited data on the ISAV panhandle. An im-
portant study from Sandvik et al., in which the nucleotide
sequences of the termini of two ISAV vRNA genomic seg-
ments were determined and secondary structures for these
sequences were predicted using nearest-neighbor thermody-
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namic rules, established ISAV to be an orthomyxovirus (56).
The secondary structure prediction was performed for the 25
terminal nucleotides on genomic segments 6 (originally mis-
identified as segment 7 [28, 41]) and 8 using MulFold, an
earlier version of Mfold (59), and predicted a temperature-
dependent switch in RNA secondary structures between 15°C,
the temperature of the North Atlantic and the optimal tem-
perature for ISAV replication, and 37°C. In this respect, it
should be noted that ISAV replication does not occur above
25°C (14). For genomic segment 8 of the vRNA, 5� and 3� ends
were predicted to form a panhandle structure at 15°C, whereas
at 37°C, no panhandle structure was predicted. In comparison,
genomic segment 6 was predicted to adopt similar panhandle
folds at the two temperatures; however, there were some dif-
ferences in the size of the internal loop, suggesting a more
subtle temperature dependence of the structure for this RNA.
Given the importance of the panhandle motif for inf A virus
replication, the structure prediction results for the ISAV
RNAs suggest that the ability of ISAV to replicate efficiently
may be contingent upon formation of a specific, temperature-
dependent RNA structure(s) in the promoter elements in the
genomic segments. To test the predicted temperature depen-
dency of the RNA panhandle structures, high-resolution nu-
clear magnetic resonance (NMR) spectroscopy has been uti-
lized to determine the secondary structures of both the vRNA
and cRNA segment 8 terminal regions. Fluorescence and UV
thermal melts were then carried out to assess the thermody-
namic stability of the RNAs and confirm secondary structure
assignments. The results of the NMR and thermal melting
analyses provide the first insight into the unique structural
features that may govern recognition of the ISAV panhandle
RNA motif by the viral RNA polymerase.

MATERIALS AND METHODS

Sample preparation. Unlabeled, [5-2H]uridine-labeled, 13C/15N doubly la-
beled G/C, 13C/15N doubly labeled A/U, and 13C/15N doubly labeled C/U/G
RNA hairpin constructs of the vRNA panhandle (49-mer) and cRNA panhandle
(33-mer) were synthesized by in vitro transcription using T7 RNA polymerase
and hemiduplex DNA templates (Integrated DNA Technologies, Inc.), as pre-
viously described (43). RNAs substituted with 2-aminopurine (2-AP) were pur-
chased from Dharmacon, Inc. (Thermo Fisher), and deprotected using standard
procedures. Four RNAs corresponding to the 5� and 3� strands of the putative
vRNA and cRNA panhandles (all 23-mers) were designed such that each result-
ing duplex panhandle construct has an A-U terminal pair and purchased from
Integrated DNA Technologies, Inc. All unlabeled and 13C/15N uniformly labeled
nucleotide triphosphates were purchased from Sigma-Aldrich. [5-2H]UMP was
synthesized from UMP (Sigma-Aldrich) according to literature methods (21, 47)

and was then converted enzymatically to [5-2H]UTP (3). RNAs were purified
using preparative denaturing polyacrylamide gel electrophoresis (PAGE), elec-
troeluted, and exchanged into NMR buffer (80 mM sodium chloride, 10 mM
sodium phosphate, pH 6.0 or 7.0) using Amicon Ultracel-3 or -10 centrifugal
filters (Millipore, Inc.) for cRNA panhandle and vRNA panhandle constructs,
respectively. The RNAs were folded by heating the samples to 95°C for 3 min and
allowing the samples to cool slowly to ambient temperature in a water bath.
NMR samples typically contained 1 mM RNA, 80 mM sodium chloride, 10 mM
sodium phosphate, pH 6.0 or 7.0 (uncorrected), and 97% H2O–3% 2H2O or
99.96% 2H2O (Cambridge Isotope Laboratories).

NMR spectroscopy. Data were collected on a either a Bruker Avance II
700-MHz or a Bruker Avance II 800-MHz spectrometer, both equipped with
triple resonance, inverse cryoprobes. All spectra were processed using the
NMRPipe program (11) on a Linux workstation and analyzed using the Sparky
program on a Windows workstation. With a few exceptions, all pulse sequences
were implemented from the Biomolecular NMR pulse program catalogue on
Topspin software (version 2.0; Bruker).

Exchangeable 1H assignments were made on the 800-MHz spectrometer at
10°C in 97% H2O–3% 2H2O on unlabeled RNAs using a two-dimensional (2D)
nuclear Overhauser effect spectroscopy (NOESY)-Watergate spectra with mixing
times (�mix) of 50 ms and 150 ms, a sweep width of 17,500 Hz in both dimensions,
4,096 by 800 complex points, and 32 scans per increment. The proton carrier fre-
quency was set to 4.70 ppm. A 2D 1H-15N jump-return heteronuclear multiple-
quantum coherence spectrum was acquired on the 13C/15N doubly labeled A/U
sample and the 13C/15N doubly labeled G/C sample. For the vRNA panhandle
hairpin construct (49-mer), 2D 15N filtered/edited NOESY-Watergate (�mix � 50
ms) data were also collected on the 13C/15N doubly labeled A/U sample.

For assignment of nonexchangeable protons, the following 2D experiments
were recorded in 99.96% 2H2O at 20°C on unlabeled RNAs and [5-2H]uridine
RNAs: double-quantum coherence (DQF)-correlation spectroscopy (COSY),
NOESY (�mix � 50 ms, 100 ms, 250 ms), and 1H, 1H total correlation spectros-
copy (1H, 1H-TOCSY; �mix � 60 ms). For the 13C/15N-labeled G/C and A/U
samples, data from the following 2D and three-dimensional (3D) experiments
were collected: 2D 13C edited/filtered NOESY (�mix � 50 ms, 250 ms), 2D 13C
edited/filtered 1H, 1H-TOCSY (�mix � 60 ms), 2D 1H-13C constant time (CT)
heteronuclear single-quantum coherence (HSQC), 3D multiple-quantum coher-
ence-HCNCH-transverse relaxation optimized spectroscopy, 3D 1H-13C
NOESY-CT-HSQC (�mix � 200 ms), 2D HCCH-COSY (where underlining
indicates the correlated nuclei), and 2D HCCH-COSY. The 2D NOESY data
were acquired at 700 MHz with a sweep width of 7,000 Hz in both dimensions,
4,096 by 800 complex points, and 32 scans per increment. The 2D 1H-13C
CT-HSQC data were collected with a sweep width of 5,280 Hz in F1 and 1,750
Hz in F2, 512 by 200 complex points, and 32 scans per increment. For both
experiments, the proton carrier frequency was set to 4.71 ppm. Using these
experiments, nearly complete resonance assignments of H8, H6, H5, H2, H1�,
and H2� protons were obtained for both NMR vRNA panhandle and NMR
cRNA panhandle hairpin constructs derived from segment 8.

UV-detected thermal melts. UV-detected thermal melting was measured using
a Lambda 25 UV-visible spectrometer (Perkin-Elmer) equipped with Peltier
thermostattable multicell holder and a temperature probe. The melts were typ-
ically performed with 1.0 �M RNA in 80 mM sodium chloride and 10 mM
sodium cacodylate at pH 7.0. All samples were slow cooled as described above,
transferred to quartz cuvettes, and equilibrated at 5°C in the spectrometer for 15
min. Absorbance at 260 nm was monitored as a function of temperature at 0.2°C
intervals from 5°C to 90°C using the TempLab (version 2.0) software package
(Perkin-Elmer). The resulting melting curves were smoothed over five points,
and then first derivatives were calculated with respect to temperature and in-
spected for melting transitions.

Fluorescence-detected thermal melts. 2-AP fluorescence-detected melting ex-
periments were measured using a FluoroMax-3 spectrofluorometer (Horiba Sci-
entific) equipped with a programmable water bath and 3-mm-path-length quartz
cuvettes. The melts were typically performed with 2.0 �M RNA in 80 mM
sodium chloride and 10 mM sodium cacodylate at pH 7.0. All samples were slow
cooled as described above. Each sample was transferred to a cuvette and then
equilibrated in the fluorometer at 15°C for 10 min. An emission spectrum
(excitation � � 310 nm, emission � � 330 to 450 nm) was recorded for each
sample prior to melting to check the fluorescence intensity using standard right-
angle emission collection in 1-nm increments with a 0.5-s integration time and
5-nm excitation and emission slit widths (band pass). Fluorescence spectra were
corrected by subtracting a blank buffer spectrum. Samples were melted from
15°C to 85°C (excitation � � 310 nm, emission � � 371 nm) with a heating rate
of approximately 1°C/min in 1-nm increments with a 5-s integration time and
5-nm excitation and emission slit widths (band pass) and a sample equilibration

FIG. 1. Schematic for synthesis of mRNA and replication of the
viral RNA of all eight segments (consensus sequence shown) from
ISAV (18, 28). The mRNA is defined by a 5� catabolite gene activator
protein (CAP) structure that is derived from cellular mRNA and a 3�
poly(A) tail. In contrast, the cRNA from which copies of the genomic
vRNA are made does not have these modifications.
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time of 1 min. For all melts, the sample volume was checked prior to melting.
After the melt was finished and the sample was cooled to room temperature, the
volume was always 150 �l (�2%), so no corrections were applied to the fluo-
rescence data. Each melting curve was smoothed over five points and then
normalized by dividing by the fluorescence at the highest temperature. First
derivatives were calculated with respect to temperature and inspected for melt-
ing transitions.

RESULTS

Design and synthesis of model RNAs for biophysical stud-
ies. The vRNA panhandle construct was designed on the basis
of the secondary structure predictions reported by Sandvik et
al., which predicted different RNA secondary structures at
15°C and 37°C for segment 8 (56). Initially, two RNAs corre-
sponding to the 5� and 3� strands of the putative vRNA pan-

handle (Fig. 2A) were designed so that the duplex panhandle
construct, formed by annealing the strands, would have the
native sequence with an A-U terminal pair (referred to as
native duplex vRNA). For the NMR vRNA panhandle hairpin
construct (referred to as NMR vRNA), the RNA was designed
and prepared as a single RNA strand that contained the 5� and
3� sequences connected by a polypyrimidine heptaloop that
was intended to simulate the remainder of the genomic seg-
ment. We did not want this linker to affect the structural
stability of the upper stem, so we avoided using any structured
loops, such as a UUCG tetraloop. In addition, the terminal
base pair was changed from the native A-U pair to a G-C pair
due to the requirements for efficient in vitro transcription of
the RNA using T7 RNA polymerase; RNAs synthesized using
T7 RNA polymerase tend to be produced more efficiently

FIG. 2. ISAV panhandle sequences from segment 8. (A and B) Native and mutant vRNA panhandle constructs used for NMR analysis (A) and
thermal melting analysis (B). AP, positions where adenosine was substituted with 2-aminopurine. (C) cRNA panhandle constructs used for NMR
analysis. Nonnative bases are in lowercase. Canonical base pairing is indicated by solid lines. In panel B, base changes made relative to the NMR
vRNA construct are in bold.
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when they begin with 5�-GG or -GC (43), so given that milli-
gram quantities of RNA are required for NMR experiments,
we could not have our transcripts start with an A. We were
initially concerned that making nonnative sequence changes to
the panhandle construct termini could make it difficult to as-
sess the biological relevance of our results. However, it has
been demonstrated for inf A virus that its RNA polymerase has
a high tolerance for sequence variability at the terminal posi-
tion (16), so the identity of the base pair at the terminus is not
crucial for function in inf A virus and, by extension, ISAV,
since ISAV is known to follow similar molecular mechanisms
to inf A virus (58).

Several 2-AP-substituted and mutant vRNA panhandle
hairpin constructs—NMR-ap4, NMR-ap32, C49U-ap4, C49U-
ap32, C49U, U3C, U17C/U20C, and U15A—were also de-
signed to probe differentially the UV-detected and 2-AP-de-
tected melting transitions of the upper and lower stems (Fig.
2B).

For the cRNA panhandle construct, two RNAs correspond-
ing to the 5� and 3� strands of the putative cRNA panhandle
(Fig. 2C) were designed so that the duplex panhandle con-
struct, formed by annealing the strands, would have the native
sequence with an A-U terminal pair and the poly(A) comple-
ment (referred to as native duplex cRNA). For the NMR
cRNA panhandle hairpin construct (referred to as NMR
cRNA), the RNA was designed and prepared as a single RNA
strand that contained the 5� and 3� sequences connected by a
polypyrimidine pentaloop that was intended to simulate the
remainder of the genomic segment in a manner similar to the
NMR vRNA design. As will be discussed in more detail later,
we did not include the complementary upper stem in the final
NMR cRNA construct.

To obtain assignment of 1H, 13C, and 15N resonances by
NMR spectroscopy, unlabeled, 13C/15N A/U-labeled, and 13C/
15N G/C-labeled vRNA and cRNA samples were synthesized.
A 13C/15N C/U/G NMR vRNA hairpin construct was also
prepared to facilitate analysis of the internal loop. In addition,
due to the uridine-rich nature of the NMR vRNA panhandle,
a [5-2H]uridine-NMR vRNA construct was prepared to elim-
inate the strong H6-H5 cross-peak signals observed in NOESY
and DQF-COSY NMR experiments (21, 47).

Secondary structure analysis of vRNA panhandle. Initial
analysis of the exchangeable protons of the native duplex
vRNA and NMR vRNA panhandle constructs in 97%
H2O–3% 2H2O at pH 7.0 revealed a remarkable similarity in
the one-dimensional (1D) imino 1H spectra (Fig. 3A). Both
unlabeled RNAs were analyzed using a standard set of
NOESY NMR experiments that correlate protons through
space within 5 Å of each other. For each base pair in the RNA
structure, an imino proton resonance is expected to be ob-
served, while no observable signals are expected for imino
protons from unpaired bases in loop regions due to enhanced
solvent accessibility and exchange broadening. From the
NOESY experiments of both vRNA panhandle constructs, two
separate networks of interresidue correlations of imino-to-im-
ino proton nuclear Overhauser effects (NOEs), the so-called
NOE walk, confirmed the stacking of base pairs in the lower
and the upper helical stems separated by an internal loop. A
representative 2D NOESY spectrum for the NMR vRNA pan-
handle is given in Fig. 3B. From these experiments, it could

also be determined that the stem helices of both vRNA pan-
handle constructs contained a number of non-Watson-Crick
base pairs: two U � G pairs (U17 � G33 and U20 � G30) and
one U � U pair (U15 � U35) in the upper stem and one U-G
pair (U3 � G47) in the lower stem. These base pairs were
further confirmed by correlations observed in 15N-filtered/ed-
ited 1H NOESY and 2D 1H-15N HSQC spectra using 13C/15N
A/U- and G/C-labeled NMR vRNA panhandles (data not
shown). Another unique characteristic of the NMR vRNA
panhandle was the observation of solvent accessibility of the
U14 imino proton, as evidenced by the near absence of a peak
in the 1D 1H spectrum. The assignment of U14 H3 was con-
firmed by A36 H2 NOEs (data not shown). This observation,
which suggests some degree of flexibility and/or instability at
this site, was not expected since U14 is predicted to base pair
with A36 and is located within a helical region next to a sta-
bilizing G � C base pair. From these analyses, it was deter-
mined that the native duplex and NMR vRNA panhandle
constructs have similar structures. Any observed chemical shift
deviations can be attributed to small local changes in the chem-
ical environment of the resonances resulting from modifying
the terminus from an A-U pair to a G-C pair. To facilitate the
production of isotopically labeled RNA with high yield, further
NMR analysis was undertaken with the NMR vRNA panhan-
dle construct substituted with the G-C terminal pair.

Analyses of nonexchangeable resonances were performed in
99.96% 2H2O, in which all exchangeable protons exchange
rapidly with deuterons and hence are not observed in the NMR
spectra. The correlation of aromatic to anomeric proton sig-
nals in the NOESY spectrum provides a second NOE walk that
confirmed the helical stacking assigned from the imino-imino
correlations. Additionally, observation of strong intra- and
cross-strand anomeric to H2 NOEs and strong H2� to aromatic
NOEs indicated that the helical regions of the NMR vRNA
panhandle adopt standard A-form geometries. The NOE walk
for residues G29 to C49 is given in Fig. 3C. A similar NOE
walk can be traced for residues G1 to C21. The connecting
polypyrimidine heptaloop had weaker interresidue cross peaks
due to its greater flexibility, as expected. In addition to the
expected H2 to H1� interresidue NOE correlations observed
for both stem regions, similar correlations were observed for
the adenosines within the internal loop (Fig. 3C and D, ar-
rows). The presence of these cross peaks indicated that the
average conformation of the internal loop orients each strand
such that the bases are in a stacked conformation that does not
deviate significantly from A-form geometry. Of particular note
was the absence of H2 to H1� NOEs to both G11 and U42;
indeed, at 20°C both residues resided within an intermediate-
exchange regime on the NMR time scale. At 30°C, the A10
H2-G11 H1� cross peak was still absent, despite a subtle shift
of other G11 NOESY cross peaks toward the fast-exchange
regime (data not shown). However, additional analyses of
NOESY data at 30°C indicated a destacking of the internal
loop, as was especially evident by the shift of A40 and A41 H2
resonances toward the intermediate-exchange regime (data
not shown). This observation was not surprising, considering
that 30°C is within 10°C of the melting temperature of the
lower stem (see following section). Due to the evidence that
the NMR vRNA panhandle structure started to melt at 30°C,
all further NMR analyses were performed at 20°C. Taken
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together, the exchangeable and nonexchangeable NOE data
were used to determine the secondary structure of the NMR
vRNA panhandle at 20°C (Fig. 3D).

Thermodynamic analysis of vRNA panhandle constructs.
UV and 2-AP fluorescence melting experiments were per-
formed on the native and mutated vRNA panhandle constructs
to determine the stability of the panhandle structure and dis-
sect the melting transitions (TM) associated with the upper and
lower stems of RNA structure (Fig. 2; Table 1). For the ther-
modynamic comparative analysis, three different constructs
which contained native A-U (native hairpin), G � U (C49U),
and G-C (NMR vRNA) terminal pairs were initially examined.
From nearest-neighbor rules, G � U and A-U terminal pairs
receive the same 0.45-kcal/mol penalty as a G-C pair (39), so
the native hairpin vRNA panhandle construct was made to

confirm that its stability was indeed comparable to that of the
C49U vRNA panhandle. Constructs comprised of only the
isolated lower or upper stems (ls-vRNA panhandle and us-
vRNA panhandle, respectively) were also synthesized to obtain
independent melting data for each stem. For design of the
ls-vRNA panhandle, A10 was linked to A40 to create an oc-
taloop, and the G-C terminal pair was maintained from the full
NMR construct. The us-vRNA panhandle was comprised of
G11 through C39, which includes the seven-nucleotide ge-
nome-mimicking loop. In addition, the U � G and U � U pairs
were changed to C-G pairs and to an A-U pair, respectively, to
yield the following samples: U3C, U17C/U20C, and U15A
(Fig. 2B). Both U17C/U20C and U15A constructs were de-
signed to stabilize the upper stem, while the U3C construct was
crafted to afford greater stability to the lower stem. In all

FIG. 3. NMR characterization of the ISAV vRNA panhandle from segment 8. (A) Imino proton region of 1D Watergate at 10°C. Upper
spectrum, 23-mer native duplex vRNA with the native A-U terminal pair; lower spectrum, final NMR vRNA hairpin construct (49-mer) with a G-C
terminal pair. Sequential imino proton assignments of the lower stem are given in green, and the upper stem assignments are in red and were
determined by the 2D NOESY in panel B. (B) Imino proton region of a 2D NOESY-Watergate spectrum (�mix � 50 ms) at 10°C in 3% 2H2O for
the NMR vRNA panhandle construct. The imino assignments are listed on the 1D projection. (C) Aromatic-anomeric region of a 2D NOESY
spectrum (�mix � 250 ms) at 20°C in 99.96% 2H2O. A representative sequential NOE walk, H6/H8-H1�, from G29 to C49 is shown as a red trace.
The NOE walk from G1 to C21 is not shown for clarity. Adenosine H2-H1� NOE correlations are shown in cyan. Adenosine H2-H1� NOEs in the
internal loop are highlighted in green. (D) Summary of vRNA secondary structure determined from the NMR data. As discussed in the text, both
native A-U and nonnative G-C terminal pairs were used in NMR constructs. Solid lines and dots, canonical and noncanonical base pairing,
respectively. Nonnative bases are in lowercase. The arrows represent observed interstrand H2-H1� NOEs within the internal loop.
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experiments discussed below, the melting transitions were de-
termined to be concentration independent, confirming that the
results report on a unimolecular process.

For the NMR vRNA panhandle, a single melting transition
was observed at 48.1°C, which suggested that the panhandle
structure formed by this construct melted cooperatively. How-
ever, upon analysis of the C49U vRNA panhandle construct,
two melting transitions were observed, one at 48.2°C, similar to
the NMR vRNA panhandle, and a shoulder between 33 and

40°C (Fig. 4A and B; Table 1). The native hairpin vRNA
panhandle construct gave similar results to the C49U vRNA
panhandle, as expected, although the lower transition was re-
solved (TM1, 37.9°C; TM2, 49.1°C). Thermal melts of the us-
vRNA panhandle and ls-vRNA panhandle constructs revealed
that these RNA duplexes melted with single transitions at
49.4°C and 39.9°C, respectively. Taken together, these data
suggest that the higher- and lower-temperature melting tran-
sitions for the native hairpin and C49U vRNA panhandle con-
structs correspond to the melting of the upper and lower stems,
respectively, in the panhandle structure. The apparent single
cooperative melting transition observed for the NMR vRNA
panhandle construct therefore appeared to depend, at least in
part, on the introduction of a nonnative terminal G-C base
pair, which increased the stability of the lower stem by decreas-
ing the fraying at the terminus. Since the NMR data showed
that the internal loop is partially destacked at 30°C (data not
shown), the apparent single melting transition for the NMR
construct could be the result of base pair unfolding that orig-
inates from the internal loop into both stems. In contrast, for
the C49U and native hairpin vRNA panhandle constructs, the
decreased stability of the lower stem due to increased fraying
of the G � U and A � U terminal pairs, respectively, resulted in
separate melting transitions for each stem in the panhandle.

These results were further corroborated by experiments with
additional mutants of the NMR vRNA panhandle. For the
U15A and U17C/U20C mutants, two melting transitions were
observed at 47.0/60.2°C and 45.7/69.9°C, respectively (Table 1).
Since both mutants were designed to stabilize the upper stem,

TABLE 1. UV- and fluorescence-detected melting transitions of
vRNA panhandle constructs

vRNA panhandle
construct

Method of
detection

Transition temp (°C)

Lower
stem Singlea Upper

stem

Native hairpin UV 37.9 49.1
NMR vRNA UV 48.1
Lower stem UV 39.9
Upper stem UV 49.4
C49U UV 33–40b 48.2
U15A UV 47.0 60.2
U3C UV 53.7
U17C/U20C UV 45.7 69.9
NMR-ap4 Fluorescencec 43.7
NMR-ap32 Fluorescencec 47.6
C49U-ap4 Fluorescencec 35.1
C49U-ap32 Fluorescencec 46.7

a The melting transitions of the upper and lower stems overlapped.
b A lower shoulder was observed. See Fig. 4.
c The major transition was assigned to melting of the stem.

FIG. 4. UV and fluorescence melting data for vRNA panhandle constructs. (A and B) UV-detected melts (A) and first-derivative plots (B) of
native hairpin, NMR vRNA, and C49U vRNA panhandles. Arrow, the shoulder observed for the melt of the lower stem in the C49U vRNA
panhandle. (C and D) Fluorescence-detected melts (C) and first-derivative plots (D) for the NMR-ap4 and-ap32 vRNA panhandle constructs. (E
and F) Fluorescence-detected melts (E) and first-derivative plots (F) for the C49U-ap4 and-ap32 vRNA panhandle constructs. Melting temper-
atures derived from the melting transitions are given in Table 1.
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the second, higher-temperature transitions were assigned to
this stem. As expected, the U17C/U20C mutant had the most
stable upper stem, since mutating two U � G pairs to two C-G
pairs, as is the case for the U17C/U20C construct, affords
greater thermodynamic stability than the mutation of a single
U � U pair to an A-U pair, as is the case for the U15A con-
struct. The lower-temperature transition, which is very similar
in both mutants, was therefore assigned to the lower stem.
Melts were also performed for the U3C mutant and yielded a
single melting transition at 53.7°C. In this case, the U3C mu-
tant, designed to confer greater structural stability to the lower
stem, increased the overall stability of the RNA, as is evident
by the 5.6°C increase in the single cooperative melting transi-
tion compared with the NMR vRNA construct. This is in
contrast to the observation that further increasing the stability
of the upper stem does not confer greater stability on the lower
stem, as demonstrated by the melting data of the U17C/U20C
and U15A constructs.

To further investigate the local thermal melting of the upper
and lower stems of the vRNA panhandle, fluorescence-de-
tected melting experiments were performed using NMR and
C49U vRNA panhandles substituted with 2-AP at positions 4
and 32 in the sequence (referred to as NMR-ap4, NMR-ap32,
C49U-ap4, and C49U-ap32) to monitor independently the lo-
cal melting of each stem (Fig. 4C to F). 2-AP is known to pair
with thymine in DNA and uracil in RNA in Watson-Crick
geometry without a loss of helical stability compared to the
native deoxyribo(A-T) or ribo(A-U) base pairs (25). For the
NMR vRNA panhandle, the major melting transitions oc-
curred at 43.7°C and 47.6°C for the ap4 and ap32 constructs,
respectively, suggesting that the two stems melt at slightly
different temperatures (Table 1). Comparing the fluorescent
data to the UV melting data, these results suggest that the UV
melting curve for the unlabeled NMR vRNA panhandle con-
struct may not be a simple two-state cooperative melting curve
but rather that the two melting transitions, as detected via
fluorescence melts, could not be resolved in the UV detection
experiments (compare Fig. 4B and D). For the C49U vRNA
panhandle construct, the G-U terminal pair resulted in a large
destabilization (8.6°C, comparing NMR-ap4 to C49U-ap4) of
the lower-temperature melting transition but only a slight de-
stabilization (0.9°C, comparing NMR-ap32 to C49U-ap32) of
the higher-temperature melting transition, consistent with the
UV melt for the C49U vRNA panhandle in which the lower-
and upper-stem melting transitions were resolved. In all cases,
additional minor melting transitions were detected, likely re-
lated to the local structural change in the 2-AP–U base pair
before helix unfolding. For example, the melt of C49U-ap4
exhibited three peaks in the derivative plot at 28°C, 32°C, and
35.1°C (Fig. 4F). Melts performed in the presence of MgCl2
yielded the same peaks at 28°C and 32°C, but the third tran-
sition was stabilized to 41°C (data not shown). Since Mg2� is
known to stabilize helices, the transition at 35.1°C that was
shifted in the presence of Mg2� could be tentatively assigned
to the melting of the lower stem.

Secondary structure analysis of cRNA panhandle. As for the
vRNA panhandle constructs, examination of the 1D imino
spectra of both the native duplex and NMR cRNA panhandle
hairpin constructs (Fig. 2C) revealed a remarkable spectral
similarity (Fig. 5). Indeed, the minor peaks, indicated by an

asterisk at approximately 12.0 ppm in Fig. 5A, were the only
hint of additional base-pairing interactions in the upper stem
region in the native duplex cRNA panhandle (Fig. 5A, upper
spectrum). Additionally, the imino peak for U14 was absent,
suggesting that this proton is exposed to solvent and adjacent
to a highly dynamic region. All other chemical shift deviations
(e.g., G2 and G21) were attributed to small local changes in the
chemical environmental from the slight difference in sequence.
The general broadening of all resonances in the native duplex
cRNA panhandle duplex results from a slower correlation
time; i.e., larger molecules tumble more slowly in solution,
leading to broader peaks. Since these data confirmed that the
upper stem is indeed more dynamic, we decided to use the
smaller construct, referred to as NMR cRNA panhandle hair-
pin, for full NMR characterization.

Attempts to characterize the NMR cRNA panhandle using
NMR methods similar to those applied to the NMR vRNA
panhandle at pH 7.0 failed due to severe spectral heterogene-
ity, suggesting the presence of multiple RNA conformers for
the NMR cRNA panhandle under these conditions in the
NMR sample. Analysis of the NMR cRNA panhandle con-
struct via denaturing polyacrylamide gel electrophoresis re-
vealed only a single band, ruling out the possibility of RNA
degradation (data not shown). Further inspection of the NMR
cRNA panhandle sequence suggested a possible protonation
site on the A31 base which could stabilize a C3-A31 wobble
pair. After reducing the pH to 6.0, the NMR data indicated a
nearly homogeneous sample that is consistent both with the
formation of a single RNA fold and with pKa values of 6.0 to
6.5 previously reported for A-C pairs (5, 33). Our pH titration
corroborated these literature values, although we could not
accurately determine a pKa for the protonation of the A31 due
to multiple conformations above pH 6.5 (data not shown).
Analysis of the H2-C2 region of the 1H-13C constant-time
HSQC at pH 6.0 illustrates the effect of dropping the pH from
7.0 to 6.0 (Fig. 6A). While there are only six adenosines in the
NMR cRNA panhandle construct, there are 18 H2-C2 corre-
lations observed at pH 7.0. At pH 6.0, the number of observed
peaks is halved, and there are clearly five intense H2-C2 peaks.
The H2-C2 correlation of A4 exhibited one intense peak that
was significantly shifted upfield from the rest of the C2 reso-
nances. Four peaks at about 6.95 ppm coalesced into one
intense peak at pH 6.0. While the assignment of all the peaks
could not be determined at pH 7.0, the coalesced peak was
attributed to A5. The H2-C2 cross peaks for A6, A8, and A20
were unchanged from pH 7.0 to pH 6.0. However, while the
A31 H2-C2 cross peak could not be located in the 13C HSQC
at pH 6.0, assignment of the H2 resonance was determined
from NOE cross peaks to the H1� protons of C32 and A4 in the
NOESY spectrum. The presence of the A31 H2-A4 H1� NOE
correlation was another strong indication that the C3-A31
wobble pair is well stacked within the helix. The additional
unassigned H2-C2 cross peaks in the 13C HSQC represent
other minor conformational states of the deprotonated RNA.
These unassigned resonances were either weak or nonexistent
in the NOESY spectra, allowing facile assignment of the major
RNA species.

Analysis of the NMR cRNA panhandle at pH 6.0 revealed
one network of interresidue imino-to-imino NOE correlations
indicating a contiguous helical structure and ruling out the
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presence of an internal loop. The imino NOE data also re-
vealed one G � U pair and tandem U � U noncanonical pairs in
the NMR cRNA panhandle (Fig. 5B). Additional analysis of
NOESY data in 2H2O further supported the expected A-form
helical geometry. A portion of the aromatic-anomeric NOE
walk in the 1H NOESY spectrum is shown in Fig. 5C for
residues G1 to U14. A similar NOE walk can be traced for the
pentapyrimidine loop U15-U19 and for A20-C33. For A31H8
and C3H6 of the C-A wobble pair, both aromatic protons were
observed to have one peak, further suggesting the presence of
one major RNA species. On the basis of these observations,
the secondary structure of the NMR cRNA panhandle con-
struct is given in Fig. 6B.

DISCUSSION

In the present study, we sought to characterize ISAV vRNA
and cRNA panhandle structures and gain insight into ISAV
biology by comparing these RNA structures to those deter-
mined for a related and better-studied virus, namely, the inf A
virus. For inf A virus, the exact regulatory switch between

transcription and replication remains elusive but likely involves
a complex interplay between the RNAs (9, 17), nucleoprotein
(NP) (27, 40), viral polymerase (12, 31, 48), and, potentially,
virus-encoded short RNAs (svRNAs) (50). Early studies to
define the minimal molecular components for transcription
and replication using conventional or modified chloramphen-
icol acetyltransferase (CAT) reporter assays revealed that the
inf A virus promoter functions independently of the rest of the
particular genomic segment (9, 15, 16, 36, 37, 46). In the case
of ISAV, critical elements similar to those of inf A virus have
been identified in the ISAV transcription/replication cycle,
particularly the formation of the panhandle motif in the pro-
moter regions of the genomic segments (28, 56) and the im-
portance of the NP (20). Biochemical and biophysical investi-
gation of the transcription/replication cycle of ISAV is still an
emerging field, and this report represents the first detailed
description of the vRNA and cRNA panhandle RNA second-
ary structures of an ISAV genomic segment.

While both inf A virus and ISAV share the conserved 3�-U
CGUUU-5� sequence motif at the 3� termini of their vRNA
panhandles, our results indicate that there is very little resem-

FIG. 5. NMR characterization of ISAV cRNA panhandle. (A) Imino proton region of 1D Watergate at 10°C and pH 6.0. Upper spectrum,
23-mer native duplex cRNA with the native A-U terminal pair and the upper stem; lower spectrum, final NMR cRNA construct (33-mer) with a
G-C terminal pair. Imino proton assignments were determined by the 2D NOESY in panel B. Green asterisk, minor peaks from insignificant
base-pairing interactions in the upper stem of the native duplex cRNA. See the text for details. (B) Imino proton region of a 2D NOESY-Watergate
spectrum (�mix � 150 ms) at 10°C in 3% 2H2O. Sequential imino proton assignments are given in red. (C) Aromatic-anomeric region of a 2D
NOESY spectrum (�mix � 250 ms) at 20°C in 99.96% 2H2O. An NOE walk, H6/H8-H1�, from G1 to U14 is shown as a red trace. The NOE walk
from U15 to C33 is not shown for clarity. Adenosine H2-H1� correlations are shown in cyan.
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blance between the secondary structures other than the gen-
eral formation of a panhandle motif. For inf A virus, a previous
NMR investigation of the terminal region of genomic segment
8, which did not include the poly(A) signal, revealed that the
vRNA panhandle contained an (AA) � U motif (2), in which a
uridine is base paired to two adenosines, which has been shown
to be essential for the endonucleolytic activity of the viral
polymerase (30) and for packaging of the vRNA panhandle
(57) (Fig. 7A). In addition, the inf A virus vRNA panhandle
was found to contain a 46° bend in its stem 4 bp from the
terminus that may influence the regulation of transcription and
replication (2). In the case of the ISAV segment 8 vRNA
panhandle studied here, an (AA) � U motif was not observed.

However, there is an internal loop which is highly structured,
as is evident from the cross-strand H2-H1� NOEs. Since the
internal loop is the linker region between the lower stem
and the poly(A) signal-containing upper stem, which was
included due to the predicted pairing in all eight genome
segments (18, 28), it may be an important structural signal in
protein-RNA interactions. In addition to the internal loop,
the three U � G pairs and the one U � U pair could poten-
tially serve as recognition elements for the viral polymerase
since these noncanonical pairs are known protein binding
motifs in other RNAs (22, 34).

While few RNA polymerase binding studies have been re-
ported for ISAV, it has been shown that preformation of the
inf A virus vRNA panhandle facilitates recognition of the
RNA by the inf A virus RNA polymerase, as opposed to a
sequentially assembled ribonucleoprotein complex, and in-
creases the polymerase’s endonuclease activity (32). As dis-
cussed earlier, nine terminal base pairs of the inf A virus vRNA
panhandles melt upon interaction with the viral polymerase
and subsequently form hairpin structures at both the 5� and 3�
termini, a rearrangement referred to as the corkscrew second-
ary structure model (9, 16, 46). This phenomenon has also
been reported for the thogoto viruses (29). Formation of such
a corkscrew structure in ISAV seems unlikely on the basis of
Mfold structural predictions; however, the difference in stabil-
ity that we observed for the upper and lower stems suggests an
alternative mechanism for forming the complex, in that the
propensity of the lower stem to melt and/or rearrange upon
polymerase binding may allow enhanced recognition by the
polymerase and may substitute for the lack of an RNA cork-
screw. Our NMR and thermal melting data also indicate that
the ISAV vRNA panhandle starts to melt at �30°C, which, in
turn, may result in loss of structural features necessary for
recognition and binding of the RNA by the ISAV polymerase.
This hypothesis is consistent with the observation that ISAV
functions optimally at 15°C and ceases to replicate above 25°C
(14) and is further corroborated by the fact that inf A virus
replicates at higher temperatures and contains vRNA panhan-
dles that are 5 to 6 bp longer than those in ISAV, thereby
making them more stable above 30°C.

Investigation of the ISAV segment 8 cRNA panhandle sug-
gested the formation of a protonated C � A wobble pair that
was not present in the corresponding inf A virus cRNA pan-

FIG. 6. (A) Overlay of adenosine H2-C2 region of a 1H-13C con-
stant-time HSQC spectrum of a 13C/15N A/U-labeled NMR cRNA
panhandle at 20°C. The proton carrier frequency was set to 4.71 ppm.
Listed assignments were made at pH 6.0. The boxed region indicates
the coalescing of 4 peaks into one peak from pH 7.0 to 6.0. An arrow
indicates the upfield shift of A4 after the pH is dropped to pH 6.0.
(B) Summary of cRNA secondary structure as determined from the
NMR data. As discussed in the text, both native A-U and nonnative
G-C terminal pairs were used in the NMR constructs. Solid lines and
dots, canonical and noncanonical base pairings, respectively; H�, the
protonated A31. Nonnative bases are in lowercase.

FIG. 7. Schematic representations of the NMR-determined secondary structures for the segment 8 vRNA panhandle motifs from influenza
A/PR/8/34 virus (2) and ISAV (A) and segment 8 cRNA panhandle motifs from influenza A/PR/8/34 virus (49) and ISAV (B). Solid lines and dots,
canonical and noncanonical base pairings, respectively; solid semicircle, the rest of genomic segment 8.
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handle (49), although an A � C pair was reported for the inf A
virus vRNA panhandle (2, 6) (Fig. 7B). This feature suggests a
possible mechanism in which binding of the viral proteins to
the ISAV cRNA panhandle involves a pH-dependent RNA
structural switch. While the pKa value for the N1 of a free
adenosine is �3.5, the pKa can shift significantly to physiolog-
ical pH, depending upon the local structural context (1, 33).
While such a pH switch has not been documented in vivo for
the ISAV cRNA panhandle, a protonation event due to a
locally induced shift in the pKa of A31 and formation of a
C � A base pair could facilitate stabilization of the cRNA pan-
handle and protein recognition. Coupled with the tandem
U � U pairs and the highly dynamic nature of the upper stem,
the different secondary structures of the vRNA and cRNA
panhandles could be responsible for any differences in the
interactions between these RNAs and the viral polymerase.
These interactions could be key regulatory components in the
transcription/replication cycle of ISAV. Indeed, the inf A virus
polymerase has differential modes of binding to the vRNA and
cRNA panhandles, so it is possible that this is the case in the
ISAV system (13, 38).

In conclusion, our characterization of the secondary struc-
tures of the ISAV vRNA and cRNA panhandles represents a
key first step toward determining high-resolution, three-di-
mensional solution structures for both of these RNAs. The
observation of noncanonical secondary structural elements
within these panhandle structures provides the first indication
of how specific viral protein recognition of the panhandles may
occur and gives new structural clues about the mechanisms
governing the ISAV transcription/replication cycle.
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