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Secondary structure of the 3’-noncoding region
of flavivirus genomes: Comparative analysis
of base pairing probabilities
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ABSTRACT

The prediction of the complete matrix of base pairing probabilities was applied to the 3’ noncoding region (NCR) of
flavivirus genomes. This approach identifies not only well-defined secondary structure elements, but also regions of
high structural flexibility. Flaviviruses, many of which are important human pathogens, have a common genomic
organization, but exhibit a significant degree of RNA sequence diversity in the functionally important 3'-NCR. We
demonstrate the presence of secondary structures shared by all flaviviruses, as well as structural features that are
characteristic for groups of viruses within the genus reflecting the established classification scheme. The signifi-
cance of most of the predicted structures is corroborated by compensatory mutations. The availability of infectious
clones for several flaviviruses will allow the assessment of these structural elements in processes of the viral life
cycle, such as replication and assembly.

Keywords: RNA secondary structure; structural alignment; base pairing probabilities; flavivirus; 3'-noncoding
region

INTRODUCTION 1993). Unfortunately, this method requires numerous
phylogenetically related and distant sequences for the
same RNA molecule. Consequently, the data sets avail-
able for most groups of viruses are far too sparse for
this technique. On the other hand, thermodynamic
methods do not provide completely accurate predic-
tions. In this contribution, we show that a hybrid of
thermodynamic predictions and comparative methods
for verifying the predictions can be applied success-
fully to viral sequences.

Of course, the additive energy model is an approx-
imation and the experimentally determined energy pa-
rameters suffer from inaccuracies. It is not sufficient,

Secondary structures, that is, the pattern of Watson-
Crick and GU base pairs, account for the major part of
the free energy of the spatial structures of nucleic acids.
They can be predicted fairly reliably —although not
with perfect accuracy —using the standard energy
model in which additive energy contributions are as-
signed to the stacking of base pairs and to loops (Freier
et al.,, 1986). Knots and pseudoknots are usually ex-
cluded from the definition of secondary structure for a
number of reasons. (1) Very little is known about the
thermodynamics of pseudoknots, hence there are no
reliable energy parameters. (2) The most efficient fold- : ~
ing algorithms, which are based upon dynamic pro- hence, to pr.e.dlct the minimum free energy structure
gramming, cannot deal with knots or pseudoknots only. In afiqmon, thgre is no guarantee that the global
(Zuker & Sankoff, 1984). (3) Pseudoknots can in some ~ €M€T8Y mumum will be found by a folding RNA mol-
cases be understood as an additional feature that is ~ ecule, in particular with long sequences. Kinetic fold-
formed on top of the conventional secondary structure. ~ ''& approaches were proposed that are designed to

The comparative method, for the right class of RNA simulate the folding pathway (Gultyaev et al., 1995;
molecules, does very well at predicting the secondary V&% Batenburg et al., 1995). Not being limited to dy-

structure and some of the tertiary interactions (Gutell, namic programming, thi? apprgach allows to incorpo-
rate pseudoknots (at which point it suffers, of course,

from the sparse data sets on their thermodynamic prop-
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Universitit Wien, Wahringerstr. 17, A-1090 Wien, Austria; e-mail.  €rties). It is, therefore, desirable to include additiona

studla@tbi.univie.ac.at or stadler@santafe.edu. structural information, for instance from phylogenetic
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comparisons or from chemical probing, in the struc-
ture prediction. This is straightforward in the energy
minimization.

Predicting a single structure by any approach will,
in general, not provide a completely correct answer. In
addition, knowledge of the uncertainty of the pre-
dicted structure in different regions is most useful for
a meaningful interpretation of the data. Two approaches
are used routinely to overcome the limitations of sin-
gle structure predictions: Zuker (1989) devised a ver-
sion of the folding algorithm that computes a set of
suboptimal structures in a certain energy range (see
also Jacobson & Zuker, 1993). McCaskill (1990) de-
signed an algorithm that produces the complete ma-
trix of base pairing probabilities p;; in thermodynamic
equilibrium based on the computing of the equilib-
rium partition function. This method provides rather
detailed information not only on the structure, but also
on the local structural flexibility. It was applied suc-
cessfully in a recent analysis of the complete genomic
RNA of HIV-1. In this work, the entire genome was
folded in a single piece on a CRAY Y-MP super-
computer (Huynen et al., 1996a). A large number of
known secondary structure elements in different re-
gions of the molecules were present in very good res-
olution in the data, indicating that secondary structure
prediction is indeed a meaningful enterprise with RNAs
as large as entire viral genomes.

The genus flaviviruses, family Flaviviridae, com-
prises almost 70, mostly mosquito- or tick-borne vi-
ruses, including a number of human pathogens of
global medical importance (for summary, see Monath
& Heinz, 1996). Flaviviruses are small enveloped par-
ticles with an unsegmented, plus-stranded RNA ge-
nome. Based on sequence homologies and serological
data, the flaviviruses are subdivided in several sero-
complexes, such as (1) the Dengue (DEN) virus types
1-4, (2) Japanese encephalitis (JE), West Nile (WN),
Kunjin (KUN) and other viruses, (3) yellow fever (YF)
virus, and (4) tick-borne flaviviruses. The main repre-
sentative of the tick-borne group of flaviviruses is tick-
borne encephalitis (TBE) virus, which is endemic in
many parts of Europe (European subtype) and Asia
(Far Eastern subtype). The most distantly related mem-
ber of this complex is Powassan (POW) virus, which
shares 76% protein sequence homology with TBE vi-
rus (Mandl et al., 1993). POW virus is endemic in parts
of Canada and Far East Asia and causes sporadic cases
of encephalitis in humans.

About 90% of the approximately 11-kb long flavivi-
rus genome is taken up by a single, long, open reading
frame that encodes a polyprotein that is co- and post-
translationally cleaved by viral and cellular proteases
into 10 viral proteins (for review, see Rice, 1996). The
flanking noncoding regions (NCR) are believed to con-
tain cis-acting elements important for replication, trans-
lation, and packaging. In this context, most attention
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has focused on the 3’-NCR, which is considerably lon-
ger than the only approximately 100-nt long 5’-NCR.
Short conserved primary sequence motifs were iden-
tified in the 3'-NCRs of mosquito-borne flavivirus ge-
nomes (Hahn et al., 1987), but these were found to be
absent in tick-borne flaviviruses (Mandl et al., 1993).
Sequence analysis of a number of TBE virus strains
recently revealed a surprising heterogeneity in length
of the 3'-NCRs, even among closely related strains
(Wallner et al., 1995). The 3'-NCR of TBE virus is sub-
divided into a variable region and a 3'-terminal core
element. The former can range in size from less than
50 nt to more than 400 nt, and includes, in the case of
some strains, an internal poly(A) sequence element,
whereas the latter is 350-nt long and exhibits a high
degree of sequence conservation (Wallner et al., 1995).
A secondary structure was proposed for the 3'-terminal
106 nt of this core element, which is also found in the
sequence of POW virus (Mandl et al., 1993). Very sim-
ilar structures were reported for the sequences of
mosquito-borne flaviviruses (Grange et al., 1985; Brin-
ton et al.,, 1986, Wengler & Castle, 1986, Hahn et al.,
1987; Shi et al., 1996) in spite of little sequence conser-
vation, suggesting a functional importance of this sec-
ondary structure, which may interact with viral or
cellular proteins during the initiation of the minus-
strand synthesis (Blackwell & Brinton, 1995).

In this contribution, we apply McCaskill’s (1990) par-
tition function algorithm to explore the secondary struc-
tures of complete genomic 3'-NCRs of flaviviruses and
report:

1. The 3'-NCRs of flavivirus genomes form con-
served secondary structure motifs, but there are con-
siderable differences in RNA folding between the
different flavivirus serocomplexes.

2. Our analysis confirms the existence of the stem-
loop structure at the very 3'-end that is described in
previous investigations. It is present in almost the same
form in all flaviviruses.

3. The 3'-terminal secondary structure was shown to
include an ill-defined part consistent with the forma-
tion of a pseudoknot as reported for the WN, DEN-3,
and YF virus sequences by Brinton and co-workers
(Shi et al., 1996).

4. The core element of the 3'-NCR of TBE virus folds
into a highly conserved secondary structure indepen-
dent of the adjacent variable region.

5. A particular structural element distinguishes the
3’-NCRs of European subtype TBE virus strains from
Far Eastern strains and POW virus.

RESULTS

Tick-borne flaviviruses

We were able to confirm the characteristic secondary
structure at the very 3’ end of the genome that was
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found in all tick-borne flaviviruses (Mandl et al., 1993;
Wallner et al., 1995). The dot plot of this region is
shown in Figure 1. The base pairing is very well-
defined in this region, the plot shows only few alter-
natives to the minimum free energy structure, with
one exception: stem 3 and 4 of the ground state struc-
ture can be replaced by an elongated stem 4 at the
expense of opening stem 3 completely. This structural
detail is involved in formation of the pseudoknot de-
scribed by Shi et al. (1996) (see also Fig. 4). The mini-
mum free energy structure is shown in bold in
Figure 2.

Immediately upstream of the known conserved 3'-
terminal stem-loop, we find a well-conserved new mo-
tif consisting of six stems. The corresponding sequences
are quite conserved in this region. In particular, not all
of the six stems are confirmed by compensatory mu-
tations. The numbering of the stems is defined in Fig-
ure 2. The positions with compensatory mutations are
indicated by circles. I, The sequence is conserved among
all sequences. II, The sequence is conserved among all
sequences. III, POW virus: 3: AU — GC 6: GC - AU
7: AU — GC. IV, The sequence is conserved except for
a deletion in POW virus. V, The sequence is conserved
except for POW virus. This virus forms the same sec-
ondary structure elements V and VI with quite differ-
ent sequence motifs. VI, 5: Far Eastern: GC; Aina: AU;
European: GU.

uuuuuuuuuu

UCCECCAOOAAACUAOGA08GCO0UUCULGUUCUCCCUGAGCCACTACCAUCT

FIGURE 1. Dot plot of the conserved secondary structure formed
by the 106 nt at the 3’ terminus of the POW virus sequence. This
structure is mostly unambiguous, except for the third and fourth
stem. In the minimum free energy structure, we have two stems of
length 3. Alternatively, the fourth stem may be elongated by two
base pairs and stem 3 opens up. This area is involved in the forma-
tion of the pseudoknot described by Shi et al. (1996). The area of the
squares is proportional to p; (not to log p; as in McCaskill’s work).
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Compensatory mutations are commonly interpreted
as the result of selection pressure, and, thus, they are
indicative of a functional secondary structure element.
We conjecture hence that the stems III and VI, and, in
fact, most likely the entire domain consisting of the
stems I-VI, are important for the viral life cycle. De-
letion mutants could be used to test this prediction.

As shown in Figures 3 and 4, this motif seems to
appear in two variants that correlate with the serolog-
ical classification. In order to check the significance of
this finding, we calculate the free energy of folding
each sequence into the secondary structure of the other
subtype. Except for the Ljubljana strain of TBE virus,
the energy differences are well above the thermal en-
ergy (see Table 1). The chance that the assignment of
the two secondary structure variants to the serological
subtypes is accidental is only 1:2% ~ 0.4%, even if the
individual energy differences were not significant.

The minimum free energy structure of POW virus
resembles the Far Eastern subtype except for a varia-
tion in stems V and VI Although the overall shape
remains the same, we find a shorter stem VI and a
longer stem V in POW virus. The sequence of the hair-
pin loop on top of stem VI contains six conserved
nucleotides, AAGGC--A. The calculated energy differ-
ence to the European subtype structure (again allow-
ing for the energetically optimal fold in the V/VI region)
is +6.66 kcal, more than 10 times the thermal energy.

Even further toward the 5’ end, we find ample evi-
dence for a conserved Y-shaped motif consisting of
some 90 nt (see Fig. 3). The stems are labeled VII, VIII,
and IX. In addition, there is evidence for an isolated
hairpin X in most sequences. This motif is quite well
conserved in European subtype sequences, but shows
a substantial variation in Far Eastern subtype. In par-
ticular, the size of the stems and loops may vary con-
siderably; the overall shape seems to be well-conserved,
however.

A more detailed analysis of this region reveals sub-
stantial variations in the structural variability as mea-
sured by the well-definedness parameter d(k). Figure 4
compares d(k) for the Far Eastern and European sub-
type sequences, respectively. The region around posi-
tion 11,070 (approximately 70 nt from the 3’ end) is
ill-defined in all sequences. It corresponds to a pseudo-
knot formed by the nucleotides in the hairpin loop of
A2, together with their counterparts in the long stem-
loop structure Al. Potential pseudoknots that compete
with other secondary structure elements sometimes
appear as ill-defined regions in well-definedness plots,
despite the fact that the computational model does not
make explicit use of pseudoknots. The pseudoknotted
structure formed by A2 and A1 was discussed in detail
by Brinton and co-workers (Shi et al., 1996; see also the
sketch in Fig. 4).

Not surprisingly, the consensus mountains of the two
subtypes of TBE viruses differ only by the stem enclos-
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FIGURE 2. Secondary structure of the 3'-NCR of tick-borne flaviviruses. The conserved structure at the 3’ end is shown
in bold. POW virus differs from the other structures in stems V and VI (shown as inset). The locations of compensatory
mutations in at least one of the nine sequences are indicated by circles. Conserved sequence elements adapted from
Wallner et al. (1995) are indicated by triangles. PR, pyrimidine-rich box; PY, homo-pyrimidine box; PU, homo-purine box;
IR, inverted repeat; R3, imperfect direct repeat. Position numbers refer to the sequence of TBE prototype strain Neudoerfl.

ing the stems III-VI. The variances of the slopes are very
small almost everywhere else, indicating that we are
confronted with a very well-conserved structure. In
other words, the classical picture shown in Figure 2 is
also the final outcome of the comparative partition func-

tion method. The region VII-X, on the other hand,
shows both a rather large variance and a small well-
definedness. It is interesting to note that European sub-
type sequences are substantially less well-defined in the
region [VII, VIII, IX] than Far Eastern subtype.
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FIGURE 3. Mountain representations of the 3'-NCR of TBE viruses. Position numbers are counted from the 3’ end
according to a multiple alignment. The stem discriminating Far Eastern from European subtype sequences is indicated in

the upper plot.

Other flavivirus serocomplexes

The analyses of the 18 YF virus sequences are summa-
rized in Figure 5. The structural domain A at the 3’
end, first described by Grange et al. (1985), closely
resembles its counterpart Al in tick-borne flaviviruses.
It is a very well-defined stem-loop structure with a
large bulge that is almost perfectly conserved. A sec-
ond domain, B, about 180-280 nt away from the 3’
end, consists of four hairpins. Domain C is located
between 350 and 400 nt away from the 3’ end and
is composed of two hairpins. Regions A and B are

separated by a piece of sequence that is characterized
by exceptionally low values of d(k) and that does
not exhibit a preferred secondary structure. This re-
gion possibly acts as a “spacer” separating region A
from the rest of the genome. Beyond some 370 nt from
the 3’ end, we do not find unambiguously predicted
structures.

Viruses of the JE and DEN serocomplexes yield qual-
itatively similar results. Our predictions of conserved
structures in their 3'-NCRs are summarized in Fig-
ure 6. Consistent with previous findings, we find a
well-defined and well-conserved stem-loop structure
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FIGURE 4. Well-definedness and conservedness of the 3-NCR secondary structure of TBE viruses. The upper part of the
figure compares the mountain representation of the consensus of all TBE virus sequences (Table 2) with the consensus of
the Far Eastern and European subtype structures, respectively. Sequence positions are numbers from the 3’ end according
to a multiple sequence alignment shown in Figure 7. This alignment inserts about 10 gaps into the original sequences, the
range displayed here thus corresponds to the distal 341 nt. The middle display contains the variances of the slopes. Note
that the structural element A1 is almost identical among all TBE virus sequences. The well-definedness, d(k), shown at the
bottom indicates flexible parts of the molecule. The elements A1 and A2 as well as a number of other hairpins are very
well-defined, d(k) ~ 1, in all sequences. The ill-defined region around position 70 (11,070 in the strain Neudoerf] sequence)
corresponds to the location of a small pseudoknotted structure, which is sketched in the middle panel (see Shi et al., 1996
for details). The most significant distinction between Far Eastern and European subtype is the region between positions
350 and 250, comprising the stems VII, VIII, and IX, where the European subtype sequences seem to be much more flexible
than the Far Eastern subtype. Note that not much correlation exists between well-definedness and the variance of the

slopes.

at their 3’ end. In the cases of DEN viruses, however,
the stem of this structure is shorter than for other fla-
viviruses.

A particularly interesting feature is the T-shaped el-
ement B, which is shared by JE and DEN, but ap-
pearently is not conserved in TBE or YF viruses. A
large number of compensatory mutations confirms this
structural element (see Fig. 6). It occurs at different
genomic positions in DEN and JE sequences, and in-
cludes, respectively, the highly conserved, mosquito-
borne flavivirus-specific sequence elements CS2 and
RCS2 (Hahn et al., 1987). The sequence of the adjacent
hairpin loop is highly conserved in DEN viruses, but
shows variations among the members of the JE sero-
complex. We were not able to confirm a similar struc-
ture for the CS2 sequence of YF viruses; RCS2 is absent
in this group of viral sequences.

DISCUSSION

Almost all RNA molecules—and consequently also al-
most all subsequences of a large RNA molecule—form
secondary structures. The presence of secondary struc-
ture in itself hence does not imply any functional sig-
nificance. It is important, therefore, to develop methods
for identifying potentially functional parts of a second-
ary structure prior to experiments.

Elucidation of all the significant secondary struc-
tures is a necessary prerequisite for the understanding
of the molecular biology of a virus. So far, a number of
relevant secondary structures have been determined
that play a role during the various stages of the viral
life cycle in a variety of different classes of viruses, for
instance lentiviruses (Baudin et al., 1993; Hofacker
et al., 1996), RNA phages (Biebricher, 1994; Olsthoorn
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TABLE 1. Folding energies (in kcal/mol) for nine flavivirus
sequences.’

E(mfe) AE(far east) AE (europ)
Sequence GenBank (kcal/mol) (kcal/mol) (kcal/mol)
Neudoerfl U27495 —84.39 +2.04 0
263 U27491 —84.39 +2.04 0
Ljubljana U27494 —82.61 +0.07 0
Hypr U39292 —84.48 +1.26 0
Crimea U27493 —85.12 0 +2.80
132 U27490 —88.94 0 +7.54
RK1424 U27496 —86.07 0 +0.88
Aina U27492 —86.24 0 +7.23
Powassan L06436 —86.24 0 +6.66

*AE(far east) and AE(europ) are the energy differences to the
minimum free energy structure when the sequences are forced to
fold with or without the stem enclosing the motifs I-VI (see Fig. 2).
A re-evaluation of the energies using the parameters in Walter et al.
(1994), which include co-axial stacking, yields the same qualitative
result.

et al., 1995), flaviviruses (Shi et al., 1996), pestiviruses
(Brown et al., 1992; Deng & Brock, 1993), and hepatitis
C viruses (Brown et al., 1992; Tanaka et al., 1996).

A large number of secondary structure predictions
in the literature are based on phylogenetic comparison
without considering energetics. Most predictions based
on thermodynamics so far only consider the minimum
energy structure and/or a fairly small sample of sub-
optimal structures, as provided, e.g., by Zuker’s mfold
package (Zuker & Sankoff, 1984; Zuker, 1989).
McCaskill’s partition function approach (McCaskill,
1990), which allows for an exact computation of the
complete matrix of all base pairing probabilities, pro-
vides more complete and reliable structural informa-
tion. By calculating the probability distribution of all
base pair interactions, we have a tool that allows us to
predict the structure and estimate the reliability of the
prediction at the same time.

The data sets available for most groups of viruses
are too small for the phylogenetic method. Hence, we
have combined thermodynamic predictions with the
comparative approach in the contribution; energy-
driven folding is used for structure prediction, com-
pensatory mutations allow for a verification of the
predicted base pairs in many cases.

A particularly important point is the fact that the
well-definedness and the variance of the slopes of the
mountain representation are not strongly correlated.
Ill-defined regions with small variance could thus in-
dicate flexible parts of the molecule that are possibly
of functional importance or regions that are involved
in pseudoknots, rather than being an artefact of inac-
curate predictions. Again, we interpret conservedness
of predicted structure as a sign of functional impor-
tance. Ill-defined regions with a high variance be-
tween different sequences, on the other hand, suggest
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that structural features are not significant for RNA func-
tion. In contrast to earlier approaches (Zuker & Jacob-
son, 1995; Huynen et al.,, 1996a, 1997), functional
importance is thus not tantamount to thermodynamic
stability in our scheme. It is also an advantage of our
method that it does not necessarily predict secondary
structures for all parts of the molecules. The averaging
of the mountain representations for the individual se-
quences amplifies conserved elements only, whereas
variable regions disappear in the background.

This technique was applied to the 3'-NCR of flavivi-
rus genomes. A previously described secondary struc-
ture motif formed by the 3’-terminal approximately
100 nt (Grange et al., 1985; Brinton et al., 1986; Wengler
& Castle, 1986; Hahn et al., 1987; Mandl et al., 1993; Shi
et al., 1996) was confirmed for all flavivirus sequences.
However, in the cases of DEN viruses, our analysis
predicted a somewhat different structure with a sig-
nificantly shorter stem than present in other flavivirus
sequences. In addition, we found well-defined second-
ary structures in the 3'-NCRs of mosquito-borne and
tick-borne flaviviruses. One structural element (termed
B in Fig. 6) was found to be present in both the DEN
viruses and the members of the JE serocomplex, but
surprisingly, located at different genomic positions. The
3'-NCRs of these viruses contain two copies of a se-
quence motif, termed CS2 and RCS2 in Hahn et al.
(1987), that are highly conserved among mosquito-
borne flaviviruses. Structure B includes CS2 in the cases
of DEN viruses, but RCS2 in the JE group. A potential
functional importance of this structure is suggested by
its high degree of conservation and the presence of a
large number of compensatory mutations.

The core element of the TBE virus 3’-NCR (Wallner
et al., 1995), i.e., the 3'-terminal 341 nt, was found to
fold into a conserved structural pattern irrespective of
the presence of various sequence elements in the ad-
jacent variable region. This observation is compatible
with the idea that the core element represents a min-
imal, but functionally sufficient 3'-NCR of tick-borne
flaviviruses. Interestingly, the European strains of TBE
virus are distinct from the other tick-borne flavivirus
sequences by a particular structural element, which,
however, is shared by the Far Eastern TBE virus strains
and POW virus, suggesting a somewhat closer evolu-
tionary link between POW virus (which is also en-
demic in Far East Asia) and the Far Eastern subtype of
TBE virus than between POW and the European TBE
subtype. A statistical study of the distribution of sec-
ondary structures over the space of possible sequences
of fixed length (Schuster et al., 1994) shows the follow-
ing. (1) Many different sequences do fold into the same
(minimum energy) structure. (2) Neutral paths perco-
late sequence space along which all sequences fold into
the same secondary structure. In fact, there are extended
neutral networks of sequences folding into the same struc-
ture (Griiner et al., 1996; Reidys et al., 1997).
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of the figure is a conventional display of the consensus secondary structure as determined from the upper part of the
figure. Our method does not predict a defined structural model for all of the sequence; dashed lines indicate undetermined
pieces. Compensatory mutations are indicated by circles. Circles on only one side of a stem indicate GC-GU or AU-GU

mutations.

This permits populations of sequences to split and
drift apart from one another in sequence space without
changing their dominant phenotype (Huynen et al,,
1996b). Drift in sequence space therefore does not nec-
essarily imply drift in phenotype space. This finding
seems to explain the discrepancy between sequence-
based and structure-based phylogeny of flaviviruses.
The Powassan case may serve as an example for this
scenario.

The functional importance of the secondary struc-
tures described in this communication will have to
be verified by direct biological testing. Infectious
cDNA clones that became available recently for
several flaviviruses (Rice et al., 1989; Lai et al., 1991;
Sumiyoshi et al., 1992; Khromykh & Westaway,
1994; Mandl et al., 1997) allow us to assess the ef-
fects of specific mutations on the biology of these
viruses. The structural predictions presented here
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FIGURE 6. Conserved secondary structures in the DEN (above) and JE (below) serocomplexes. We show the superposi-
tion of the mountain representations and the conventional diagrams of conserved consensus structures. Sequences that are
unpaired consistently but occur in variable structural contexts are indicated by arrows. A large number of compensatory
mutations (indicated by circles) confirms the proposed structures. Note that element B has the same fold in both DEN and

JE serocomplexes, although it occurs at different genomic p

ositions. The left hairpin loop of this element has a highly

conserved sequence in DEN viruses, hinting at its functional importance.

can serve as a rational basis for future mutagenesis
experiments.

MATERIALS AND METHODS

Software and sequences

For our analysis, we used the 44 flaviviruses sequences listed
in Table 2. From each sequence, we extracted the 3'-NCR of

the genomic RNA. Using a set of longer sequences with up
to 1,000 nt, we checked that this portion of the 3'-NCR folds
as a distinct unit, i.e., that the terminal nucleotides form the
same structure irrespective of additional fragments further
toward the 5 end. Very long-range interaction, spanning
more than 1 kb, cannot be excluded by this method.

All computations reported in this paper were performed
using the Vienna RNA package, which contains a variety of
programs for the computation and comparison of RNA sec-
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TABLE 2. List of sequences used in this contribution.

Tick-borne Japanese Dengue Yellow
encephalitis encephalitis fever

Far Eastern JE Type 1 U17066
U27490 U14163 M87512 U17067
U27492 U15763 U21055
U27493 M18370 Type 2 U52393
U27496 M55506 M29095 U52396
D90194 M84728 U52399
European D90195 M84727 U52401
U27491 148961 M20558 U52405
U27494 M19197 U52407
U27495 West Nile U52411
U39292 M12294 Type 3 U52414
M93130 U52417
Powassan Kunjin U52420
L06436 L24512 Type 4 U52423
M14931 U54798
K02749

X02807

X03700

ondary structures (Hofacker et al., 1994). This public domain
software can be obtained by anonymous ftp (ftp://ftp.itc.
univie.ac.at/pub/RNA).

The energy parameters used by the Vienna RNA package
are based on Freier et al. (1986), Jaeger et al. (1989), and He
etal. (1991). They are identical with the parameters in Zuker’s
mfold 2.2, with the exception of stacking energies involving
GU pairs, which were taken from He et al. (1991).

Walter et al. (1994) show that the inclusion of co-axial
stacking can improve the quality of the prediction. Cur-
rently, there is no algorithm available that includes this ef-
fect. However, the partition function algorithm approximates
co-axial stacking by always taking the dangling end contri-
butions into account even if the base preceeding or following
a helix is paired.

A multiple sequence alignment was calculated using
CLUSTAL W (Thompson et al., 1994). The result is shown as
Figure 7. We have not attempted to improve the alignment
based on visual inspection or based on predicted secondary
structures. Although this might have increased the number
of compensatory mutations and possibly also the number of
detected structural elements, it would also have compro-
mised the use of the sequence data for verifying the pre-
dicted structures. We have therefore kept the sequence data
and the structure data strictly separated. The unimproved
CLUSTAL W alignment is used to align the structure data
shown in Figures 3-6. All subsequent analysis, such as con-
sensus mountains and conservedness measures, are based
on this alignment.

Dot plots, mountain representation,
and well-definedness

A dot plot is a two-dimensional graph in which the area of
the dot at position (i,j) represents the probability p;; that the
base pair (i,7) occurs in thermodynamic equilibrium. (In prac-
tice, base pairs that occur with a probability of less than 10>

S. Rauscher et al.

are suppressed in our program.) The plot is divided into two
triangles (Fig. 1). The upper-right triangle contains the base
pairing probability matrix (p;). In the lower-left triangle, we
display the minimum free energy structure for comparison.

Figure 1 shows the dot plot of the 3'-terminal structure.
Hairpin loops appear as diagonal patterns close to the sep-
arating line between the two triangles, with the distance
from this line indicating the loop size. Internal loops and
bulges appear as shift and gaps in these diagonal patterns.

A very convenient way of displaying the size and distri-
bution of secondary structure elements is a modified version
of the mountain representation introduced in Hogeweg and
Hesper (1984). In the original mountain representation, a
single secondary structure is represented in a two-dimensional
graph in which the x-coordinate is the position k of a nucle-
otide in the sequence and the y-coordinate is proportional to
the number of base pairs that enclose nucleotide k. The moun-
tain representation allows for a straightforward comparison
of secondary structures and inspired a convenient algorithm
for alignment of secondary structures (Konings & Hogeweg,
1989).

A modified version of the mountain representation can be
constructed easily from the base pairing probability matrix.
The number

ml) = 3 S ps (1)

i<kj>k

counts all base pairs* containing nucleotide k, weighted with
their respective pairing probabilities. In order to see that
m(k) is, in fact, a close relative of the mountain representa-
tion, we assume for a moment that (p;) is the pairing matrix
of a minimum free energy structure. In this case, m(k) is the
number of base pairs that contain k, i.e., it is constant for any
position in a loop, increases by one at each paired position at
the 5’ side of a stack, and decreases by one at each paired
position at the 3’ side of a stack. m(k) = 0 if k is either an
external base or the outermost base pair of a component. The
well-definedness of the structure in a certain region is

def
d(k) = maX{ml.ax{pik, et 1 — Epik}/ 2

i.e., d(k) is the probability of the most probable base pair
involving k, or the probability that k is unpaired, whichever
is larger. Thus, d(k) is large when a base either has a high
probability of pairing with one specific other base, or it has
a high probability of not interacting at all. A plot of d(k)
versus nucleotide position reveals information on the stabil-
ity of small scale patterns. The idea behind measuring d(k) is
that the well-definedness of a region provides information
about its functional significance. A secondary structure that
is important for the function of a molecule will oftentimes
have a high probability of occurring in the thermodynamic
ensemble of alternative secondary structures and should not
just be one of the many alternative structures that have a
near equal probability of occurring. Note that this does not
exclude that a (small) part of a well-defined structural ele-

*In the terminology of Zuker and Sankoff (1984), these are all base
pairs to which sequence position k is interior.
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EU27490 AAAAAACAAACACA- GTGAGAGTGGCGACGGG TGTCGACCCCGACGTAGG-GCATTCTGTCCAATTTCGTGAGG
1T EUZ7382 GCTGGTCAGGGGTG: TGGCGACGGG GGTCG TAGG-GCACTCTGTAAAAC GTGAG.
EU27493 AGCTGGCCGGGGT- AGTGAGAGTGGCGACGGG GGTCGATCCCGACGAAGG-GTACTCTGAAAAA - GTGAG.
TEU27496 AGTGGCGACGGG IGGTCGACCCCGACGCAGG~-GCATTCTGTCAAACTTTGTGAG.
Vg%RPg i f(((.L GCCCAG GCACACTC%\()?TGACF"(' GGTCGCTCCCGACG K‘;ACT?GG}‘AJ)-\AAACGAAC GTGAG.
T EUZ'S S -=-AACCGGTCAGGGGTG--AGGGATGCCCCCA Aéé(‘_‘é &éTGAGAé'}‘GG&éAé}'((fL ACGT, 23& TT ")"%-} 2}‘AGA
T EU%728 --AACCGGTCAGGGGTT--GGGGATGCCCCCAGAGT! TACGGCAGCACGCCAGTGAGAGTGGCGACGGG. 'GGTCGATCCCGACGTAGG-GC. C GTGAGA
TEUZ27 G- ~AGGAATGCCCCCAGAG 5.y GTGAGAGTGGCGACGGG 'CGATCCCGACGTAGG-GC. T GTGAGA
gg274?7 G--AGGGAT(;S?CSJ?(‘ AG, (&?T CATTAC AGCACGCCAGTGAGAG ();G():();AC(‘?(‘T "CGATCCC)GA(’)G" GG—)GC &AA}(I(&(" """‘? ((EAGA
e sl 3 e . . 2 ..
-.EUlé%g% CTGG AAGCCT-CGTCTAGGATG GTG \A—-GG‘ C! AGG GAGGAG
JEU1 GGG CGGCCCAAGCCT-CGTCTAGGATG GTGTAA~ -GG’ AGGTTAGAGGAG
JEVBEICG CGG A GGATG GTG ~-GGAC' AGGTTAGAGGAG
JEVCG CG TG GTG -~-GG. AGGTTAGAGGAG
JEV CGG AZ TG GTGTAA--GG. GGTTAGAGGAG
JEVSAA CGG AZ TG GTG --GG. AGGTTAGAGGAG
JEVSAV CGG Al G GTG G GGTTAGAGGAG
WNFCG CGGCCAT? G GAGAAG--GG. AGGTTAGAGGAG
KUNNONCODB sA’I‘CAACG'I‘CCFN(‘F‘(‘(;(' T, G ?’}‘C QA——?C)_‘ k(iﬁ"" GAGGAG
BEizcoa ZITCTCASACGECAG & SEGTAGT COGITACAGEA
DENCMEMSA --TCCGGGAGG C. G GGCGTAGT GGTTAGAGGAG
DENCMEMSB -~-TCCGGGAGG C. G GCGTAGT CGGTTAGAGGAG
DENJAMC --TCTGGGAGG C. G GCGTAGT GGTTAGAGGAG
ENRCG --TCCGGGAGG C. G CG GCGTAGT CGGTTAGAGGAG
DEN3CME AAAG~ - - ~CCTGGGAC( C. G GGTGTAGC 'TGGTTAGAGGAG
DEN4STRA AATAATCCCCAGGGAGG GCTG-TACGCGTGGCATATT CGG GAGGAG
g%TlSEQ AAA---CCTGGGAGG ~CATGGAAGCTG~TACGCATGGGGTAGC TGG G AC(;C C(
FLYF17D1 CCCAG GC 'GTGAGGCAG CTGGGACAGCCG-ACCTCCAGGTTGCGA~ C1 (gé (“' TC" "CCé ACC
F 4YF%7% CCCAG GC! 'GTGAGGCAG SCTGGGACAGCCG~ACCTCCAGGTTGCGA-AZ CTGGTTTCTGGGACC
YFU170 CCCAG GC' 'GTGAGGCAG S>CTGGGACAGCCG-ACCTCCAGGTTGCGA~ CTGG CTGGGACC
YFU17067 CCCAG GC'! 'GTGAGGCAG CTGGGACAGCCG~ACCTCCAGGTTGCGA~A CTGGTTTCTGGGACC
YFU21055 CCCAGA? 'GCT. GTGAGGCAG CTGGGACAGCCG-ACCTCCAGGTTGCGA~ -CTGGTTTCTGGGACC
YFUS2393 CCCAG GC! GTGAGGCGG CTGGGACAGCCG-TTTTCCAGATCACGA-CAG, GG CTGGGATT
FUS2 3 CCCAG GCT. 'GTGAGGCGG CTGGGACAGCCG-TTTTCCAGATCACGA-CAG GG CTGGGATT
YFUS5239 CCCAG GC [GTGAGGCAG CTGGGACAGCGC-ACTTCCAGGTCGCGA~GAA? TGGTTTCTGGGACT
YFU CCCAG GC! 'GTGAGGCAG GCTGGGACAGCCG-ACCTCCAGGTTGCGA~AAA? 'GG CTGGGACT
YFU CCCAG -] GC GTGAGGCAG CTGGGACAGCCG-CCTTCCAGGTTGCGA~TAAZ TG CTGAGACT
eU CCCAGAAC -1 GCT. GTGAGGCAG CTGGGACAGCCG-CCTTCCAGGTTGCGA~TAAZ GG CTGAGACT
U CCCAGAZ - GC' 'GTGAGGCAG CTGGGACAGCCG-CCTTCCAG GCGA-~TAAZ GG CTGAGACT
FUS2 CCCAGA? -7 GCT. 'GTGAGGCAG CTGGGACAGCCG-ACCTCCAGGTTGCGA-A GG CTGGGACC
FUD2 CCCAGA. -1 C GCT. 'GTGAGGCAG CTGGGACAGCCG-CCTTCCAGGTTGCGA-TAA GG CTGAGACT
FU 2 CCCAGAACCCCA TGTGGGT-T-CTGCCACTGC GTGAGGCAG CTGGGACAGCCG-CCTTCCAGGTTGCGA-TAAAC GG CTGAGATC
A% 2 CCCAGGACTCTAGAATTTAGGGAGT-C-TTGCCACCGC 'GTGAGGCGG CTGGGACAGCCG-TT" CAGATCACGA-CAAZ 'GG CTGGGATT
S L i R Sl e T e s R
______ ey CTGC i 1 _ P I z
3 R T?)-((([(((... ..... D)) et g ((((?T.... . )., 338
TEU; CCCCCTG AGGCCGAACATGGTGCAAGATAGGGGAGGCCCCCGGAAGCATGCTTCCGGGAGGAGE GAGAGAAATTGGCAACTCTC CTCCTCCT-
TEU CCCCCTG GGCCTAACATGATGCACGAA -GGGGAGGCCCCCGGAAGCATGCTTCCGGGAGGAGGGAAGAGAGAAATTGGCAGCTCCC CCTCCTCCT-
TEU27 CCCCCGG AGGCCGAACATGGTGCAAAAACGGGGAGGCCCCCGGAAGCATGCTTCCGGGAGGAGGGAAGAGAGAAATTGGCAACTCTC GCTCCTCCT-
TEU27 TGG 3GGAGGCCCCCGGAAGCATGCTTCCGGGAGGAGG GAGAGAAATTGGCAACTCTC CCTCCTCCT-
mt, AR T N A TICeRTop S BT
T e) (0. iwaee)))))))eeee))))) e . o s axe
TEU! 9 ATG! 2 GGGGAGGCCCCCGH GCTCGCTTCCGGGAGGAGGGAAGAGAGAAATTGGCAGCTCTC! CC LCTCC%‘-
TEU; 9 ATGGTGCATH GGGGAGGCCCCCGGAAGCACGCTTCCGGGAGGAGGGAAGAGAGAAATTGGCAGCTCTC 'CTCCTCCT
TEU2749 ATG! AAGGGGAGGCCCCCGGAAGCACGCTTCCGGGAGGAGGGAAGAGAGAAATTGGCAGC TCTC! 'CCTCCTCCT~
TEU2749 ATGH AAGGGAGGCCCCCGGAAGTACGCTTCCGGGAGGAGGGAAGAGAGAAATTGGCAGH C 'CCTCCTCCT-
TBE ), )) o AL s s L)L) (( LLLCL e ). 2)1))
JEU1 % ~AAGCCCC AAGCTGT G '] TTAGAGGAG CGC. -
Jgu157sg Ci GCCCCCTCGAAGCTGTAGAGGAGGTGGAAGGACTAGAGGTTAGAGGAGACCCCGE AA’
JEVBEICG C. AAGCCTCCTCGAAGCTGTAGAGGAGGTGGAAGGACTAGAGGTTAGAGGAGACCCCGC. AAA -
JEVCG T AAGCCCCCTCGAAGCTG GGAGGTGGAAGGACTAGAGGTTAGAGGAGACCCCGC. Y.
JEVCMNAA BAC, GCCCCCTCGAAGCTGTAGAGGAGGTGGAAGGACTAGAGGTTAGAGGAGACCCCGC. Y.y,

SAA T GCCCCCTCGAAGCTGTAGAGGAGGTGGAAGGAC AGGTTAGAGGAGACCCCGC, CAAZ
JEVSAV AAC. AAGCCCCCTCGAAGCTGTAGAGGAGGTGGAAGGACTAGAGGTTAGAGGAGACCCCGCA AAA
WNFCG C ~AGT AA-CTTGGCTGAAGCTG GCCAAG-GGAAGGACTAGAGGTTAGAGGAGACCCCGTGCCA~. ACCAA
KUNNONCODB A G-CCTGGCTGAAGCTGTAGGTCAGG-GGAAGGACTAGAGGTTAGTGGAGACCCCGTGCCGCAAAACACCAC
JE
DEN2CGA AAT-G GGTGAGATGAAGCTGTAGTCTCACTGGAAGGACTAGAGGTTAGAGGAG
DENCMEMSA AAT-G GGCGAGATGAAGCTG TCTCGCTGGAAGGACTAGAGGTTAGAGGAG
DENCMEMSE AT-G GGCG. 'GAAGCTGTAGTCTCGCTGGAAGGACTAGAGGTTAGAGGAG
DENJAMCG AC-G TGAAGCTGTAGTCTCACTGGAAGGACTAGAGGTTAGAGGAG
DENRCG CAAT-G GAAGCTGTAGTCTCACTGGAAGG AGGTTAGAGGAG
DEN3CME AGC-G GGAAGCTGTACCTCCTTGCAAAGGACTAGAGGTTATAGGAG
D TRA GCCAGGAGGAAGCTGTACTCCTGGTGGAAGGACTAGAGG GAGGAG
DENT1SEQ AGGGGAAGCTG AI(‘(‘ GT" SG’I‘ ()'f)' CT. GA((SG GAG N)'

EN _ °  ...)))). L)) )] ) e 2 s o esses .y o0 = Kicimiias

FLYF17D1 (EC\CC PGGTGGTAGAS CGGGGTCTAGAGGTTAGAGAAG CAAZ

FLYF17DG A-G [CCCACGTGGTGGTAGAAAGACGGGGTCTAGAGGTTAGAGGAG A

YFU17 y A-G. I'CCCACGTGGTGGTAGAAAGACGGGGTCTAGAGG GAGGAG AA?

YFULl7 A-G, I'CCCACGTGGTGGTAG GACGGGGTCTAGAGGTTAGAGGAG .Y,

YFU210 A-GAACGG CCCACGTGGTGGTAG GACGGGGTCTAGAGGTTAGAGGAG AAZ

YFU523 AAAT -G, G CCCACGGGGCAGTGG GATGGGGTCTAGAGG GAGGAG AL

YFU5239 SAAAT~-GATTGG CCGCCCACCCACGGGGCAGTGG GATGGGGTCTAGAGGTTAGAGGAG AA

YFU 9 CCAZ G CCACCTTCCCACGTGGTGGTAG GACGGGGTCTAGAGGTTAGAGGAG AA2

YFU. A-G, G CCACCTCCCCACGTGGTGGTAG GACGGGGTCTAGAGGTTAGAGGAG A A

YFU. CCA. G CCACCCTTCCACGTGGTGGTAG GATGGGGTCTAGAG! PAGAGGAG G.

YFUS2 CCAZ G CCACCCTTCCACGTGGTGGTAG GATGGGGTCTAGAGGTTAGAGGAG G.

YFUS2 G CCACCTTCCCACGTGGTGGTAG GACGGGGTCTAGAGGTTAGAGGAG GA'

YFUS2 % G CCACCCTCCCACGTGGTGGTAG GACGGGGTCTAGAGGT GAGGAG AAZ

YFUS2 GA( G CCACCTTCCCACGTGGTGGTAG GACGGGGTCTAGAGG GAGGAG GA'

YFU 9 'CCCACCTC--AGA G CCACCTTCCCACGTGGTGGTAG GACGGGGTCTAGAGG' GAGGAG G.

YFU 3 CCCAACCC-~AGA! A-T G CCACCCACCCGCGGGGTGGTAG GATGGGGTCTAGAGG GAGGAG -AA

YFU54798 'CCCACCCC-~AGAGTAAAAAAGA? G CCACCTCCCCACGTGGTGGTAG GGTGGGGTC AGG' GAGGAG AA

YFVCG CCCACCCC--AGAGTAAAAA-GA? G CCACCCTCCCACGTGGTGGTAG GACGGGGTCTAGAGGTTAGAGGAG CAAA

YF o Lo IR} )Y (( Y [RE SRR, NN ..

AAA 'CCCCTCAATAGA~-GGGGGGGCGGTTCTTGTTCTCCCTG-AGCCACCATCACCCAGACACAGATAGTCTGACAAGGAGGTGATGTGTGACTCGGAAAAAC,

ggg%; gg ﬁ%ﬁggmm ‘éCCCCT(‘U\(‘ GA-GGGGGGGCGGTTCTTGTTCTCCCTG-AGCCACCATCACCCAGACACAGATAGTCTGACAAGGAGGTGATGTGTGACTCGG. AAC

TEU27493 ATACCAAATTCCCCCTCAATAGA-GGGGGGGCGGTTCTTGTTCTCCCTG-AGCCACCATCACCCAGACACAGATAGTCTGACAAGGAGGTGATGTGTGACTCGG AAC.

TEU27496 C. TTCCCCCTCAATAGA~GGGGGGGCGGTTCTTGTTCTCCCTG-AGCCACCATCACCCAGACACAGATAGTCTGACAAGGAGGTGATGTGTGACTCGGA C.

IS VL e T TSR ) BRSO N T T

TBE e s .. . . . .

TEU2 i ATACAAAA LLéLC’J CGG’I‘AGA éGGbebLbb CTTGTTCTCCCTG-AGCCACCAT CA(ECF GACACAGAT AG)[‘CT(‘ CAAGGAGGTG %‘ ' TGTGACTCGGAA. Ci CGH

TEUZ2 4 ATACAAAATTCCCCCTCGGCAGA-GGGGGGGCGGTTCTTGTTCTCCCTG-AGCCACCATCACCCAGACACAGATAGTCTGACAAGGAGGTGATGTGTGACTCGGAA. CACCCGCT-~

TEU. 9 ATACAAAATTCCCCCTCGGTAGA-GGGGGGGCGGTTCTTGTTCTCCCTG-AGCCACCATCACCCAGACACAGGTAGTCTGACAAGGAGGTGATGTGTGACTCGGAA. CACCCGCT~~

TEU! 9 ATAC. ['] C‘C“C(J"C‘GGTAGA (*(‘()‘Pf GGC 7 C 1((; C (( CTG-AGCC2 (‘Cl(\" CACCCAGACACAG TA()}’)[‘C'{G ACAAGG. )GA’I‘? GTGACTCGGAA CACCCGCT~~

TeRAThs LA casadda A R L darertdtdetddas dasdridtadolacacacebtlihastararholbibbabbl: Al AbasbA alid

JEU15763 ~CAGC. I'TGACACCTGGGAATAGACTGGGA~-GATCTTCTGCTCTATCTCAACATCAGCTACTAGGCACAGAGCGCCGAAGTATGTAGCTGGTGGTG-AGGAAGAAC,

JEVBEICG ~CAGCATATTGACACCTGGGAATAGACTGGGA-GATCTTCTGCTCTATCTCAACATCAGCTACTAGGCACAGAGCGCCGAAGTATG TGTGGTG-AGGAAGAAC,

JEVCG ~CAGCATATTGACACCTGGGAATAGACTGGGA~GATCTTCTGCTCTATCTCAACATCAGCTACTAGGCACAGAGCGCCGAAGTATGTAGCTGGTGGTG-AGGAAGAACACAGGATCT -~

JEVCMNAA ~CAGCATATTGACACCTGGC TAGACTGGGA-GATCTTCTGCTCTATCTCAACATCAGCTACTAGGCACAGAGCGCCGAAGTATG GGTGGTG~AGGAAGAACAC--~~=— -—=

JEVSAA ~CAGCATATTGACACCTGGGAATAGACTGGGA-GATCTTCTGC AT CATCAGCTACTAGGCACAGAGCGCCGAAGTATGTAGCTGGTGGTG-AGGAAGAACACAGGATCT -~

JEVSAV ~CAGCATATTGACACCTGGGAATAGACTGGGA-GATCTTCTG A CATCAGCTACTAGGCACAGAGCGCCGAAGTATGTAGCTGGTGGTG-AGGAAGAACACAGG. -

WNFCG ACAGCATATTGACACCTGGGA-TAGACTAGGG-GATCTTCTG! AACCAGCCACACGGCACAGTGCGCCGACATAGGTGGCTGGTGGTG-CT~~AGAACACAGGATCT -~

KUNNONCODB ACAGCATATTGACACCTGGGA-TAGAC ACC;?—(%A CTTC % CAAC G("(E (C( C(if G C. ("I‘GCGC()“P CAATGGT iC(" Lr().- GG G—CG-)— G ACAGGAT C{[‘—--

ZE 2CGA -CAGCATATTGACGCTGGGAA--AGACC. fM"—A’i‘Lé’ GCTGTCTCCT~-C. f'fi "CA’%""-—(‘(‘ f(((‘ CAGAZ CZ:?J(‘ G "23— }\A GGTGC! L-'}‘Té—A}s 'CAACAGC CT-~

DENCMEMSA -CAGCATATTGACGCTGGGAA--AGACCAGAA-ATACTACTATCTACT--CAGCATCATT--CCAGGCACAGAACGCCAG TG-GAATGGTGCTG~-TTG-AATCAACAGC CT--

DENCMEMSB  -CAGCATATTGACGCTGG GAA-ATCCAACTATCTACT--CAGCATCATT-~CTAGGCACAGAACGCCAG TG-GAATGGTGCTG-TTG-AATCAACAGC CT--

DENJAMC! -CAGCATATTGACGCTGGG. GAG-ATCCTGCTGTCTCCT-~-CAGCATCATT-~-CCAGGCACAGAACGCCAG TG-GAATGGTGCTG-TTG~-AATCAACAGGTTCT -~

DENRCG ~CAGCATATTGACGCTGG GAG-ATCCTGCTGTCTCCT-~-CAGCATCATT-~CCAGGCACAGGACGCCAG TG-GAATGGTGCTG-TTG-AATCAACAGC CT-~

DEN3CME ~CAGCATATTGACGCTGGG. GAG-ATCCTGCTGTCTCCT--CAGCATCATT-~-CCAGGCACAGAACGCCAG TG-GAATGGTGCTG-TTG-AATCAACAGC CT--

DEN4STRA -CAGCATATTGACGCTGGG. GAG-ATCCTGCTGTCTCTG-~CAACATCAAT--CCAGGCACAGAGCGCCGC TG-GATTGGTGTTG-TTG-ATCCAACAGC CT--

DENT1SEQ -(.E GCI?TA’ 'TGACG "C? 7 % AG-ATCC %l). %)L LlA——C(’ &i(f '("C}z ""——(%C ((i(i(('l\(‘ (‘Anr‘g?(‘nv A ‘G-();?l (‘()3)‘(‘(‘ ”?-TT((;-I(\?’]‘F CAGC S, -

?Egl" Dl -G CC(A’ TTGACGCCAGGE AGACCGG. 'GGTTCTCTGC! CAG 'CTGTGAGCACAC GCTC G IAAGCAGACC GGATGAC. CACAAAACCACT
FLYFL17DG ~GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC 'CTGTGAGCACAC GCTC GAATAAGCAGACC GGATGACAAACACAAAACCAC
FU1706 ~GACCATATTGACGCCAGGG AGACCGGAGTGGTTCTCTGC 'CTGTGAGCACAC GCTCAAGAATAAGCAGACCTTTGGATGACAAACACAAAACCACT

YFU1706 ~GACCATATTGACGCCAGGG AGACCGGAGTGGTTCTCTGC! CTGTGAGCACAC 'GCTCAAGAATAAGCAGACCTTTGGATGACAAACACAAAACCAC
{FU S -GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC 'CTGTGAGCACAC GCTCAAGAATAAGCAGACC! GGATGAAAAACACAAAACCAC!
FUS 3 ~GACCATATTGACGCCAGG ~AGACCGGAGTGGTTCTCTGC CTGTGAGCAC., 'GCTCTAG GAAGCAGACC 'GGATGAAAAACACAAAACCAC
A% 9 -GACCATATTGACGCCAGGG AGACCGG. 'GGTTCTCTGC! CTGTGAGCACAC 'GCTCTAGAAGAAGCAGACC GGATG CACAAAACCAC!
8539 EACCATATTGACGCCAGGR AGACCGGAGTGOTTCTCTGE FCTGTGAGCACAGTTTGOTCAAGAATAAGCAGACCTTTGOATG CAC ACCAC
A -GACC. TTGACGCCAGGGAA~AGACCGGAGTGGTTCTCTGC CTGTGAGCACAG 'GCTCAAGAAT GCAGACC 'GGATG CAC. ACCAC
U -GACC. 'TGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC! ICTGTGAGCACAG 'GCTCAAGAAT GCAGACC! GGATG CACAAAACCAC-
A 7 ~GACCATATTGACGCCAGGGAA~-AGACCGGAGTGGTTCTCTGC CTGTGAGCACAC 'GCTCAAGAAT GCAGAC( GGATGAAAAACACAAAACCAC-
U 1 ~GACC. I'TGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC! ICTGTGAGCACAGTCTGCTCAAGAAT GCAGACC' GGATGA CACAAAACCAC-
FUS2414 ~GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC! CTGTGAGCACAGTTTGCTCAAGAATAAGCAGACC GGATGA CACAAAACCACT
FUS2417 -GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC CTGTGAGCACAGTCTGCTCAAGAA GCAGACC GGATGA CACAAAACCACT
FUS242 ~GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC CTGTGAGCACAGTCTGCTCAAGAATAAGCAGACC 'GGATGA CACAAAACCACT
FUS242 ~GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC! CTGCGAGCACAGTTTGCTCTAGAA GCAGACC! 'GGATGA. CACAAAACCACT
FU54798 ~-GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC! CTGTGAGCACAGTTTGCTCAAGAATAAGCAGACC GGTTGACAAACAC, CCACT
FVCG -GACCATATTGACGCCAGGGAA-AGACCGGAGTGGTTCTCTGC! L( L‘,f(i(r(((‘((" (‘"T"‘g()? ()JAAC AATA. ()‘()‘ ()‘ ()‘()_)) (),()_;)\’()jl()‘k CACAAAACCACT 0

FIGURE 7. CLUSTAL W alignment of all Flavivirus sequences used in this contribution. Predicted secondary structures are displayed in
dot-bracket notation: ~ denotes nonpredicted parts; . denotes predicted unpaired positions; () matching parentheses denote base pairs; [ ]
matching brackets are used to indicate base pairs that are corroborated by compensatory mutations.



790

ment is flexible; a good example is the RRE region of HIV,
which forms a characteristic five-fingered motif, whereas the
primary binding site itself forms a very ill-defined small
substructure (see Huynen et al., 1996a).

Huynen and co-workers (1997) recently proposed an en-
tropy measure with similar properties that is also based on
the base pairing probabilities and has a somewhat higher
sensitivity. A related notion is the “well-determinedness”
introduced by Zuker and Jacobson (1995) that is based on
the energy differences between the minimum free energy
structure and suboptimal folds. We prefer to use a measure
explicitly based on the individual base pairing probabilities,
such as d(k), because it allows for a much more detailed
quantitative interpretation.

Structural alignment and consensus
mountains

Even a high sequence homology of more than 90% does not
necessarily imply structural similarity. A statistical survey
(Fontana et al., 1993) shows that a small number of muta-
tions is sufficient to completely alter the secondary structure
and at 10% sequence difference, the overwhelming majority
of sequences will fold into structures that have at most vague
similarities. A similar study using the partition function al-
gorithm leads to the same qualitative results (Bonhoeffer
et al., 1993). Conservation of (secondary) structure among
related sequences should therefore be seen as a consequence
of the functional importance of the structure rather than as a
consequence of sequence homology.

Comparing structures by comparing their mountain rep-
resentations was shown to be a very useful technique (Kon-
ings & Hogeweg, 1989). Because the generalized mountain
represention m(k) defined in Equation 1 is no longer a one-
to-one display of one particular structure, it makes sense to
compute the average mountain of all structures in a partic-
ular group of sequences. This average mountain is always
based on a multiple sequence alignment in order to accomo-
date insertions and deletions. In order to identify flexible
parts of a consensus mountain, we shall use the average
well-definedness.

The quality of a consensus mountain can be assessed at
each position by comparing the slopes gq(k) = m(k) — m(k — 1)
of the different sequences. The slope of the mountain at the
position k describes the preferred behavior of nucleotide k. If
g(k) = +1 or q(k) = —1, then position k is paired upstream or
downstream in all structures, respectively, whereas g(k) = 0
indicates a base that is either unpaired or paired in both
directions with equal probability. The variance of q(k) then
determines the conservedness of a structural element across
a sample of sequences.

Conservedness and well-definedness are independent con-
cepts. We have seen that there are indeed well-conserved
structural features that are not well-defined at all. The com-
parative approach presented in this contribution can there-
fore be used to identify regions that are potentially important
in functional terms without being exceptionally stable or
well-defined. Our approach thus goes beyond previous at-
tempts to computationally find functional regions in RNA
molecules.
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