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A genetic algorithm-based RNA secondary structure
prediction was combined with comparative
sequence analysis to construct models of folding for
the distal 380 nucleotides of the 3’-untranslated
region (3’-UTR) of yellow fever virus (YFV). Anumber
of structural elements that are thermodynamically
stable, conserved in shape, and confirmed by com-
pensatory mutations were revealed. At the same
time structural polymorphisms were observed
among strains of YFV. These polymorphisms showed
an association with virulence: all wild and patho-
genic strains were likely to be folded in a signifi-

cantly different way from vaccine strains with
reduced virulence. Structural divergence was also
found among vaccine strains, with 17DD, the most
virulent in the mouse model, exhibiting an inter-
mediate pattern of folding, combining structural
features of both wild and vaccine strains. The
observation of a strong association between sec-
ondary structure of the 3’-UTR and virulence of YFV
may help elucidate the molecular mechanisms of
virus attenuation and lead to new strategies of
vaccine development directed towards rational
modification of secondary structure of the 3’-UTR.

Introduction

Yellow fever virus (YFV) is one of the mosquito-borne
representatives of the genus Flavivirus (Rice, 1996) and was the
first human virus from this group to be isolated. The virus is
both viscerotropic and neurotropic and is a major public health
problem, causing epidemic and endemic disease in equatorial
Africa and South America.

The genetic organization of YFV is typical of flaviviruses:
the single-stranded genomic RNA of approximately 11 kb is
the only viral messenger RNA and encodes a single open
reading frame from which a large protein precursor is
translated. Subsequent proteolytic cleavage of this precursor
gives rise to ten mature viral proteins. Flanking the coding
region are the 5" and 3" untranslated regions (5’- and 3’-UTR),
usually of 118 and 565 bases in length, respectively. These
regions are believed to play a crucial role in the regulation of
virus translation, replication and assembly. Though the precise
mechanisms of this regulation are not well understood, some
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conserved elements of RNA primary and potential secondary
structure have been observed. For example, computer-
predicted folding patterns and RNase cleavage experiments
demonstrated that the marginal 3’-terminal nucleotides of all
flaviviruses form a long stable hairpin structure (3’-LSH), which
preserves its shape despite significant differences in sequence
(Grange ef al., 1985; Brinton ef al.,, 1986; Hahn ef al., 19874;
Mohan & Padmanabhan, 1991; Mandl ef al., 1993), suggesting
that this structural element is functionally important. Fur-
thermore, a specific interaction between the 3’-LSH of some
flaviviruses and certain host cellular proteins that are thought
to be the components of the virus replicase complex has
recently been revealed (Blackwell & Brinton, 1995). Although
other conserved RNA sequence motifs have been found within
the 3’-UTR of YFV (Hahn et al., 1987 a), little is known about
its secondary structure upstream of the 3’-LSH.

Given the importance of YFV as an infectious agent, live-
attenuated vaccines have been developed from two distinct
wild-type origins: French viscerotropic virus (YE-FVV) and
YF-Asibi strain. Studies involving the intranasal inoculation of
mice have demonstrated that different wild and vaccine strains
of YFV display different virulence (Barrett & Gould, 1986),
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although the molecular basis of this variation and of virus
attenuation is still poorly understood. Comparisons of wild
strains of YFV with the vaccine variants derived from them
have paid particular attention to protein-coding regions of the
YFV genome and as a result have identified substitutions
located mainly within the envelope (Hahn ef al., 1987 b; Barrett
et al., 1990; Jennings ef al., 1994), membrane and non-structural
4B (NS4B) (Wang et al., 1995) genes as being the possible cause
of attenuation and differences in virulence. The possible role of
the untranslated regions of YFV, especially the 3’-UTR, in
influencing virulence and attenuation was not considered,
although this role has been demonstrated and discussed for the
3’-UTR of other flaviviruses (Men ef al., 1996; Wallner et al.,
1996, Khromykh & Westaway, 1997).

In the present study, we have built secondary structure
models for the last 380 nucleotides of the 3’-UTR of various
strains of YFV which have revealed anumber of well-conserved
structural elements upstream of the 3’-LSH. Some of these
elements contain covariant substitutions among different
strains, which further implies that they are of functional
importance. We also found regions of structural divergence
among different strains of YFV which were associated with
viral pathogenicity.

Methods

Hl YFV 3’-UTR nucleotide sequences. A total of 21 complete or
partial sequences of the 3’-UTR of YFV, varying in length from 380 to
386 nt, were used in this analysis; 14 sequences were classified as wild
strains and 7 as vaccine strains. The names of the sequences used and their
GenBank accession numbers are given in Table 1.

Alignment of the sequences was done with the ClustalW program
(Thompson et al, 1994) and subsequently adjusted manually. The
alignment is available from the authors upon request. Since only the last
380 3’ nucleotides of all sequences exhibited relatively high similarity,
this region alone was used for construction of models of secondary
structure.

Bl YFV 3’-UTR secondary structure prediction. Prediction of the
possible folding of the 3" part of the 3’-UTR of YFV was done with the
STAR program (Gultyaev et al., 1995 ; van Batenburg et al., 1995) and, in
particular, the genetic algorithm (GA) available in this package. Unlike
the most widely used algorithms for RNA secondary structure prediction,
which are based on a search for the minimal free energy state (Zuker,
1989), the GA simulates the natural folding pathway which takes place
during RNA synthesis. This not only enables new stems to be added to
the growing RNA chain, but also allows structures to be removed at later
stages of the simulation if other pairings are found to be more favourable.
The GA also allows the prediction of certain tertiary interactions,
including RNA pseudoknots.

Secondary structure prediction was done individually for each
sequence in the data set. Results of this folding analysis were than
compared manually and by means of a programming module,
‘CovarSearch’ (available from the authors upon request), which we have
developed to reveal possible covariant (compensatory) mutations. This
program uses an alignment file as input data and outputs a list of
covariant positions within the alignment, accepting both canonical and
non-canonical (G-U) pairings. Substitutions are considered to be
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Table 1. Names and GenBank accession numbers of the
YFV strains used in this analysis

Name GenBank acc. no.
Wild strains

Uga438 U52423
Trinidad79 U52420
Trinidad54 U52417
Senegal65 U52414
Perud1 U52411
Peru95(153) U52407
Peru95(149) U52405
Nigeria46 U52401
Ecuador79 U52399
Car77(900) U52396
Car77(883) U52393
Brazil35 U52390
French viscerotropic strain U21056
YF-Asibi strain® -
Vaccine strains

17D X03700
17D K02749
17D-204 X15062
17D.204 X02807
17D-213 u17067
17DD U17066
French neurotropic strain U21055

* Sequence not available in GenBank. Refer to Hahn ef al. (1987).

indicative of covariation if they occur in both strands of the possible helix
(G—C to G—U substitutions were not counted as covariant).

Results

The computer simulation of RNA folding and the com-
parative analysis of predicted structures allowed us to construct
models of the secondary structure for the 380 terminal
nucleotides of the 3"-UTR of YFV. These models revealed a
number of elements common to all strains of YFV. In Figs 1, 2
and 3 these conserved elements are shown in bold. Some, like
hairpins 1 and 9, are invariant in both the stem and loop
regions, while structures 6 and 7 completely preserve their
stem parts. Hairpins numbered 2, 3, 4 and 5 preserve their
overall shape in all available sequences and retain the
characteristic compensatory mutations (covariant base pairs
are underlined). This conservation can be interpreted as the
result of selection at the level of secondary structure and
suggests that these structural elements may have functional
importance. Stem number 8 shows some variation between
strains but none which disrupts the stem itself and together
with hairpin 9 forms the structure corresponding to the 3’-LSH
which is typical of all flaviviruses (Grange ef al., 1985 ; Brinton
etal., 1986; Hahn et al., 1987 a; Mohan & Padmanabhan, 1991;
Mandl et al.,, 1993). Although only the distal 380 nucleotides of
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I ITI IIT
CTG AAGA T
G T T ACTCGT T
A G A ey 9
A A AG TGAGCA A
T*G c-G C
C-G A-T
2 G-C G-C
I-A A-T
C-G c-G
A-T ¢ Cc-G
T 11 C-G T CC 8 T-a
G d@BIICTGC C c c T*G
T Frierrrr A T A T-A
A CCCAAGACC-G A C G-C
c C-G G-C G-C
CcCG G-C 4 A-T TT A-T
A G A-Tg G-C G A TC
A A 10 c-GG T-a G G G-C
G-C T-A Cc-G AAA A A 13 A-T
A-T G-C T-2 c c G G @
1 G-C T-A T*G c G-cc A A G A-T
G-C T*G T TAAAA Pl G-C Cc T-A A-T
T-A G-C TTC-G A-T G C-G 7 AR 12 AC 14
GGA C G-C (d c-G G-TC-GT T-A 3'-TCACC AACAC GTCTCTT-GGTG
c A A GC A-T c c-G 6 G-C FEEEE T PEE*rrr e A
A C G G-C C A-T G-C AGTGG TTGACGCCAGGGAA CCGG
T A A 3 G-C T 5 C-G G-C T G A A A
C T A T-A C C-G G*T A AT G
A T A T-A C A-T C C G c A
A A A G A G T-A A C A C
AAAT -5 AAAT C T c-G G A IC
-G A AAA GGGAA

Fig. 1. Proposed secondary structure of the 3’-UTR for wild sequences of YFV. The sequence used for construction of the
secondary structure model is from strain Trinidad79, although very similar structures are found in all wild strains. The conserved
structures, present in both wild and vaccine strains, are shown in bold and the three distinct structural regions (labelled 1 to lll)
are delineated by boxes. Covariant nucleotides are underlined and the variable sites which lead to changes in folding pattern
are circled. The nucleotides are numbered from the 3’ terminus.

I IT ITT
G TCC RAGA T
G A c c T ACTCGT T
G:C c A A I 69
T-A A c AG TGAGCA A
c-G G-C c-G c
11'G-C G-C A-T
G-C 4 G-C G-C
ca G T-A A-T
c c-e A c-G AR TT 8 C-G
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A A A G T-A T T TA A A A T*G
G-C G*T T 2 G-C c-G c G [e] AC T-A
A-T A-T c-G c-G G-cC A A ¢ A A G-C
1 G-C 10'C-G T-A T*G A-T G-C c T-A A C G-C
G-c A-T P2 T-A A G-C Pl A-T G c-G 7 A A 12 A-T 14 T
T-A G-C T*G G 3 G-C G-TC-GT T-A 3r-tcacc  ANORGT  CCTTTTC-GTCTC T
GA C A A G=C T T-A c c-G 6 G-C [RRRN (AR [l I O O B B N B €
G Al G G ®r e T-A C AT G-C AGTGG  TTGACGCCAGGGARAG CGGAG G
c c|rT c G G A T 5 C-G G-C T G A rC T
A alT c c c T c c-¢ G*T A AT
T c A G A C A-T c c A cAa
c A o G T-A a c |a c
A G A c-G G A |cC
AARAT..|-5" aaccce ARR GGGRA

Fig. 2. Proposed secondary structure of the 3’-UTR for vaccine sequences of YFV. The sequence used for construction of the
secondary structure model is from strain 17D.204. This folding pattern is characteristic of all vaccine strains except 17DD (see
Fig. 3). Regions and nucleotides of importance are denoted as in Fig. 1.
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I II III
CTG
G T
A G
A A
T*G
c-G
2 G-C
I-A
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A-T G-C T-A A C G G A C T*G
1 G-C T-A T*g A G-CC A A G A A T-A
G-C T*G T TAA G-C T-A A C G-C
T-A G-c [rTC-G A-T c-G 7 A A 12 G-C 14 T
GGA C G-¢c ¢ c-e Pl G-TC-GT T-A 3'-TCACC  ANCAGTA TCCTTTTC-GTCTC T
C A A GC A-T c Cc-G 6 G-C [NERN [RE [RE AR N A N e
A C G G-C C A-T G-C AGTGG TTGACGCCAGGGARAG CGGAG G
T A A B G-C T 5 C-G G-C T G A AC T
c T A T-2 c c-6 G*T A AT
A T A T-A C A-T c c A caAa
A A A G A G T-A A C A o
AAAT...-5" AAAT c T c-¢ G A C
G A AAA GGGAA

Fig. 3. Proposed model of secondary structure of the 3’-UTR for the 17DD vaccine strain. The model combines the ‘vaccine-
type’ folding of region Ill with the ‘wild-type’ folding of region I (see Fig. 1). Regions and nucleotides of importance are

denoted as in Fig. 1.

the 3’-UTR were used for construction of the final models of
secondary structure, we also did structure prediction for longer
sequences of the complete 3’-UTR. This prediction showed
that the secondary structure pattern of the distal part of the 3’-
UTR was not affected by inclusion of the upstream region. This
observation is consistent with the idea that the distal
nucleotides may represent a functional ‘core-element’ of the
flaviviral 3’-UTR (Wallner ef al., 1995).

In terms of structure, three distinct regions can be defined
within the part of the YFV 3’-UTR we have considered (Figs 1
to 3). Among them region II demonstrates the highest
conservation and contains structural elements likely to be
formed in all sequences. In contrast, regions I and III were
found to have significant differences in possible folding
between strains, such that sequences could be placed into three
different groups each with characteristic structural features
(Figs 1 to 3).

Of most significance was that the structural groupings
observed in regions I and III were in complete concordance
with how the viral strains are ranked according to their
virulence. For all wild (pathogenic) strains region III is most
likely to be folded in the way shown in Fig. 1. The long stable
structure composed of stems 8, 9 and 13 is peculiar to this
‘wild-type’ folding. In contrast, all vaccine strains have a point
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mutation, substituting an A to a C nucleotide within stem 13
(this nucleotide is circled in Figs 1 to 3). As a result of this
mutation, another folding pattern becomes energetically more
favourable (Figs 2 and 3): stem 13 is disrupted, which reduces
the length of the long hairpin, and the mutated C nucleotide
participates in a new stem (numbered 12). Calculations show
that the vaccine strains are unlikely to take on the “wild-type’
conformation of the secondary structure. In particular, the
minimal free energy of folding of region III for the vaccine
strain 17D-204 is — 136 kJ/mol, which is 184 kJ/mol lower
than the minimum possible energy of the ‘wild-type’ folding
of the same sequence (—117:6 kJ/mol). This difference in
stability is sufficient to favour the ‘vaccine-type’ folding.
Furthermore, formation of the ‘wild-type’ structure by the
vaccine strains is also kinetically unfeasible since the longer
‘wild-type’ stem of the 3’-LSH can only be formed at the later
stage of RNA synthesis which means that the energetically
more stable ‘vaccine-type’ structure formed earlier must be
disrupted.

Region I also shows structural discrepancy between the
wild and vaccine strains. For all wild strains this region consists
of the rooting stem 10, of different lengths for various strains
(not shown), and two branching hairpins (Fig. 1). One of these,
hairpin 2, is conserved for all strains of YFV and bears the



stamp of selection pressure: one covariant substitution. The
second branching hairpin, numbered 11, is also likely to be
functionally important because there are three covariations
within its stem (covariant nucleotides underlined). In contrast,
all vaccine strains have a G to A point mutation (circled) within
this stem. Furthermore, in all vaccine strains with the exception
of 17DD, this mutation does not have a compensatory
counterpart on the opposite side of the stem (although two
wild strains also have the G to A substitution they have a
compensatory C to U change which means they retain the
wild-type folding). As a result, the folding in the vaccine strains
occurs in such a way that the stems 10 and 11 are disrupted and
two new structures, 10" and 11’, are formed (Fig. 2). Hairpin 2
remains untouched, but instead of being exposed on the top of
a ‘wild-type’ structure is hidden within the strong pseudoknot,
P2. The 17DD vaccine strain, on the other hand, has the
compensatory C to U mutation along with the G to A change
and consequently preserves the ‘wild-type’ folding pattern of
region I. Therefore, 17DD exhibits a mixed pattern of folding,
where region Il is folded in the ‘vaccine-type’ way and region
I in the ‘wild-type’ manner (Fig. 3). Interestingly, 17DD was
shown to be the most neurovirulent of the vaccine strains in a
mouse model (Barrett & Gould, 1986) implying that an
‘intermediate’ pattern of folding may be in some way
associated with an intermediate level of virulence.

Discussion

In this study we used a genetic algorithm-based RNA
secondary structure prediction, combined with comparative
sequence analysis, to determine the potential folding of the
distal 380 nucleotides of the 3’-UTR of YFV. The very 3’
terminus of this region was folded in the way typical of all
flaviviruses, forming the 3’-LSH structure. A number of
structural elements have been revealed upstream of the 3’-LSH.
The conservation of these structures among different strains of
YFV, along with the presence of compensatory mutations,
implies that they are functionally important and formed in vivo.

Two regions of the 3’-UTR were likely to be folded in
alternative ways for different strains. In one (region III on Figs
1 and 2), a point mutation in the distal part of the 3’-UTR was
found to characterize vaccine strains so that their 3’-LSH,
although preserving the general shape, had a much shorter
stem than that found in the wild strains. Another region
(region I on Figs 1 and 2), which also appears to show
structural divergence between all wild and the majority of
vaccine strains, has not been described previously. Normally,
for the wild strains, this region is formed by two stable and
conserved structures, with four compensatory mutations
within the region hinting at its functional importance. A further
computer prediction indicates that the corresponding part of
the 3"-UTR of other flaviviruses is likely to be folded in a
similar way (Proutski et al., 1997). Most vaccine strains of YFV
have a point mutation which completely changes the structural

Secondary structure of the 3’-UTR of YFV

pattern of this region. 17DD is the only vaccine strain which
demonstrates the ‘vaccine-type’ folding of region III but
preserves the ‘wild-type’ folding of region I (Fig. 3). This strain
was found to have higher virulence for mice than the other
vaccine strains (Barrett & Gould, 1986). Thus, we observe a
strong association between the pathogenicity of various strains
of YFV and the structural features of the 3’-UTR of these
strains. This is particularly compelling since the vaccine strains
were independently derived from two different parental wild
YFV strains, Asibi strain and French viscerotropic strain.
Nevertheless, all vaccine strains share common nucleotide
substitutions within the 3’-UTR that lead to similar confor-
mational changes within this region.

There is some experimental evidence for functional activity
of the 3’-LSH of flaviviruses, including a specific interaction
with cellular proteins. This interaction may be involved in
regulation of the rate of viral RNA transcription initiation
and/or may play a regulatory role during viral RNA synthesis
(Blackwell & Brinton, 1995). Although these functions may be
realized by both conserved primary sequence motifs and
secondary structure, the fact that the shape of the 3’-LSH is
conserved whilst the nucleotide sequences of the stems are not
suggests that it is the secondary structure which is under
functional constraint. It is possible that the shortened variant of
the 3’-LSH which we observe in all vaccine strains of YFV is
not capable of functioning in the same way as the respective
structure of the wild strains. This idea is supported by
experiments on RNA—protein interactions in the 3’-LSH of
West Nile encephalitis virus and dengue virus type 3 where
RNA-—protein binding was sensitive to the length of the 3’-
LSH (Blackwell & Brinton, 1995).

There is no direct evidence for the function of the second
dimorphic region (region I). However, the virulence—structure
association that we observe and especially the discovery that
the ‘wild-type’ folding of this region, even in combination
with the ‘vaccine-type’ of region III, was found in viruses with
relatively high virulence, strongly suggests that this region
and its structural organization is somehow important in the
development of virus pathogenicity.

There is one more interesting implication of the structural
polymorphism we have found for the 3’-UTR of YFV. In the
literature there are data which suggest that not all virions in a
population possess the same level or type of virulence (Barrett
& Gould, 1986; Liprandi, 1981; Liprandi & Walder, 1983).
Usually, this is explained by the fact that RNA viruses consist
of a heterogeneous and continually evolving population of
virions, the ‘quasispecies’, so that individual virions which
differ in sequence may also differ in virulence. However, if the
virulence of YFV is associated with certain structural variants
of the 3’-UTR, and the energetic difference between these
structures is relatively small, then it is possible that genetically
identical virions may take on alternative structures which can
co-exist in a population, perhaps with different phenotypic
properties such as virulence. For example, the 3’-UTR of wild
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strains of YFV can be folded in the ‘vaccine’ way with little
difference in energy: the free energy of the ‘wild type’ folding
of region III for the Trinidad79 strain is — 142 kJ/mol, while
the ‘vaccine type’ folding of the same sequence will result in a
free energy of —127-3 kJ/mol. Although the energetic am-
plitude between these two states (14-7 kJ /mol) is sufficient to
favour one pattern of folding over another, it is small enough
that in different conditions, such as those caused by changes in
ion concentration or interactions with proteins, the structural
equilibrium (i.e. the proportion of structures) can be shifted in
one direction or another.

Finally, the possibility of alternative yet energetically
similar patterns of folding for the 3" terminus of the virulent
YFV strains raises the question of whether there is some kind
of trigger mechanism which can favour one type of folding
over another and so alter the function of this region. This
hypothesis is supported by the observation that the distal part
of the 3"-UTR of other flaviviruses can also take on alternative
folding patterns which are close in terms of energetic stability
(Proutski ef al., 1997). In contrast, the point mutation in region
III of the vaccine strains of YFV strongly favours the ‘vaccine-
type’ folding of this region and, possibly, impedes this
switching ability.

In conclusion, we have found an association between the
predicted folding structure of the 3’-UTR and the virulence of
YFV, an observation that needs to be examined experimentally.
Our conclusions concerning the role of the 3’-UTR do not
diminish the significance of substitutions within the coding
region of the YFV genome reported by other groups (Hahn ef
al., 1987 b; Barrett ef al.,, 1990; Jennings ef al., 1994 ; dos Santos
et al, 1995; Wang et al, 1995) as it is likely that the virulence
or avirulence of YFV is the result of the cohesive activity of
many factors. However, the association we observe between
the folding structure of the 3’-UTR and virulence may
potentially lead to a new strategy for vaccine development
aimed at the non-coding regions of YFV, and particularly the
3’-UTR. Indeed, the rational modification of structural elements
of the 3’-UTR may result in the development of a strain of YFV
with high immunogenicity (since the coding regions, and
hence the viral proteins, remain untouched) and reduced
virulence, which would be an ideal candidate for vaccines.
Considering the common structural features shared by the
flaviviruses, it is possible that this approach may be of use in
the development of vaccines against other viruses of this
family.

This work was supported by The Wellcome Trust and The Royal
Society.
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