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SUMMARY

A 50-nucleotide (nt) untranslated region (coding gap sequence) that interrupts the amino acid coding sequence in T4
gene 60, plus an additional 5 nt upstream and another 3 nt downstream from the gap sequence, shows unusual folding
patterns according to RNA structure prediction. A predicted highly stable and significant hairpin structure in the 5’
half of the gap sequence and a plausible tertiary structural element computed in the 3’ part of the gap sequence seem
significant by statistical tests on the wild-type (wt) sequence. This feature is absent in insertion, deletion and substitution
variants of the gap sequence, in which template activities are markedly lower than that of the wt. The proposed feature
is consistent with currently available data showing that the translational bypass of the coding gap is correlated with a
stop codon involved in a stem-loop structure folded in the gap sequence. We suggest that the role of this segment in

‘ribosomal bypass’ of a portion of the mRNA sequence is a property of its special folded structure.

INTRODUCTION

It has been reported by Huang et al. (1988) that a 50-
nt gap sequence interrupting aa coding region occurs
within the coding sequence of bacteriophage T4 DNA
topoisomerase-encoding gene 60. Weiss et al. {1990} pro-
posed a mechanism of translational bypass by ribosomal
jumping across this segment during the translation of the
18-kDa subunit of bacteriophage T4 DNA topoisomer-
ase. Efficient bypass of the untranslated segment requires
the nascent peptide and a stop codon involved in a stem-
loop structure.

Correspondence to: Dr. S.-Y. Le, Laboratory of Mathematical Biol.,
DCBDC, NCI, NIH, Bldg. 469, Rm. 151, Frederick, MD 21702, USA.
Tel. (301)846-5576; Fax (301)846-5598; e-mail: shuyun@ferivl.
nciferfnci.gov

Abbreviations: aa, amino acid(s); bp, base pair(s); nt, nucleotide(s); SD,
standard deviation; Sigscr, significance score; Stbscr, stability score; wt,
wild type.

We know that intrinsic RNA components can be in-
volved in the mediation of replication (Esteban et al,
1989), transcription (Landick et al., 1990; Feng and Hol-
land, 1988; Malim et al.,, 1989a; Muesing et al, 1987),
translation (Edery et al, 1989; Kozak, 1986; Starzyk,
1987) and ribosomal frameshifting (Brierley et al.,, 1989;
Jacks et al.,, 1988; Moore et al.,, 1987). All of these func-
tions require different RNA structures. It has been sug-
gested that the role of these special regions involves RNA
folding. At present, only a few X-ray crystal structures of
small tRNA molecules are known at high resolution (Kim
et al,, 1974; Sussman et al, 1978; Westhof et al., 1985).
Although much of the available structural information
for large RNA molecules is crude (e.g., electron micro-
graph, cleavage by various enzymes at helical or single-
stranded regions, and mutational studies), these data sup-
port the existence of folded structures and provide con-
straints for the determination of specific secondary or
tertiary structures. Methods for precise prediction of
RNA 3-dimensional structures by RNA folding are not
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yet available. In this work we show that it is practical to
find correlations between predicted thermodynamic sta-
bility of RNA folding and RNA function without know-
ledge of the precise molecular structures involved.

Methods for efficiently identifying distinct folding pat-
terns of RNA secondary structure and/or tertiary struc-
ture that are significantly more stable than expected by
chance have been developed (Chen et al., 1992; Le et al.,
1990a,b). Several successful applications of the methods
in viral systems show that the predicted, unusual folding
patterns correlate with RNA functional elements of
human immunodeficiency virus (Fenrick et al., 1989;
Malim et al., 1989a,b). Theoretical analyses of significant
folding patterns have helped experimental designs for the
identification of biological functional elements in viral
RNAs (Tiley et al., 1990).

The aim of present study was to determine the distribu-
tion of stable RNA folding regions in the mRNA sequence
of bacteriophage T4 DNA topoisomerase gene 60. The
thermodynamic stability and statistical significance of
RNA folds in the sequence were assessed using indepen-
dent random models and extensive Monte Carlo simula-
tions. Our results indicate that both the most stable and
the most significant segment in the sequence coincides
with the untranslated gap sequence within the aa coding
region of T4 gene 60. We attempted to analyse possible
higher order structures formed in the distinct unusual
folding region by our new method (Chen et al., 1992) and
to detect significant tertiary interactions. These structural
features are not predicted for insertion, deletion, and sub-
stitution variants of the gap sequence described in Weiss
et al. (1990). Thus, correlation of predicted structure with
functionality implies an important role for RNA highly
order structure in efficient ribosomal bypass of the
mRNA sequence.

RESULTS AND DISCUSSION

(a) Unusual folding patterns in bacteriophage T4 DNA
topoisomerase-encoding gene 60

Using the basic premise that some functional regions
of RNAs involve a distinct folding or an extensive RNA
structure, we set out to find those folding patterns that
are unlikely to occur by chance and are highly stable
relative to other possible folding segments in the se-
quence. Figs. 1 a to ¢ show the distributions of thermo-
dynamic stability (Stbscr) and statistical significance
(Sigscr) of local RNA folding in bacteriophage T4 DNA
topoisomerase gene 60. Calculations were done by choos-
ing successive 50, 70, 100 and 150 nt ‘windows’ along the
mRNA transcript from the 5’ to 3’ direction (the profile
of window 100 nt is not depicted in Fig. 1). Fig. la
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Fig. 1. Distributions of significance and stability scores in the bacterio-
phage T4 gene 60 sequence. (a) Profile for window length of 50 nt. (b)
Window size is 70 nt and (c) window size is 150 nt. The map was
obtained by plotting the Sigscr (continuous curve) and Stbscr (broken
curve) of each segment against the position of the middle nt in the
segment along the sequence. The Sigscr was calculated by dividing the
difference between the actual and mean random stabilities by the SD
of the random stabilities (Le and Maizel, 1989). The Stbscr was calcu-
lated by dividing the difference between the stability of the specific
segment and the mean stability of all overlapping segments by the SD
of the stabilities of the overlapping segments (Le et al., 1990a). The
stability of RNA folding was computed using the Tinoco energy rules
(Cech et al., 1983).

(window: 50 nt) presents two unusual folding domains,
domain A (nt 514 to 565) and B (nt 901 to 956) in which
Sigscr is less than —3.1 and Stbscr is less than —2.0.
Among them, domain A is the only distinct folding region
detected in other profiles of window lengths of 70, 100
and 150 nt. Domain A extends 162 nt from nt 451 to 612
in the sequence (Table I).

In addition to both highly significant and stable folding
domains, two potentially significant folding patterns (nt
160 to 211 and 889 to 997) were also observed (Table I).
The two folding patterns were more stable than random
ones, but were not more stable than other segments in
the sequence. Three potentially ‘open’ regions that were
significantly less stable than shuffled sequences and less
stable relative to other folding segments in the T4 gene
60 were identified at positions from 355 to 428, 695 to
746 and 790 to 845 (Table II). These significant non-
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TABLE I

Significant runs of unusual folding pattern detected in bacteriophage T4 gene 60

Window? Fraction Length Region Mean Mean Mean energy
of unusual of in the of of of each nt*
patterns run® sequence Sigser? Stbscr? (kcal/mol)

(nt) in sequence® (nt)

50 0.019 3 160-211 —-337 -1.93 —0.29
50 0.019 3 514-565 —3.38 —242 -0.32
50 0.019 7 901-956 ~344 —241 —0.32
70 0.025 18 502-588 —3.61 —2.52 —0.33

100 0.040 7 156-261 —3.54 —1.67 —0.28

100 0.040 16 495-609 —3.57 —2.89 —0.34

100 0.040 4 512-614 —3.34 —195 -0.29

100 0.040 10 889-997 —3.47 —0.54 —0.23

150 0.014 13 451-612 —3.80 —3.13 —033

® Segment length used in the Monto Carlo simulation.

® The fraction of the unusual pattern in the sequence was calculated by dividing the numbers of the significant folding segment identified by the total
number of overlapping segments generated as window slides along the sequence from 5’ to 3'. The unusual pattern was selected if the Sigscr of the
segment is less than —3.1.

¢ The minimum lengths for a run of the unusual folding pattern which gives significance at the 0.01 level are 3, 3, 4 and 3 for window lengths of 50,
70, 100 and 150 nt, respectively. They were calculated using the analytical formula (Karlin et al., 1990): In(1-0.01)/(f-1)/In(f)-In(N)/In(f), where  is the
fraction of the unusual folding pattern detected in the sequence.

4 The means of Sigscr and Stbscr were calculated by averaging the significance scores and stability scores of the overlapping segments in the region.
° The mean energy of each nt was computed by dividing the averaged energy of the overlapping segment in the region by the segment length. In the

calculation, the Tinoco energy rules (Cech et al., 1983) were used.

TABLE II

Significant runs of open regions with little intramolecular base pairings in bacteriophage T4 Gene 60°

Window Fraction Length Region Mean Mean Mean energy
of unusual of in the of of of each nt
patterns run® sequence Sigscr Stbscr (kcal/mol)

(nt) in sequence® (nt)

50 0.013 3 695-746 1.62 1.48 —0.048

50 0.013 7 790-845 1.67 1.66 —0.035

70 0.010 5 355-428 1.31 2.14 —0.054

* See footnotes a—e in Table 1.

® The unusual open pattern with little intramolecular base pairing was selected if the Sigscr of the folding region is greater than 1.5 and folding
energy greater than —2.5 kcal/mol for window size of 50 nt, and Sigscr greater than 1.0 and energy greater than — 5.0 kcal/mol for windows of 70 nt,

respectively.

¢ For a run of the open pattern, the minimum lengths which give significance at the 0.01 level is 3 for window lengths of 50, and 70.

bonded or weakly bonded segments are suspected to be
vulnerable to single-stranded specific enzymes or resistant
to double-stranded activities.

The exact location of the most distinct folding pattern
in domain A was found using extensive simulations in
the region from nt 300 to 900. In the simulation, the
window length varied from 40 nt to 300 nt using 2 nt
increments. The results were summarized in Fig. 2. The
highlighted folding pattern in domain A that was both
the most significant and the most stable relative to other
possible foldings occurred at nt 515 to 572 (Sigscr —5.19,
Stbscr —3.64) using a window of 58 nt. This unusual
folding segment includes all of the 50 nt gap sequence
and an additional 5 nt upstream and 3 nt downstream

from the gap sequence. Further studies indicate that the
unusual folding segment is also the most stable and the
most significant in the entire sequence for segment lengths
of 40 to 300 nt.

The same procedure was applied to variants of the gap
sequence that allowed gap bypass in a low level (from
2.8% to 39% relative to wt sequence) (Weiss et al., 1990).
For the three substitution mutant sequences of BA9-2,
BA9-3 and BA9-4, the most significant folding regions
identified were not located at the gap sequence, though
the most stable folding regions were detected in the gap
sequence (see Fig. 3). The results indicate that the high
structural stability of these three substituted variants of
the gap sequence survived, but they are not the most
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Fig. 2. Unusual RNA folding regions in the bacteriophage T4 gene 60
sequence. (a) Distributions of minimal Sigscr (continuous curve) and
minimal Stbscr (broken curve) in the domain (nt 300 to 900) of T4 gene
60 sequence under different window sizes. The calculation was carried
out repeatedly by increasing two nt to the window from 40 to 300 nt.
For each window size, the calculation was carried out by sliding one
nt along the sequence and the minimum scores were then plotted against
the window size. The global minima of significance and stability scores
were detected at window length of 58 nt. (b) Distributions of the Sigscr
(continuous curve) and Stbscr (broken curve) in the T4 gene 60. The
map of both two scores was plotted against the position of the first nt
of each segment along the sequence. In the calculation the window size
was taken as 58 nt. The sequence positions of global minima of two
curves are at the same position of 515, ie., the highlighted unusual
folding segment is located from position 515 to 572. A region that is
both highly stable and significant (having lower Stbscr and Sigscr) is
referred to as an unusual folding region and is assumed to have a
significant folded form, implying a structural role for the sequence infor-
mation (Le et al.,, 1990a,b).

significant folding region in the entire sequence. Similar
results were also obtained on the insertion (X46a) and
deletion (XA1 and XA3) of mutant sequences in the gap
sequence. On the variant X46a, 16 nt were inserted in the
gap sequence. Again the most significant and most stable
folding region was not found in the 66 nt gap sequence.

For domain B, a significant (Sigscr —3.67) and highly
stable region (Stbscr —3.35) was found in nt 907 to 952
(window 46 nt) using the same procedure. Other signifi-
cant folding patterns occur at nt 892 to 939 (window 48
nt, Sigscr —3.81, Stbscr —2.64) and 915 to 988 (window
74 nt, Sigscr —4.19, Stbscr —1.63).

(b) Possible RNA structures in identified unusual folding
regions

All RNA secondary structural models were computed
by the suboptimal structure method (Jaeger et al.,, 1989;

Zuker, 1989). In this calculation, all possible suboptimal
secondary structures within 20% or 60% of the computed
lowest free energy (‘20-optimal’ or ‘60-optimal’ subopti-
mal structures) were derived (the minimum pairwise dis-
tance criterion was set to zero). For the highlighted
segment of nt 515 to 572, 7 and 23 secondary structures
were predicted to be within 10% and 20% of the mini-
mum free energy. Two possible secondary structure
models that consist of frequently recurring helices in the
suboptimal folding are depicted in Fig. 4 a-b. The lowest
free energies of the two secondary structures derived from
Turner energy rules (Turner et al, 1987; Jaeger et al,
1989) are the same (—15.7 kcal/mol). Among them, hair-
pin I is conserved in all 23 suboptimal secondary struc-
tures. Hairpin I is identical with the structure proposed
in the ribosome-jumping model previously (Weiss et al.,
1990).

Moreover, hairpin I is also highly conserved even in
201 suboptimal structures computed within 60% of mini-
mum free energy. However, a number of alternative sub-
optimal RNA folding structures can occur in the 3’ half
of the distinct RNA segment. Hairpins II and III are more
stable than others that occur in the 3’ half. It is note-
worthy that the two stem-loops (hairpins II and III) can
form with the same lowest free energy (—1.7 kcal/mol).
There is a possibility that the unusual folding pattern at
region nt 515 to 572 is dynamic and allows the formation
of multiple structures in its 3" half.

RNA tertiary interactions based on the proposed se-
condary structures were searched and evaluated using
two scores, n, and n,, by our RNAKNOT program (Chen
et al., 1992). The two scores are defined as the number of
randomized sequences that have tertiary interactions
thermodynamically more stable than the actual segment.
n, and n, differ in that the free energy contributed by
tertiary interactions is computed using different simula-
tion rules. Three tentative tertiary structural elements
were derived. Among them, two pseudoknots involving
hairpin III and Dbase-pairing between 5-UUAA
(5-UAA) in loop and 5-UUGG (5'-UUA) in the subse-
quence of 3’ downstream from the hairpin III had large
or moderately large values of ny =230 and n, =342 (n, =
0 and n,=76) in a statistical test consisting of 1000 ran-
domly shuffling sequences. The third one was composed
of hairpin III and tertiary interactions between the
5'-AUU in the hairpin loop and upstream nt of AAU-3".
The tertiary structure had n, =0 and n, =0 signifying that
the tertiary structure (see Fig. 4c) was favored to occur
in the gap sequence.

Structural analyses of seven mutant derivatives of the
gap sequence show that a moderately stable stem-loop
structure can form in the 3’ part of the gap sequence,
while the base-pairing structure can be different in each
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Fig. 3. Distributions of the statistical significance (continuous curve) and thermodynamic stability scores (broken curve) in the substitution variant
of BA9-2. The nt 550 to 566 (5-AUAAUUAAGAGAUUAUU) in the gap sequence of T4 gene 60 was substituted by S—~CCCCCAUGCUCACCGGC
(Weiss et al.,, 1990). The map of both two scores was plotted against the position of the first nt of each segment along the sequence. In the profile
the window size was taken as 58 nt. The highlighted unusual folding segment detected in wt (see Fig. 2b) cannot be identified in variant BA9-2.
Similar results for variants BA9-3, BA9-4, X462, XAl, and XA3 are not shown.
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Fig. 4. Predicted RNA structures folded in the highlighted folding patterns of T4 gene 60. The gap sequence is located at nt 520 to 569. The base-
pairing in the structure is denoted by stars. (a) and (b) Two alternative RNA secondary structure models of the unusual RNA folding region (nt 515
to 572). Their lowest free energies are both -15.7 kcal/mol. Three distinct hairpins are denoted by I to III. The codon and stop codon are boxed. (c)
Conventional representation of the tertiary structure model of the unusual RNA folding region (nt 515 to 572). (d) Highly conserved RNA hairpin
(nt 922 to 939) predicted in the three unusual folding segments (nt 892 to 939, 907 to 952 and 915 to 988) in the 3’ transcript of T4 gene 60. The
stop codon of T4 gene 60 is boxed and located at nt positions 912 to 914.

mutant sequence. The stem-loop structures folded in vari- not be formed in the substitution variants BA9-2, BA9-3,
ants BA9-2, BA9-3, BA9—4, XAl, and X46a are more BA9-4, deletion mutants XAl, XA3, XA7 and insertion
stable than that folded in the wt. The distinct tertiary mutant X46A of the gap sequence (Weiss et al., 1990). We

interactions detected in the wt sequence, however, could speculate that the special configuration of the tertiary
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structure folded in the 3’ part of the gap sequence is
important.

The significant RNA secondary structures near the 3’
terminal of the T4 gene 60 were predicted in the same
way. In the calculation, 12, 5, and 7 suboptimal RNA
secondary structures were found within 20-optimal sub-
optimal folding in regions of nt 915 to 988, 892 to 939
and 907 to 952, respectively. The hairpin of 7 bp (nt 922
to 939) depicted in Fig. 4d is conserved in all predicted
RNA secondary structures folded in the three overlapping
segments. The hairpin structure is both highly stable and
significant. This distinct hairpin is situated just 3’ to the
stop codon (nt 912 to 914) for T4 gene 60. It shows similar
features to the prokaryotic transcription termination sig-
nals, a RNA hairpin followed by polyuridine stretches
(Landick et al., 1990). We suggest that the highly signifi-
cant and stable RNA hairpin may cause RNA polymerase
to pause in the transcription of T4 gene 60.

(c) Possible function of gap sequence

The results presented suggest that a 50-nt gap sequence
in the aa coding region of T4 DNA topoisomerase gene
60 is involved in a highlighted RNA folding pattern. The
identified 58-nt segment also contains 5 nt upstream and
3 nt downstream from the gap sequence. It has been de-
monstrated that the unusual RNA segment can fold into
a both highly stable and significant higher order struc-
ture. The detailed analysis of the RNA secondary struc-
tures in the segment shows that three stem-loop
structures (see Fig. 4 a-b) are the most frequently recur-
rent in the RNA folding of this RNA segment. Moreover,
the significant tertiary structural element including hair-
pin III (Fig. 4c) possibly form in the 3’ part of the gap
sequence.

Similar cases occur in the ribosomal frameshifting of
many retroviruses (Brierley et al., 1991; ten Dam et al.,
1990; Le et al., 1989; 1991; Chamorro et al.,, 1992). In
retroviral frameshifting, a highly stable and statistically
significant stem-loop structure with ability to form a
pseudoknot occurs just 3’ to the frameshift site. In the
absence of this distinct RNA tertiary structural element
much less ribosomal frameshifting occurs (Brierley et al.,
1991; Chamorro et al., 1992). The mechanism by which
the pseudoknot promotes frameshifting is not yet clear.
Jacks et al. (1988) suggested that a significantly stable
structure may stall elongating ribosomes so that they slip
back one nt and pair with the codon in the —1 frame.
Furthermore, Brierley et al. (1991) showed that the contri-
bution of the pseudoknot is more dependent on its
specific conformation rather than its energetic stability.

In the T4 gene 60 case, a stop codon at the 5’ junction
of the gap sequence is involved in the highly stable and
statistically significant hairpin I. The occurrence of the

hairpin structure is not random. The significance and
stability scores of this unusual folding pattern are less
than —5.1 and —3.6 SD unit. A possible function of the
distinct stem-loop may be to help the stop codon in the
coding region to stail ribosomal translation entirely,
where upon it promotes dissociation of the peptidyl-
tRNA from codon GGA (nt 517 to 519) with the inter-
action between the protein and gap sequence. In this case
the thermodynamic stability of the hairpin structure is
important. Using mutational analysis, Weiss et al. (1990)
demonstrated that the disruption of the hairpin structure
can result in 10- to 30-fold decrease in ribosomal bypass
in the translation of T4 gene 60. Also, the effective gap
bypass can be recovered by restoring the hairpin with
compensatory base changes. The important role of the
hairpin structure in the translational bypass of the gap
sequence was confirmed in the bacteriophage T4 gene 60.
This structure alone, however, is not sufficient for ribo-
somal bypass.

In the 3’ half of the gap sequence, the most frequently
recurrent structures are hairpins II and III. They have
the same moderately stable free energy (—1.7 kcal/mol).
For five variants of the gap sequence the folded structures
are more stable than that of the wt, but ribosomal bypass
in these variants decreases to the level of 6.6% to 39% .
Thus, the thermodynamic stability of RNA secondary
structure folded in the 3" part of the gap sequence is not
a key factor by itself.

The structural feature of the proposed tertiary struc-
tural element including hairpin 111 (Fig. 4¢) is similar to
classical pseudoknots described by Pleijj and Bosch
(1989). This tertiary structure type was also suggested as
a RNA pseudoknot in the rRNA intervening sequence of
Tetrahymena (Kim and Cech, 1987). The mediation of
mRNA translation through specific recognition between
proteins and RNA pseudoknots was also demonstrated
in prokaryotic systems (McPheeters et al., 1988; Portier
et al,, 1990; Tang and Draper, 1989). Weiss et al. (1990)
reported that the 3’ half of the sequence also correlates
with ribosomal bypass of the coding gap. Deletions of 4
(nt 543 to 546, mutant XAl), 12 (nt 538 to 549, XA3) and
26 nt (nt 541 to 566, XA7) in the 3’ half of the gap se-
quence decreased translational activities to 31%, 27%
and 2.8%, respectively. The insertion of 16 nt (variant
X46a) and substitutions of 17 nt from nt 550 to 566
(BA9-2, BA9-3 and BA9-4) also caused a low gap
bypass. All these variants mentioned above would elimi-
nate or diminish the tentative tertiary interaction. it sug-
gests that the special configuration of the significant
tertiary structure formed in the 3’ half of the gap sequence
is important for the ribosomal bypass. If this tertiary
structure functions in the coding gap bypass, we deem
that the interaction between proteins and RNA may de-



stabilize the association of peptidyl-tRNA and codon
GGA (nt 517 to 519) and promote the peptidyl-tRNA
binding to the next GGA (nt 567 to 569) by skipping the
untranslated region. The higher order RNA structure
proposed in this paper may offer a binding target for
proteins in a similar way to the process of autoregulation
of S4-a mRNA expression (Tang and Draper, 1989). The
results presented here add to the body of data showing
a correlation of unusual structural properties detected by
computer analysis with important regulatory functions in
biological systems.
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