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Infectious bronchitis virus {IBV) mRNA3 encodes three small proteins, 3a, 3b, and 3c, at its 5 end. Recently, it was
demonstrated that initiation of protein 3¢ is dependent on the upstream sequence. Monte Carlo simulations of RNA
folding in this tricistronic mRNAJ indicate that a highly significant folding region occurs prior to the initiator AUG of 3c.
The unusual folding region (UFR) of 265 nucieotides {nt) contains the coding sequences of proteins 3a and 3b. Details of
the structural analyses show that five highly significant RNA stem-loops in the UFR can be modeled into a compact
superstructure by the interaction of two predicted pseudoknot structures. The folded superstructure comprising nt 44
to 330, with additional 22 nt downstream from this UFR, is suggested to serve as a ribosome landing pad {or an internal
ribosomal entry site) in the cap-independent translation of the 3¢ of IBV. Intriguingly, the proposed structural motif of
this coronavirus shares structural features similar to those proposed in a number of picornavirus mRNAs, Based on the
common structural features, a plausible base pairing model between mRNA3 and 18 S rRNA is suggested, which is

consistent with a general mechanism for regulation of internal initiation described in many picornaviruses.

Academic Press, Inc.

The mRNA3 of the coronavirus infectious bronchitis
virus {IBV) has been demcnstrated to be functionatly
tricistronic (7). The three small proteins, 3a, 3b, and 3¢,
encoded at the 5" end of the mRNA3 are expressed in
infected cells. Although the exact mechanism of trans-
lational initiation of this tricistronic mRNA is unclear,
recent experiments (2) suggest that the translation of
3c utilizes a mechanism which differs from the ribo-
somal scanning process employed in the translational
initiation of most eukaryotic mRNAs (3, 4). Mutagene-
sis studies (2) indicated that the 3c initiation depends
on the upstream seguence that might function as a
ribosome landing pad (RLP}; however, the precise RLP
in IBV is still undetermined. Aiso, the precise mecha-
nism for the internal entry and binding of ribosomes, as
well as the translational initiation in MRNA3J, remains
unclear.

Recently, we have proposed a common higher-order
RNA structural model for the RLPs of all picornaviruses
that consists of conserved RNA secondary and tertiary
structural elements (5, 6). The higher-order RNA struc-
tural conformation in the common superstructure was
proposed to be specifically recognized by components
of the translational apparatus, 40 S ribosomal subunit,
andfor trans-acting factor{s) to promote cap-indepen-
dent translation of picornaviruses. The structural role
of the RLP is considered to be crucial for the ribosome
binding directly at mRNAs in the initiation of transiation.

' Te whom reprint requests should be addressed.

405

© 1904

According to the suggested common structural motif,
a conserved base pairing model between picornavi-
ruses and 18 S rRNA can provide a rational interpreta-
tion for currently available mutagenesis data from the
5 nontranslated region {5'NTR) of picarnaviruses.

To find putative RLPs and better understand the
mechanism of internal initiation of cap-independent
translation in the mMRNA3 of IBV, unusual folding re-
gions (UFRs) are searched in sliding windows {7-9)
throughout the mBNA3 sequence of IBV. This is based
on the calculations of significance score (Sigscr) and
stability score (Stbscr) that are used to evatuate RNA
folding occurring in the test sequence. Plausible struc-
tural motifs in the predicted UFR upstream of the 3¢
open reading frame (ORF) are proposed in this report.
Furthermore, the base pairing model between IBY
mRNAZ and 18 S rRNA suggested in this study shares
a structural feature similar to that formed between 18 5
rRNA and RLP of picornaviruses. The commen feature
is that the complementary sequence to 18 S rRNA oc-
curs 3’ from a distinct pseudoknot structure and is sev-
eral nucleotides (nt} prior tc the inittator AUG of ORF
(however, this differs from rhinoviruses in which the
site is about 180 nt pricr to the initiator AUG). Also, the
complementary sequence at the 3-end of 18 S rRNA
with both IBV and picornaviruses is conserved for its
sequence position. This indicates that the common
structural features in these diverse RNAs from picorna-
virus to IBY may function in the mediation of internal
initiation of cap-independent translation.

0042-6822/94 $5.00
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In this study, five mRNA3 sequences encoding 3a,
3b, and 3c were used. The sequence data were de-
rived from GenBank database (Release 72.0, June 15,
1992) and their loci in GenBank are IBBIBV3A (strain
Portugal/322/82), IBV3ABC (strain UK/68/84}, IB-
BIBV3B (strain UK/183/66), and IBVARNABC (strain
M41). The sequence data for Beaudette strain were
from Ref. 1. In the computer simulation the mMRNA3
sequence {strain Portugal/322/82}) was referred 1o as
ibv3a and used throughout the study.

Based on the large number of experimental data (36,
43-46), we have known that some RNA functicnat ele-
ments closely correlate with local RNA foldings in the
viral RNAs. In recent years a number of resulis from
computer simulations associated with extensive muta-
genesis studies (10-72, 47) have demonstrated that
the distinct UFRs identified in retroviral mRNAs de-
tected by our procedures (8, 9) correlate with various
activities in transcription and translation. An UFR in an
RNA sequence, here, is regarded as a region that is
both statistically more significant (lower Sigscr} and
highly stable {(lower Stbscr} relative to other possible
feldings found in the sequence. Thus, it is assumed to
have a significant folding pattern implying a structural
role for the sequence information. UFRs in mRNA3
were detected by an extensive Monte Carlo simulation,
SEGFOLD {8, 9. In the simulation, window size
changed from 40 to 300 nt with 2-nt increments for
ibv3a and strain UK/183/66 and from 25 to 299 nt for
the other two strains. For each window, statistical sig-
nificance {measured by Sigscr) of an RNA folding was
evaluated by companng the predicted lowest free en-
ergy of the actual segment in the sequence with those
of its random permutations in sliding a window
throughout the sequence. Similarly, thermodynami-
cally relative stability (measured by Stbscr) of RNA fold-
ing was assessed by comparing the stability of the ac-
tual segment with those of other possible foldings in
the seguence. Simulations of the lowest free energy
were calculated using the Turner {73, 14)or Tinoco {15,
16) energy rule. The results reveal that the largest opti-
mized window is 264 nt {(45-308} in the simulation.
Further analysis using a 265-nt window shows that the
largest identified UFR W in ibv3a can be adjusted to be
a 265-nt segment fram nt 44 to 308 (see Fig. 1a). This
UFR W comprises five local UFRs, A-E. The UFR A
contains nt 44 to 121, B 140t0 172, C 19510 236, D

248 10 269, and E 277 to 308. Three local UFRs, A-C,
are delineated in Figs. 1b-1c.

Using the same procedure and parameters as
above, the largest UFRs identified in mRNA3 se-
guences of straing UK/183/66, UK/68/84, and M41 are
the segments 46-313, 45-309, and 44-308, respec-
tively. A continued statistical analysis for the distribu-
tians of significant scores and stability scores was per-
formed by averaging the Sigscr and Stbscr in each se-
guence position for four strains of IBV {see Fig. 2). tis
clear that a distinct, highly significant and stable RNA
folding region {265 nt) consistently occurs 44, 45, or 46
nt downstream from the initiator AUG of the 3a ORF. It
should be mentioned that the sequence from strain
Beaudette, which is almost identical with that of M41,
is notincluded in the statistical analysis to avoid exces-
sive hias from overrepresented sequence. Thus, the
largest UFR W identified in ibv3a is a common feature
for all IBV sequences.

The possible RNA secondary structures in the pre-
dicted UFR W (44-308) of ibv3a were predicted by EF-
FOLD (17}, an improved method for predicting alterna-
tive RNA secondary structures. The uncertainties of
energy parameters for RNA folding were considered in
the prediction. In the computer simulation, the free en-
ergy parameters from the Turner energy rule (73) were
perturbed about their tabular values based on a normal
distribution within the ranges of their experimental
errors (13, 18). The lowest free energy structure was
searched for each “‘simulated energy rule.” Fifty en-
ergy rules and their corresponding structures with low-
est free energies were generated in the computational
experiment. These computed structures were then
compared to each other and the frequency of each
distinct stem predicted in the simulaticn was calcu-
lated. As a result, 34 different stems were compiled.
Among them, five stem-loop structures {labeled by let-
ters A-FE; see Figs. 3 and 4) were most favored in the
simulation. The recurring ratios for the stermn-loops B,
C. and E are 100% and ratios of helical stems in stem-
loops A and D are at least 34%. The frequently recur-
ring feature of these predicted stems in RNA folding
simulations was also observed in other strains. The
validity of predicted helices was then examined further
by their conservation in five homologaus seguences
(see Fig. 3). Sequence comparison indicated that the
five stem—loop structures were canserved in five se-

Fic. 1. Distributions of significance and stability scores in IBY mRNA3 sequence. The profile was obtained by plotting the significance scores
(continuous lines) and stability scores (broken lines) against the position of the middie nt in the window by sliding the window throughout the
sequence. The significance score (£ — E,/SD,) and stability score ({E — £,,¥SD,,) computed by using the Tumer (13, 14} and Tinoco energy fules
(15, 16) are represented by thick and thin lines, respectively, where £ is the fowest free energy of formation for RNA folding of a specific RNA
fragment, letting £, and SO,, respectively, be the mean and standard deviation of £ for a random shuffling of RNA foldings and letting £, and 8D,
be the mean and standard deviation of £ resulting from sliding a window. The harizontal line represents the value of 3.1 standard scores. The
identified UFR W, A, B, and C are marked and labeled. (a) Profile for window length of 265 nt. The positions for the start segment (1-265) and the
last segment {366-630) are numbered 133 (265/2 + 1) and 498 in the map, respectively. {b} Window size is 78 nt {position for segment 1-78 is

39) and (c} window size is 42 nt {start position is 21).
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their scores in each position based on their alignment {see Fig. 3). The window size is 265 nt. For further details see the iegend to Fig. 1.

quences. Interestingly, these five thermodynamically
favored stem-loops precisely correspond to those five
UFRs A-E identified in SEGFOLD, respectively (see
Fig. 1). The structural feature of high stability and the
unusual statistical significance of these stem-lcops
are cangtstent with thase identified in RLP af all picar-
naviruses (&, 6, 42).

Based on these predicted five stem—ioop structures,
possible tertiary interactions within UFR W and its
neighborhood were searched using RNAKNOT (79).
Three pseudoknots were found in the simulation and
one of them is not highiy conserved among five se-
guences. This pseudoknot is not included in the com-
mon structural model. The proposed pseudoknot K1
connects stem-locps B and C, and K2 links the UFR'W
with its downstream segment prior to the initiator.
Thus, these tertiary interactions contribute to the for-
maticn of a compact folded superstructure {see Fig. 3)
in the upstream sequence element from the initiator
AUG of the 3¢ ORF. This superstructure model is dif-
ferent from the published model {2) based on folding
the total 5’NTR by an older program. Between two ter-
tiary structural elements, the predicted pseudoknot K1
shows unusual statistical significance and high thermo-
dynamic stability relative to randomly shuffled se-
guences. This distinctive tertiary structural element is
supported by compensatory base changes observed
in the five mMRNA3 sequences (Fig. 3). This predicted
pseudoknot becomes entangled with the base pairing
between region 183-187 and region 209-213 within
the 3b-encoded sequence of ibv3a. In the proposed
model, the computed tertiary structural element K2
that includes 22 nt downstream fram the identified UFR
is intermediately stable and statistically significant

above the random background. Although K2 is con-
served in the five mRNA3 sequences, no evidence of
compensatory base changes was observed.

In the computed structure, base pairing between [BY
MRNA3 and 18S rRNA is proposed (see Fig. 4}. In our
model, & nt in the single-stranded region (1823 to
1837} at the 3" end of 18 S rRNA that is followed by a
significantly stable stem—loop structure (20) are com-
plementary to the single-stranded region upstream of
the initiator AUG of the 3¢ ORF. The complementary
sequence to 18 S rRNA follows the pseudoknot K2.
This feature is analogous to that found in the base pair-
ing model between picornaviral RNA and 18 S rRNA (5,
6). The sequences complementary to mRNA3 and pi-
cornaviruses presented here are not only conserved
evolutionally among all 18 S rRNAs of eukaryotes (27)
but also conserved in their positions in the sequence.
Chemical and RNase probing results also indicate that
these two complementary sequences are not involved
in the base pairing interaction of the published RNA
secondary structural model of 18 S rRNAs (22). We
suggest that these complementary sequences to the
18 S rRNA in the supposed RLP of IBV, similar to those
in RLP of picornaviruses (5, 6, 32}, play an important
role in a manner analogous to that of the Shine-Dal-
gamao sequence documented for the translational initia-
tion of prokaryotic mRNAs (23).

Arecent mutagenesis study (&) has suggested thata
nucleotide sequence within the 3b ORF and at least a
partion of the 3a ORF are important for cap-indepen-
dent initigtion of the 3¢ ORF. The theoretical higher-
order structure proposed in the UFR W and its down-
stream sequence upstream of the initiator of the 3¢ are
conserved in five mMRNA3 sequences. The predicted
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FiG. 3. Alignment of UFRs in the 5" NTRs of coronavirus infectious bronchitis virus (IBV) mRNA3 from strains Portugal/322/82, UK/183/66,
UK/68/84, M41, and strain Beaudette. Censerved nucleotides are denoted by dashes. The conserved base pairings are marked by boxes.
Among them, boxes A1-Ab and a1-ab dencte the significant stem-loop structure A, B1-B3 and b1-b3 for stern—loop B, C and ¢ for stem-loop
C, D1-D2 and d1-d2 for stem—loop D, E1-E2 and e1-e2 for stem loop E, and K1-K2 and k1-k2 dencte the two predictad pseudoknots K1 and
K2. The box F shows the complementary sequence with 18 § rRNA and box | shows the initiator of the ¢3 protein.
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FIG. 4. Predicted base pairing model between the proposed RLP of
IBY mRNA3 (strain Portugal/322/82) and 18 S rRNA. The iertiary
interactions in the modei are denoted by letters K1-K2 and five
highly significant and stable RNA stem-locops are indicated by (A}
{E), respectively. The RNA secondary structure of 18 S rRNA is
based on the published model (7, 12, 37). An asterisk between two
sequences denotes the base pairing between viral RNAs and human
18 S rRNA. The initiator AUG of the 3c is boxed.

structure shows high stability and statistical signifi-
cance based on the randomized permutations of RNA
folding. Qur results strongly suggest that this predicted
superstructure, folded from nt 44 to 330 (an UFR plus
additional 22 nt downstream fragment), can serve as a
RLP of the mRNAZ in a manner similar to that delin-
eated for picornaviruses. The significant folding form in
the RLP ot mRNAZJ is suggested to play a crucial struc-
tural role for its sequence informaticn. Although this
assumed RLP in IBV lacks the polypyrimidine tract that
is present in the picornavirus 5'NTR and it is located at
the ORFs of 3a and 3b, rather than within the untrans-
lated region, the similarity of the structural features be-
tween the base pairing models of mMRNA3-18 S rRNA
and picornavirus 18 S rRNA is visible. This consistent

structural feature from picornavirus to IBV imphes that
the RNA higher-order structure proposed in this paper
has a general function in the internal initiation of cap-
independent translation.

Several lines of evidence indicate that the 5’NTR of
picornaviruses promotes cap-independent translation
initiation in which the ribosome is directed to bind with
RLP without scanning from the &' terminus of 5'NTR
(£4-33). The RNA tertiary structure folded in RLP of
picornaviruses is proposed 1o play an indispensable
role in the regulation of internal translation (8, 6). Al-
though the proposed tertiary structure in this study
needs to be verified by experiments, a similar model
proposed for picornaviruses can provide a reasonable
explanation for available mutagenesis data {30, 32, 34,
35} in the translational initiation of these viral RNAs.

Mutagenesis studies from a number of laboratories
have also indicated that pseudoknot structures can
function as recegnition sites for protein binding to
mRNAs (36-39). If the distinct configuration of a pseu-
doknot is destroyed, its biological function will be re-
duced or abolished. We have proposed that the pro-
cess of ribosomal binding to the RLP of picornaviruses
{5, 6) may involve the recognition of specific RNA struc-
tures within RLP by particular proteins, such as the 40
S ribosomal subunit or pb2 protein (40). Several effi-
cient binding sites in RLP of picornaviruses by cellular
proteins have also been reported (40, 47). Taken to-
gether, the proposed pseudoknot structures, K1 and
K2, formed in the superstructure of IBV are assumed to
function as efficient binding sites for ribosome and/or
other initiation factors in the translational initiation.
This is analogous to that suggested for the conserved
pseudoknots of picornaviruses (5, 6). In addition, a
twofold symmetry of five base pairs exists within the
stem-loop B (AGUCUAGACU and AGUCUAGACU).
This dyad structural element can be assumed to pro-
vide a recognition site for a dimeric RNA binding pro-
tein. We suggest that it is the structural role of RLP for
IBV that is crucial in its internal initiation of cap-inde-
pendent translation.
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