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ORIGINAL ARTICLES 

RNA Pseudoknots Downstream 
of the Frameshift Sites 
of Retroviruses 

S H U - Y U N  LE,  B R U C E  A. SHAPIRO,  

J IH-H.  C H E N ,  R U T H  N U S S I N O V ,  

and JACOB V. M A I Z E L  

RNA pseudoknot structural motifs could have implica- 
tions for a wide range of biological processes of  RNAs. 
In this study, the potential RNA pseudoknots just down- 
stream from the known and suspected retroviral frame- 
shift sites were predicted in the Rous sarcoma virus, 
primate immunodeficiency viruses (HIV-1, HIV-2, and 
SIV), equine infectious anemia virus, visna virus, bo- 
vine leukemia virus, human T-cell leukemia virus (types 
! and IlL mouse mammary tumor virus, Mason-Pfizer 
monkey virus, and simian SRV-1 type-D retrovirus. 
Also, the putative RNA pseudoknots were detected in 
the gag-pol overlaps of  two retrotransposons of Droso- 
phila, 17.6 and gypsy, and the mouse intracisternal A 
particle. For each sequence, the thermodynamic sta- 
bility and statistical significance of  the secondary struc- 
ture involved in the predicted tertiary structure were 
assessed and compared. Our results show that the 
stem-loop structures in the pseudoknots are both ther-. 
modynamically highly stable and statistically signifi- 
cant relative to other such configurations that poten- 
tially occur in the gag-pol or gag-pro and pro-poljunc- 
tion domains of these viruses (300 nucleotides upstream 
and downstream from the possible frameshift sites are 
included). Moreover, the structural features of the pre- 
dicted pseudoknots following the frameshift site of  pro- 
pol overlaps of  the HTLV-I and HTLV-2 retroviruses 
are structurally well conserved. The occurrence of 
eight compensatory base changes in the tertiary inter- 
action of the two related sequences allow the conserva- 
tion of  their tertiary structures in spite of the sequence 
divergence. The results support the possible control 
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mechanism for frameshifting proposed by Brierley et al. 
[11 and Jacks et al. [2, 3]. 

I n t r o d u c t i o n  

It has been demonstrated that pseudoknots are 
significant structural motifs that are found in ribo- 
somal RNAs [4], mRNA leader sequences [5], and 
viral RNAs [6-11], especially in plant viral tRNA- 
like structures [12]. Although the precise three- 
dimensional conformation of the pseudoknot re- 
mains uncertain, it can be considered to form a 
long quasi-continuous coaxial stacking region [12, 
13]. This possible coaxial stacking region was 
suggested to be a common feature in the structure 
of a number of plant viral RNA 3' termini [14]. 
Pseudoknots have been implicated in several bio- 
logical phenomena involving the replication of the 
plus strand of plant viruses [14], interaction be- 
tween proteins and RNA [15, 16], and efficient 
ribosomal frameshifting [1]. Among them, the 
site-specific mutagenesis approach within the 
frameshift region of the genomic RNA of the avian 
coronavirus infectious bronchitis virus (IBV) has 
revealed that the RNA pseudoknot just down- 
stream of the frameshift site is an essential element 
of the IBV ribosomal frameshifting signal [1]. 

Retroviral ribosomal frameshifting involving ri- 
bosomal slippage into a - 1 reading frame in gag- 
pol (or gag-pro-pol) overlapping domains is com- 
monly used in the native retroviral translational 
system. This translation mechanism clearly ben- 
efits retroviruses in that one kind of mRNA mol- 
ecule can direct large amounts of structural (gag) 
protein synthesis and relatively small amounts of 
catalytic (pro and pol) protein synthesis, while the 
attached gag components can direct incorporation 
of pol products into viral cores. The basis of such 
translation control has been proposed [2, 3, 17- 
19]. Current studies have demonstrated that a 
"slippery" sequence at the ribosomal frameshift 
site and a stem-loop structure just downstream 
from it are essential for the frameshifting of sev- 
eral retroviruses. More recently, we have ana- 
lyzed RNA secondary structures [20] that are pre- 
dicted in the gag-pol or gag-pro and pro-pol junc- 
tion regions (600 nucleotides) of Rous sarcoma 
virus (RSV), human immunodeficiency virus 
(HIV-1), bovine leukemia virus (BLV), human 
T-cell leukemia virus type II (HTLV-2),  and 
mouse mammary tumor virus (MMTV) by a re- 
cently developed Monte Carlo simulation method 
[21, 22]. Extensive simulations revealed that pre- 
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dicted stem-loops just downstream of the "slip- 
pery"  sequence are thermodynamically highly 
stable and their involvement in frameshifting is 
statistically relevant relative to other such con- 
figurations that may occur in these junction re- 
gions. 

Al though a complex  s t ruc tu re  t e rmed  a 
pseudoknot has been demonstrated in the efficient 
ribosomal frameshifting in the nonretroviral sys- 
tem of  IBV [1], it is unc lear  whe the r  the 
pseudoknot structural motif is a general signal for 
the ribosomal frameshifting event of the retroviral 

system. In a recent report, Jacks et al. [3] con- 
jectured that such a complex pseudoknot structure 
may occur immediately 3' to the frameshift site of 
RSV. This structure comprises tertiary interac- 
tions between single-stranded nucleotides in the 
stem-loop and nucleotides downstream of this 
stem-loop structure. Furthermore, Brierley et al. 
[1] have also suspected that the tertiary RNA in- 
teractions may be a common feature of ( - 1 )  
f rameshif t  si tes by searching for potent ia l  
pseudoknots in retroviruses. However, the basis 
of these predicted pseudoknot structures is not 
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clear. The thermodynamic stability and statistical 
relevance of the structural features in the pre- 
dicted pseudoknots relative to other structures 
that potentially occur within the upstream or 
downstream of the frameshift site are not as- 
sessed. The details about the structural features 
of these pseudoknots are also not fully known. 

In this study, we analyze all 13 different species 
of retroviruses and three transposable elements in 
which the known or suspected frameshift sites 
have been proposed by Jacks et al. [3]. These are 
RSV [23], HIV-1 [24], HIV-2 [24], simian immu- 
nodeficiency virus (SIVmac and SIVagm) [24], 
equine infectious anemia virus (EIAV) [24], visna 
virus (VISNA) [24], BLV [25], HTLV-1 [24], 
HTLV-2 [24], MMTV [2, 17], Mason-Pfizer mon- 
key virus (MPMV) [26], simian SRV-1 type-D ret- 
rovirus (SRV-1) [27], and two retrotransposons of 
Drosophila, 17.6 [28] and gypsy [29], and the 
mouse intracisternal A particle (MIAP) [30]. 
Among them, different isolate sequences [24] of 
HIV-1, HIV-2, and SIVmac are also included. 
Putative RNA pseudoknots just downstream of 
the demonstrated and suspected frameshift sites 
are detected in these sequences by an extensive 
computer simulation. In the simulation analysis, 
the extended overlapping domain or junction do- 
main (that is, gag-pol, or gag-pro and pro-pol do- 
mains) is selected to include 300 nucleotides (nt) 
both upstream and downstream from the potential 
frameshift site. The thermodynamic stability and 
statistical significance of all possible secondary 
structures that potentially occur in the extended 

,11 

Figure I. (a) Distributions of minimal stability score (dashed 
curvey~nd significance score (solid curve) in the gag-pol junc- 
tion region (600 nucleotides [nt]) of RSV under different win- 
dow sizes. For each window, the simulation was carried out 
by sliding one base along the RNA sequence. In this way the 
global minima of stability and significance scores were ex- 
tracted and plotted against the window size. The exhaustive 
simulation was completed for window sizes ranging from 40 to 
300 nt by increasing the window by 2 nt at a time. The deep 
valley A shows that the global minimal stability score in the 
extensive simulation is obtained when the window size is taken 
as 100 nt. (b) Distributions of highly stable RNA folding seg- 
ment (dashed curve) and significant folding segment (solid 
curve) under different window sizes. The map was obtained by 
plotting the starting positions of these unusual RNA folding 
segments against the window sizes. When the window is taken 
as 100 nt, which is suitable to detect a both highly stable and 
more significant folding region, the starting positions (2484) of 
the highly stable and of the more significant folding regions 
coincide with each other, labeled A and B. The corresponding 
sequence position of the both highly stable and significant re- 
gion is identified at 2484--2583. 

overlapping domain are examined. The stem-loop 
s t ruc tures  entangled in the pred ic ted  R NA  
pseudoknots are both highly stable and statisti- 
cally relevant relative to other structures within 
these junction domains. The structural features of 
the predicted pseudoknots following the frame- 
shift site of pro-pol overlaps of the HTLV-I and 
HTLV-2 retroviruses are structurally well con- 
served. The occurrence of eight compensatory 
base changes in the tertiary interaction of the two 
related sequences allow the conservation of their 
tertiary structures in spite of the sequence diver- 
gence. The strong structural conservation com- 
bined with the structural feature of highly stable 
and statistically more significant stem-loop in- 
volved in the conserved putative pseudoknot sug- 
gests that the distinct RNA pseudoknot could be 
essential for the efficient frameshifting of HTLV-1 
and HTLV-2 retroviruses. 

Similar structures have been recently obtained 
using a different theoretical approach strengthen- 
ing the results presented here [31]. 

Materials and Methods 

In our study, the gag-pol domains of RSV, HIV-1, 
HIV-2, SIVmac, SIVagm, EIAV, VISNA, 17.6, 
gypsy, MIAP, and gag-pro and pro-pol domains 
of BLV, HTLV-1, HTLV-2, MMTV, MPMV, and 
SRV-1 are determined by their open reading 
frames and the demonstrated or suspected frame- 
shift sites [3] in the genomes of these retroviruses 
or transposable elements. These junction regions 
consist of -600 nt (that is, they include 300 nt both 
upstream and downstream from the possible 
frameshift sites). 

The putative pseudoknot is detected in two 
steps. Step 1 involves the detection of a distinct 
unusual RNA folding region. The RNA second- 
ary structure predicted in the specific folding re- 
gion is highly stable and statistically significant rel- 
ative to others in a given domain of the sequence. 
In step 2, the possible tertiary interactions be- 
tween unpaired nucleotides in the loop and nucle- 
otides downstream of the detected distinct stem- 
loop structure are searched. 

The stability and statistical significance of a 
given stem-loop relative to other possible struc- 
tures in the sequence are assessed by two stan- 
dardized scores, stability score and significance 
score [32, 33]. The significance score (Sigscr) and 
stability score (Stbscr) of a segment are defined as 
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E - E r  
Sigscr - S D  r 

E - E b  
Stbscr - - -  

S D b  

In the two equations, E is the lowest free energy of 
the real biological sequence in the segment. E r 

and S D  r a r e  the mean and standard deviation of 
the lowest free energies from a large number of 
randomly shuffled sequences of the segment [21, 
22]. E b and SDb are the mean and standard devi- 
ation of the minimum free energies computed by 
folding all fragments of the same size within the 
given sequence [32]. The distributions of the sig- 
nificance and stability scores in the sequence are 
computed using the program SEGFOLD [32]. The 
program was vectorized and optimized to run on 
the Cray operating system of a Cray X-MP/24 su- 
percomputer .  Also, the program has been 
adapted for the VAX/VMS and IRIS/UNIX envi- 
ronments. Currently, E r and SDr are computed 
using empirical formulas [34, 35] in all versions of 
S E G F O L D .  

In general, the distinct unusual RNA folding re- 
gion, which is highly stable and more statistically 
significant than others in the sequence, is found 
through an exhaustive Monte Carlo simulation. 
In this study, the exhaustive simulation of each 
retrovirus RNA is often performed for window 
sizes ranging from 40 to 300 nt (in some cases, 
30-300 or 20-300 nt is used) by adding 2 nt at a 
time to the window size. For each window size, 
the calculation of significance and stability scores 
is carded out by sliding one base along the RNA 
sequence in the gag-pol or gag-pro and pro-pol 
junction domain (600 nt). In the simulation the 
global minima of the significance score and stabil- 
ity score and their corresponding segment starting 
positions in the sequence were extracted for each 
window. By comparison of these minimal scores, 
the unusual RNA folding region of both high sta- 
bility and more statistical significance can be de- 
tected. For the phylogenetically related retrovi- 
rus sequences, when these distinct unusual RNA 
folding regions are found, the conserved tertiary 
structure is constructed using a comparative se- 
quence analysis approach. 

The distinct RNA stem-loop structure in the un- 
usual folding region is predicted using the NEW- 
FOLD program, which is a modified version of 
Zuker's FOLD program [36]. NEWFOLD incorpo- 

rates the Turner energy rules with penalties of 
asymmetric loops and internal loops closed by AU 
pairs [37, 38]. The determination of potential 
RNA pseudoknots was accomplished by a search 
program developed by Shapiro (in preparation) 
that currently runs on a SYMBOLICS 3675 Lisp ma- 
chine. It accepts as input RNA structural infor- 
mation in the form of a region table and its asso- 
ciated sequence and produces as output a listing of 
all potential pseudoknots formed by loop-free- 
base interactions. Loop-loop interactions were 
filtered out in this case since we are dealing with 
specific significant and highly stable secondary 
structures formed in the vicinity of the slippage 
motif. Structural formation beyond this structure 
is not considered in order to model the paradigm 
presented by Brierley et al. [1]. Thus, a list of 
only loop-free-base interactions is presented as a 
result of the program. This list consists of a qua- 
druple, which is analogous to the quadruples 
present in the input region table. That is, each 
quadruplet contains the 5' start position, 3' stop 
position, size, and energy of the potential knot 
regions. In calculating the latter energy, the un- 
favorable energy contributions of the pseudoknots 
loops were not taken into account. However, cur- 
rent practice is to use a constant value, for exam- 
ple, 4.2 kcal/mol [39]. These quadruples are de- 
picted in sorted order increasing with respect to 
the 3' position so that one may easily judge the 
distance of the pseudoknot stem from the speci- 
fied significant RNA secondary structure. In this 
study, the general scheme used to find potential 
frameshifting pseudoknots was to take the distinct 
secondary structures detected in step 1 and ap- 
pend -100 nt downstream from the structure. 
The algorithm then generated the sorted putative 
pseudoknots that formed for each of the se- 
quences. The strongest interactions within a 
range of -50 nts downstream taking into account 
length and energy were used to determine the sug- 
gested site. 

R e s u l t s  

Predicting Highly Stable and Significant 
Stem-Loops in the gag-pol Junction 
Domains of Retroviruses 
As an example of our scheme, we present here the 
highly stable and significant stem-loop detected in 
the gag-pol domain of RSV. Suitable folding re- 
gions for the potential highly significant and stable 
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Figure 2. (a) Distributions of thermodynamic stability (dashed 
c u ~ n d  statistical significance (solid curve) of stem-loop 
structures in the gag-pol domain of RSV. The stability and 
significance scores of the stem-loop structures of 100-base-long 
overlapping segments (window) are plotted against the position 
of the first base of each window. In the map, the frameshift 
site [3] is taken as position zero, and horizontal solid and 
dashed lines represent the average significance and stability 
score, respectively, in the search region. (h) Potential RNA 
pseudoknot structure just downstream from the frameshift site 
of the gag-pol in the RSV. The "slippery" sequence is under- 
lined, and the nucleotides that could participate in tertiary in- 
teractions (that is, stem 2 in Table I) between the loop and 
downstream region are boxed. 
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secondary structures within the gag-pol junction 
domain of RSV were assessed for window sizes 
ranging from 40 to 300 nt by adding 2 nt to the 
window size. In the simulation, the global mini- 
mum scores of significance and stability and the 
corresponding starting positions of  such highly 
significant and stable folding regions were com- 
puted and sorted for each window size. The rela- 
tionships between the window size and these glob- 
al minimum scores (Figure la) and between the 

window size and these starting positions (Figure 
Ib) were plotted. In Figure la, the deep valley A, 
where the stability score is - 3 . 9 0  (global mini- 
mum in the distribution plot), can be easily picked 
up for a window size of 100 nt. We also detected 
a corresponding deep trough B with the same win- 
dow size, where the significance score is less than 
- 5.0. The corresponding highly stable and statis- 
tically significant folding regions A and B can be 
assessed from Figure lb, while the window size is 
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taken as I00 nt, determined by the distributions of 
stability and significance scores (Figure la). In 
this case, the unusual RNA folding regions A and 
B coincide. Thus, the starting position of the un- 
usual RNA folding region is 2484. The unusual 
RNA folding region encompassing nucleotides 
2484-2583 is thermodynamically highly stable and 
statistically significant relative to other such con- 
figurations that potentially occur within the gag- 
pol junction domain. A clearer depiction is given 
in Figure 2a. The distinct RNA secondary struc- 
ture adjacent to the frameshift site is displayed in 
Figure 2b. The predicted RNA secondary struc- 

ture is similar to the structural model depicted by 
Jacks et al. [3]. 

Using the same procedure, all unusual RNA 
folding regions just downstream of the frameshift 
sites of other sequences are detected and listed in 
Table 1 (see the S 1 column). The significance and 
stability scores are listed in columns A and B, re- 
spectively. The data presented in Table 1 reveal 
that the stem-loops predicted downstream from 
the ( -  I) ribosomal frameshift sites of gag-pol or 
gag-pro and pro-pol are also both highly stable 
and statistically significant in comparison to the 
others in the junction domain of these retrovirus- 

Table 1. Putative RNA pseudoknots just downstream from the known or suspected ( -  1) ribosomal frameshift 
sites of retroviruses 

P s e u d o k n o t  s t r u c t u r e  
S i g n i f i c a n c e  (A) 

S l i p p e r y  F o l d i n g  N u m b e r  o f  a n d  s t ab i l i t y  (B) 

V i r u s  o r  s e q u e n c e  r e g i o n  o f  Size  o f  b a s e s  in s c o r e s  o f  t he  

t r a n s p o s o n s  p o s i t i o n  s t e m - l o o p  s t e m  2 l o o p s  s t e m - l o o p  

S1 $2  L I  L 2  A B 

B L V  g a g - p r o ,  1592 1600-1619  3 2 6 - 4 .0  - 5.1 

p r o - p o l ,  2127  2 1 3 8 - 2 2 0 6  3 2 8 - 2.3 - 2 .6  

o r  3 3 12 

o r  4 2 18 

H T L V - 1  g a g - p r o ,  1769 1776--1800 3 2 4 - 9 .0  - 8 .0  

o r  3 1 21 

p r o - p o l ,  2295 2 3 0 2 - 2 3 4 4  8 8 20 - 3 .6  - 3 .2  

H T L V - 2  g a g - p r o ,  1772 1780-1802  6 2 5 - 6.1 - 6 .4  

p r o - p o l ,  2278 2 2 8 5 - 2 3 2 7  8 6 22 - 4 .8  - 4 .5  

M M T V  g a g - p r o ,  3402 3 4 0 0 - 3 4 7 7  3 2 4 - 6 .4  - 3.2 

o r  3 5 4 

p r o - p o l ,  4211 4216--4296 3 2 6 - 5 .9  - 3.5 

M P M V  g a g - p r o ,  2713 2 7 1 4 - 2 8 1 5  5 2 20 - 4.1 - 2 .4  

o r  3 4 15 

p r o - p o l ,  3621 3 6 2 9 - 3 7 1 2  3 2 17 - 4 . 0  - 3 .7  

o r  3 3 32 

o r  3 3 36 

o r  3 4 41 

S R V - 1  g a g - p r o ,  2328  2 3 3 7 - 2 3 5 5  6 1 12 - 3.3 - 7 .6  

p r o - p o l ,  3237 3 2 4 5 - 3 3 2 8  7 2 37 - 3 .4  - 4 .0  

H I V - 1  g a g - p o l ,  1634 1643-1668  3 3 8 - 5 .7  - 6 .2  

H I V - 2  g a g - p o l ,  1844 1845-1896  6 3 4 - 3.4 - 2 .6  

S I V m a c  g a g - p o l ,  1843 1845-1895  6 2 4 - 5 .0  - 3 .8  

S I V a g m  g a g - p o l ,  1751 1761-1835  3 5 7 - 3.3 - 3 .7  

o r  3 5 12 

o r  3 5 21 

E I A V  g a g - p o l ,  1727 1727-1772  4 2 31 - 4 .0  - 4 .2  

a n d  4 3 44 

V I S N A  g a g - p o l ,  1769 1769-1814  7 5 8 - 2 .2  - 4 .7  

R S V  g a g - p o l ,  2482  2 4 8 4 - 2 5 8 3  8 5 11 - 5.5 - 3 .9  

G y p s y  g a g - p o l ,  2381 2 3 8 9 - 2 4 2 7  4 2 17 - 2 .8  - 3.5 

o r  3 2 32 

o r  4 2 4 

M I A P  g a g - p o l ,  3081 3 0 9 0 - 3 1 5 3  7 4 5 - 3.2 - 2 .7  

17.6 g a g - p o l ,  2390  2 4 0 3 - 2 4 1 6  3 1 30 - 3 .9  - 5 .8  

a The RNA pseudoknot  structure is composed of  stem 1 (SI) and stem 2 ($2). Loop LI crosses the deep groove and loop L2 the shallow groove 
in the pseudoknot .  The significance and stability scores of the distinct stem-loop (S1) are listed columns A and B, respectively. 
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es. Among them, only one predicted stem-loop 
structure just downstream of the frameshift site in 
the retrotransposon 17.6 is a quite small hairpin 
(four base pairs [bp]). The highly stable and sta- 
tistically more significant RNA secondary struc- 
tures adjacent to the frameshift sites of HIV-1, 
HIV-2, and SIVmac are close and similar to those 
depicted by Varmus and coworkers [19, 40]. 

Putative RNA Pseudoknots Downstream of 
the Frameshift Sites of Retroviruses and 
Transposable Elements 

The possible RNA tertiary structure following the 
frameshift sites of RSV is displayed in Figure 2b. 
The tertiary interaction is quite stable in the pre- 
dicted pseudoknot by a Watson-Crick base pairing 
($2) of the sequence ~CGCUACA in the loop of the 
distinct stem-loop structure (S1) with the comple- 
mentary region UGUAGCGC downstream of the 
RNA secondary structure S1. In the $2, there are 
8 bp. As the two helical segments stack, the se- 
quences c v G u u  (5 nt) in the loop and GAA~- 
GUAAACU (11 nt) in the single-stranded region ad- 
joined to the S1 connect opposite strands by bridg- 
ing in the deep groove (L1) or the shallow groove 
(L2), respectively. In this case, the size of the 
loop L1 is 5, and the size of L2 is 11 (see Table 1). 
In general, L1 crosses the major groove, and L2 
crosses the minor groove. However, this may not 
necessarily be the case for all pseudoknot types. 
The predicted pseudoknot structural model of 
RSV is similar to the model computed by Brierley 
et al. [1]. 

The nine putative pseudoknots downstream of 
the "sl ippery" sequence in the gag-pol overlap- 
ping of HIV-1, HIV-2, SIVmac, SIVagm, EIAV, 
and VISNA retroviruses, as well as related retro- 
transposons gypsy, MIAP, and 17.6, are depicted 
in Figure 3. Similarly, Figures 4 and 5 delineate 
the 12 potential pseudoknots that immediately fol- 
low the frameshift sites of gag-pro and pro-pol of 
BLV, HTLV-1, HTLV-2, MMTV, MPMV, and 
SRV-1 retroviruses, respectively. Among them, 
the predicted RNA pseudoknots of HTLV-I (pro- 
pol) and VISNA (gag-pol) presented here are like 
the computer-predicted foldings suggested by Bri- 
erley et al. [1]. 

All of these predicted pseudoknots consist of a 
distinct stem-loop structure of high thermody- 
namic stability and statistical significance and a 
tertiary interaction region of at least three Watson- 
Crick base pairs between the hairpin or interior 

loops and a complementary single strand down- 
stream of the distinct stem-loop structure. The 
structural features of these predicted pseudoknots 
show that at least 2 nt (except for SRV-1) or 3 nts 
cross the deep or shallow grooves in stacking two 
double helical stems, respectively (see Table 1). 
Particularly, the pseudoknots following the "slip- 
pe ry"  sequences of pro-pol  frameshifting of 
HTLV-1 and HTLV-2 are structurally very well 
conserved. They contain an identical 13 bp (S1) 
with a bulge of nucleotide C and eight compensa- 
tory base changes in the tertiary interaction ($2). 
In the eight compensatory base changes of the 
conserved tertiary interaction, five base transi- 
tions and three base transversions are observed. 
The occurrence of compensatory base changes 
throughout the homologous stem $2 of related se- 
quences HTLV-1 and HTLV-2 is very remarkable 
and allows for the high conservation of the tertiary 
structures despite their sequence divergence. It 
seems likely, therefore, that the highly conserved 
RNA tertiary structure is an essential element of 
the frameshifting signal of HTLV-1 and HTLV-2. 
Inspection of the structures in Figures 3-5 indi- 
cates that not all stems in the pseudoknotted struc- 
tures might necessarily be coaxially stacked. 

Discussion 
Our results reveal that 21 RNA pseudoknots pre- 
dicted from the primary sequence of the junction 
domains of gag-pol or gag-pro and pro-pol of ret- 
roviruses occur consistently just  downstream 
from the putative retroviral frameshift sites. The 
stem-loop structures involved in the complex ter- 
tiary structures are both highly stable and signifi- 
cant relative to others that may occur within these 
junction domains. For these distinct stem-loops, 
the standardized stability and significance scores, 
which measure the thermodynamic stability and 
statistical relevance of these RNA secondary 
structures in the folding process, are mostly less 
than - 3.1. We have previously reported that the 
distribution of the lowest free energies generated 
from the randomly shuffled sequences follows ap- 
proximately a normal distribution [22]. Thus, the 
probability that the significance scores of the seg- 
ment would be obtained by chance can be approx- 
imately determined using the table of the standard- 
ized normal distribution. The smaller the proba- 
bility of occurrence of a particular significance 
score, the more significant the secondary struc- 
ture of the real biological segment. Similarly, 
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Figure 3. Potential RNA pseudoknot struc- 
~ m e d i a t e l y  3' to the ribosomal ( -  1) 
frameshift sites in the gag-pol overlapping 
domains of nine retroviruses. First row: 
HIV-I (HXB2), HIV-2 (ROD), SIVmac 
(K6W), and SIVagm (TYO-1). Second 
row: EIAV, VISNA, and gypsy. Third 
row: MIAP and 17.6. For the RNA 
pseudoknot of SIVmac, the first two base 
pairs in the stem-loop should be melted to 
form the quasi-continuous double-helical 
stem. The "slippery" sequence is under- 
lined, and the bases that could participate 
in tertiary interactions (that is, stem 2 in 
Table 1) between the hairpin loop and 
downstream region are boxed. The bases 
involved in the alternative tertiary interac- 
tions are indicated with a dashed line. 

lower stability scores correspond to a greater like- 
l ihood of  a structure relative to alternate struc- 
tures in the same sequence.  Recently,  we have 
also reported an empirical borderline [32] for as- 
sessing the stability and statistical significance of 
R N A  secondary structures using a sample con- 
structed from 20 randomly shuffled sequences  
having  the same base  c o m p o s i t i o n  as HIV-1 
(BH10). The detailed statistical analysis of  stabil- 
ity and significance scores from the sample shows 
that on the average, less than 2.58 --- 0.59, or 
0.35% --- 0.30% of  the observations have the sta- 
bility scores less than - 2.0 or - 3.0, and less than 

2.00 +- 0.85, or 0.14% --- 0.13%, of  the observa- 
tions have significance scores less than - 2 . 0  or 
- 3 . 0 .  The  resul t s  p r e s e n t e d  in this  s tudy  
strengthen our previous finding [20] that stem-loop 
structures situated just 3' to the retroviral frame- 
shift sites are both highly stable and statistically 
significant relative to others in the gag-pol  or gag-  
pro and pro-pol  junction domains (600 nt). 

A pseudoknot is defined in this article as a base- 
pairing interaction of  a loop with a free-base span 
(unpaired bases not within a loop) in an R N A  
structure. The pseudoknot  structure may result in 
a quasi-continuous coaxial extension of stem re- 
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gions by stacking two double helical segments (S1 
and $2). Pleij et al. [12] have analyzed the con- 
straints for the formation of the pseudoknot. The 
minimal length of S 1 and $2 appears to be 3 bp, 
and the minimal sizes of the loops L1 and L2 that 
bridge the deep and shallow grooves appear to 
need 2 nt and 3 nt, respectively. Recently, they 
also proposed that the deep groove (L1) can be 
bridged over 6 bp by 1 nt only [14]. Among the 
predicted pseudoknots of these retroviruses, the 
RNA tertiary structure predicted in SIVmac seem 
likely to be doubtful according to the sterical con- 
traints. In the predicted RNA tertiary structure 
adjacent to the "sl ippery" sequence of gag-pol 
frameshifting of SIVmac 4 nts cross the shallow 
groove of the double helix (18 bp) with a bulge of 
one base and an interior loop of two bases. The 
shortest distance that bridges a shallow or deep 
groove depends on the number of base pairs in the 
stems S1 and $2 of the pseudoknot; however, it is 
possible that other structural factors, the number 
and types of nucleotides in the bulge or interior 
loop, and their position in S1 are involved in the 
complex event. Recently, Lilley and coworkers 
[41] have found that bulges introduce pronounced 

kinks into RNA helices. In the case of pseu- 
doknots of SIVmac, the RNA tertiary structure 
seems sterically possible. One possible explana- 
tion is that the first 2 bp in S1 have to be melted to 
form the stacking of two stem segments. Thus, 
the stems S1 (16 bp) and $2 (6 bp) are connected 
by the loops L1 (2 nt) and L2 (7 nt) such that a 
right-handed, quasi-continuous double helix of 22 
bp is formed. In this case, the distinct RNA stem- 
loop structure (S 1) changes to be identical with the 
predicted structure model suggested by Madhani 
et al. [40]. 

It should be mentioned that Brierley et al. [1] 
have proposed six RNA pseudoknots of retrovi- 
ruses RSV (gag-pol), BLV (pro-pol), HTLV-1 
(pro-pol), MMTV (gag-pro and pro-pol),  and 
VISNA (gag-pol). The putative RNA pseudo- 
knots of retroviruses MMTV presented in the re- 
port are quite different from those structure mod- 
els. We found that several alternative secondary 
structures can form in the downstream region of 
the frameshift site of the MMTV (gag-pro). Using 
the extensive Monte Carlo simulation, five distinct 
unusual folding regions adjacent to the frameshift 
site were detected. They are regions A (3409- 
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Figure 5. Potential R N A  pseudoknot struc- 
~ m e d i a t e l y  Y to the ribosomal ( -  1) 
frameshift sites in the pro-pol  overlapping 
domains of six retroviruses.  First row: 
BLV, HTLV-I,  and HTLV-2. Second  
row: MMTV, SRV-I, and MPMV. For 
further details, see  the caption to Figure 3. 

3422), B (3409-3428), C (3425-3440), D (3452- 
3477), and E (3400-3477), where the sequence po- 
sition of the last nucleotide C of the "slippery" 
sequence AAAAAAC is 3402. The significance and 
stability scores are, respectively,  - 4 . 4 6  and 
- 3 . 1 8  for region A, - 3 . 1 9  and -3 .91  for region 
B, - 3 . 8 0  and -3 .81  for region C, - 6 . 7 8  and 
- 4 . 1 5  for region D, and - 6 . 3 9  and - 3 . 1 6  for re- 
gion E. The RNA secondary structure predicted 
in region E (see Figure 5) includes the three hair- 
pin loop structures predicted in regions A, C, and 
D. Obviously, the distinct stem-loop structure is 
appropriate for constructing the putative RNA 
pseudoknot of MMTV. The secondary structure 
entangled in the RNA pseudoknot suggested by 
Brierley et al. [1] is formed by folding region B. 
The hairpin loop structure is overlapped with the 

hairpin loop structures (hairpins A and C) pre- 
dicted in regions A and C. The sequences partic- 
ipating in potential tertiary base-pairing interac- 
tions in their model are involved in the two helical 
stems of the hairpins A and C. Thus, the alternate 
putative pseudoknot of MMTV is presented in the 
study. 

The potential RNA pseudoknots were predicted 
by extensive searches of all possible interactions 
between the nucleotides of the loop in the distinct 
secondary structure detected above and the nucle- 
otides downstream from the stem of the secondary 
structure. Recently, it has been verified that the 
RNA downstream of the ( -  1) frameshift site of 
IBV folds into a pseudoknot [1]. We found that 
the stem-loop structure involved in the RNA 
pseudoknot is highly stable and significant in the 
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junction region extending 300 nt upstream and 
downstream from the frameshift site of IBV. The 
distinct, unusual folding region can be detected by 
the extensive Monte Carlo simulation. The signif- 
icance and stability scores are, respectively, 
-2.73 and -4.73. The stem-loop structure was 
derived from the NEWFOLD program. The results 
of our search program applied to the data are de- 
picted in Figure 6. The RNA pseudoknot of IBV 
proposed by Brierley et al. [1] can be predicted 
using the method presented in the report. 

An interesting question raised by the study is 
why a retroviral frameshift site is closely followed 
by a pseudoknot structure consisting of coaxially 
stacked segments of a highly stable and statisti- 
cally significant stem-loop structure, bridged by 
the connections of free nucleotides in the loop and 
downstream from the stem. Brierley et al. [I] 
have suspected that the tertiary RNA interactions 
may be a common feature of ( - I) frameshift sites. 
In this study, we show that the occurrence of these 
complex tertiary structures is not random. Ex- 
cept for the stem-loop structure downstream of 
the BLV pro-pol junction region, the significance 
score or stability score of these distinct stem-loop 
structures by chance are all less than -3 .1 .  
These structures, being both highly stable and 
more significant within 300 nt upstream and down- 
stream of the frameshift sites of these retrovirus- 
es, are apparently relevant to some biological 
function of these viruses. In the case of RSV, a 
mutational analysis [3] has demonstrated that a 
deletion just downstream from the stem-loop 
greatly inhibits retroviral frameshifting. If an ad- 
ditional 22 nt downstream were replaced, how- 
ever, frameshifting was restored to approximately 
wild-type efficiency. This result is consistent with 
the unusual RNA pseudoknot detected just down- 
stream from the frameshifting site of RSV (see Fig- 
ure 2b). For the HTLV-1 and HTLV-2, the RNA 
pseudoknots adjacent to their "s l ippery"  se- 
quences of pro-pol frameshifting are structurally 
well conserved. The tertiary interactions in the 
conserved RNA pseudoknots involve a strict pat- 
tern of coordinate base changes, that is, a one-to- 
one correspondence between two positions where 
canonical pairing is maintained as a result of nu- 
cleotide substitutions. One possibility is that such 
extremely nonrandom RNA pseudoknot struc- 
tures may act by stalling the translating ribo- 
somes, where they promote the tRNA to slip back 
one nucleotide and pair with the codon in the - 1 
frame [2]. Based on these results, the RNA 

pseudoknot just downstream from the retroviral 
frameshifting site may be implicated in the ( - 1 )  
ribosomal frameshifting event of retroviral trans- 
lational systems. The possible control mechanism 
for frameshifting proposed by Jacks et al. [2, 3] 
and Brierley et al. [1] is strongly supported by this 
study. 

However, a different mechanism of HIV-1 
frameshifting have been proposed by Wilson et al. 
[42]. They showed that HIV frameshifting is me- 
diated by a 26-nt sequence and is not dependent on 
the stem-loop structure following the frameshift 
site. Thus, the hypothesis that the signal of frame- 
shifting in HIV is the u u u u u u  was suggested [42]. 
HIV-I, HIV-2, and SIVmac are related lentivi- 
ruses. HIV-2 shares -45% nucleotide sequence 
similarity with HIV-1 and 75% sequence similarity 
with SIVmac [43]. The "s l ippery"  sequence 
UUUUUUA at the frameshifting site is consistently 
conserved in these different primate immunodefi- 
ciency viral species and isolates. In this study, we 
show that the predicted RNA secondary structure 
entangled in the putative RNA pseudoknots are 
both highly stable and statistically significant rel- 
ative to other possible structures in the gag-pol 
junction domains of HIV-1, HIV-2, SIVmac, and 
SIVagm. Using comparative sequence analysis, 
we observe that the secondary structural features 
occurring at and downstream of the gag-pol 
frameshift site are conserved in the 14 HIV-1 iso- 
lates and 7 HIV-2 and SIVmac isolates sequenced 
to date. Although the sequence shows an extreme 
variability in this region in different species and in 
independent viral isolates, the striking similarity in 
the complexity, overall appearance, and location 
of the stem-loop are consistently present in the 14 
isolates of HIV-1 (data not shown) and 7 isolates 
of HIV-2 and SIVmac (Figure 7b). 

Putative RNA pseudoknots in the 21 sequences 
are also analyzed by comparative sequence anal- 
ysis. In seven RNA pseudoknots of HIV-2 and 
SIVmac retroviruses, the stable tertiary interac- 
tion of a Watson-Crick base pairs ($2) of the se- 
quence AGCCCC in the hairpin loop with the com- 
plementary sequence GGGGCU just downstream 
from the stem-loop (S1) is structurally very well 
conserved. In the 42 bp of the tertiary interactions 
of seven species, only one noncanonical base pair 
G-G is found in isolate FG of HIV-2. It seems 
likely that the structure conservation of the RNA 
pseudoknots is significant. Even though the G-G 
is considered a mismatch, the RNA tertiary struc- 
ture of isolate FG of HIV-2 may still be formed by 
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Figure 7. (a) Alignment of the sequences participating in puta- 
~ a r y  interactions at the frameshift sites of the mutants 
used in the HIV-I frameshifting experiment of Madhani et al. 
[40]. (b) Alignment of the sequences of distinct unusual R N A  
folding regions and additional 50 nucleotides in the down- 
stream of three isolates of HIV-2 and four isolates of SIV. 
The "slippery" sequence is underlined, and stems 1 and 2 in 
the RNA pseudoknots are marked by boxes A and A', and B 
and B', respectively. Any bases within a box that are enclosed 
by another box fail to form an appropriate base pair. 

at least three C-G base pairs in $2. Similarly, in 
the conserved RNA tertiary structure of 14 HIV-I 
isolates, the sequence AAG in the hairpin loop 
forms normal Watson-Crick base pairing with a 
complementary sequence CUU 8 nt downstream 

Figure 6. Output of a running search program applied to the 
~ a  presented in Brierley et al. [1]. The top part of the 
figure shows the individual loop or free-base segments and 
their 5' start position. The last sequence run represents that 
subsequence that is downstream from the predicted highly sta- 
ble and significant structure. The bottom part of the output 
indicates the sorted quadruples with the half-region subse- 
quences that form the potential pseudoknot stems. The anno- 
tation just above the list of quadruples indicates the total num- 
ber of potential pseudoknot helices computed, the number that 
is listed, and the field (element of the quadruplet) on which the 
listing is sorted (in this case, the second field, the 3' position). 
Each quadruplet contains the 5' start position, 3' stop position, 
size, and energy of the potential knot regions. The potentially 
strongest tertiary interaction is located at the line marked by 
the asterisk (*). 

from the distinct stem-loop structure. However, 
one noncanonical base pair A-C is observed in iso- 
lates ELI and MN of HIV-1. Although a nonca- 
nonical base pair can also be considered a possible 
base pair in the RNA secondary or tertiary struc- 
ture of tRNAs, ribosomal RNAs, and leader se- 
quences of polioviruses [4 A, A.6], the tertiary inter- 
action in these putative RNA pseudoknots of 
HIV-1 isolates is less stable than that predicted in 
HIV-2, SIV, and most other retroviruses. More- 
over, the alternative tertiary interactions can also 
be found except for isolate HXB2, where the com- 
plementary sequence CUU is located 44 nt down- 
stream from the distinct stem-loop structure. 
Thus the tertiary interactions in the putative RNA 
pseudoknot of HIV-1 are not absolutely conserved 
and less stringent. Nevertheless, our data demon- 
strate that the predicted RNA secondary struc- 
tures adjacent to the frameshift sites of the 14 hu- 
man immunodeficiency viruses are highly nonran- 
dom and stable structures. Our results cannot 
explain why HIV frameshifting does not depend 
on stem-loop structures just downstream from the 
frameshift site. 

Recently, Madhani et al. [40] have also ob- 
served that the frameshifting efficiency in the ab- 
sence of the predicted RNA secondary structures 
at the frameshift site was not significantly different 
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from that determined for wild-type HIV-1. Inter- 
estingly, the RNA pseudoknots can be folded 
throughout these mutants, which are used to de- 
stabilize the RNA secondary structure down- 
stream from the frameshift site of HIV-1 (isolate 
SF2) by Madhani et al. [40]. In the putative 
pseudoknot of the wild-type isolate SF2 of HIV-1, 
a quasi-continuous coxial double helix of 14 bp is 
formed by stacking the stem $2 of 3 bp on S I of 
11 bp. The analysis of the potential RNA pseudo- 
knots of these mutants shows that, even if the base 
mutations in the double-helical region S1 (see 
boxes A and A' in Figure 7a) destabilize the dis- 
tinct, highly stable, and significant stem-loop 
structure (S1), the possible tertiary interaction be- 
tween the bases in the hairpin loop and their com- 
plementary bases downstream from the stem-loop 
survive and are stabilized. For example, in the 
putative RNA pseudoknot of mutant B, S1 is de- 
stabilized by decreasing 8 bp, and the thermody- 
namic stability of tertiary interaction is strength- 
ened by adding 5 bp to $2. Consequently, a quasi- 
continuous double helix of 11 bp is formed in the 
pseudoknot downstream of the frameshift site. 
Similarly, the quasi-continuous stems of 15, l l, 
14, and 13 bp are also able to form in the 
pseudoknots of the mutants A, C, D, and E, re- 
spectively. Therefore, the thermodynamic stabil- 
ity of the complex tertiary structures can be partly 
compensated for by the strengthened tertiary in- 
teractions between the nucleotides in the hairpin 
loop and the free nucleotide span just downstream 
from the stem. If these pseudoknots indeed occur 
in these mutants, this may be a reasonable expla- 
nation for the experiments they did. Moreover, in 
the same report by Madhani et al. [40], the other 
experiments demonstrated that the feature of se- 
quences following the frameshift site can have dra- 
matic effects on the frameshifting of HIV-1. 

In the absence of confirming experimental data, 
the prediction of RNA pseudoknot structure has 
some limitations. In this study, we focus on de- 
tecting thermodynamically highly stable and sta- 
tistically significant RNA folding regions rather 
than specific predicted structures. Although the 
predicted pseudoknots must be verified, the iden- 
tiffed distinct unusual folding regions just down- 
stream of the frameshift site are apparently rele- 
vant to the ribosomal frameshift event of these 
viruses. 

After this work was completed, we learned of 
an article by Ten Dam et al. [31] reporting results 
similar to ours. Both papers predict the potential 

presence of pseudoknots  downst ream of the 
frameshift sites. This is gratifying, as substan- 
tially different methods were adopted.  The 
method of Abrahams et al. [39] has the following 
features. It first enumerates a set of possible 
stems and then draws on these stems to construct 
a structure including stems that may form stable 
H-type pseudoknots. These pseudoknots consist 
of coaxial stacking of two stems with no interven- 
ing bases on one side [47]. This is similar to other 
kinetic secondary structure prediction programs 
[48, 49]. In contrast, our method is based on the 
evaluation of statistical significance, picking the 
most significant and stable structure. The validity 
of this approach has already been demonstrated in 
several experimental structures that have con- 
firmed our predictions [20, 50, 51]. The fact that 
the two approaches yield similar results reinforces 
the theoretical predictions. 

We thank Dr. M. Zuker for his interest in and support of our 
work. 
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