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We compute a metastable secondary structure for the cis antirepressor sequence (CAR) in the viral RNA of 
human immunodeficiency virus 1 (HIV-l) whose lifetime is long enough to allow for further stabilization by 
interaction with the ribosomal machinery. The structure emerges as the viral genome RNA is being 
synthesized by RNA polymerase II and corresponds to the biologically active structure sustained between units 
7364 and in env RNA. It is the most probable among the fast-formed structures which emerge during 
transcription. No tertiary interactions appear to influence the statistical weight of this metastable state. The 
structure is predicted by means of a Monte Carlo simulation which computes refolding events occurring as the 
CAR portion of viral RNA is being assembled. The final emerging structure is preserved for transportation of 
viral RNA and spliced em’ RNA from the nucleus to the cytoplasm of the host cell. 
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1. Introduction 

The Reu protein is known to play a decisive 
role in the immediate transportation of the tran- 
scribed viral genome RNA and spliced erzu RNA 
of HIV-l, from the nucleus to the cytoplasm of 
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the host cell [l-3]. This justifies its importance as 
a positive regulator of the viral protein expres- 
sion. The role of the Reu protein is determined 
by its interaction with viral RNA as well as with 
the spliced enu gene. The target sequence for 
Rev has been well characterized and is known as 
CAR (cis antirepressor sequence), it is localized 
in the region sustained between units 7335 and 
7627 of the eno RNA [4]. The Reu-CAR interac- 
tion is mediated by whichever folded structure 
happens to be adopted by CAR. Such a structure 
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must have a lifetime long enough for further 
stabilization achieved by interaction with the ri- 
bosomal machinery. The aim of this paper is to 
prove that the biologically-active structure of 
CAR is the most probable among the fast-for- 
ming structures which emerge concomitantly with 
transcription of the integrated proviral DNA. Re- 
cent efforts have been devoted to elucidate the 
biologically active secondary structure of the CAR 
[4]. Such studies have made use of a free-energy 
minimization algorithm for RNA folding [5], com- 
bined with functional analysis of the different 
substructures based on mutagenetic techniques 
designed to alter one functional subunit at a time. 
It is worth emphasizing that the folding alterna- 
tives which have an active regulatory role vis-a-vis 
interaction with the Rea protein cannot be ob- 
tained from an analysis based exclusively on the 
relative stability of RNA intra-chain secondary 
structure. In fact, the thermodynamically most 
stable structure, the equiIibrium structure, turns 
out to be biologically inert (cf. Dayton et al. [4]). 
Thus, the algorithms for equilibrium folding by 
themselves cannot aid us in deciding which fold- 
ing alternative is biologically active. As shown by 
Dayton and coworkers [4], the functional role of 
each stem, loop and hairpin in the structure can 
be assessed by means of mutagenesis, introduced 
to dismantle or selectively alter specific regions of 
the secondary structure, followed by a test of the 
Rev response to the mutant. Thus, no a priori 
criterion can be used in folding algorithms based 
on free-energy minimization in order to decide 
which of the several local minima corresponds to 
the biologically active CAR structure. The key to 
the problem must be given by the computation of 
probable structures which emerge as transcrip- 
tion of the proviral DNA in the nucleus is taking 
place. Thus, we shall introduce and verify the 
following working hypothesis: The biologically 
reIevant structure of CAR is the most probably 
secondary structure whose formation is kineti- 
cally controlled and emerges immediately after 
transcription by RNA polymerase II has been 
completed. This structure must be preserved at 
least until interaction of the Reu with the enu 
portion of the genome has taken place. Thus, the 
folding pattern which occurs in the CAR portion 

of the enu RNA concomitantly with is assembling 
is the pattern which prevails and it is the one 
which aids the regulatory function, the one which 
optimizes the Rev response. 

In order to test the hypothesis, we shall com- 
pute the structure sustained by the portion of the 
env RNA between nts 7364 and 7559, whose 
primary sequence is given in Fig. 1. We shah 
concentrate only on the most probably structure 
that emerges as that portion of the enu RNA is 
being synthesized and compare it with the one 
inferred by combining thermodynamic considera- 
tions with the mutagenetic experiments [41. The 
thorough coincidence we shall encounter allows 
us to state that the “kinetic criterion” yields the 
correct structure. 

2. Methods 

In order to compute the most probable among 
the fast-formed structures, we shall implement a 
Monte Carlo simulation which predicts the most 
probable kinetically determined structure formed 
as the sequence indicated in Fig. 1 is being as- 
sembled [6,7]. For the sake of completeness, we 
shall briefly describe the algorithm: 

The separation of timescaIes involved in the 
relaxation of metastable RNA secondary struc- 
tures and in the polymerization events responsi- 
ble for progressive elongation of the chain 
prompted the author to analyze refolding events 
occurring during chain formation as kinetically 
governed nonequiribrium events [7]. Our simula- 
tion is used to obtain the time-dependent proba- 
bilities for highly probable transient secondary 
structures. The simulation makes use of the fact 

7364 7415 

7416 7467 

Gl.!ACAGGCCAGACA4UUAWGUCUGGUAUAGUGCAGCAGCA 

7468 7519 

tlGAGGGCUAU-~- 

7520 7559 

CA4GcmUCCAGGcMwc~c-Ac 

Fig. 1. Primary sequence for the fragment of the enc RNA 
between nts 7364-7559. 
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that, as the chain is being progressively elongated 
(either during transcription or replication) by se- 
quential incorporation of nucleotides, new possi- 
bilities for folding arise and, concomitantly, previ- 
ously existing metastable structures might be dis- 
mantled to allow for the formation of the emerg- 
ing ones. Thus, the kinetically governed sec- 
ondary structure formation must be taken into 
account jointly with chain growth. 

The Monte Carlo simulation mimics a Marko- 
vian process. Thus, an underlying assumption in 
our treatment is that the set of polymerization 
and refolding events on the product of transcrip- 
tion, the viral RNA, constitutes a Markovian chain 
of events. Consequently, the simulation is com- 
prised of three different kinds of elementary 
events: (a) intra-chain partial helix formation, (b) 
intra-chain helix decay and (c) chain-elongation 
by incorporation of one nucleotide. In addition, 
we have incorporation certain features absent in 
previous work: the possibility of G-T and A-C 
mispairs and the possibility of looped-out bases in 
the process of helix formation. The transition 
time for each of the events in the Markov process 
is a Poisson random variable. For instance, for 
chain growth by one nucleotide, the mean time is 
t = k;,‘, where k,, is the rate constant for phos- 
phodiester linkage formation which occurs when 
a new nucleotide is incorporated [S]. If, instead, 
another elementary event happens to be favored, 
for instance, an admissible helix formation, the 
inverse of the mean time for the transcription will 
be given by: 

t-’ =fr\i exp( -AG,,,,/RT) (1) 

where f is the kinetic constant for a single base- 
pair formation (estimated at lo’- lo6 s-‘, cf. 
Fernandez [8], N is the number of base pairs 
comprising the helix and AG,,,, is the change in 
free energy change of the set of all loops due to 
the folding which leads to the new intra-chain 
stem formation. 

On the other hand, if the chosen elementary 
event happens to be the intra-chain helix decay, 
the inverse mean time is 

t -’ =fhT exp(G,/RT) (2) 

where G, is the actual free energy of the helix 
which is being dismantled. 

The entropic contribution of the intra-chain 
loops and the free energy terms for partial helices 
are taken from the Turner parametrization [9]. 
The parameters were extrapolated to 25°C by 
the author. A comparison with previous compila- 
tions, such as that of Salser [lo], reveals only 
minor weighting differences for the most proba- 
ble transient structures and negligible differences 
in the probabilities of other members of the en- 
semble. In addition to the parametrization indi- 
cated, we shall impose a realistic cutoff value in 
the stimulation: the minimum admissible time- 
span of an intra-chain helix is taken to be 5 
10-l s. The cutoff adopted is not arbitrary but 
corresponds to the minimum lifetime for the most 
fragile helix which can be formed involving a 
G-C pair. 

The Markov process is simulated by selecting 
one of the three possible elementary events at 
each stage. The effective transition time for the 
chosen elementary event is a Poissonian random 
variable with mean k-’ where the effective rate 
constant k is given by: 

k= b,(j)+ b2(j)+k3 
i=l j=l 

The subindices 1, 2, 3 correspond to events of 
type (a), (b) and (c> respectively. The indices 
= 1 , . . ., F label helices that can be formed so 
that they are topologically compatible with the 
pattern of existing ones. The latter ones are la- 
belled by the dummy index j = 1,. . , , D. In order 
to implement the simulation, we shah relabel the 
rate constants as follows: 

k= 5 k;, M=F+Dtl 
Wl=l 

k; =k,(l),...,k;;=k,(F), 

kk+, =k#),... 

k;+o = k,U% &+D+, =k,. 

(4) 

This is done in order to find the transition 
index m at each stage of the process. Thus, we 
consider a uniformly distributed random variable 
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R, 0 _< R I k, so that if the value r of R lies in 
the interval 

m’-1 

C kLGr< E kk (5) 
m=l m=l 

then, the index m’ has been chosen. There is an 
underlying constraint which is built into the simu- 
lation in a combinatorial fashion: Each admissi- 
ble helix must be topologically compatible with 
the set of preexisting ones in the sense that no 
knots are to be allowed. 

The time-dependent probability p =p(t) for 
the most probably secondary structure at time t is 
readily accessible from our simulations [S]. 

The results of the simulation, as applied to the 
fragment indicated in Fig. 1 will be discussed in 
the folIowing section. The number of steps for all 
closely related mutants of the sequence given in 
Fig. 1 is 5 x 104, which corresponds to 22 minutes 
of Cray-1S computer calculation time. The as- 
sumption that the transcription of the integrated 
proviral DNA is a Markovian process appears to 
be correct, as well we shall presently show. 

3. Results and discussion 

Before specifying the structural details of the 
most probably structure for CAR emerging con- 
comitantly with transcription of the viral RNA, 
we need to point out that no tertiary or long-range 
interactions have been taken into account in the 
computation of the statistical weight of the 
metastable secondary structures. In general, one 
could argue that the probability of a given sec- 
ondary structure cannot be determined solely by 
examining the folding at the level of secondary 
structures since nonnegligible stabilization of a 
secondary structure might be achieved by long- 
range hydrogen bond interactions. However, it is 
highly unlikely that that might be the case when 
dealing with kinetically governed structures 
emerging during transcription. This is so since 
refolding events which occur as the RNA chain is 
being synthesized are local in nature: they in- 
volve regions of at most 40 nucleotides and are 
responsible for a local reduction of the enzyme 

- I 

0 ’ ; ’ Ib Ij 
Time 1s) 

Fig. 2. Time-dependence for the probability of the most 
probable secondary structures formed as the RNA sequence 
given in Fig. 1 is being progressively generated. The curve- 
crossings correspond to re-folding events, where one structure 
is superseded by another one which emerges with a higher 

probability. 

footprint which enables the polymerase to move 
forward along the replication fork [71. Moreover, 
long range interactions involving a portion of the 
RNA smothered by the enzyme environment are 
precluded. 

Figure 2 displays the probability for the most 
probable secondary structure which emerges con- 
comitantly with chain growth. The points of 
curve-crossing, indicated by digits, correspond to 
refolding events and the abscissas associated with 
them give the times when the refolding events 
occur. Thus, Fig. 3 displays the loci along the 
chain where chain growth is temporarily delayed 
(not only the nt position is given, but aIso the 
time when the pause starts) since a refoIding 
event is taking place, the uncertainty in the re- 
folding timespan is lo-’ s, and is due to the 
parametrization uncertainty. Thus, the system is 
chasing not to incorporate a new nucleotide to 
the chain until the refolding event has reached 
completion. The first such event occurs after two 
seconds and corresponds to the formation of the 
transient stem involving nts 7364-7367 and nts 
7372-7375. All other pauses correspond to the 
formation of stem/loop substructures (indicated 
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in Fig. 3 by roman numerals II-VI), to the stem 
comprised of nts 7383-7389 and nts 7444-7449, 
and, finally, the stem formed by joining the re- 
gions I and I’. This last refolding event occurs 
after 15.4 s, counting from the starting point, and 
entails the dismantling of the previously formed 
partial helical structure formed during the first 
pause. This structure is dismantled in favor of a 
new stem formed by bringing together regions I 
and I’. Thus, the final emerging structure is the 
one shown in Fig. 3, in complete agreement with 
the one inferred by Dayton and coworkers [4]. 

One puzzling aspect of their functional analy- 
sis is the improvement of the Reu response when 
the so-called CAR 2/17 mutant was used as a 
target. The mutant was obtained by altering the 
subsequences involving nts 7377-7380 (GCAG -+ 
UUGU) and nts 7542-7545 (CUGG -+ ACAA). 
We ran the stimulation for the mutant and found 
that the initial transient hairpin, which was 
formed during the first pause, is not formed in 
this case, as revealed by the absence of one pause 

7401 

7407 
II 

Fig. 3. Schematic representation of the final metastable kinet- 
ically governed CAR secondary structure which emerges once 
the simulation has been carried out to completion. The reman 
numerical notation is consistent with [I. The sites labelled 
with nucieotide number and also with time denote the pause 

sites, corresponding to curve-crossing in Fig. 2. 
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Fig. 4. Time dependence for the probability of the most 
probable secondary structures formed concomitantly with 

chain growth for the mutant species CAR 2/17. 

which follows by close inspection of Fig. 4. The 
dashed lines represent the probability for the 
emerging of those structures in the mutant which 
are absent in the wild type). Moreover, the last 
refolding event leads to the I-I’ structure di- 
rectly, that is, the formation of that structure 
does not require altering previously-existing ones, 
as it was the case with the wild type. That, in 
passing explains why the I-I’ structure emerges 
with a higher probability in the case of the mu- 
tant. 

The helix I-I’ seems to play a crucial func- 
tional role in the reguIation of the CAR-R~LJ 
interaction, although strikingly, the local recogni- 
tion seems to be sequence-independent. Thus, in 
consistence with previous work by the author [6], 
a mutation like CAR 2/17 should enhance the 
Reo response since it destabilizes the I-I’ sec- 
ondary structure. This destabilization is a conse- 
quence of the decrease in stacking energy due to 
the decrease in G-C pairing in the mutant with 
respect to the wild type. The situation is some- 
what analogous to that presented in [6], where 
the replicative activity of a MDV-1 RNA species 
is improved by destabilizing the folding of the 
internal recognition site, thus favoring the initial 
interaction with the replicating enzyme Q/3-repli- 
case. There is an additional feature which could 
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reinforce or contribute to the enhancement of the 
enzyme recognition: The kinetic pathway leading 
to the formation of the I-I’ helix is favored in 
the mutant when compared to the wild type. This 
fact follows from direct inspection of Figs. 2 and 
4: No previously-existing metastable secondary 
structure (like the one occurring in refolding 
event, 1, Fig. 2) needs to be dismantled to form 
the I-I’ hairpin for the mutant. Thus, the sup- 
pression of a competing refolding pathway might 
reinforce the effect of the destabilization of the 
I-I ’ helix. 

The previous analysis supports the idea that 
the highly probable fast-formed structure pre- 
sented in Fig. 3 is the structure which occurs 
concomitantly with direct transcription of the 
provirus by RNA polymerase II. This folding 
must prevail in the fraction of full-length RNA 
transported from the nucleus to the cytoplasm, at 
least until the onset of the budding process which 
leads to virion formation. Moreover, the folding 
pattern given in Fig. 3 might even be preserved 
throughout the process of splicing of the portion 
of viral RNA which yields the mRNA for enu. 
Although this needs to be confirmed, it is clear 

that if the translation of enu RNA takes place 
the cytoplasm, the active structure of CAR shou 
have been preserved for transportation from tl 
nucleus to the cytoplasm. That must be so sin{ 
the Rev interaction with enu RNA is mediate 
by the folding of CAR. 
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