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ABSTRACT. Changes in RNA secondary structure have been found to play important roles in translational
regulation, protein synthesis, and mRNA splicing. In studies utilizing a 66 nucleotide RNA template
with a stable hairpin structure, we have examined the effects of RNA secondary structure on HIV-1
reverse transcriptase activity. We identify several pause sites in the stem of the hairpin and show that
these pause sites are correlated with the free energy of melting the next base pair in the stem. We also
identify a pause site appearing in the loop of the hairpin and show that this is due to the rapid formation
of a new hairpin structure occurring during the progress of DNA polymerization through the hairpin.
The rapid change in RNA secondary structure to form the new hairpin selectively destabilizes the major
hairpin and thereby accelerates the rate at which reverse transcriptase reads through RNA secondary
structure.

During the replication of human immunodeficiency virus Ca
type 1 (HIV-1)! virally encoded reverse transcriptase (RT) 8 A&
copies single-stranded viral RNA genome into a minus-strand &-&
of DNA. The enzyme then uses the resultant cDNA to YR 36
synthesize a plus-strand DNA, thereby allowing the double- 8318¢35
stranded viral genome to be integrated into the DNA of the 8338/32
host (I, 2). The HIV-1 RNA genome forms complex §§ o
secondary and tertiary structures which cause RT t0 pause 5-GGGAAGA  GAAUUUUCUUCAGAGCAGACCAGAGCCAACA-3
during DNA synthesis. RT pausing has been observed in 3-AGAAGTCTCGTCTGGTCTCGGTTGT -5
both stems and loops of predicted hairpin structures and infFgure 1: DNA/RNA 25/66-mer substrate. The folding free energy
runs of template guanosines 4 bases) and cytidines @ of this hairpin at 37C was predicted to be-20.3 kcal/mol using
bases); therefore, the role of RNA secondary structure in ?r/g?ridihzhg {aerrfr?]\?:]i gegff?ﬁgné’t\lh: fetrrr?nlg tETL?ﬁlg:relsgzi (?tléfg?ﬁefed
pausing has been questionei 4). single-stranded template region betwgen the primer and the hairpin

We present, in a series of three papers, the effect of RNA
secondary structure on DNA synthesis and RNA cleavage

catalyzed by HIV-1 RT. In this paper, a 66 nucleotide RNA  sacondary structure on RNA cleavage catalyzed by the RNase
template, derived from the HIV-1 genome (nucleotides activity of HIV-1 RT (8). These three papers provide an

1636-1701) ©) and predicted to form a stable hairpin n4erstanding of the effect of RNA secondary structure on
structure (Figure 1), was used to examine the effect of RNA o polymerase and the RNase H activities of HIV-1 RT

secondary structure on DNA synthesis catalyzed by HIV-1 structurallv. thermodvnamically. and kineticall
RT in vitro using rapid kinetic methods. This stable hairpin y: y y: y:

is seven nucleotides downstream from d¢fag-polframeshift MATERIALS AND METHODS

site of the HIV-1 genome and is essential for wild-type levels

of translational frameshifting to occimr vivo (6). Our results Processiity Experiment Wild-type HIV-1 RT, DNA, and
reveal that HIV-1 RT pauses significantly at several positions RNA oligonucleotides were prepared as descrit®d The

in this RNA hairpin including one site in the loop of the processive polymerization experiment was performed using
predicted hairpin. We show that this unexpected pause sitez KinTek (State College, PA) rapid chemical quench flow
is due to a new RNA hairpin secondary structure which is 55 described previouslg), Typically, the experiment was
formed rapidly during DNA synthesis. The second paper carried out by rapidly mixing 1&L of preincubated RT and
describes the effect of RNA secondary structure on the duplex DNA/RNA in RT buffer (50 mM Tris-acetate, 100
kinetigs of polymerizatior_l catalyzed by HIV-1 RT)( In mM potassium acetate, 0.1 mM EDTA, pH 7.5 at 37)
the third paper of the series, we describe the effect of RNA with an equal volume of a solution containing dNTPs and

o . 3 bv Natoral Tt Croalth G Mg?*. This mixture was allowed to react for the specified
is work is supported by National Institutes of Health Grant +; ; ; ; ;
GM44613 (o KAL) times. The reactions were terminated by quenching with 90
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1 Abbreviations: HIV-1, human immunodeficiency virus type 1; RT, PUter program was used to prequt RNA structure and
reverse transcriptase; RNase, ribonuclease. calculate folding free energyMfold is based on the energy
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minimization method 10) and thermodynamic parameters Scheme 1

measured for short oligonucleotides in the presence of 1 M AG1

Na" at pH 7.0 (1). Our reaction buffer is different and A = B
contains 10 mM Mg" and 0.1 M K. However, it has been RT RT
shown that thermodynamic parameters measurédil Na \” Tr
correspond closely to those measured in 0.15 M iHad AG2 AG4 AG3
10 mM Mg?t (12), and K behaves similarly to Na(13). RT.A == RT-B

The size of the single-stranded portion of our RNA template

is in the same range as the oligonucleotides used for oG, andAG; are the free energy changes of RT binding to
thermodynamic studies to obtain energy valuel.( More-  gtrycture A and B, respectively. The binding affinitgq
over, the folding free energy of short oligonucleotides can of 37/66-mer and 36/66-mer to RT at 2@ is 8.8 and 38.4
be predicted to within 5%. Therefore, the results of structure nn respectively, measured by the nitrocellule@EAE
prediction and thermodynamic calculation usifgfold double filter assay®). The binding affinity of structure A
provide a reasonable approximation for our experimental {5 RT could not be measured directly. We assume that it is
conditions. Furthermore, since we are interested in trendsgjmjlar to the affinity of 36/66-mer (38.4 nM) because 36/
in the free energy of melting, the errors in the absolute values gg-mer exists predominantly as structure A of 37/66-mer
of the free energy changes are less important. based on the results of RNase mapping. Using the equation
Calculation of Free Energy Barriers The free energy  AG° = —RTIn K = RT In K4, we calculated values of
changeAG (37 °C) of each RNA optimal structure relative  AG,°® and AGz® of Scheme 1 equal te-10.53 and—11.44
to its unfolded state was calculated usidfold. The  ycaymol at 23°C, respectively. AG; was calculated to
parameterAG (37 °C) was then used in the calculations: pe +1.8 kcal/mol at 37°C using Mfold. The net free
AAG; = AG; — AG;-,, which represents the difference in  energy change of the thermodynamic cycle from structure
stability of template annealed to arandi—1 nucleotide A —B—RTeB—RT:A—A, AG;° + AG — AG,° — AG,®,
primer. That is, the free energy differenAG; (37 °C) is should be equal to zero. ThereforkG,° is equal toAG;°
equal to the free energy barrier of melting the corresponding + AG,°> — AG,°. Accordingly, AG,° was estimated to be
base pair of stem before the incorporation of tii —2.71 kcal/mol at 37°C assuming that the temperature
nucleotide primed with ai—1 nucleotide oligomer. effects onAG,° andAGs°® are equal and therefore offset each
RNA Secondary Structure Determinatiothe RNase  other. Using the affinity of 37/66-mer (3.95 nM) and 36/
H-deficient HIV-1 RT mutant D443N was prepared as g6-mer (44.5 nM) at the polymerase site of RT measured

described §). The duplex DNA/RNA was formed by  py active site titration at 37C (7), AG,° was estimated to
annealing a 5-fold primer with'5%P-labeled RNA 66-mer  pe —3.3 keal/mol.

at 85°C for 5 min followed by cooling the mixture slowly
to room temperature over 1 h. In the absence of RT, 13 nM RESULTS AND DISCUSSION
DNA/RNA duplex was treated with either 2.0 units of RNase . o ]
T1 (Pharmacia), or 1.1 units of RNase | (Promega), or 1.05 Processie Polymerization on 25/66-merWe first ex-
units of RNase V1 (Pharmacia), or 2.0 units of RNase U2 @mined processive DNA polymerization through the hairpin
(Pharmacia) for 15 s at 37 in buffer containing 10 mM  Structure catalyzed by wild-type HIV-1 RT. Elongation of
magnesium acetate and 0.54 mg/mL tRNA (Sigma). In the the 25/66-mer duplex DNA (25-base DNA primer annealed
presence of RT, 13 nM duplex DNA/RNA was preincubated t0 RNA 66-base template) was tested by rapidly mixing the
with 1.34M D443N and 1 mM next correct dNTP in buffer  €nZyme-DNA complex with the four deoxynucleoside
containing 0.54 mg/mL tRNA and then treated with one of triphosphates at either 37, 21, of® and then stopping the
the RNases for 10 s at I€: 1.5 units of RNases T1, 2.0 reaction at various times. The products were analyzed using
units of RNase I, 3.0 units of RNase U2. The cleavage & Sequencing gel as shown in Figure 2A. Products of
reaction by 1.05 units of RNase V1 was performed similarly intermediate length (32-, 34-, 35-, 36-, and 48-mer) ac-
except that dNTP was excluded and 10 mM magnesium cumulated to a significant extent.
acetate was added. The large molar excess of D443N, The accumulation of intermediates did not result from
shorter reaction times, and the excess of next correctpolymerizing to the ends of broken templates because full-
nucleotides were used to minimize the dissociation of length product was formed after long times and the RNA
substrates from RT14). The next correct nucleotide was template was stable in the polymerization reactions. The
not included in each RNase V1 cleavage reaction becausestability of the RNA template was examined by incubation
RNase V1 requires Mg for activity. Cleavage by RNases in the presence and the absence of the RNase H-deficient
T1, I, and V1 occurred in RT buffer. Cleavage reactions HIV-1 RT mutant D443N §) in reaction buffer at 37C for
by RNase U2 were performed in 33 mM sodium citrate 30 min. With the RNase H-deficient mutant, there was
buffer (pH 3.5). We also mapped the RNA secondary negligible formation of RNA cleavage products.
structures of 32/66-mer and 35/66-mer in the presence and We considered the possibility that the accumulation of the
absence of D443N. These species are early pause intermedintermediate 36-mer resulted from “jumping” over the hairpin
ates in the reaction while the hairpin is still intact as and reading the overlap GA sequence once by RT during
confirmed by our RNase analysis (data not shown). Atthesethe primer elongation (Figure 1). To test this possibility,
sites, hairpins similar to that seen with the 36/66-mer were we performed a similar 15 min reaction as in Figure 2A but
identified except that the stems were larger as expected. leaving out dGTP. Normal elongation would result in the
Calculation ofAG4° of Scheme .1 In Scheme 1AG; and product 34-mer, while jumping would have produced a 36-
AG, are the free energy changes of the structure switchingmer. DNA sequencing gel analysis showed an intense 34-
from A to B in the absence and presence of RT, respectively. mer band but not a 36-mer band, suggesting that 36-mer
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FIGURE 2: Processive polymerization on 25/66-mer. A preincubated solution of 100 nM HIV-1 RT and 100-#RtI&beled 25/66-mer

in RT buffer was mixed with dATP, dGTP, dCTP, dTTP (18D each), and 10 mM magnesium acetate (final concentrations) in RT
buffer. The reactions were quenched with 0.3 M EDTA at the indicated times and analyzed by sequencing gel electrophoresis. (A) pH 7.5,
37°C; (B) pH 7.8, 21°C; (C) pH 8.2, 8°C.

pause product was synthesized by primer elongation into thesecondary structure. This conclusion is further supported
hairpin. These results strongly suggest that the accumulationby the observation that the accumulation of intermediates is
of intermediates is due to RT pausing caused by RNA more significant at 8C and 21°C than at 37C (Figure 2)
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Ficure 3: Two competing RNA secondary structures of 37/66-
mer. The arrows indicate the cleavage sites numbered from' the 5
terminus of the RNA template.

although RT was expected to be less active at lower

temperatures and at slightly higher pH reaction conditions.

Slight accumulation of 47-, 49-, 52-, 53-, and 54-mer was

also observed more significantly at & (Figure 2C). =4]
However, the accumulation patterns at three temperatures
are similar (Figure 2)

RNA Secondary Structure Switching.he sites of RT
pausing after synthesis of products 32-, 34-, 35-, and 36-
mer are expected because these sites correspond to GC base
pairs in the stem of the predicted hairpin (Figure 1).
However, the lack of 37-mer accumulation at 3C is
surprising because the next base pair of the stem is also a
GC base pair. RT pausing after synthesis of the 48-mer is
another notable exception because the hairpin shown in
Figure 1 should not exist when RT reaches this position. In
order to understand the product accumulation pattern (Figure sl &
2A), an RNA folding programMfold, was used to predict 0 010306 1 3 6 10 30 60 180 600 900

~ 36
=35
~34

<32

=25

the optimal structures of the single-stranded portion of the Ti d
template annealed to different primers. Using primers shorter me (SEC\UH )

than 37 nucleotides, the optimal RNA structures were Figure4: Processive polymerization on 25/61-mer. A preincubated
predicted to correspond to structure A of Figure 3. However, solution of 100 nM HIV-1 RT and 100 nM'5%P-labeled 25/61-
utilizing primers from 37 to 49 nucleotides in length, the merin RT buffer was mixed with dATP, dGTP, dCTP, dTTP (150
optimal RNA structures were as shown in structure B of uM each), and 10 mM magnesium acetate (final concentrations)

: . - - in RT buffer (pH 7.5) at 37C. The reactions were quenched with
Figure 3. The different optimal structures predictedvfgld 0.3 M EDTA at the indicated times and analyzed by sequencing

utilizing 36-mer and 37-mer primers suggest that the RNA gel electrophoresis. The arrows represent the strong RT pause sites
template might rapidly change its secondary structure to form (32-, 34-, 35-, and 36-mer) and a weak RT pause site (41-mer)

a new downstream hairpin after synthesis of the 37-mer Numbered from the'3erminus of the RNA template.
(Figure 3). This postulate is supported by the kinetic studies _
of the next nucleotide incorporation and the studies of RNase €xPected, the accumulation of 32-, 34-, 35-, and 36-mer
H cleavage with the substrates 36/66-mer and 37/66-fer ( (Figure 4) is similar to that shown in Figure 2A. However,
8). intermediate products of 37, 38, and 41 nucleotides in length
According to this interpretation, the absence of pause sites|S0 accumulated slightly, and there was no accumulation
between the 37-mer position and at sites leading up to the©f the 48-mer (Figure 4). This strongly suggests that the
48-mer is due to the open single-stranded region formed in @bsence of 37-, 38-, and 41-mer products and the accumula-
the switch from hairpin A to hairpin B shown in Figure 3. tion of DNA 48-mer with the 66-mer template are due to
Accordingly, all pause sites including the 48-mer pause site the formation of a new RNA hairpin.
are located only in the predicted stems of stable hairpins. As HIV-1 RT traverses RNA secondary structure, each
No pause sites are located in the single-stranded segment§tem base pair is melted in a stepwise fashion prior to each
or loops. These conclusions are supported by the experi-nucleotide incorporation. Our kinetic data suggest that the
mental results using a 61 nucleotide RNA template (Figure binding of RT to DNA exists in an equilibrium between a
4), which lacks the first 5 nucleotides of thetérminus of nonproductive binding state ¢BY) and a productive bind-
the RNA 66-mer. Mfold predicted that there would be no ing state (EDE) at the strong RT pause site3).( The
RNA secondary structure change as shown in Figure 3 conversion of the nonproductive binding state to productive
associated with this RNA 61-mer template. To test the binding state has to surpass a certain energy barrier. Our
hypothesis that the formation of hairpin B facilitates the analysis suggests that the major contributor of this energy
unwinding of hairpin A, we examined processive DNA batrrier is the free energy barrier of base pair unwinding when
synthesis using the 61 nucleotide RNA template. As RT reads through the stem of the RNA hairpin. However,
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The overall free energy change for single-nucleotide

incorporation catalyzed by T7 DNA polymerase at ZD
= was estimated to be approximatel4 kcal/mol (5), and
E we expect a similar overall free energy change for single-
Tg nucleotide incorporation catalyzed by HIV-1 RT. Although
<) not directly coupled, this is the free energy available as the
o net driving force to unwind the next stem base pair.
s Although the mechanism of stepwise base pair melting while
reading through the hairpin has not been established, the most
plausible mechanism supported by our data is the thermal

“25 30 35 40 45 50 55 breathing of individual stem base pairs followed by the rapid
. . incorporation of the next nucleotide. This simple model
The ith nucleotide : :

i ) accounts for the direct correlation between the free energy
FIGURES: Free energy barrieAG) of single-template (the RNA ¢ unwinding and the magnitude of the pause, without the

66-mer) base-pair melting at 3T associated with the incorporation dtoi K ial . lati ilibri
of theith nucleotide. The 37th and the 50th nucleotide incorpora- N€€d to Invoke any special assumptions relating equilibria

tions both have two different values AAG; associated with each ~ and kinetics. At the pause sites, it is the amplitude of the
of them. The positiveAAG; is the free energy barrier of melting ~ fast reaction, not the rate, which is affected. Therefore, the

tnhueclggﬁhete“_ljﬁgatﬁe b:ﬁ\%&aeir it;ei(r)\;efrﬂqu é%%?rpogit;%” eof(i)?“tﬁe free energy of unwinding determines the fraction of enzyme
RNA secondary strgcture svvlitching after the i?l)éorpore?tion of the m_ole_cules that can b".‘d n the productive mode. A_Ithoug_h
37th or the 50th nucleotide. this simple model qualitatively accounts for the pausing, this
work does not rule out the possible involvement of the
at nonpause sites, RT reads single-stranded DNA and bindsprotein in facilitating the melting of the RNA secondary
DNA only productively and, therefore, there is no energy structure by either stabilizing the productively bound template
barrier of base pair unwinding. Once DNA is bound or destabilizing the secondary structure.
productively by RT, there are no differences in the processes von Hippel and Yagerl6) have developed a theoretical
of nucleotide incorporations at pause and nonpause sitemodel to account for the changes in the termination frequency
because the fast rates of nucleotide incorporations are similarfrom less than 1% to greater than 99% during RNA synthesis.
at all sites {). This suggests that the major difference of They have shown how small changes in the energy barriers
free energy change associated with DNA polymerization (3—4 kcal/mol) cause a switch in kinetics from elongation
through the single-stranded and double-stranded regions ofto termination. In addition, they define the net free energy
the RNA template is from the base pair unwinding processes.for protein binding to a transcription bubble in terms of the
The different affinity of RT toward the single-stranded and sum of the elementary contributions from changes in DNA
the double-stranded DNA should have a minor effect on the and RNA structure and protein binding. We have applied
overall free energy change of DNA polymerization because similar analysis to the present system by defining the free
the nitrocellulose DEAE double filter binding assay has energy changes associated with RNA secondary structure
revealed that all DNA substrates have similar affinity toward unwinding. However, in this case, we show that the kinetic
RT (7). Therefore, the free energy barrier of base pair effect is indirect by altering the fraction of RNA in the
unwinding should have a correlation to RT pausing. productively bound state during reverse transcription.

The predicted free energy barrier of each melting step, RNA Secondary Structure Determinatiofio examine the
AAG; (37 °C), varies with the position of the incorporated role of RT in the observed change in template secondary
nucleotide within the RNA 66-mer template (Figure 5). Itis structure during polymerization, we used RNases T1, U2, |,
notable that the pattern of the free energy of unwinding as and V1 to map the secondary structure of the RNA 66-mer
a function of position through the hairpin (Figure 5) annealed with different primers in the absence (Figure 6A)
correlates well with the product accumulation pattern (Figure and presence (Figure 6B) of the RNase H-deficient RT
2A) in that the pause sites occur at positions with predicted mutant D443N. As shown, the RNase H activity is not
high energy barriers for unwinding. For example, the free important for RT to traverse RNA secondary structure since
energy barriers for the unwinding of 35th, 36th, 37th, and we observed an identical product accumulation pattern
49th nucleotides are notably high8 kcal/mol), leading to obtained with D443N by performing the same processivity
a large accumulation of 34-, 35-, 36- and 48-mer products. experiment described for Figure 28)( RNases T1 and
The melting steps predicted to occur after the incorporation U2 cleave single-stranded RNA specifically on tHesRRle
of the 50th nucleotide are not important at 32 because  of G and A residues, respectively. RNases | and V1 cleave
the RNA secondary structure predicted by the program may predominantly single-stranded and double-stranded RNA,
not exist in the presence of RT, although they may have respectively. The major difference between hairpins A and
contributed to the slight accumulation of 52-, 53-, and 54- B is that nucleotides 2429 including G24, G25, and G26
mer at 8°C (Figure 2C). are located in stem 1 of structure A, but in a single-stranded

It is interesting to note thahAG (at 37°C) is calculated segment of structure B. Thus, the sensitivity toward diges-
to be —1.1 kcal/mol following synthesis of the 37-mer tion by RNase T1 at sites G24, G25, and G26 serves as a
product. This favorable free energy change results from thesignal for the change in RNA secondary structure from
formation of hairpin B since it is predicted to be more stable hairpin A to hairpin B.
than hairpin A after the synthesis of the 37 nucleotide In the absence of RT (Figure 6A), RNases T1, U2, and |
product. Thus, the formation of the second hairpin down- recognized “linker 1" of the 25/66-mer, loop 1 of 25/66-
stream facilitates the unwinding of the first hairpin (see mer and 36/66-mer of our predicted structure A, and loop 2
discussions below). of 48/66-mer of our predicted structure B (Figure 3).
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FiIGURE 6: RNase-probing analysis at 3T of the 3-32P-labeled RNA 66-mer annealed to different DNA primers. Lanes L and C denote

the alkaline hydrolysis ladder and the control RNase reaction without ribonuclease, respectively. (A) In the absence of HIV-1 RT. RNases
T1, U2, |, and V1 were 2.0, 2.0, 1.1, and 1.05 units, respectively. Cleavage time was 15 s. (B) In the presence of HIV-1 RT. RNases T1,
U2, I, and V1 were 1.5, 3.0, 2.0, and 1.05 units, respectively. Cleavage time was 10 s.

Table 1: Total Molar Percentage of Three Cleavage RNA Products solution predominantly as structure B !n the presence of RT.
after Nucleotides G24, G25, and G26 by RNase T1 in the Presence In the presence of the RNase H-deficient mutant of RT, the

of RT (+RT) or Absence of RTRT) and the Ratio between RNA cleavage patterns of 25/66-mer, 36/66-mer, and 48/
Them (+RT)/(—=RT) 66-mer (Figure 6B) are similar to those in the absence of
substrate —RT (%) +RT (%) (+RT)/(—RT) RT (Figure 6A).
37/66-mer 2.49 9.37 3.8 The intensity of bands G24, G25, and G26 as products of
36/66-mer 0.62 1.84 3.0 RNase T1 digestion provides markers to quantify the change

Digestion by RNase V1 shows the products characteristic " RNA secondary structure in forming hairpin B. These

of the predicted stems of the 25/66-mer, 36/66-mer, and 48/Pands are not evident after digestion of the RNA in the
66-mer. The RNA cleavage pattern of 37/66-mer is similar Presence of DNA primers 32 or 35 nucleotides in length (32/

to that of 36/66-mer except for the appearance of the weak 66-mer and 35/66-mer), indicating stable formation of hairpin

bands of G24, G25, and G26. This suggests that the majority”® With litte formation of hairpin B (data not shown).
of 37/66-mer exists as structure A, implying that structure However, bands G24, G25, and G26 are prominent in the

A is more stable than structure B in the absence of RT. digestion products of the 36/66-mer or 37/66-mer. The

However, even at lower concentrations of RNase T1 (1.5 |n_tenS|ty of these three bands is approx_lmately 5-fold greater
units instead of 2.0 units) and a shorter reaction time (10 s With the 37/66-mer substrate, suggesting that perhaps only
instead of 15 s), the total percentage of the three bands 0f20% Of the 36/66-mer has a secondary structure similar to
G24, G25, and G26 in the presence of RT (Figure 6B) is the 37/6(_5—mer in the presence of RT._ This agrees w!th the
almost 4 times greater than in the absence of RT (Table 1)_observat|on that the fast phase reaction amplitude with 37/

Additionally, the intensity of bands G11 and G12 increased. 66-mer is about 6-fold larger than with 36/66-mef).(
These two positions are relatively more sensitive to RNase However, the addition of RT to the 36/66-mer increases the

T1 when they are in loop 2 of structure B than when they Intensity of these bands by approximately 3-fold, directly
are in the 5 dangling end of structure A (Figure 3). Showing that the binding of RT induces the change in RNA
Interestingly, the total percentage of these five bands (G11,S€condary structure from hairpin A to hairpin B with DNA
G12, G24, G24, and G25) of 37/66-mer is approximately Primers of 36 or 37 nucleotides in length.

equal to the total percentage of cleavage at G11 and G12 of Hydroxyl radical and DNase | footprinting analyses have
48/66-mer, which are the only sites sensitive to RNase T1. previously shown that HIV-1 RT protects the template
These results strongly suggest that 37/66-mer existed innucleotides fromt+3 to —15 and from+7 to —23, respec-
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tively (+3 represents three nucleotides downstream from the account for the lack of accumulation of DNA 37-mer product
3 terminus of the primer)1(7, 18). Our RNase footprinting  at 37°C (Figure 2A). This indicates that RNA secondary
analysis demonstrates that the downstream extremity of thestructure switching occurs in milliseconds. This fast switch-
region protected by RT extends only to positigt8 or ing is not without precedent. RNA structure switching of
nucleotide A27. The cleavage after nucleotides G24, G25, Leptomonas collosongpliced leader RNA was seen to occur
and G26 by RNase T1 is probably due to the downstreamat a similar rate 21, 22). The rapid time scale of RNA
template overhang close to the RT binding site being partially structure switching suggests that it may occur by a branch
protected by th@3—/34 hairpin of the p66 finger subdomain migration pathwayZ1). For example, the possible interac-
of HIV-1 RT (17, 18) and thereby accessible to RNase T1 tion between the'sdangling end and stem 1 of structure A
molecules (11 kDa) and hydroxyl radical, which are smaller could provide a nucleus such as G1U19, which may then
than DNase | molecules (31 kDa). grow into structure B at the expense of structure A. Cleavage

HIV-1 RT Facilitates RNA Secondary Structure Change products shorter than 12 nucleotides in length produced by
Scheme 1 shows our model for the RNA secondary structureRNase V1 (Figure 6) support the existence of such an
switching from structure A to B (Figure 3) in the presence interaction. The alternative pathway for RNA structure
and absence of RT. The isolated hairpin of structure B is change involving complete disruption of structure A followed
calculated to be 1.1 kcal/mol more stable than the lone by formation of structure B is unlikely because the disruption
hairpin of structure A at 37C. However, the coaxial of structure A occurs with a large positive enthalpy change
stacking of adjacent helices between the hairpin stem and(59.6 kcal/mol) 23).
the primed double-stranded region in structure A is expected RNA secondary structure switching has been found to play
to stabilize the hairpin of structure A by 2.9 kcal/mao( a significant role in several biological processes, including
20). Structure B does not have such coaxial stacking becauseranslational regulatior2g, 25), protein synthesis2g), and
its two helices are separated by 10 nucleotides. Therefore mRNA splicing 7). We demonstrate here that RNA
AG; of Scheme 1 was calculated to be 1.8 kcal/mol at 37 secondary structure switching also plays an important role
°C. The positive value indicates that structure A is more in replication catalyzed by HIV-1 R vitro. Additionally,
stable than structure B in the absence of RT, which agreeswe show that RT pausing in the stems of RNA hairpins
with the result of RNase mapping. However, the coaxial correlates with the predicted energy barrier of melting next-
stacking in structure A could be eliminated by the binding stem base pair. These results could apply to other reverse
of RT, thereby triggering a switch of RNA secondary transcriptases and RNA polymerases.
structure to form hairpin B. This is reasonable because the
hairpin of structure A and its large 8angling end may have
physical contact with the RT binding cleft, disrupting the
coaxial stacking of the two stems of structure A. Considering fo
this factor, AG, was predicted to be-1.1 kcal/mol.
Moreover, our direct measurements indicate that RT has
higher affinity to substrate B than to substrate @ (hich REFERENCES
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