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ABSTRAC T T 

Revers ee transcriptio n of the Human Immuno -
deficienc yy Viru s typ e I (HIV-1) RNA genom e is prime d 
byy a cellula r tRNA-lys 3 molecul e that bind s to the 
prime rr  bindin g sit e (PBS). The PBS is predicte d to be 
partt  of an extende d RNA structure , consistin g of a 
smal ll  U5-PBS hairpi n and a larg e U5-leader stem . In 
thi ss  stud y we stabilize d the U5-leader stem of HIV-1 
too stud y its rol e in revers e transcription . We teste d 
inin vitro synthesize d wild-typ e and mutan t template s 
inn prime r annealing , initiatio n and elongatio n assays . 
Stabilizatio nn of the stem inhibit s the initiatio n of revers e 
transcription ,, but not the annealin g of the tRNA prime r 
ontoo the PBS. These result s sugges t that stabilizatio n 
off  the stem result s in occlusio n of a sequenc e moti f 
thatt  is involve d in an additiona l interactio n wit h the 
tRNA-lys 33 prime r and that is needed to trigge r the initi -
ationn of revers e transcription . The stabl e structur e was 
alsoo foun d to affec t the elongatio n of revers e transcrip -
tion ,, causin g the RT enzyme to pause upon copyin g 7-8 
basess into the extende d base paired stem . The stabi -
lizin gg mutation s were also introduce d into provira l 
construct ss for replicatio n studies , demonstratin g that 
thee mutan t viruse s have a reduce d replicatio n capacity . 
Analysi ss  of a revertan t viru s demonstrate d that 
openin gg of the stabilize d U5-leader stem can restor e 
bothh viru s replicatio n and revers e transcription . 

INTRODUCTION N 

Reversee transcription of retroviral genomes is primed by a 
cellularr tRNA molecule that anneals to an 18 nt primer binding 
sitee (PBS) that is located in the 5' untranslated leader region of 
thee viral RNA genome (Fig, I A) (1,2). For several retroviruses, 
thiss part of the genomic RNA has been suggested to fold a 
complexx secondary structure (3-11). In the genome of Human 
Immunodeficiencyy Virus type 1 and 2 (HIV-1 and -2), the PBS 
iss predicted to be part of an extended RNA structure (10,12). 
Thiss structure consists of a small U5-PBS hairpin that contains 
partt of the PBS, and a large stem region formed by sequences 
off  the upstream U5 region and the downstream leader region, 
thee U5-leader stem (Fig. IA and B). Several sequences in the 

U5-PBS-leaderr region have been proposed to interact with the 
tRNA-lys33 primer to stimulate reverse transcription (13-17). 
Wee previously demonstrated that the small U5-PBS hairpin of 
HIV-11 is involved in the correct placement of the tRNA primer 
ontoo the PBS (18,19), and the A-rich loop of this hairpin has 
beenn suggested to interact with the U-rich anticodon of the 
tRNA-lys33 molecule (15,20,21). In the avian Rous Sarcoma 
Viruss (RSV), an extended stem region similar to the U5-!eader 
stemm of HTV-1 is involved in the initiation of reverse transcription 
(22,23).. A sequence motif in the U5 region was identified that 
mayy interact with the TVC arm of the tRNA-trp primer, but 
thee structure of the U5-leader stem also seems important for 
efficientt initiation of reverse transcription in RSV. 

Inn the present study we introduced specific mutations to 
stabilizee the predicted U5-leader stem in HIV-1 to analyze the 
rolee of this structure in reverse transcription. For instance, the 
occlusionn of important U5 sequence motifs in a stabilized U5-
leaderr stem could interfere with tRNA-lys3 annealing and/or 
initiationn of reverse transcription. Furthermore, stable RNA 
structuree in the template has been reported to interfere with the 
elongationn of reverse transcription (24-26). Therefore, we 
measuredd tRNA annealing and both initiation and elongation 
off  reverse transcription on the stabilized U5-leader stem 
templatess in in vitro reverse transcription assays. The same 
mutationss were also introduced in proviral constructs to study 
thee replication capacity of the mutant viruses. Stabilization of 
thee U5-leader stem impaired virus replication and partially 
inhibitedd initiation of reverse transcription, which was not 
causedd by reduced binding of the tRNA-!ys3 primer. The 
stablee RNA structure also interfered with the elongation of 
reversee transcription, causing RT to pause upon copying 7-8 
basess into the extended base paired stem. Analysis of a revertant 
viruss demonstrated that opening of the stabilized U5-leader 
stemm can restore both virus replication and reverse transcription. 

MATERIAL SS AND METHODS 

DNAA construct s 

AA derivate of the full-length proviral HIV-1 clone pLAI was 
usedd to produce wild-type and U5-leader stem mutated viruses. 
Thiss construct pLAI-R37 was described previously and 
containss a unique U5 region in the 5' long terminal repeat 
(LTR)) (9). The 3'LTR was truncated at the Sad site within the R 
region,, and the chloramphenicol acetyltransferase (cat) gene and 
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Figuree 1. Schematic of the HIV- ] 5 untranslated leader RNA. (A) Outline of the RNA secondary structure motifs in the HIV-1 leader RNA. The tRNA-lys3 primer 
bindss to the PBS (marked in gray) that is part of an extended RNA structure. This structure consists of a small U5-PBS hairpin that occludes part of the PBS, and 
aa large stem region formed by upstream U5 and downstream leader sequences. This U5-leader stem is highlighted (shaded) and is the topic of this study. The 
positionn of several primers used in the reverse transcription assays is shown. (B) Shown is the wild-type U5-leader stem and several mutants thereof that were 
designedd to increase the thermodynamic stability. The U5-leader stem of mutant si was stabilized by deletion of the left arm and the introduction of two U residues 
(markedd by a black box). In mutant s2, the right arm was deleted and replaced by two residues (UC) (marked by a black box). The double mutant sl/2 contains 
bothh mutation si and s2. The thermodynamic stability of the structures is indicated at the bottom ( G in kcal/mol) and was calculated using the Zuker algorithm 
(38).. Mutations observed in a revertant virus of mutant s2 are shown on the right. A 9 nt segment was deleted (marked by an open box) and replaced by a 7 nt 
sequencee (dark gray box) that most likely results from duplication of the upstream sequence (duplication marked by an arrow, position of one non-identical nucleotide 
indicatedd by an asterisk). This mutation results in refolding of the U5-lcadcr region and the thermodynamic stability of this alternative structure is shown for 
referencee ( G = -32.3 kcal/mol). The position and intensity of the RT pauses observed in reverse transcription assays is indicated by dots. Open dots represent RT 
pausess observed with PBS-bound primers (lys21 and tRNA-lys3 primer) (Fig. 3), closed dots represent RT pauses in assays initiated from the downstream AUG 
primerr (Fig. 4). 

simiann virus 40 (SV40) polyadenylation site were inserted at this 
position.. Nucleotide numbers refer to positions on the genomic 
RNAA transcript, with +1 being the capped G residue. For mutation 
off  the U5-leader stem, the construct Blue-5 LTR was used (27), 

whichh contains a Xba\~Cla\ fragment of HIV-1 encompassing the 
55 LTR, PBS, leader and the 5 -end of the gag gene (positions -454 
too +376) cloned into pBluescript (Stratagene). The U54eader stem 
wass mutated by oligonucleotide-directed in vitro mutagenesis 
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withh a Muta-Gene Phagemid In Vitro Mutagenesis Kit (Bio-Rad). 
Oligonucleotidess used are: SI, 5'-+llsTGTGTGACTCTGGT-TT-
CCCTTTTAGTCAGTG+161-3'' and S2, 5'-+208GAAAGGGAAA-
CCAGAG-lC-ACGCAGGACTCGGCT+249-3'' (deletion in-
betweenn dashes, inserted two nucleotides underlined). For 
sequencee analysis, the 5'LTR-leader region was PCR amplified 
withh the sense R region primer T7-1 (positions -54 to -34) with 
5'-flankingg T7 RNA polymerase promoter sequence and the anti-
sensee primer AUG (positions +348 to +368, with six additional 
nucleotidess at its 5'-end). These PCR products were sequenced 
withh the DYEnamic™ Direct cycle sequencing kit (Amersham) and 
ann Applied Biosystems 373 DNA sequencer. Subsequently, the 
mutatedd Xbal-Clal fragments were introduced into the proviral 
clonee pLAI-R37, which again was verified by sequence analysis. 

Cells,, viruses and transfection 

SupTll  T cells were grown in RPMI 1640 medium supple-
mentedd with 10% fetal calf serum at 37°C and 5% CO:. SupTl 
cellss (5 x 106) were transfected with 2 ug of the HIV-1 proviral 
constructss by electroporaiion (250 V, 960 uF). Fresh SupTl 
cellss (0.5 x 106) were added after transfection to support viral 
replication.. Cells were split 1 to 10 twice a week. For the selection 
off  revertant viruses, the transfected cells were passaged up to 
99 weeks. At the peak of virus production (as witnessed by the 
appearancee of large syncytia) a sample of the culture superna-
tantt was used to infect fresh SupTl cells. Initially 100 ul was 
usedd to infect the SupTl cells, but we gradually used less 
culturee supernatant (minimally 0.1 u.1) per passage. At each 
passage,, cells and supernatant samples were stored at -70°C. 
Too study the increased replication capacity of the mutant s2 
viruss upon prolonged culturing, fresh SupTl cells were 
infectedd with an equal amount of virus (10 ng CA-p24) 
sampledd at weeks four and nine. 

C33AA cells were grown in Dulbecco's modified Eagle's 
mediumm containing 10% fetal calf serum at 37°C and 5% CO:. 
Forr the transient production of virions, C33 A cells were trans-
fectedd hy the calcium phosphate method. Cells were grown in 
200 ml of culture medium in a 75 cm2 flask to 60% confluency. 
Thirtyy micrograms of the proviral construct in 880 ul of water 
wass mixed with 1 ml of 50 mM HEPES (pH 7.1). 250 mM 
NaCl,, 1.5 mM Na2HP04 and 120 jul of 2 M CaCl2, incubated at 
roomm temperature for 20 min, and added to the culture 
medium.. The culture medium was changed after 16 h. 

Analysiss of the s2 revertant 

Infectedd SupTl were pelleted by centrifugation at 4000 r.p.m. 
forr 4 min and washed with phosphate-buffered saline. The 
cellss were resuspended in 10 mM Tris-HCl (pH 8.0), 1 mM 
EDTA,, 0.5% Tween 20 and incubated with 200 ug of 
proteinasee K per ml at 56°C for 1 h and at 95°C for 10 min to 
isolatee total cellular DNA. The 5'LTR-lcader region was PCR-
amplifiedd from cellular DNA with the sense R region primer 
T7-II  (positions -54 to -34) and the antisense primer AUG 
(positionss +348 to +368). This PCR product was sequenced 
withh the DYEnamic™ Direct cycle sequencing kit (Amersham) 
andd an Applied Biosystems 373 DNA sequencer. 

CA-p244 ELISA and RT enzyme assay 

CA-p244 levels in the culture medium were determined by ELISA 
(28).. RT assays were performed as described previously (29). 

Synthesiss of RNA templates 

Thee wild-type and mutant pBlue-5'LTR plasmids were used as 
templatee for PCR amplification and subsequent in vitro 
transcription.. The 5'LTR region was PCR amplified with the 
sensee primer T7-2 (positions +1 to +20) with 5'-flanking T7 
RNAA polymerase promoter sequence, and the antisense primer 
AUGG (positions +348 to +368). The PCR fragments were 
phenoll  extracted, precipitated and dissolved in water. The 
inin vitro transcription reaction was performed in 10 ul tran-
scriptionn buffer (40 mM Tris-HCl pH 7.5, 2 mM spermidine, 
100 mM DTT and 12 mM MgCL) containing 0.5 ug DNA 
template,, 0.06 umol ATP, GTP. CTP and UTP. 10 U T7 RNA 
polymerasee (Boehringer) and 20 U RNase inhibitor 
(Boehringer),, and incubated for 4 h at 37°C. Upon DNase 
treatmentt and phenol extraction, the unincorporated free 
nucleotidess were removed by passage through a Sephadex G-
500 column. Subsequently, the RNA was ethanol precipitated 
andd dissolved in renaturation buffer (10 mM Tris-HCl pH 7.5, 
1000 mM NaCl). The RNA was renatured by incubation at 85°C 
forr 2 min, followed by slow cooling to room temperature, and 
storedd at -20°C. The RNA concentration was subsequently 
measuredd by UV spectroscopy. 

Reversee transcription assays 

Thee in vitro synthesized RNA template (10 ng) was incubated 
eitherr with 1.5 ug calf liver tRNA (6 pmol total tRNA, of 
whichh -1.2 pmol tRNA-lys3; Boehringer) or with 20 ng DNA 
primerr in 12 ul annealing buffer (83 mM Tris-HCl pH 7.5, 
1255 mM KC1) at 85°C for 2 min, 65°C for 10 min. followed by 
coolingg to room temperature over a 1 h period. The primer was 
extendedd by 1 nt by addition of 6 ul RT(-) buffer (9 mM MgCk 
300 mM DTT, 150 ug/ml actinomycine D), 1 ul [a-,2P]dCTP and 
0.55 U HIV-1 RT (MRC) and reverse transcription was 
performedd for 30 min at 37°C. cDNA synthesis was accom-
plishedd in the similar RT(+) buffer, containing all dNTPs 
(300 uM dATP, dGTP and dTTP and 1.5 flM dCTP), 0.3 ul 
[a-,2P]dCTPP and 0.5 U HIV-1 RT (MRC). In the PBS occu-
pancyy assay, the RNA template was incubated simultaneously 
withh 1.5 ug calf liver tRNA and 20 ng of AUG primer and 
reversee transcription was performed in RT{+) buffer. The 
cDNAA products were precipitated in 0.3 M sodium acetate 
pHH 5.2 and 70% ethanol at -20°C. dissolved in formamidc 
loadingg buffer and analyzed on a denaturing 6% poly-
acrylamide-ureaa sequencing gel. The antisense primers used 
are:: polyA (positions +77 to +104). Iys21 (positions +182 to 
+202)) and AUG (positions +348 to +368. with six additional 
nucleotidess at its 5'-end). Sequence reactions initiated from the 
BB-33 (positions +215 to +245) and AUG primer on the pLAI 
DNAA template were performed using the Sequenase kit 2.0 
(Amersham).. These sequence reactions were included on the 
sequencingg gels to determine the exact position of RT pause sites. 

RESULTS S 

Designn of the stabilized U5-leader stem mutants 

Too study the role of the U5-leader stem in reverse transcription, 
wee introduced mutations that stabilize this base paired stem 
region.. The U5 region is encoded by the LTR that is present at 
bothh the 5'- and 3'-end of the HIV-1 proviral genome. Muta-
tionss introduced into the U5 region of the 5'LTR will be inher-
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itedd in both LTRs of the progeny. However, the presence of a 
wild-typee 3 LTR may result in reappearance of the wild-type 
sequencee by a recombination event. We therefore introduced 
thee mutations in a derivative of the proviral clone pLAI in 
whichh part of the 3 LTR, including the polyadenylation signal and 
thee complete U5 region, is deleted. An SV40 polyadenylation site 
wass placed downstream of the HIV-1 sequences to allow 
efficientt polyadenylation of the viral transcript. Transfection 
off  cells with this vector results in the production of viruses 
withh a mutant U5 region in the 5 LTR. Subsequent infection of 
thee T cells and reverse transcription of the viral RNA genome 
wil ll  produce proviral genomes with a full-length 5 LTR and 
33 LTR with the mutant U5 sequence. 

Thee upper part of the U5-leader stem was stabilized in 
mutantsll  by deletion of the left arm (Fig. IB, positions 132-149), 
whichh was replaced by two U residues to complement the two 
bulgedd A nucleotides on the opposite side of the stem at 
positionss 215-216 (all nucleotide numbers relate to the wild-
typee HIV-1 RNA). This results in an extended stem of 16 
consecutivee base pairs and increases the thermodynamic 
stabilityy as calculated for the complete PBS domain shown in 
Figuree IB, from -36.6 kcal/mol for wild-type to -40.5 kcal/mol 
forr mutant s i. In mutant s2, the lower part of the U5-leader stem 
wass stabilized by deletion of the right arm (positions 224-234), 
whichh was replaced by two residues (UC) that can base pair 
withh the GA bulge on the left side at positions 123-124. An 
extendedd stem of 14 uninterrupted base pairs can form, 
whichh increases the thermodynamic stability of the PBS 
domainn to —42.3 kcal/mol. The combination of both mutations 
inn the double mutant sl /2 produces a stem of 23 consecutive 
basee pairs and increases the thermodynamic stability to 
-49.66 kcal/mol (Fig. IB). 

Replicationn capacity of the mutant viruses 

Too study the replication potential of viruses with U5-leader 
stemm mutations, we transfected wild-type and mutant proviral 
genomess into the SupTl T cell line. These cells express the 
CD4-CXCR44 receptor and are fully susceptible for replication 
off  the HIV- 1 LA I strain. Virus replication was followed by 
measuringg the CA-p24 level in the culture medium at several 
dayss post-transfection. Transfection with 2 ug of the proviral 
constructss demonstrated delayed replication of mutant si 
comparedd with the wild-type virus, whereas mutation s2 
abolishedd virus replication (Fig. 2A). The double mutant sl/2 
iss also replication-impaired. Three independent transfections 
weree performed, with similar results. Thus, stabilization of the 
U5-leaderr stem by mutation s2 affects virus replication more 
severelyy than stabilization by mutation s i. 

Evolutionn of the replication-impaired s2 mutant 

Thee SupTl cells transfected with the U5-leader stem mutants 
weree cultured for a prolonged time to select for revertant 
virusess with increased replication capacity. Mutant s 1 replicated 
tooo efficiently to allow for the selection of revertants within a 
reasonablee time span. Neither did we obtain a revertant virus 
forr the double mutant s l /2, probably because its replication 
defectt is too severe. However, the s2 virus started to replicate 
slowlyy after 4 weeks. We passaged this virus for an additional 
55 weeks and observed a further increase in replication kinetics. 
Thiss is demonstrated upon infection of fresh SupTl cells with 

< < 
o o 

-wt t 

-S1 1 

-s2 2 
-s1/2 2 

00 5 10 15 

dayss post-transfection 

-wt t 

-- s2 wk4 

-s22 wk9 

00 5 10 

dayss post-infection 

Figuree 2. (A) Replication of wild-lype (wt) and U5-leadcr stem mutant si, s2 
andd sl/2. SupTl cells were transfected with 2 pg of the proviral constructs. 
CA-p244 production was measured in the culture medium at several days post-
transfection.. (B) Improved replication kinetics of the mutant s2 virus upon 
prolongedd culturing. SupT 1 cells were infected with an equal amount of virus 
(100 ng) sampled at week four and week nine of the evolution experiment. C A-p24 
productionn was measured in the culture medium at several days post-infection. 

ann equal amount of virus isolated at week four and week nine 
(Fig.. 2B). 

Thee genome of the s2 revertant virus should be altered to 
restoree efficient replication. We therefore isolated total DNA 
fromm infected cells at week nine, PCR-amplified the 5 LTR-leader 
regionn and performed population-based sequencing of the 
DNAA fragment. A 9 nt segment including the s2 mutation was 
deletedd and replaced by a 7 nt sequence that most likely results 
fromm duplication of the upstream sequence (positions +208 to 
+214)) with 1 nt substitution, as is illustrated in Figure IB. This 
mutationn affects base pairing in this part of the stem region and 
reducess the stability of the U5-leader stem from G = -42.3 kcal/ 
moll  to C= -32.3 kcal/mol (Fig. 1B). These combined results 
indicatee that virus replication is severely inhibited by a too 
stablee U5-leader stem. 

Thee U5-leader stem is involved in the initiation of reverse 
transcription n 

Thee U5-leader stem may influence the process of reverse 
transcriptionn because important sequence motifs including the 
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Figuree 3. Reverse transcription assays on the wild-lype and U5-leader stem 
mutantt teniptates. The amount of input viral RNA was quantified by DNA-primer 
extensionn with the polyA primer that produces a 104 nt product (lanes 1—1. relative 
positionn shown in Fig. IA) . The natural tRNA-lys3 primer was annealed onto 
thee RNA templates and I nt was incorporated by addition of HI V-1 RT enzyme 
andd dCTP (lanes 5-8). The 76 nt tRNA is extended by dCTP to produce a 77 nt 
radiolabeledd product. Two PBS-primers, Iys21 (lanes 9-12) and the natural 
tRNA-lys33 primer (lanes 13-16), were extended HIV-1 RT enzyme in the 
presencee of all dNTPs. Extension of Iys21 results in a 202 nt product and the 
tRNAA primer produces a 257 nt tRNA-cDNA product on the wild-type template. 
Thesee products are shorter for the si and sl/2 templates due to the U5-deletion. 
Severall  shorter cDNA products are visible that result from RT pausing. Stabilization 
off  the stem in mutanl si. s2 and in particular sl/2 resulted in specific major 
pausee sites (marked by arrows). To accurately determine the position of RT 
pausing,, a sequence reaction was analyzed in parallel (lanes 17-20). The position 
off  the pauses on the mutant templates is illustrated in Figure IB. 

PBSS are part of this extended RNA domain. Furthermore, a 
similarr U5-leader stem in avian retroviruses is involved in 
reversee transcription. To test this, we performed in vitro 
reversee transcription reactions with the wild-type and mutant 
HIV-11 RNA templates. The position of the primers used in the 
differentt reverse transcription assays is shown in Figure 1A. 
Wcc used in vitro transcribed RNA templates encompassing the 
completee untranslated leader region (positions+1 to+368) and 
thee natural tRNA-lys3 primer to initiate reverse transcription. 
Thee tRNA primer was heat-annealed at 85°C and reverse 
transcriptionn was initiated by the addition of [a-32PlCTP and 
HIV-11 RT enzyme. This results in the extension of the 76 nt 
tRNAA primer by 1 nt (Fig. 3, lanes 5-8). The initiation products 
weree quantified and corrected for the amount of input viral 
RNAA template as determined by a regular reverse transcription 
reactionn with the upstream DNA primer polyA (Fig. 3, lanes 1^1) 
Thee position of this primer is indicated in Figure 1A. The 
resultss (summarized in Table 1) indicate that the efficiency of 
reversee transcription is reduced for all mutant templates. 

Tablee 1. tRNA-primed reverse transcription on wild-type and mutant HIV-1 
templates s 

wt t 

si i 

s2 2 

sl/2 2 

s22 rev 

tRNAA binding 

(%) ) 
IOC C 

too o 
100 0 

100 0 

ND D 

11 in 

(%) ) 
100" " 

20 0 

37 7 

31 1 

250 0 

'Sett at 100». 
ND,, not determined. 

Thee reverse transcription defect may occur at the level of 
initiation,, but the amount of tRNA primer that is annealed onto 
thee PBS may also be reduced for the mutant templates. To 
discriminatee between these two possibilities, the tRNA occupancy 
off  the PBS was determined. The tRNA primer was annealed 
ontoo the RNA template and this complex was subsequently 
usedd for extension of the DNA primer AUG that is positioned 
downstreamm of the PBS (Fig. 1A). We used the AMV-RT 
enzymee to selectively extend the DNA primer because this 
enzymee is unable to extend the tRNA primer (30 and unpublished 
results).. When the PBS is occupied by the tRNA primer, extension 
off  the AUG primer will stop prematurely to produce a cDNA 
productt of-175 nt, whereas free RNA templates will produce 
aa full-length cDNA product of 374 nt on the wild-type 
template.. Control reactions were performed with the upstream 
polyAA primer and the AUG primer in the absence of tRNA 
(Fig.. 4, lanes 1-4 and 5-8, respectively). Extension of the 
downstreamm AUG primer in the presence of the annealed 
tRNAA exclusively yielded the 175 nt stop product with the 
wild-typee and mutant templates (Fig. 4, lanes 9-12). The 
resultss are summarized in Table 1, and indicate that all 
templatess are fully occupied by the tRNA-lys3 primer. These 
combinedd results indicate that the reverse transcription defect 
onn the mutant templates results from reduced initiation. 

Stabilizationn of the U5-leader stem causes the RT enzyme 
too pause 

Stablee stem-loop structures have been reported to interfere 
withh elongation of reverse transcription. The mutations intro-
ducedd in the U5-leader stem may also result in RT pauses. We 
thereforee studied the elongation of reverse transcription. Reactions 
onn the wild-type and mutant templates were initiated by the 
tRNA-lys33 primer or the DNA primer lys21, which is also 
complementaryy to the PBS. The tRNA and DNA primers were 
heat-annealedd at 85°C onto the in vitro transcribed templates, 
andd extended by the addition of all dNTPs and HIV-1 RT 
enzyme.. Extension of the lys21 primer on the wild-type 
templatee produces a full-length cDNA product of 202 nt. 
Besidess this product,, several shorter cDNAs were detected that 
resultt from RT pausing (Fig. 3, lane 12). The same pause sites 
weree visible for the mutant templates (lanes 9-11). with a 
predictedd change in cDNA length for the si and sl/2 templates 
duee to the deletion in the U5 region. Most importantly, new 
majorr stop products were observed for mutant si and s2, and in 
particularr for mutant sl/2 (Fig. 3, indicated by arrows). To 
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Figuree 4. PBS occupancy of the wild-type and mutant templates. The tRNA-lys.3 
primerr and downstream DNA primer AUG were simultaneously heat-annealed 
ontoo the wild-type and mutant templates. See Figure 1A tor the position of the 
primers.. Subsequently, the DNA primer was selectively extended by the 
additionn of AMV-RT enzyme and dNTPs (lanes 9-12). When the PBS is 
occupiedd by IRNA. the cDNA initiated at the AUG primer stop prematurely to 
generatee a 175 nl product. Free RNA templates wil l produce a full-length 
cDNAA product of 374 nt (lanes 5-8). Control reactions were performed with 
thee polyA primer (lanes 1^1). Besides the full-length cDNA product of 374 nt. 
extensionn of the AUG primer produces several shorter cDNAs that result front 
RTT pausing. Stabilization of die U5-leader stem in mutant si. s2 and in particular 
ss 1/2. resulted in new major pause sites (marked by arrows). To accurately 
determinee the position of RT pausing, an AUG-primed sequence reaction was 
analyzedd in parallel (lanes 13-16). The position of the pauses on the mutant 
templatess is illustrated in Figure IB. 

accuratelyy determine the position of RT pausing, a sequence 
reactionn was analyzed in parallel (lanes 17-20). The position 
off  the RT pauses induced by the mutations in the U5-leader 
stemm is summarized in Figure IB. On the si template, the RT 
enzymee pauses at a position that overlaps the si mutation. 
However,, the RT enzyme also paused on the left side of the 
stemm in mutant s2, which is opposite the s2 mutation. This 
resultt strongly suggests that the pauses are induced by 
secondaryy structure in the RNA template, and not by the 
mutantt template sequence. The intensity of the si pause 
productss increased on the template of the sl/2 double mutant. 
Thiss finding confirms the correlation between stable template 
RNAA structure and RT pausing. We observed similar RT 
pausess on the mutant templates in tRNA-primed reverse tran-
scriptionn (Fig. 3, lanes 13-16). Due to the difference in length 
off  the tRNA (76 nt) versus lys21 (21 nt) primer, these products 
migratee more slowly in the gel. Because of the initiation and 
elongationn defects observed for the mutant templates, a 
stronglyy reduced level of full-length tRNA-cDNA product is 
obtained.. Mutant si and sl/2 produce only 5% of the wild-type 
cDNAA level and mutant s2 yields 25% cDNA synthesis 
(Tablee 1). 

Too probe the effect of the stabilized U5-leader stem on 
reversee transcription in the region downstream of the PBS. we 
performedd assays with the downstream AUG primer (Fig. 4, 
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Figuree 5. Reverse transcription on the s2 revertant template. The amount of 
inputt viral RNA was quantified by reverse transcription with the polyA primer 
(laness 1-3). The DNA primer lys21 (lanes 4-6) and lRNA-lys.3 primer 
(laness 7-9) were annealed onto the RNA templates and reverse transcription 
wass initiated by the addition of HIV-1 RT enzyme and dNTPs. In addition, 
initiationn of reverse transcription was measured in the 1 nt incorporation assay 
(laness 10-12). 

laness 5-8). Extension of this primer also yielded new RT 
pausess that are specific for the mutant templates (stops 
indicatedd by arrows in Fig. 4). A sequence reaction primed by 
AUGG was analyzed in parallel to accurately determine the 
positionn of RT pausing (Fig. 4, lanes 13-16). The position of 
thee RT pauses induced by the mutations in the U5-leader stem 
iss summarized in Figure IB. On the mutant s2 template, the RT 
enzymee paused 2^1 nt after copying the s2 mutation. The RT 
enzymee also paused on the right side of the stem in mutant si, 
oppositee the position of the si mutation. The intensity of the s2 
pausee products increased on the sl/2 template. These results 
demonstratee that the pauses are induced by secondary structure 
inn the mutant RNA templates. The combined results with the 
mutantt templates and the primers lys21, tRNA and AUG indicate 
thatt structure-induced RT pauses occur upon penetrating the 
stablee stem region for 7-8 bp (Fig. IB). Extension of the lys21 
primerr on the sl/2 template results in a pausing pattern similar 
too that on the si template, whereas extension of the AUG 
primerr on the sl/2 template results in a pausing pattern similar 
too that on the s2 template. Apparently, the RT enzyme pauses 
uponn copying the first 7-8 bp of the stabilized stem, and the 
subsequentt pause sites are not observed. This observation 
strengthenss the finding that the RT pauses are induced by the 
secondaryy structure, and not specific sequences, in the mutant 
RNAA templates. 

Thee s2 revertant template (Fig. IB) was also studied in 
reversee transcription assays (Fig. 5). The tRNA-extension 
defectt of the s2 mutant (Fig. 5, lane 7) was much improved in 
thee s2 revertant (lane 8). The RT pauses observed on the s2 
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Figuree 6. Virus production in cells transiently transfected with the wild-type 
andd mutant proviruses. C33A cells were transfected with the wild-type and 
mutantt proviral constructs and virus production was measured after three days 
byy CA-p24 ELISA. In addition we measured the virion-associated RT activity 
inn the culture medium. Both parameters of virus production were set at 1 for 
thee wild-type construct. 

templatee with the lys21 primer (indicated on the left) are 
resolvedd on the s2 revertant template. Interestingly, tRNA-primed 
cDNAA synthesis on the s2 revertant template was 2.5-fold 
moree efficient than cDNA synthesis on the wild-type template. 
Wee therefore also studied initiation of reverse transcription in 
thee 1 nt incorporation assay (lanes 10-12). This demonstrates that 
thee initiation defect of mutant s2 is restored by the reversion-
basedd mutation. In fact, the initiation efficiency on the s2 
revertantt template is 2.5-fold more efficient compared with the 
wild-typee template. These results are summarized in Table 1. 
Thus,, destabilization of the stem from AG = -36.6 for the wild-
typee template to AG = -32.3 for the s2 revertant (Fig. IB) 
enhancess the initiation of reverse transcription. These results 
suggestt that the wild-type RNA structure may have a negative 
effectt on the process of reverse transcription. 

Mutationn of the U5-leader region does not affect viral gene 
expression n 

Thee replication defect of mutant s2 is more severe than that of 
mutantt si (Fig. 2A) whereas the reverse transcription defect of 
mutantt s2 is less pronounced than that of mutant si (Table 1). 
Thiss suggests that mutation s2 affects additional steps in the 
virall  replication cycle, either as part of the viral RNA or 
provirall  DNA genome. For instance, several studies reported 
thee presence of transcriptional enhancers in this leader region 
off  the HIV-1 genome (31-34). We therefore tested the effect of 
thee mutations on viral gene expression. C33A cells (human 
cervixx carcinoma cells that arc not susceptible for HIV-1 infection) 
weree transfected with the wild-type and mutant proviral 
vectorss and the level of viral gene expression was measured. 
Viruss production was monitored by measuring the amount of 
CA-p244 and virion-associated RT activity in the culture 
medium.. No significant differences in virus production were 
observedd between the wild-type and mutant constructs (Fig. 6). 
Inn addition, a normal amount of viral RNA and viral proteins 
wass measured in transfected cells by northern blot and western 
blott analysis, respectively (results not shown). These combined 
resultss demonstrate that stabilization of the U5-leader stem does 

nott affect viral gene expression (e.g. transcription and trans-
lation)) and virion assembly. The additional viral function(s) 
affectedd by mutation s2 currently remain unknown. 

DISCUSSION N 

Thee untranslated leader region of the HIV-1 RNA genome 
encodess the extended U5-leader stem structure that encompasses 
sequencess involved in reverse transcription. Mutations were 
introducedd in this structure to study its role in viral replication 
andd reverse transcription. Stabilization of this structure by 
mutationn s 1 on the left side of the stem resulted in delayed viral 
replication,, whereas replication was completely impaired by 
mutationn s2 on the right side of the stem, and the double mutant 
sl/2.. Through prolonged culturing of mutant s2 we obtained a 
revertantt virus with improved replication capacity. Analysis of 
thiss revertant showed a 9 nt deletion and a 7 nt insertion near 
thee position of the s2 mutation. These changes open the stabilized 
stemm structure, but do not restore the wild-type sequence or the 
wild-typee structure in this part of the stem. This suggests that 
thee stability of the U5-leader stem is important for viral replication. 

Too study the putative role of the U5-leader stem in the 
processs of reverse transcription, we performed in vitro reverse 
transcriptionn assays. Normal amounts of tRNA-lys3 primer 
cann be annealed onto the PBS of the mutant templates, but 
initiationn of reverse transcription is reduced compared with the 
wild-typee template. Apparently, the primer-template duplex 
formedd on the stabilized U5-leader stem templates is either not 
recognizedd or extended by the HIV-1 RT enzyme. This result 
iss consistent with the idea that additional interactions exist 
betweenn tRNA-lys3 and the U5-leader region (13-17), and the 
introducedd mutations in this region may interfere with these 
interactions.. The U5-leader sequences involved may either be 
deletedd in me mutant templates, or occluded within the stabilized 
U5-leaderr stem, thus making them less available for base 
pairingg with tRNA-lys3. Alternatively, the structure of the 
wild-typee U5-leader stem may play an active role in initiation 
off  reverse transcription, as was demonstrated for RSV (22). 
Interestingly,, wc demonstrate that full reverse transcription 
activityy can be restored in a revertant of mutant s2 by a deletion-
insertionn event that opens the stem, but does not restore the 
wild-typee sequence and structure. This finding is consistent 
withh the idea that s2-stabilization results in occlusion of a 
sequencee that interacts with tRNA-lys3 during initiation of 
reversee transcription. In fact, the initiation efficiency of this s2 
revertantt significantly exceeds that of the wild-type template, 
indicatingg that the U5-leader stem of the wild-type template is 
partiallyy inhibitory. These results suggest that the wild-type 
U5-leaderr stem may play a regulatory role in reverse transcription 
byy controlling the timing and/or efficiency of the initiation 
step.. This mechanism may preclude premature initiation of 
reversee transcription in the virus-producing cell, thereby 
restrictingg reverse transcription to viral RNA genomes that are 
packagedd in virion particles. Because this in vitro reverse tran-
scriptionn assay seems rather sensitive to test the contribution of 
accessoryy U5-leader sequences, we are currently using this 
approachh to map in more detail the HIV-1 RNA sequences thai 
interactt with the tRNA-lys3 primer. 

Stabilizationn of the U5-leader stem also interferes with the 
elongationn of reverse transcription. Somewhat to our surprise, 
thee RT enzyme does not pause at the base of the stabilized stem 
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region,, but rather upon penetrating the structure for 7 8 bp. 
Thiss consensus stop position was observed with three mutant 
templatess and three different primers. Previous studies indicated 
thatt the position of structure-induced pause sites is rather 
diverse.. RT has been reported to pause at the base of stem-loop 
structuress (24,25,35), but RT pausing has also been reported to 
occurr either 6-10 nt ahead (25,26) or 4-8 nt behind (26) a 
stablee structure in the RNA template. In addition, the formation of 
ann alternative structure in the RNA template or nascent cDNA 
wass demonstrated to result in RT pausing (36). Pausing ahead 
off  a stable stem region can occur at the base of the helix, which 
mayy reflect the inability of the RT enzyme to open the first 
basee pair. However, pause sites 6-10 nt ahead of secondary 
structuree have also been reported, which may reflect the collision 
off  the elongating RT, which covers 7 nt upstream of the cDNA 
extensionn point, with the stem. RT pausing 4-8 nt behind a 
secondaryy structure in the RNA template was suggested to be 
causedd by formation of stable secondary structure in the 
nascentt cDNA. Because enzymatic probing experiments (37) 
indicatee that up to 25 template nucleotides behind the poly-
merizationn site arc protected by the RT enzyme, the formation 
off  stable cDNA structure within the RT enzyme may trigger 
pausingg of the polymerase. We currently have no mechanistic 
explanationn for the RT stops observed in this study after 
copyingg exactly 7-8 bp into the extended base paired stem. 
Thesee combined results demonstrate that the rules of RT 
pausingg are not unambiguous, and may depend on the exact 
secondaryy and tertiary structure of the base paired region anoVor 
itss folding kinetics. 
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