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ABSTRAC T T 

Initiatio nn of revers e transcriptio n is a comple x and 
regulate dd proces s in all retroviruses . Severa l base 
pairin gg interaction s have been propose d to occu r 
betwee nn the HIV-1 RNA genom e and the specifi c 
tRNA1*"33 primer . The tRNA prime r can for m up to 
211 bp wit h the prime r bindin g sit e (PBS), and an 
additiona ll  8 bp interactio n may for m betwee n the 
prime rr  activatio n signa l (PAS) in the HIV-1 RNA and 
sequence ss withi n the PFC arm of the tRNA. The 
latte rr  interactio n is furthe r analyze d in thi s in  vitro 
stud yy wit h mutan t RNA transcript s tha t were 
designe dd to preclud e the PAS Interaction . These 
mutan tt  transcript s are able to efficientl y bin d the 
tRNAA primer , but they exhibi t a profoun d defec t at 
initiatin gg revers e transcription . This defec t is 
specifi cc  for the tRNA prime r becaus e it is not 
observe dd for PBS-boun d DNA oligonucleotid e 
primers .. These result s reinforc e the mode l of 
regulate dd revers e transcriptio n in whic h the PAS-
mediate dd interactio n is critica l fo r efficien t initiation . 

INTRODUCTION N 

Initiationn of reverse transcription of the human immuno-
deficiencyy virus type I (HIV-l ) RNA genome is a highly 
regulatedd process that requires the formation of a nucleo-
proteinn complex comprising the viral RNA (vRNA) genome, 
thee specific tRNAlyv*  primer and the viral reverse transcriptase 
(RT)(RT) enzyme (l.2). At least 18 nt at the 3' end of the cellular 
tRNA'>s33 hybridize to a fully complementary sequence within 
thee untranslated leader of the vRNA transcript. This well-
conservedd motif is termed the primer binding site (PBS), RT 
usess the annealed tRNA primer for synthesis of a cDNA copy 
andd subsequently a double-stranded DNA form of the viral 
genome.. There is accumulating evidence that initiation of 
reversee transcription is a strictly regulated process in which 
severall  additional vRNA-tRNA1-1"-*  interactions play an 
importantt role. For instance, the ll-rich anticodon of 

tRNA1*'* 33 was proposed to interact with a single-stranded 
A-richh motif in the V5 region immediate]v upstream of the 
PBSS (3-8). 

Wee recently identified another sequence motif that is 
locatedd further upstream in the U5 region and that is important 
forr tRNA-primed reverse transcription (9). This primer 
activationn signal (PAS) is complementary to the 5' part of 
thee T^C arm of the tRNA1^3 primer, termed antiPAS 
(Fig.. 1A). The importance of the PAS-antiPAS interaction 
hass been confirmed in virus replication assays (10), and the 
combinedd change in identity of the PBS and PAS motifs 
allowedd a shift in the HIV-1 primer usage from tRNA1** 3 to 
tRNA'!" 122 (11). A similar PAS-antiPAS interaction has been 
proposedd for HIV-2 (12), and convincing in vitro evidence 
wass recently presented for this base pairing (13). The ability 
too form the PAS-like vRNA-tRNA interaction is highly 
conservedd among different HIV-SIV isolates and other 
Icntivirusess (11.13). Interestingly, the avian Rous sarcoma 
viruss also uses a motif upstream of the PBS to interact with the 
TTCC arm of its tRNA1^ primer (14-19), suggesting that a 
PAS-likee mechanism to regulate reverse transcription may be 
aa more general property of the retrovirus family. Indeed, an 
extensivee phylogenetic analysis of different retrovirus genera 
indicatedd that a PAS-like motif is present upstream of the PBS 
inn all retroviral genomes 111). Initiation of reverse transcrip-
tionn is dependent on an analogous interaction between the 
yeastt Tyl and Ty2 retrotransposon RNA and the tRNA,Mt' 
primerr (20-22), 

Withinn the HIV-1 leader RNA. the PAS sequence is masked 
byy base pairing within the U5-leader stem (Fig. 1A). The 
presencee of this PAS enhancer in a repressive RNA structure 
providess a means for the regulation of reverse transcription 
(10).. Formation of a productive vRNA-tRNA complex 
requiress structural rearrangements of both molecules. It is 
possiblee that the HIV-1 nucleocapsid protein (NC) triggers 
thesee RNA conformational ehanges in vivo, and this event may 
coincidee with a structural switch of the leader RNA domain 
thatt was shown previously to regulate the process of RNA 
dimerizationn (23.24). In fact, the HIV-1 RNA switch may 
functionn as a checkpoint to coordinate multiple late replication 
stepss such as RNA dimerization, packaging and reverse 
transcriptionn I25|. 

*T nn whom correspondence should he addroved. Tel: +.11 2(1 W i 4X21: hax ! 2(1 566 Mtfvl , Email: b. berkhout (name uvü.n! 
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Figuree 1. (Al Scheme of the lRNA',v' primer and part of the HIV-1 RNA genome. Marked are the PBS and FAS sequences in the IIIV- I untranslated leader 
RNAA and the antiPBS and antiPAS sequences in the tRNAlvi ' primer. In the secondary structure model of the HIV-1 RNA we marked the PAS element. 
U5-topp hairpin, PBS and the U5-leader stem. Within the PBS. the positions corresponding to the 3' terminus of truncated transcripts used in ihis study are 
indicatedd in bold. Numbers indicate the length of the PBS for the corresponding transcript. (Bi PBS sequence for the iruncated and extended HIV-1 transcripts 
usedd in this study. The PBS length in ihis set of transcripts ranges from 1 to M) nt. The set includes three transcripts that progressively have an extension of 
thee PBS/tRNA complementarity, such thai an artificial PAS* sequence is fused directly downstream of the PBS. 

Usingg in vitro reverse transcription assays, we designed 
experimentss to obtain more information on the pairing 
betweenn the PAS motif in HIV- 1 RNA and the anti PAS 
sequencee that is located in the T^PC arm of tRNA l y s3. We 
constructedd HIV- 1 transcripts with a minimal PBS motif that 
facilitatess tRNA l ys3 binding, but without opening of the T*PC 
armm such that the antiPAS motif remains base paired. We also 
introducedd an artificial PAS motif directly downstream of the 
PBSS in HIV- 1 RNA. This artificial PAS motif is expected to 

pairr with the anliPAS sequence in iRNA'>s\ thereby extending 
thee PBS-ant iPBS duplex. Both mutational strategies arc 
expectedd to restrict the formation of the natural P A S-
antiPASS interaction, and both type of mutants demonstrate a 
dramaticc reverse transcription defect. These results underscore 
thee importance of the accessory vRNA- tRNA contacts in the 
processs of HIV- 1 reverse transcription, and in particular the 
modulatingg role of RNA secondary' structure in both the viral 
transcriptt and the tRNA primer. 
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MATERIAL SS AND METHODS RESULTS S 

InIn vitro transcription 

Thee RNA was in viiro transcribed from PCR-generated 
transcriptss containing a T7 promoter directly upstream of 
thee natural HIV-1 LAI +1 transcriptional start site. PCR was 
performedd on the pBluescript 5'LTR plasmid (23). The 
antisensee primers comprised a nested set with the 5' end 
terminatingg at different positions within the PBS, including 
primerss with a 5' extension to introduce the artificial PAS* 
elementt directly downstream of the PBS. PCR fragments were 
excisedd from agarose gels and purified using the Q1AEX II 
DNAA isolation system according to the manufacturers instruc-
tions.. Transcription was carried out using the Ambion 
megashortscriptt T7 transcription kit, and radiolabeled tran-
scriptss were synüiesized in the presence of 1 p.1 |ot-"P]UTP. 
Transcriptss were subsequently excised from a 4% denaturing 
polyacry!amidee gel and eluted from the gel fragment by 
overnightt incubation in TBE buffer at room temperature. The 
RNAA was ethanol precipitated and dissolved in water. 
Quantificationn of the RNA was done by UV-absorbance 
measurementss and scintillation counting in case of radio-
labeledd transcripts. 

Primerr annealing assays 

Primerr binding was assayed by incubating -0.5 pg of the 
radiolabeledd HFV-I transcripts with 100 ng of the DNA primer 
orr 1.0 ng of total tRNA extracted from calf liver (Roche), of 
whichh -0.2 p.g tRNA1^3 that specifically binds to HIV-1 RNA 
(26).. The HIV-1 RNA and primer were incubated in 10 pi 
TENN buffer (100 mM NaCl, 10 mM Tris-HCI pH 7.5 and 
1.00 mM EDTA) at 65°C. or at the indicated temperature, for 
100 min and then slowly cooled to room temperature. After the 
incubation,, an equal volume of loading buffer was added and 
thee samples were analyzed on a 4% non-denaturing poiy-
acrylamidee gel. Electrophoresis was performed at 150 V and 
roomm temperature with 0.25 TBE (22.5 mM Tris-HCI pH 7.0, 
22.55 mM Boric acid, 0.625 mM EDTA) in the gel and running 
buffer.. Gels were dried and analyzed on a Storm 820 
phosphoii  mager. 

Primerr extension reactions 

Thee in viiro synthesized RNA (10 ng) was incubated either 
withh 1.5 p.g of the calf liver tRNA or with 10 ng of the DNA 
primerr in 12 uM annealing buffer (83 mM Tris-HCI pH 7.0, 
1255 mM KC1) at 65°C for 10 min and slowly cooled to room 
temperature.. The primer was extended with 1 nt by addition of 
6.00 p.1 of RT buffer (9 mM MgCl,. 30 mM DTT. 150 pg/ml 
Actinomycinn D) and 1 pi [a-3:P|dCTPand 0.5 U of HIV-1 RT 
(MRCC AIDS reagent project). Reverse transcription was 
performedd for 30 min at 37CC. Two nucleotide extension 
productss (+2) were made in the same manner but with 30 pM 
dTTPP in the RT buffer. Samples were ethanol precipitated, 
dissolvedd in formamide loading buffer, heated at SS Ĉ for 
11 min and loaded on a 6^ denaturing polyacrylamide gel, 
whichh was quantified on a Storm 820 phosphoi mager. 

Thee experimental design 

Figuree 1A shows the RNA secondary structure model of the 
tRNA,)s-'' primer and part of the HIV-1 RNA transcript 
encompassingg the PBS and PAS signals. The PBS is usually 
referredd to as an 18-nt sequence, but it is in fact up to 21 nt in 
mostt HIV-1 isolates (27,28). In the tRNA primer, the sequence 
complementaryy to the HIV-1 PBS (termed antiPBS) is located 
inn the acceptor and T4*C arms. The PBS-antiPBS interaction 
facilitatess tRNA annealing, and an additional PAS-antiPAS 
interactionn is required for activation of the annealed tRNA 
primerr to initiate reverse transcription (9-11). The antiPAS 
sequencee is also located in the tRNA TTC arm. Of these four 
sequencee motifs in the vRNA and tRNA molecules, the PBS 
elementt is the only element that is freely accessible (29) 
(Fig.. 1A), whereas the PAS element in the HIV- l transcript 
andd the antiPBS and antiPAS elements in the tRNA primer are 
occludedd by base pairing. 

Formationn of HIV-1 reverse transcription complexes thus 
requiress the disruption of part of the HIV- l RNA and tRNA 
secondaryy structures in order to allow the formation of 
intermolecularr vRNA-tRNA interactions (Fig. tA). In par-
ticular,, formation of the PBS-antiPBS helix requires the 
disruptionn of the tRNA acceptor and TTC arms. In this initial 
complex,, the antiPAS sequence in the tRNA remains access-
iblee to form the additional PAS-antiPAS interaction. Based on 
thiss model, we reasoned that HIV-1 transcripts with a PBS of 
upp to 12 nt will bind the tRNA primer without opening of the 
TTCC arm, thus precluding the PAS-antiPAS interaction. 
Conversely,, HIV- l transcripts in which the PBS is artificially 
extendedd such that it is complementary to the antiPAS 
sequencee should also preclude the formation of the natural 
PAS-antiPASS interaction. 

Wee thus generated a set of HIV-1 RNA transcripts with a 3' 
truncatedd or extended PBS sequence (Fig. IB). This series 
containss a minimal 1-184 transcript with a 3 nt PBS, 
intermediatess with a 6, 9, 12, 15 and 18 nt PBS, and the 
wild-typee 1-202 transcript with a 21 nt PBS element. 
Furthermore,, we extended the full-length 21 nt PBS sequence 
withh sequences that mimic the PAS element (the artificial 
PAS**  element, see Fig. IB). These mutant transcripts are 
basedd on the wild-type 1-202 transcript to which 3, 6 or 9 nt of 
thee PAS sequence were fused. Annealing of the tRNA primer 
too these transcripts will result in the formation of the PBS-
antiPBSS duplex that is extended with 3, 6 and 9 bp of the 
artificiall  PAS*-antiPAS duplex, yielding an uninterrupted 
vRNA-tRNAA duplex of 24. 27 and 30 bp, respectively. We 
notee that this set of HIV-1 transcripts lacks the downstream 
sequencess that are base paired with the PAS element in the 
full-lengthh HIV- l leader RNA (Fig. 1A>. This strategy 
bypassess the restriction imposed by the HIV-1 RNA secondary 
structuree on the availability of the PAS motif (9). In this 
optimall  setting with a constitutively available PAS element, 
wee examined the effect of truncating and extending the PBS 
sequencee on the initiation of reverse transcription. Because 
PBS-truncationn may obviously affect primer annealing, we 
alsoo examined the ability of these transcripts to bind the tRNA 
primerr and a control DNA primer. 
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Figuree 2. Temperature dependence of DNA and tRNA1»53 primer annealing to HIV-I leader RNA. <Ai Elecirophc 
incubatedd with the DNA or iRNA primer ai indicated temperatures. A lormainidc-denatured control is included ir 
shownn in (A). The data are normalized for the maximum amount of the vRNA-primer complex at 65°C. 

analysiss of the HIV-I RNA (1-202 
I.. IB) Quantified results of the ge 

(RNAA s t ruc tu re masks the an t iPBS element 

Wee performed annealing experiments with a radiolabeled 
1-2022 HIV- 1 RNA transcript and ihe unlabeled natural 
tRNA'ys33 primer or a control DNA primer that anneals to the 
PBS.. The primer and transcript were incubated ai various 
temperaturess between 20 and 65°C and analyzed on a non-
denaturingg polyacrylamide gel (Fig. 2A). As expected. 
annealingg of the 76-nt iRNA primer causes a more dramatic 
shiftt in ihe migration of the labeled vRNA than annealing of 
thee 21-nt DNA primer. The bands were quantified and we 
calculatedd the vRNA fraction that was shifted by the tRNA 
versuss the DNA primer. These values were normalized for the 
maximumm amount of the vRNA- tRNA complex formed at 
65°CC and plotted against the incubation temperature (Fig. 2B). 
Thee results show that DNA annealing is observed at all 
temperatures,, but tRNA annealing requires incubation 
temperaturess of at least 55°C. This initial finding supports 
thee idea that tRNA secondary structure limit s the accessibility 
off  the antiPBS sequence, which is consistent with previous 
reportss (30.31). Knowing the optimal condit ions for tRNA 
primerr annealing, we set out to test the properties of the 
mutantt vRNA transcripts. 

P r i m err annea l ing requ i res a min imal PBS of 12 nt 

Thee set of HIV- I transcripts with different PBS lengths was 
synthesizedd as radiolabeled RNA to assess the annealing of the 
tRNAA and DNA primers (Fig. 3A). The transcripts (PBS 

lengthh indicated at the top of the panels in Fig. 3A) were 
incubatedd with either the control DNA primer (lanes 1) or the 
tRNAA primer (lanes 2) and analyzed on a non-denaturing gel. 
Wee included several control experiments such as a mock-
incubationn without primer (lanes 3) and a formamide-treatcd 
vRNAA sample (lanes 4). We calculated the amount of vRNA-
primcrr complex for the different transcripts, and this value is 
plottedd both for the DNA and tRNA primer (Fig. 3B). Both 
primerss demonstrate a similar PBS requirement, some 
annealingg is observed with the 9-nt PBS. but maximal 
annealingg requires a PBS of at least 12 nt. Al l longer PBS 
motifs,, including the PAS* series, are able to bind both 
primers.. The minor differences between these transcripts may 
bee due to unforeseen effects at the level of RNA secondary 
structure.. However, we did consistently observe that tRNA 
annealingg was slightly more efficient on the transcripts with a 
122 and 1? nt PBS than the transcripts containing an 18 and 
211 nt PBS. The slightly increased levels of tRNA annealing on 
thee transcripts with an extended PBS (24. 27 and 30 nt) was 
alsoo observed consistently. 

Thesee annealing experiments were performed at 65°C, but 
wee also tested tRNA annealing for a subset of the transcripts at 
varyingg temperatures in the 37-65°C range (Fig. 4). Al l vRNA 
mutantss exhibit increased tRNA annealing as the temperature 
iss increased, and the levels of vRNA- tRNA complex forma-
tionn arc consistent with the results presented in Figure 3B. 
Again,, we observed that the transcript with a 12 nt PBS 
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Figuree 3. DNA and tRNA1?'' primer binding to PBS-mutaicd HIV-1 transcripts. (A) Elccirophoretic analysis of vRNA-primer complexes formed in the 
presencee of a DNA primer (lanes 11 and lRNA">v' (lanes 2). Control samples include HIV-1 RNA without primer (lanes 3) and lorniamidc-dcnalurcd samples 
(laness 4). The number of PBS nucleotides is indicated at the lop of the gel for each transcript. (Bi Quantified data of ihe gel shown in (A), showing the yield 
off  vRNA primer complexes with the DNA primer or tRNA1"'. 

interactedd with the iRNA primer slightly more efficiently ihan 
thee wild-type counterpart (21 nt). The transcripts with ihe 
PAS*-extendedd PBS (24. 27 and 30 nt) bind ihe tRNA primer 
significantlyy better than transcripts with a PBS of the wild-
typee length. On average, the complex yield is nearly 2-fold 
higherr than the wild-type control. Incubation of the PAS*-
extendedd PBS mutants at 50°C yields amounts comparable 
withh the wild-type yield at 60°C. These observations support 
ourr reasoning thai fusing the PAS* sequence directly down-
streamm of the PBS results in an extended vRNA-tRNA duplex. 

tRNAA priming requires a minimal PBS of' 15 nt 

Thee previous experiments indicate that we can efficiently 
anneall  both DNA and tRNA primers onto the transcripts with 
aa PBS of at least 12 nt and the transcripts with an artificial 
PAS**  extension. This allowed us to test the efficiency of the 
primingg reaction, for which these transcripts were specifically 
designed.. The DNA and tRNA complexes were made by high 

temperaturee incubation, and reverse transcription was initiated 
byy addition of HIV-1 RT enzyme and dNTPs. We provided 
eitherr radiolabeled dCTP, which results in the incorporation of 
aa single nucleotide (+1 extension), or radiolabeled dCTP and 
unlabeledd dTTP to allow a 2-nt extension (+2 extension). The 
labeledd cDNA products were analyzed on a denaturing 
polyacrylamidee gel (Fig. 5A). and we plotted the reverse 
transcriptionn efficiency for the tRNA primer in the +1 and +2 
extensionn reactions and the DNA primer in ihe +1 reaction for 
alll  the vRNA transcripts (Fig. 5B). 

Noo significant reverse transcription signal was obtained for 
thee transcripts with a PBS shorter than 9 nl. which correlates 
withh their inability to bind the primer. Whereas we observed 
efficientt primer annealing onto the 12-nt PBS element, this 
transcriptt is a poor template for tRNA-primed reverse 
transcriptionn with both the tRNA and DNA primer. 
Extensionn of the PBS to 15 nt improves the initiation 
efficiencyy at least 2-fold, but the transcript is still sub-optimal 
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Figuree 4. Temperature dependence of \KNA tRNA complex formation 
withh PBS-mulaled H1V-1 iranscripts. Numbers in the legend correspond to 
thee number of nucleotides in the PBS. 

forr IRNA priming. However, full activity is measured with the 
DNAA primer on this transcript. Further extension of the PBS to 
188 or 21 nl results in efficient tRNA priming. 

Thee transcripts containing the artificial PAS* extension 
downstreamm of the PBS are fully efficient in DNA priming, but 
theyy exhibit a profound tRNA priming defect that is most 
severee for the vRNA with the longest 9-nt PAS* element 
(Fig.. 5A and B). Similar results were obtained in assays that 
monitorr the synthesis of longer cDNA products (results not 
shown).. As stated previously, these transcripts are fully 
efficientt in tRNA annealing, and this suggests that they cannot 
supportt tRNA priming because the natural PAS-anliPAS 
interactionn is not established. The specificity of the defect 
imposedd by the artificial PAS* element on tRNA priming is 
nicelyy illustrated by the behavior of the control DNA primer 
onn these transcripts. The activity of the DNA primer is ruled 
solelyy by the annealing efficiency on the different transcripts, 
andd the presence of the additional PAS* element downstream 
off  the PBS does not have a negative impact on the initiation 
efficiencyy of this control primer. 

DISCUSSION N 

Too study the role of a PAS-antiPAS interaction in the 
initiationn of HIV-1 reverse transcription, we generated a set of 
HIV-11 transcripts with different PBS lengths. Due to the tRNA 
unfoldingg requirements to generate an active reverse tran-
scriptionn complex, these transcripts are expected to disturb 
PAS-mcdiatedd activation in two ways: (i) the aniiPAS 
sequencee is not accessible in transcripts with a shortened 
PBSS because the tRNA T*PC arm is not opened, and <ii) 
transcriptss in which the PBS has been extended with an 
artificiall  PAS* element will prevent the usage of the natural 
PASS element in the vRNA-tRNA complex. We performed 
primerr annealing and reverse transcription assays with these 
transcripts,, and the results arc summarized in Table 1. 

Transcriptss with a PBS length of 9 nl or less are incapable of 
bindingg the DNA and tRNA primers and thus are completely 
inactivee in the reverse transcription assays. When the PBS 
lengthh is extended to 12 nl. both primers anneal efficiently but 
onlyy a marginal reverse transcription activity is measured 
(Tablee 1). In our design, the transcript with a 12 nt PBS would 
anneall  the tRNA without opening the TTC arm. thus 

preventingg the PAS-antiPAS interaction lhal facilitates initi-
ationn of reverse transcription. The efficient tRNA annealing. 
butt low tRNA-priming activity of this transcript supports this 
idea,, but we also observe that DNA priming is inefficient on 
thiss transcript. In melting experiments, we observed that 
complexess formed with a 12 nl PBS are less stable than 
transcriptss with a PBS of 15 nt or more (results not shown). It 
thereforee seems plausible that the 12 nt vRNA-primer duplex 
dissociatess during ihe reverse transcription reaction, thus 
causingg a loss in the initiation efficiency. However, we cannot 
excludee a contribution of antiPAS occlusion on the tRNA-
primedd reverse transcription activity. 

Forr the transcript with a 15 nt PBS. the vRNA-iRNA 
duplexx penetrates the tRNA TH'C arm. thus releasing the 
antiPASS sequence. Indeed, this transcript reaches intermediate 
levelss of iRNA-primed reverse transcription. On iranscripts 
withh the 18 and 21 nt PBS. high levels of tRNA-primed 
reversee transcription are reached and both these transcripts are 
expectedd to contain a vRNA-tRNA duplex that fully disrupts 
thee tRNA T f C arm. We also investigated the primer 
annealingg and reverse transcription properties of transcripts 
inn which ihe PBS was extended with an artificial PAS* 
element,, which was designed to base pair with the antiPAS 
sequencee in the tRNA primer. This PBS extension will 
interferee with the natural PAS-anliPAS interaction and the 
dramaticc loss in reverse transcription levels of these templates 
iss fully consistent with this idea (Table 1). Annealing of the 
tRNAA primer and reverse transcription from the control DNA 
primerr is at least as efficient as with ihe wild-type template, 
thuss demonstrating that occlusion of the aniiPAS sequence by 
thee artificial PAS* element reduces the reverse transcription 
efficiency.. This result reinforces the importance of the natural 
PAS-anliPASS interaction during initialion of HIV-1 reverse 
transcription. . 

Recently.. Goldschmidt et al. have challenged the existence 
andd the role of ihe PAS-antiPAS interaction during initiation 
off  reverse transcription (32). These authors reconstructed 
somee of the mutants from our initial study (9) and performed 
reversee transcription and structure probing experiments. These 
mutantss either target the PAS sequence (mutant 2L) or its 
complementaryy counterpart in the US-leader stem in the 
HIV-11 RNA (mutant 2R). In our hands, the 2L mutation 
stronglyy reduced reverse transcription and the 2R mutation 
causedd a profound stimulation compared with the wild-type 
transcriptt because (he PAS motif is no longer masked by base 
pairingg (9). We confirmed this RNA structural effect by 
structuree probing. Furthermore, we demonstrated the 2L 
defectt and the 2R up-regulaiion in a physiological setting by 
analyzingg reverse transcription products from the mutant 
virionn particles (10). Whereas Goldschmidt reproduced the 
defectt of the 2L mutation, the stimulatory effect of the 2R 
mutationn was not observed. 

Basedd on structure probing experiments on the naked HIV-1 
RNA.. Goldschmidt argues that aberrant folding of the RNA 
ratherr than mutation of the PAS sequence causes the reverse 
transcriptionn defect of the 21. mutant. Although structural 
perturbationss in mutant R.NA are an effect to be reckoned 
with.. Goldschmidt's work certainly does not exclude the 
possibilityy lhal the reverse transcription effect of mutant 2L is 
causedd by substitution of the PAS sequence. Goldschmidt 
performedd further structure probing assays on the wild-type 
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vRNAA iRNA complex and points out that annealing of the 
(RNAA does not result in an increase in reactivity of the helical 
segmentt that masks the PAS sequence in the absence of the 
tRNA.. This is presented as evidence against the PAS-ant iPAS 
interaction,, whereas refolding of the RN'A into an alternative 
structuree is not offered as a possible explanation of this result. 
Moree importantly, probing data for the PAS sequence itself are 
prominentlyy absent from the study. Goldschmidt did probe the 
tRNAA primer in the presence of HIV-1 RNA and noted an 
increasee in DEPC modification of tRNA residue A50 within 
thee ant iPAS sequence. Again, this is presented as direct 
evidencee against the PAS-ant iPAS interaction. Alternatively, 
onee could argue that this indicates a temporarily open structure 
off the tRNA T F C arm. as the PAS-ant iPAS model predicts. 

Thee interaction of the tRNA 1 ^ ' antiPAS with the HIV-1 PAS 
motiff is necessarily dynamic, and probably short-lived, since 
RTT must penetrate the PAS-ant iPAS helix during the early 
elongationn phase. It is also possible that the PAS-an t iPAS 
interactionn depends on the presence of the RT enzyme in the 
initiationn complex. 

Inn dismissing the PAS-ant iPAS interaction. Goldschmidt 
ignoress or misinterprets, in our view, many important pieces 
off evidence. For instance, there is no mention of virus 
replicationn data of revertants of the 2L mutant that restore both 
thee stability of the PAS-ant iPAS interaction and the replica
tionn kinetics (10). Furthermore, we introduced precise muta
tionss in the PAS motif to strengthen or weaken the base 
pairingg with the antiPAS. and the reverse transcription activity 
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off these transcripts correlates neatly with the base pairing 
potentiall (11). Finally, we were able to switch the selective 
primerr usage of HIV-1 from tRNA1-"1 to tRNA^1-2 by 
simultaneouss adaptation of the PBS and PAS motifs (11). 
Thiss important finding is unfairly devaluated by Goldschmidt 
withh the comment that this double mutant is not as efficient in 
usingg tRNA!-vsl,; compared with tRNA,y^ usage of the wild-
typee template. The strict conservation of the PAS motif 
throughoutt all members of the retrovirus family is also 
downplayedd by referring to the finding that retroviral RTs 
havee specificity for their cognate transcript, despite utilizing 
thee same tRNA primer. However, this result has been 
challengedd in a more recent study (33). Virus-specific RT 
andd template compatibility could be due to many differences 
inn either the RT enzyme or the RNA. For example, specificity 
off retroviral RT enzymes for the cognate primer has been 
demonstratedd previously (26,34-36). 

Thee factors that govern assembly and activity of reverse 
transcriptionn complexes are not yet fully understood and are 
likelyy to depend on intricate interactions between the viral 
template,, tRNA primer and the NC and RT proteins. In the 
currentt study, we have used a mutational strategy that is 
differentt from previous analyses of initiation of HIV-1 reverse 
transcriptionn to study the activity of i/i vitro generated vKNA-
tRNAA complexes. Our results show that the tRNA annealing 
andd priming steps can be dissected and that prevention of the 
PAS-antiPASS interaction results in a reverse transcription 
defect.. This supports an important role for the PAS-antiPAS 
interactionn in the initiation of tRNA-primcd reverse transcrip
tion. . 
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