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Chapterr 1 

1.. GENERAL INTRODUCTION 

1.11 The huma n immunodeficienc y viru s typ e 1 
Thee causative agent of acquired immunodeficiency 
syndromee (AIDS) was first identified in 1983 when 
aa new retrovirus was isolated from patients (5). This 
retroviruss is now known as the human immunodefi-
ciencyy virus type 1 (HIV-1), and in 1986 the related 
viruss HIV-2 was isolated (20). The HIV-1 and HIV-2 
virusess belong to the lentivirus genus, a subfamily 
off the Retroviridae. These viruses carry a diploid 
positive-strandd RNA genome. The retroviral life 
cyclee is characterized by reverse transcription of 
thee viral RNA genome by the viral enzyme reverse 
transcriptasee (RT) into double-stranded proviral 
DNA,, which subsequently integrates into the host 
celll genome. 

1.22 The HIV-1 genom e and the structur e of the 
viru ss particl e 
Thee HIV-1 proviral DNA genome is approximately 
100 kb in size and encodes nine open reading 
framess (Fig 1A). The gag gene encodes the matrix 

(MA),, capsid (CA) and nucleocapsid (NC) structural 
proteinss that are translated as a Gag polyprotein. 
Afterr assembly of the virus particle, proteolytic 
processingg of this precursor protein by the viral 
proteasee enzyme yields the mature structural pro-
teinss (Fig 1B). The virus particle is enveloped by a 
lipidd membrane that originates from the cell that 
producedd the virus particle. In the mature particle, 
thee matrix protein lines the inner surface of the 
virionn membrane. The capsid protein forms the 
innerr core structure that surrounds the RNA 
genomee (23,60,85,92), and the nucleocapsid pro-
teinn is associated with the viral RNA (Fig 1B). The 
NCC protein has been suggested to be involved in 
RNAA dimer formation, RNA packaging and reverse 
transcriptionn (75,92). The pol gene encodes the 
virall enzymes reverse transcriptase (RT), integrase 
(IN)) and protease (PR) (23,60,92). These proteins 
aree produced as a Gag-Pol precursor protein that is 
cleavedd into the functional enzymes by the viral 
proteasee during virus maturation (Fig 1B) (85). The 
reversee transcriptase copies the viral RNA genome 
intoo double stranded DNA (87), which subsequently 

5'LTR R 3'' LTR 
vpu u 

B B SU-gp120 0 
TM-gp41 1 

membrane e 

env v 

gag g 

Figg 1. (A) The HIV-1 proviral DNA genome. The positions of the open reading frames in the double stranded DNA genome are 
indicated.. HIV-1 encodes the basic set of retroviral proteins Gag, Pol and Env and the additional proteins Vif, Vpr, Vpu, Tat, Rev 
andd Nef. The coding region is flanked by Long Terminal Repeats (LTRs) that encode regulatory signals essential for virus 
replication.. The 5' LTR acts as a promoter for the synthesis of viral RNA, and the start site of transcription is indicated by an arrow. 
(B)) Structure of the HIV-1 virus particle. The virus particle is enveloped by a lipid membrane that contains the Env glycoprotein 
subunitss SU-gp120 and TM-p41. The gag-encoded matrix proteins (MA) line the inside of the envelope, and the capsid (CA) 
proteinss form the cone-shaped virion capsid. The viral nucleocapsid protein (NC) is associated with the RNA genome (vRNA) that 
iss present as a dimer in the capsid structure. The po/-encoded proteins integrase (IN), protease (PR) and reverse transcriptase 
(RT)) are also incorporated into the virion capsid. 
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integratess into the host genome through the action 
off the integrase enzyme (15). The env gene en-
codess a glycoprotein that is expressed as gp160 
precursorr protein that is subsequently cleaved into 
aa surface domain (SU-gp120) and a transmem-
branee domain (TM-gp41), which remain associated 
throughh non-covalent interactions (Fig 1B) (85). 
Thee surface protein mediates the attachment to the 
cellularr CD4 receptor and a chemokine coreceptor, 
whichh results in fusion of the viral membrane with 
thee cell membrane (34,60). In addition to this stan-
dardd set of retroviral genes, the HIV-1 genome en-
codess six additional proteins (Fig 1A). The acces-
soryy proteins Vif, Vpr, Vpu and Nef are not abso-
lutelyy required for virus replication, but stimulate 
viruss replication in certain cell-types, including pri-
maryy cells (60,88). The essential Tat and Rev pro-
teinss regulate HIV-1 gene expression (Fig 1A). The 
virall transactivator protein Tat is responsible for the 
activationn of HIV-1 transcription by binding to the 
TARR element located in the untranslated leader 
regionn of the viral RNA (74). The Rev protein binds 
too viral mRNAs via the Rev responsive element 
(RRE)) located within the env gene, and induces 
nuclearr export of these HIV-1 transcripts. Accumu-
lationn of Rev results in a shift from the production of 
multiplyy spliced transcripts (encoding Tat, Rev and 
Nef)) in the early stage of infection to singly spliced 
andd unspliced transcripts (encoding Gag, Pol and 
Env)) in the late stage of infection (74). 

1.33 The HIV-1 replicatio n cycl e 
HIV-11 replicates in CD4-positive cells, including T-
lymphocytes,, monocytes and macrophages. The 
HIV-11 replication cycle is schematically shown in 
figuree 2. The viral envelope protein gp120 binds to 
thee cellular CD4 receptor and a specific co-receptor 
(CXCR44 for T-cell tropic strains and CCR5 for 
macrophage-tropicc cells, see (34)). This interaction 
mediatess fusion of the viral and cellular mem-
branes,, and the viral core is released into the cyto-
plasmm of the host cell. The viral RNA genome is 
convertedd into double stranded DNA by the viral RT 
enzyme,, a process that is initiated from a cellular 
tRNAlys33 molecule that is used as primer for reverse 
transcription.. This process takes place within the 
virall core, and the core is transported into the 
nucleus.. Integration of the proviral DNA into the 
hostt genome is mediated by the viral integrase 
proteinn that recognizes the specific attachment 

sitess (att) at the ends of the viral DNA molecule 
(15).. The integrated proviral DNA subsequently 
servess as a template for the production of RNA. 
Transcriptionn is mediated by the cellular RNA 
polymerasee II and is strongly enhanced by the Tat 
proteinn (85). In the early stage of infection, the 
regulatoryy proteins Tat and Rev and the accessory 
proteinss are produced. Accumulation of Rev results 
inn a shift towards singly and unspliced transcripts 
thatt encode the Gag, Pol and Env proteins (85). 
Thee structural viral proteins and two copies of the 
full-lengthh viral RNA assemble at the cell mem-
branee and new virus particles are released from the 
celll by budding. The virus particles mature through 
processingg of the Gag and Gag-Pol precursor pro-
teinss by the virus-encoded protease enzyme to 
producee infectious particles that can infect new host 
cells.. A detailed overview of the HIV-1 replication 
cyclee is presented in ref. (60). 

2.. REVERSE TRANSCRIPTION OF THE HIV-1 
GENOME E 

2.11 Mechanis m of revers e transcriptio n 
Thee process of reverse transcription is a complex, 
multi-stepp reaction. The mechanism of reverse 
transcriptionn has been reviewed in detail by several 
authorss (50,60,86,87). I will present a general over-
vieww of this process and focus in more detail on the 
initiationn phase of reverse transcription. Retroviral 
reversee transcription is initiated from a specific 
tRNAA molecule that is annealed to a complemen-
taryy sequence in the viral genome, which is called 
thee primer binding site (PBS). Reverse transcription 
off the HIV-1 genome is primed by tRNA,ys3 (Fig 3) 
(50,90).. The 3' terminal 18 nucleotides of the tRNA 
primerr anneal to the PBS that is located in a highly 
structuredd region of the untranslated 5' leader of 
thee viral genome (Fig 4). The presence of the PBS 
nearr the 5' terminus of viral RNA was unexpected 
sincee extension of the tRNA primer will result in a 
shortt cDNA product only. To synthesize a full-
lengthh minus-strand DNA, the reverse transcription 
complexx must be repositioned to the 3' end of the 
virall RNA. The mechanism to accomplish this 
involvess the repeat (R) regions at the 5' and 3' ends 
off the viral RNA genome, as is illustrated in figure 

3.. The initial cDNA product that is complementary 
too the 5' end of the viral genome contains the 5' R 
regionn and is called (-) strand strong-stop cDNA. 
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HIV-11 virion 

co-receptor r 

virionn maturation 

Figg 2. The HIV-1 viral life cycle. See the text for details 

11 1 



Chapterr 1 

Ribonucleasee H (RNase H) activity of the RT 
enzymee degrades the RNA template within the 
RNA-DNAA duplex (19), and the cDNA strand is sub-
sequentlyy transferred to the 3' R region (1 s t 

transfer).. The minus strand strong-stop cDNA is 
elongated,, and the RNA template is degraded by 
thee RNase H activity. Plus-strand cDNA synthesis 
iss initiated from two RNase H-resistant fragments of 
thee viral RNA template, the polypurine tract in the 
U33 region (U3-PPT) and the central polypurine tract 
(cPPT).. Plus-strand synthesis stops at the first 

modifiedd base in tRNAlys3, that is after copying of 
thee 3'-terminal 18 nucleotides. The tRNA primer is 
removedd from the plus-strand strong-stop DNA by 
RNasee H cleavage. This plus-strand strong-stop 
cDNAA is subsequently transferred to the 5' end of 
thee viral genome (2nd transfer), and plus- and 
minus-strandd DNA synthesis continues to complete 
thee double stranded DNA genome. The final prod-
uctt is a linear double stranded proviral DNA flanked 
byy two long terminal repeats (LTRs) that consist of 
thee U3, R and U5 regions. 

™r; ; 
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Figg 3. Mechanism of reverse transcription. See the text for 
details. . 

2.22 The revers e transcriptas e enzym e 
Thee HIV-1 RT enzyme is a heterodimer consisting 
off a 51 kDa subunit (p51) and a 66 kDa subunit 
(p66)) (59,87). The p51 subunit of the p66/p51 
heterodimerr is generated by cleavage of p66 that is 
mediatedd by the viral protease enzyme. The RT 
enzymee possesses both RNA-dependent and DNA-
dependentt DNA polymerase activity that enables 
thee enzyme to copy the viral RNA genome into a 
doublee stranded DNA copy. In addition, the p66 
subunitt contains an RNase H domain that degrades 
thee RNA template during reverse transcription. Both 
thee DNA polymerase and the RNase H activity 
residee within the large p66 subunit of the enzyme 
(32,48,49).. The interaction between both subunits 
iss necessary for optimal polymerase activity. 
Monomericc or dimeric enzymes formed with either 
p511 or p66 have reduced activity compared to the 
heterodimerr p51/p66 (82). The X-ray structure of 
thee HIV-1 RT enzyme resembles a right hand and 
thee distinct subregions are termed fingers, palm, 
thumbb and connection domain, with a separate 
RNasee H domain (40,41,68,77,87). 

Thee HIV-1 RT enzyme has a relatively low 
fidelityy of nucleotide incorporation. Incorrect dNTPs 
thatt are incorporated during reverse transcription 
aree not removed due to the absence of 3' exonu-
cleasee activity (7). The absence of proofreading, 
combinedd with the high viral replication rate, is 
responsiblee for rapid genetic variation in the virus 
population.. HIV-1 RT error frequencies reported in 
literaturee vary from 10"6 to 10"4 mutations per base 
perr replication cycle. The consequence of this 
geneticc diversity is that the virus population can 
adaptt rapidly to changes in the environment such 
ass the presence of antiviral dugs, leading to the 
appearancee of drug-resistant variants. 
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2.33 The tRNA prime r 
Thee retrovirus family uses diverse tRNA molecules 
ass primer for reverse transcription. Avian retrovi-
rususs use tRNAtrp, most murine retroviruses and the 
humann T-cell leukemia viruses HTLV-1 and HTLV-2 
usee tRNApro, and HIV-1 and HIV-2 and the simian 
immunodeficiencyy viruses (SIV) use tRNAlys3. Al-
thoughh the nucleotide sequence varies among dif-
ferentt tRNA species, they all form the characteristic 
L-shapedd three-dimensional tRNA structure. A par-
ticularr feature of tRNAs is the high content of modi-
fiedd nucleotides. Some modified bases are thought 
too be important for retroviral reverse transcription, 
andd reverse transcription is less efficiently initiated 
fromm in vitro synthesized, unmodified tRNA primers 
(3,4,35,37,38,65,79,97).. The 3' end of all tRNAs 
consistss of a CCA-OH triplet that is added posttran-
scriptionally.. The 3'-terminal 18 nucleotides of the 
tRNAA molecule hybridize to the complementary 
PBSS in the retroviral genome, and the first dNTP is 
addedd to the extreme 3' end of the tRNA to initiate 
reversee transcription. 

Thee tRNA primer that is used for reverse 
transcriptionn by a particular retrovirus determines 
thee sequence of the PBS. Mutation of the PBS-lys3 
motiff in the HIV-1 genome to sequences comple-
mentaryy to other tRNAs resulted in viruses with 
reducedd replication capacity that use the new tRNA 
primerss inefficiently to initiate reverse transcription 
(27,53,71,93,94).. In addition, the PBS-mutated 
virusess revert to the wild-type PBS-lys3 sequence 
afterr several rounds of virus replication. The 
mutantt viruses appear to recruit tRNAlys3 as a 
primerr at a low frequency, despite several mis-
matchess with the mutant PBS sequence. As the 
PBSS sequence is copied from the tRNA primer 
duringg plus-strand strong-stop DNA synthesis, this 
resultss in reversion to the natural PBS-lys3 
sequence.. Similar reversion events have been 
describedd for mutant avian retroviruses (96). 
Thesee results indicate that retroviruses have a 
strongg preference for the self-tRNA primer and 
demonstratee that the PBS is not the only determi-
nantt of tRNA primer selection. The viral RT 
enzymee and additional interactions between the 
tRNAA primer and the viral RNA genome have been 
implicatedd in tRNA primer selection. These multiple 
levelss of specificity may restrict aberrant reverse 
transcriptionn from non-self tRNA primers. 

2.44 Selectiv e tRNA-packagin g and tRNA-usag e 
Retroviruss particles contain approximately 30 tRNA 
moleculess per virion, which represent a non-
randomm subset of the cellular tRNA pool (33,61,63). 
Thee tRNA that is used as primer is usually pack-
agedd with the highest efficiency and represents 20-
30%% of the tRNA population in the virion 
(52,61,63,72,95).. Although selective tRNA packag-
ingg could theoretically occur through interaction 
withh the PBS in the viral RNA, there is no evidence 
forr this. Virions with a PBS-mutated genome or 
virionss lacking an RNA genome have a wild-type 
tRNAA content (52,61,73). There is accumulating 
evidencee that selective tRNA packaging is deter-
minedd by the RT protein (26,45,58,61,62,70,73,80). 
RT-deficientt viruses were found to contain a 
randomm subset of cellular tRNAs, suggesting a criti-
call role for the RT enzyme in selective packaging of 
thee tRNA primer. Primer selection most likely 
occurss in the early stages of virion assembly, when 
RTT is part of the Gag-Pol precursor protein. Con-
sistentt with this idea, protease-deficient HIV-1 viri-
onss have a wild-type tRNA content, demonstrating 
thatt mature RT is not required for tRNA packaging 
(58,61). . 

Thee RT enzyme is also involved in place-
mentt of the tRNA primer onto the PBS (17,18). The 
HIV-11 RT enzyme stimulates annealing of the tRNA 
primerr on the viral RNA genome in vitro, and RT-
deficientt HIV-1 virions contain an RNA genome 
withoutt an associated tRNA primer (61,71). In addi-
tion,, the HIV-1 RT enzyme is strongly committed to 
thee self-tRNAlys3 primer for initiation of reverse tran-
scription.. Reverse transcription is not efficiently 
initiatedd from non-self tRNA primers that are 
annealedd to PBS-mutated templates (71). These 
combinedd results demonstrate that the viral RT 
enzymee is involved in tRNA primer selection. 

2.55 Additiona l vira l RNA-tRNA contact s involve d 
inn revers e transcriptio n 
Interactionss between viral RNA sequences flanking 
thee PBS and the tRNA primer have been suggested 
too be important for reverse transcription. The PBS 
iss located in the highly structured untranslated 
leaderr region at the 5' end of the HIV-1 RNA 
genomee (Fig 4), and several RNA secondary 
structuree models have been proposed for the PBS 
regionn (6,8,25,76). One model is based primarily on 
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Figg 4. The 5' terminus of the HIV-1 proviral DNA genome and the viral RNA transcript. The HIV-1 proviral DNA genome is flanked by two 
longg terminal repeats (LTRs) that consist of the U3, R and U5 regions. The transcriptional start site at +1 marks the border between the 
upstreamm (untranscribed) U3 region and the repeat (R) region of the LTR. The R region (positions +1 to 97) is present at each end of the RNA 
genome.. The U5 region (positions 98 to 181) is encoded by the LTR, but unique for the 5' end of HIV-1 transcripts. The leader RNA ends at 
thee AUG start codon of the gag open reading frame at position +336. The PBS (positions +182 to 199) is marked by a shaded box. The leader 
RNAA is highly structured with distinct hairpin motifs that are named after their (putative) function in HIV-1 replication. The trans-activating 
responsivee (TAR) hairpin regulates viral transcription from the LTR promoter by binding of the Tat protein. The polyA hairpin contains the 
polyadenylationn site that mediates polyadenylation of viral transcripts at the 3' end of the viral genome. The dimer initiation site (DIS) is 
importantt for dimerization of the viral genome, the SD encodes the major splice donor site, and the packaging signal (*F) mediates selective 
encapsidationn of the genome into assembling virions. 

thee phylogenetic analysis of different virus isolates, 
andd predicts folding of the U5-PBS hairpin with an 
A-richh loop sequence. This hairpin occludes part of 
thee PBS sequence in base-pairing (Fig 5A) (8). 
Sequencess in the upstream U5 and downstream 
leaderr region form the extended U5-leader stem. 
Ann alternative model is based on biochemical 
probingg experiments and predicts the U5-top hair-
pin,, in which the A-rich sequence is present as an 
internall loop, and a shorter U5-leader stem (Fig 5B) 
(6,25).. RNA secondary structures similar to that in 
thee HIV-1 PBS region have been predicted for other 
retroviruses,, including HIV-2, the simian immuno-
deficiencyy virus (SIV), the avian Rous sarcoma 
viruss (Fig 5C) and the murine leukemia virus (MLV) 
(1,9,10,66,76). . 

Evidencee for additional viral RNA-tRNA 
interactionss was initially described for the avian 
Rouss sarcoma virus (RSV). In RSV, initiation of 
reversee transcription is stimulated by an interaction 
betweenn a 7-nucleotide sequence motif in the U5 

regionn of the viral RNA genome and the "PFC arm 
off the tRNA,rp primer (Fig 5C). Furthermore, RNA 
secondaryy structure in the RSV genome was dem-
onstratedd to be important for initiation of reverse 
transcriptionn (21,22,24,64). Mutations that disrupt 
thee U5-IR hairpin or U5-leader stem structure 
impairr reverse transcription, whereas mutations 
thatt alter the sequence but that retain the structure 
havee no effect. In addition, the distance between 
thesee structural elements appears critical for func-
tionn (2,21,69). Studies with MLV support a role for 
thee RNA secondary structure elements in reverse 
transcriptionn (67). 

AA profoundly different viral RNA-tRNA 
interactionn model has been proposed for HIV-1, 
basedd mainly on biochemical probing studies (35-
37,39,47).. The A-rich loop of the U5-PBS hairpin 
(A168-A171)) was suggested to interact with the U-
richh anticodon loop of the tRNA primer (U33-U36), 
andd the 3' portion of the anticodon stem of the 
tRNAA molecule may interact with viral RNA sequen-
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Figg 5. Secondary RNA structure models for the PBS region of HIV-1 and RSV RNA genomes and interactions with the corresponding tRNA 
primers.. (A) Model for the PBS region of HIV-1 that is based primarily on phylogeny and that predicts folding of the U5-PBS hairpin directly 
upstreamm of the PBS. Sequences in the upstream U5 and downstream leader region form the extended U5-lcader stem. (B) Model for the 
HIV-11 PBS region that is based primarily on biochemical probing experiments and that predicts folding of the U5-top hairpin directly 
upstreamm of the PBS and a shorter U5-leader stem. (C) Model for the PBS region of RSV that predicts folding of the U5-IR hairpin and the 
U5-leaderr stem. In addition, the cloverleaf structures of the corresponding tRNA molecules (tRNA^ for HIV-1 and tRNAIrp for RSV) are 
shown.. Base modifications are indicated according to standard nomenclature (81) (AC, anticodon loop; D, D loop). The (putative) 
interactionss between the vRNA and tRNA molecule are marked. The interaction between the PBS and the 3' 18 nucleotides of the tRNA 
moleculee is marked by a light gray box. The interaction between the A-rich loop in the HIV-1 genome and the anticodon loop in tRNA*^ is 
markedd by a dark gray box and the interaction between positions CI42-U145 in the HIV-1 genome and tRNA,ys1 is marked by an open box. 
Thee interaction between the PAS in the viral RNA and the antiPAS sequence in the T*PC arm of the tRNA molecule is marked by a black 
box x 

cess in the U5 region (Fig 5A). Mutation of the A-rich 

loopp affects initiation and elongation of reverse 

transcriptionn (37,47,55-57,98). Deletion of the A-

richh loop affects virus replication, and the A-rich 

sequencee is restored upon long-term culturing (56). 

However,, the presence of overlapping sequence 

motifss that play a critical role in integration of the 

virall DNA genome complicates the interpretation of 

thesee results (12,29,91). Other members of the 

lentiviruss genus that utilize tRNAlys3 as primer do 

nott possess an A-rich loop in their RNA genome in 

thee region 5' to the PBS. This indicates that the 

putativee A-loop interaction is not conserved among 

tRNAlys3-usingg retroviruses and that it could be a 

specificc mechanism for HIV-1. 

2.66 Co-factor s involve d in revers e transcriptio n 

Viruss encoded proteins or cellular factors may 

influencee the process of reverse transcription. In 

particular,, the viral nucleocapsid protein has been 
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suggestedd to play a role in reverse transcription. 
Extensivee RNA structure is present in both the HIV-
11 viral RNA template and the tRNAlys3 primer. 
Therefore,, partial unfolding of both RNA molecules 
iss required for formation of the viral RNA-tRNA 
initiationn complex. Although the RT enzyme itself 
mayy be able to disrupt secondary structure of the 
virall RNA and the tRNA primer (70), the viral NC 
proteinn has been proposed to be specifically 
involvedd in this process (reviewed in ref. (75)). The 
NCC protein is considered to be a nucleic acid chap-
eronee that catalyses structural rearrangements in 
thee RNA. NC binds preferentially to single-stranded 
nucleicc acids and unwinds tRNA in vitro, thereby 
stimulatingg the annealing of the tRNA primer onto 
thee template (43,44,84) and initiation of reverse 
transcriptionn (54,78). Stable secondary structure in 
thee template RNA interferes with the elongation of 
reversee transcription (31,46,83), and the NC protein 
stimulatess the processivity of DNA synthesis on 
suchh templates (42,46). Furthermore, NC stimu-
latess the two strand-transfer steps during reverse 
transcriptionn (16,30,54). 

3.. SCOPE OF THIS THESIS 

Thee 5'-untranslated leader region of the HIV-1 RNA 
genomee encodes multiple sequence motifs that are 
importantt for virus replication (Fig 4) (8). These 
sequencess do not encode proteins, but regulate 
differentt steps in the viral replication cycle. This 
regionn of the RNA genome is highly structured with 
distinctt hairpin motifs that regulate e.g. dimerization 
(DIS)) and selective packaging (¥) of the viral 
genomee into assembling virions. Furthermore, 
processess such as mRNA splicing (SD), polyade-
nylationn (PolyA) and transcription (TAR) are con-
trolledd by sequence elements in the 5'-untranslated 
leader.. This region also contains the PBS, the site 
att which the cellular tRNAlys3 molecule anneals and 
reversee transcription is initiated. 

Relativelyy little is known about the role of 
thee sequences that flank the PBS motif in virus rep-
lication.. These sequences have been proposed to 
basepairr and fold the U5-PBS hairpin and U5-
leaderr stem (Fig 5A). However, an alternative RNA 
secondaryy structure model was suggested for this 
regionn in which the PBS is flanked by the more 
extendedd U5-top hairpin and a somewhat shorter 
U5-leaderr stem (Fig 5B) (6,8,25,76). The function 

off the leader sequences 3' of the PBS (positions 
2000 to 243) is unknown. In the proviral DNA, 
sequencess in the U5 region 5' of the PBS (positions 
1122 to 182) were demonstrated to be important for 
integrationn of the proviral genome into the host cell 
DNAA (12,29,91), and several transcription factor 
bindingg sites were also proposed to be located in 
thiss region (28,51,89). In the RNA genome, a GU-
richh enhancer of polyadenylation has been reported 
too be present in the U5 region (13,14). Several 
RNAA motifs near the PBS have been suggested to 
interactt with the tRNA,ys3 primer to stimulate reverse 
transcriptionn (37,47,55-57,98). The A-rich loop of 
thee U5-PBS hairpin (A168-A171) was suggested to 
interactt with the U-rich anticodon loop of the tRNA 
primerr (U33-U36), and the 3' portion of the anti-
codonn stem of the tRNA molecule may interact with 
aa sequence motif in the U5 region of the viral RNA 
(C142-U145)) (35-37,39,47) (Fig 5A/B). However, 
thesee interaction models are based primarily on 
biochemicall probing studies and were not tested in 
detaill by mutational analysis. The interpretation of 
viruss replication studies with A-rich loop deletion 
mutantss (56) is complicated by the presence of 
overlappingg sequence motifs for integration of the 
virall DNA genome. 

Too obtain information on the RNA secon-
daryy structure of the PBS region and to study the 
rolee of this region in HIV-1 replication, we gener-
atedd various mutants based on the RNA secondary 
structuree model shown in Figure 5A. The mutants 
weree tested for virus replication, and subsequent 
analysess were performed to identify the viral func-
tionn that is affected by the mutations, e.g. packag-
ingg of the RNA genome, transcription or reverse 
transcription.. We also performed in vitro structure 
probingg experiments and reverse transcription 
assayss with purified HIV-1 reagents (RNA template, 
tRNAA primer, RT enzyme). In addition, we used the 
"forcedd evolution" approach that has proven valu-
ablee in the analysis of regulatory RNA motifs. This 
approachh is based on the finding that prolonged 
culturingg of replication-impaired virus mutants can 
resultt in the selection of phenotypic revertants with 
ann increased replication capacity. The appearance 
off revertant viruses is driven by spontaneous muta-
tionn of the viral genome due to reverse transcription 
errorss during virus replication. The beneficial 
changess are subsequently selected by positive 
Darwiniann evolution. Analysis of these revertant 
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genomess can help to identify important RNA 
sequencess and/or structures. 

Inn chapte r 2 we study the role of the U5-
PBSS hairpin in virus replication by introducing 
mutationss that affect the stability of the hairpin. 
Bothh stabilization and destabilization inhibit virus 
replicationn and several virus revertants were 
obtainedd that restore the stability of the U5-PBS 
hairpinn to approximately wild-type level. Stabiliza-
tionn of the hairpin inhibits tRNA annealing, and de-
stabilizationn affects the correct placement of the 
tRNAA primer. In chapte r 3 we performed in vitro 
reversee transcription assays to further analyze the 
effectt of the mutations on tRNA annealing and 
reversee transcription. In addition, the effect of the 
virall co-factor NC on reverse transcription was 
studied. . 

Inn chapte r 4, we accumulate the HIV-1 
leaderr sequence data of several "forced evolution" 
experimentss that were performed over the years in 
ourr laboratory. G-to-A mutations are most 
frequentlyy observed in the viral RNA genome, 
whichh probably reflect G-dT mispairing during the 
initiall phase of reverse transcription. We argue that 
thee frequent G-to-A mutations, which were recently 
reportedd to result from a new RNA editing mecha-
nismm (11), are in fact introduced by error-prone 
reversee transcription. 

InIn chapte r 5 we stabilize the U5-leader 
stemm of HIV-1 to study its role in virus replication 
andd reverse transcription. Stabilization of the base-
pairedd stem inhibits the initiation and elongation 
stepss of reverse transcription. The replication 
capacityy of the mutant viruses is reduced, and a 
viruss revertant was obtained that restores virus rep-
licationn and reverse transcription by opening of the 
stabilizedd U5-leader stem. In chapte r 6 we study 
thee role of the U5-leader stem in further detail by a 
mutationall analysis. We performed in vitro reverse 
transcriptionn assays and identified a novel 
sequencee motif in the U5 region that is important 
forr tRNA-primed reverse transcription. Mutation of 
thiss motif inhibits the initiation of reverse transcrip-
tion,, whereas mutation of the "opposing" leader 
sequencee stimulates reverse transcription. This 
enhancerr motif was termed tRNA primer activation 
signall (PAS). We propose that the PAS interacts 
withh the antiPAS sequence in the PFC arm of 
tRNAlys33 (Fig 5A/B), similar to the interaction pro-
posedd for RSV and its tRNAtrp primer (Fig 5C). RNA 

structuree probing experiments of the wild-type and 
mutantt templates are consistent with the partially 
modifiedd RNA secondary structure model that 
juxtaposess the critical PBS and PAS motifs (6,25) 
(Figg 5B). In chapte r 7 we demonstrate that the 
PASS is also important for initiation of reverse tran-
scriptionn in vivo. We selected revertant viruses that 
partiallyy overcome the reverse transcription defect 
off a PAS-deletion mutant. All revertants acquired a 
singlee nucleotide substitution that does not restore 
thee PAS sequence, but that stimulates elongation 
off reverse transcription. These results indicate that 
thee additional PAS-antiPAS interaction is needed to 
assemblee an initiation-competent and processive 
reversee transcription complex. In chapte r 8 we 
providee further evidence for the PAS-antiPAS inter-
action.. We show that the efficiency of initiation of 
reversee transcription can be modulated by PAS 
mutationss that strengthen or weaken the interaction 
withh antiPAS. Furthermore, we demonstrate that 
thee identity of the priming tRNA species can be 
switchedd by simultaneous alteration of the PBS and 
PASS sequences, indicating that the PAS is also 
involvedd in tRNA selection. 

Thee studies described in this thesis provide 
novell insight into the process of reverse transcrip-
tion.. The PAS motif is important for initiation of 
reversee transcription, but is occluded by base-
pairingg in the U5-leader stem and mutation of the 
"opposing"" leader sequence stimulates reverse 
transcription.. Thus, reverse transcription appears to 
bee restricted by RNA secondary structure in the 
wild-typee HIV-1 genome. This may provide a 
mechanismm for temporal regulation of reverse tran-
scription.. For instance, premature reverse tran-
scriptionn may be precluded in the virus-producing 
cell,, such that the viral RNA genome is only copied 
uponn infection of a new host cell. The additional 
PAS-antiPASS interaction also increases the speci-
ficityy of reverse transcription and may restrict aber-
rantt reverse transcription from non-self primers. 
Mostt importantly, extensive phylogenetic analysis 
off the different retrovirus genera that use other 
tRNAA primers to initiate reverse transcription sug-
gestss that the PAS-antiPAS interaction is con-
servedd in evolution. These combined results 
suggestt that the process of reverse transcription is 
regulatedd by a common mechanism in all retroviri-
dae. dae. 
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Humann immunodeficiency viru s type 1 (HIV-1 ) reverse transcriptio n is primed by the cellular  tRNÂ -™ 
moleculee that binds with its 3'-terminal 18 nucleotides to the full y complementary primer-bindin g site (PBS) 
onn the viral RNA genome. Besides this complementarity, annealing of the primer  may be stimulated by 
additionall  base-pairing interactions between other  parts of the tRNA molecule and viral sequences flanking the 
PBS.. According to the RNA secondary structur e model of the HIV- 1 leader  region, part of the PBS sequence 
iss involved in base pairin g to form a small stem-loop structure, termed the U5-PBS hairpin . This hairpi n may 
bee involved in the process of reverse transcription . To study the role of the U5-PBS hairpi n in the viral 
replicationn cycle, we introduced mutations in the US region that affect the stability of this structured RNA 
motif .. Stabilization and destabilization of the hairpi n significantly inhibited viru s replication. Upon prolonged 
culturin gg of the viru s mutant with the stabilized hairpin , revertant viruses were obtained with additional 
mutationss that restore the thermodynamic stability of the U5-PBS hairpin . The thermodynamic stability of the 
U5-PBSS hairpi n apparently has to stay withi n narrow limit s for  efficient HIV- 1 replication. Transient trans-
fectionn experiments demonstrated that transcriptio n of the provira l genomes, translation of the viral mRNAs, 
andd assembly of the virion s with a normal RNA content is not affected by the mutations withi n the U5-PBS 
hairpin .. We show that stabilization of the hairpi n reduced the amount of tRNA primer  that is annealed to the 
PBS.. Destabilization of the hairpi n did not affect tRNA annealing, but the viral RNA-tRNA complex was less 
stable.. These results suggest that the U5-PBS hairpi n is involved in correct placement of the tRNA primer  on 
thee viral genome. The analysis of viru s mutants and revertants and the RNA structur e probing experiments 
presentedd in this study are consistent with the existence of the U5-PBS hairpi n as predicted in the RNA 
secondaryy structur e model. 

Thee replication cycle of human immunodeficiency virus type 
11 (HIV-1) and other retroviruses is characterized by reverse 
transcriptionn of the viral RNA genome into a double-stranded 
DNA,, which subsequently becomes integrated into the host 
celll  genome (42). This process is mediated by the virion-asso-
ciatedd enzyme reverse transcriptase (RT), and the cellular 
tRNA1,'^^ molecule is used as a primer by HIV-1 (35). The 
tRNAA primer binds with its 3'-terminal 18 nucleotides (nt) to 
aa complementary sequence in the viral genome, the primer-
bindingg site (PBS), which is located in the untranslated leader 
regionn of the viral genome (Fig. 1 A). Besides the complemen-
tarityy between the PBS and the 3' end of t R N A ^ , annealing 
off  the primer has been proposed to be stimulated by additional 
base-pairingg interactions between other parts of the tRNA 
moleculee and viral sequences flanking the PBS (31). 

Extensivee secondary structure in the 5' untranslated leader 
regionn of the HIV-1 genome has been suggested by electron 
microscopy,, replication studies with mutant viruses, and bio-
chemicall  RNase probing studies (3, 11, 17, 21, 22, 37). These 
results,, combined with phylogenetic analyses and computer-
assistedd structure prediction, led to a model of the secondary 
RNAA structure of the complete leader region of the HIV-1 
genomee (4). According to this model, the PBS is flanked by an 
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upstreamm small stem-loop structure, the U5-PBS hairpin (Fig. 
1A).. This HIV-1 hairpin structure was modeled primarily 
basedd on the fact that phylogenetic analysis of different HIV 
andd simian immunodeficiency viruses (SIV) demonstrated a 
conservationn of the hairpin structure, despite considerable di-
vergencee in sequence (5, 7). A striking feature of the U5-PBS 
hairpinn of different HIV and SIV isolates is that part of the 
PBSS sequence is involved in base pairing (Fig. IB). Several 
RNAA secondary structures in the leader RNA have been re-
portedd to regulate important viral replication steps of HIV-1; 
exampless are transcriptional transactivation by Tat (8, 20, 30), 
mRNAA polyadenylation (16, 28), and dimerization of the viral 
RNAA genome (9, 12, 38). A stem-loop structure at a similar 
positionn as the U5-PBS hairpin of HIV-1 was predicted for 
Rouss sarcoma virus. This structure is required for efficient 
initiationn of reverse transcription in Rous sarcoma virus (2, 
13).. In addition, an interaction between U5 RNA and se-
quencess of the primer tRNA has been proposed (1) and was 
confirmedd recently by RNA structure probing studies (37a). A 
detailedd structure has also been proposed for the HIV-1 RNA-
tRNAl|'yss complex based on biochemical experiments (24, 25a). 
Severall  sequences in the U5 region upstream of the PBS were 
suggestedd to interact with different parts of the tRNA'v5"* 
primer.. According to this model, base pairing occurs between 
thee U-rich anticodon loop of tRNA_,'ys and the A-rich loop of 
thee U5-PBS hairpin. These combined observations suggest a 
specificc role for the U5-PBS hairpin structure in the process of 
reversee transcription. 

Too study the role of the U5-PBS hairpin in the viral repli-
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FIG.. 1. Annealing of the tRNA',ys primer to the PBS of the HIV-1 RNA 
genome.. (A) The tRNA1,-™ primer binds with its 3' terminus to the complemen-
tary'' sequence of the PBS to form an 18-bp duplex that is shown in detail (PBS 
sequencee is marked in grey). The remainder of the tRNA cloverleaf structure is 
shownn (AC. anticodon loop; D, D loop). Besides the base-pairing interaction 
withh the PBS, sequences in the U5 region may interact with different parts of 
tRNA',yss to stimulate primer annealing. Directly upstream of the PBS is a small 
hairpinn structure, the U5-PBS hairpin, which is the topic of this study. (B) Shown 
iss the wild-type U5-PBS hairpin, which was mutated to change the thermody-
namicc stability. In mutant Ts, the hairpin was stabilized by the introduction of an 
additionall  C nucleotide at position 165 and one nucleotide change at position 
1622 (G to C). In mutant Td, the hairpin is destabilized by three nucleotide 
substitutionss at positions 158 to 160. The introduced mutations are marked by 
openn boxes, and the PBS sequence is marked by a grey box. The thermodynamic 
stabilityy of the hairpins, indicated at the bottom (AG in kilocalories per mole), 
wass calculated using the Zuker algorithm (53). 

cationn cycle, we introduced mutations in this structured RNA 
motiff  of the HIV- 1 genome. Stabilization or destabilization of 
thee U5-PBS hairpin significantly reduced virus replication. 
Analysiss of revertant viruses, obtained through prolonged cul-
turingg of the mutant viruses, revealed that the thermodynamic 
stabilityy of the hairpin has to stay within narrow limits for 
efficientt HIV- 1 replication. Biochemical assays demonstrated 
thee involvement of the U5-PBS hairpin in the correct place-
mentt of the tRNA^* primer onto the viral genome. 

MATERIAL SS AND METHOD S 
DNAA constructs. A derivative of the full-length proviral HIV- 1 clone pLAI was 

usedd to produce wild-type and U5-mutated viruses. This construct, pLAI-R37, 
wass described previously (17). The 3' long terminal repeat (3'LTR) was trun-
catedd at the Sac! site within the R region, and the chloramphenicol acetyltrans-
ferascc (cat) gene and simian virus 40 polyadenylation site were inserted at this 
position.. Nucleotide numbers refer to positions on the genomic RNA transcript, 
withh +1 being the capped G residue. For mutation of the U5-PBS hairpin, we 
usedd the construct pBlue-5'LTR (29), which contains an Xbal-Clal fragment of 
HIV- 11 encompassing the 5'LTR, PBS, and 5' end of the gag gene (positions 
-4544 to +376) cloned into pBIuescript (Stratagene). The U5-PBS hairpin se-
quencee was mutated by oligonucleotide-directed in vitro mutagenesis with a 
Muta-Genee phagemid in vitro mutagenesis kit (Bio-Rad). Oligonucleotides used 
aree Ts (5'-AGACCCTTTTAGTCACTGCTGGAAAATCTCTAGC-3') and Td 
(5'-CCTCAGACCCTITTACAAAGTGTGGAAAATCTC-3'' (mutagenic posi-

tionss underlined). The mutations introduced were verified by sequence analysis. 
Sequencingg was performed with the primer AD-SD (positions +269 to +290), 
usingg a Thermo Sequenase dye terminator cycle sequencing kit (Amersham) and 
ann Applied Biosystems 373 DNA sequencer. Subsequently, the mutated Xba\-
ClalClal fragments were introduced into the proviral clone pLAI-R37, which again 
wass verified by sequence analysis. For transcription studies, the pBlue-3'LTR-
luciferasee reporter construct was generated by the exchange of the 
HindlM-BamHlHindlM-BamHl fragment of pBlue-3'LTR-CAT (29), encompassing the cat 
gene,, by the HindlU-Bamlll fragment of pGL3 (Promega), encoding the lucif-
erasee gene. For construction of the pBlue-5'LTR-luciferase reporter construct, 
thee 5'LTR-leader region of HIV-1 was PCR amplified to introduce an Ncol 
restrictionn site overlapping the gag translation start codon. The primers used arc 
AD-Rll  (positions +6 to +30) and SP6-ATG (5'-ATTTAGGTGACACTATAG 
CCATGGCTCTCCI'' 1CTAGCC-3' (start codon underlined, mutagenic posi-
tionss in bold). The PCR fragment was digested with Hindlll/Ncol and inserted 
intoo //(>idIII//VaJl-digested pBIue-3'LTR-luciferase. The control luciferase con-
structt was generated by deletion of the XhoMNcol fragment, encompassing all 
HIV-11 sequences, filling  of the recessed termini by the Klenow fragment of DNA 
polymerasee I, and self-ligation of the vector. The expression vector pcDNA3-Tat 
wass described previously (44). 

Synthesiss of RNA templates. Plasmid pBlue-5'LTR was used as a template for 
PCRR amplification and subsequent in vitro transcription. The 5'LTR region of 
HIV-11 was PCR amplified with the sense primer T7-2 (positions +1 to +20) 
containingg the T7 RNA polymerase promoter sequence and the aniisensc primer 
AUGG (positions +348 to +368). The PCR fragments were phenol extracted, 
precipitated,, and dissolved in water. The in vitro transcription reaction was 
performedd in 10 u.1 of transcription buffer (40 mM Tris [pH 7.5], 2 mM spermi-
dine,, 10 mM dithiothreitol [DTT], 12 mM MgCl2) containing 0.5 \i% of DNA 
template,, 0.06 u.mol of ATP, GTP, CTP, and UTP, 10 U of T7 RNA polymerase 
(Boehringer),, and 20 U of RNase inhibitor (Boehringer) and incubated for 4 h 
att 37°C. Upon DNase treatment and phenol extraction, the unincorporated free 
nucleotidesnucleotides were removed by passage through a Sephadex G-50 column. Subse-
quently,, the RNA was ethanol precipitated and dissolved in renaturation buffer 
(100 mM Tris-HCl [pH 7.5], 100 mM NaCl). The RNA was renatured by incu-
bationn at 85°C for 2 min, followed by slow cooling to room temperature. 

RNAA structure probing. The renatured RNA (25 ng) was treated with 0.5% 
diethyll  pyrocarbonate (DEPC) or 0.1% dimethyl sulfate (DMS) in 25 u.1 of 10 
mMM Tris (pH 7.5>10 mM MgCU-50 mM NaCl' buffer. After incubation for 10 
minn at 37"C, the RNA sample was recovered by ethanol precipitation and 
dissolvedd in 5 u.1 of renaturation buffer. The antisense primer BB-3 (positions 
+2166 to +245) was used to map the modified RNA positions in a primer 
extensionn reaction. This primer was end labeled with [-y-3~P]ATP and T4 polynu-
cleotidee kinase (Boehringer). The labeled oligonucleotide (2 ng) was mixed with 
thee RNA sample in a total volume of 10 u.1 of annealing buffer (83 mM Tris-HCl 
[pHH 7.5], 125 mM KC1), incubated for 2 min at 85°C and for 10 min 65°C, and 
slowlyy cooled to 25°C. The primer was extended by addition of 5 u.1 of RT buffer 
(99 mM MgCK, 30 mM DTT, 150 u_g of actinomycin D per ml, 30 u.M dATP, 
dGTP,, dTTP, and dCTP) and 12.5 U of avian myeloblastosis virus (AMV) RT 
(Boehringer)) in an incubation at 42°C for 15 min. The samples (2.5 u.1) were 
mixedd with formamide loading buffer (2.5 u.1), denatured at 90°C, and analyzed 
onn a 6% polyacrylamide-7 M urea gel. 

Cells,, viruses, and transfection. SupTl T cells were grown in RPMI 1640 
mediumm supplemented with 10% fetal calf serum at 37°C and 5% COz. SupTl 
cellss (5 x I06) were transfected with 1 and 2 u.g of the HIV-1 proviral constructs 
byy electroporation (250 V, 960 u.F). After transfection, 0.5 x 10" fresh SupTl 
cellss were added to support viral replication. Cells were split 1 to 10 twice a week. 
Forr the selection of revertant viruses, the transfected cells were passaged up to 
1244 days. At the peak of virus production. 100 to 0.1 u.1 of the culture supernatant 
wass used to infect fresh SupTl cells. At each passage, cells and supernatant 
sampless were stored at -70°C. For transcription studies, 5 x 10'' SupTl cells 
weree transfected with 5 u.g of the 5'LTR-luciferase constructs by electroporation. 
Wee added 100, 500, and 1,000 ng of pcDNA-Tat, which is within the linear range 
off  LTR transcriptional activation. To have an equal amount of 6 u.g DNA in each 
transfection,, we added the empty pcDNA3 vector. 

C33AA and HcLa cells were grown in Dulbecco's modified Eagle's medium 
containingg 10% fetal calf serum at 37°C and 5% C02. For the transient produc-
tionn of virions, C33A cells were transfected by the calcium phosphate method. 
Cellss were grown in 20 ml of culture medium in a 75-cm2 flask to 609( conflu-
ency.. Thirty micrograms of the proviral construct in S80 u.1 of water was mixed 
withh 1 ml of 50 mM HEPES (pH 7.1)-250 mM NaCl-1.5 mM Na2HP04 and 120 
u.11 of 2 M CaCK, incubated at room temperature for 20 min, and added to the 
culturee medium. The culture medium was changed after 16 h. For transcription 
studies,, HcLa cells were transfected by the DEAE-dextran method. Cells were 
grownn in a 60- by 15-mm tissue culture dish to 60% confluency. Cells were 
washedd two times with Tris-buffered saline (TBS) and incubated for 30 min at 
roomm temperature with the DEAE-dextran-DNA mixture, containing 1 u,g of 
5'LTR-luciferasee construct with or without 1, 10, and 100 ng of the pcDNA3-Tat 
expressionn vector, which is within the linear range of LTR transcriptional acti-
vation,, in 475 u.1 of TBS and 25 u.1 of DEAE-dextran (10 mg/ml in TBS). Finally, 
thee cells were washed two times with TBS to remove the DEAE-dextran-DNA 
mixture,, and culture medium was added. 
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Analysiss of phenotypk revertants. SupTl cells transfected with the Ts proviral 
constructt were pelleted by centrifugation at 4,(MH) rpm for 4 min and washed with 
phosphate-bufferedd saline (PBS). The cells were «suspended in 10 mM Tris-HCl 
(pHH 8.0)-l mM EDTA-0.5% Tween 20 and incubated with 200 u-g of proteinase 
KK per ml at 56°C for I h and at 95°C for 10 min to isolate total cellular DNA. The 
5'LTR-leaderr region was PCR amplified from the total cellular DNA with the 5' 
U33 region primer 5'X (positions -454 to -434) and the 3' gag primer AD-gag 
(positionss +442 to +463). To provide this fragment with a T7 tail for sequencing 
withh the universal T7 dye primer, a second PCR was performed with the 5' R 
regionn primer T7-1 (positions -54 to -34) and the 3' primer AUG (positions 
++ 123 to + 151. with six additional nucleotides at its 5' end). These PCR products 
weree sequenced directly with a DYEnamic Direct cycle sequencing kit (Amer-
sham)) and an Applied Biosystcms 373 DNA sequencer. In addition, the 5'XV 
AD-gagg PCR product was cloned into pBlue-5'LTR as a //jndlll/Nar l fragment. 
Forr analysis of individual clones, a PCR was performed with the primers T7-1 
andd AD-SD (positions +269 to +290), and this PCR fragment was subsequently 
sequenced.. Finally, for insertion of the revertant sequences into the proviral 
plasmidd pLAI-R37, Xba\ICla\ fragments of the specific clones were used to 
replacee the corresponding wild-type sequences. Introduction of the revertant 
sequencess into the proviral plasmid pLAI-R37 was verified by sequence analysis. 
Therefore,, a PCR was performed with the T7-1 and AD-SD primers and the 
PCRR fragment was sequenced. 

CA-p244 and RT assay. CA (capsid protcin)-p24 levels in the culture medium 
weree determined by enzyme-linked immunosorbent assay. RT assays were per-
formedd as described previously (4v>). The virus sample (10 JJ.1) was added to 50 ^1 
off  RT buffer (60 mM Tris-HCl [pH 8.0|, 1 mM EDTA, 75 mM K.CI, 5 mM 
MgCUU 0.1% Nonidet P-40, 4 mM DTT) supplemented with 0.25 ng of poly(A) 
andd 8_ng of oligo(dT)|„  primer and 2.5 ^Ci (3,000 Ci/mmol) of |a,2P]dTTP. 
Sampless (1(1 jil ) were taken after 1, 2, and 3 h of incubation at 37°C and spotted 
ontoo DE-81 paper. The samples were dried for 5 min; the paper was subse-
quentlyy washed three times in 57c Na;,HP04, washed two times in ethanol, and 
airr dried. RT activity was quantified on a Molecular Dynamics Phosphorlmager. 

Luciferasee assay. Luciferase assays were performed according to Promega's 
luciferasee assay system protocol. Two days posttransfection. HeLa cells were 
washedd with PBS and lysed in 200 u.1 of reporter lysis buffer (Promcga). SupTl 
cellss were collected by centrifugation 3 days after transfection, washed with PBS, 
andd lysed in 200 u.1 of reporter lysis buffer. Luciferase activity in the samples (50 
id)id) was determined by addition of luciferase assay reagent (Promega) in a 
Bertholdd model LB 9501 luminometer. 

Isolationn of viral RNA. Three days after transfection of C33A cells, the culture 
mediumm (20 ml) was centrifuged at 1,60(1 rpm for 15 min to remove cells. 
Subsequentlyy the supernatant was filtered through a 0.45-u.m-porc-sizc filter 
(Schleicherr & Schuell). and the virions were pelleted by centrifugation at 25,0011 
rpmm for 3(1 min in a Beekman SW28 rotor. Virions were resuspended in 500 p.1 
off  10 mM Tris-HCl (pH 8.0)-10O mM NaCl-l mM EDTA. To isolate viral RNA, 
thee viruses were incubated for 30 min at 37°C in the presence of 100 jig of 
proteinasee K per ml and Q.5r't sodium dodecyl sulfate, followed by extraction 
withh phcnol-chloroform-isoamyl alcohol (25:24:1) and precipitation in 0.3 M 
sodiumm acetate (pH 5.2) and ethanol at -20°C. The viral RNA was pelleted by 
centrifugationn (18.0(H) rpm, 20 min), washed with HV'r ethanol, and dried. The 
pellett was dissolved in 20 jil of 10 mM Tris-HCl (pH K.0)-1 mM EDTA and 
storedd at -70°C. 

Oligonucleotidee and tRNA primer  extension assays. In the oligonucleotide 
andd tRNA primer extension assays, viral RNA corresponding to 30 ng CA-p24 
wass incubated with 20 ng of oligonucleotide primer in 12 pd of 83 mM Tris-HCl 
(pHH 7.5)-125 mM KCI at K5"C for 2 min and 65°C for 10 min. followed by cooling 
too room temperature in 1 h to allow annealing of the primer. The primer was 
extendedd bv addition of ft u.1 of RT buffer (u mM MgCL. 30 mM DTT. 150 M-g 
off  actinomvcin D per ml. 30 n.M dATP. dGTP, and dTTP, 1.5 uM dCTP), 0.5 ul 
off  [al ;P|dCTP, and cither 0.5 U of HIV-1 RT (U.S. Biochemical) or 12.5 U of 
AMVV RT (Bochringer) and incubation at 42"C for 3 min: then 10 mM (each) 
deoxynucleosidee triphosphate (dNTP) was added, and incubation was continued 
forr 30 min. The cDNA product was precipitated in 25 mM EDTA-0.3 M sodium 
acetatee (pH 5.2)-70'X ethanol at -20°C. For degradation of the tRNA part of 
thee extended product in the tRNA primer extension assay, the samples were 
incubatedd with 0.5 N NaOH for 20 min at 55°C. neutralized with 0.5 M HC1. and 
precipitatedd as described above. The products were analyzed on a denaturing f>'r 
polyacrylamide-ureaa sequencing gel. The antisense primers used arc CN1 (po-
sitionss + 123 to +151) and AUG (positions f348 to +368, with six additional 
nucleotidess at its 5' end). 

RESULTS S 

Designn of the U5-PBS hairpi n mutants. To study the role in 
HIV- 11 replication of the U5-PBS hairpin that is located di-
rectlyy upstream of the PBS, we introduced mutations in this 
stem-loopp structure. The U5 region is encoded by the LTR that 
iss present at both the 5' and 3' ends of the HIV-1 proviral 
genome.. Mutations introduced into the U5 region of the 
5'LTRR will be inherited in both LTRs of the progeny. How-

ever,, the presence of a wild-type 3'LTR may result in reversion 
off  the mutant virus to the wild-type sequence by recombination 
withh the wild-type 3'LTR sequences. For production of the 
mutantt viruses, we therefore used a derivative of the proviral 
clonee pLAI in which part of the 3'LTR, including the polyad-
enylationn signal and the complete U5 region, is deleted. An 
SV400 polyadenylation site was placed downstream of the 
HIV- 11 sequences to allow efficient polyadenylation of the viral 
transcript.. Transfection of the SupTl T-cell line with this vec-
torr results in the production of viruses with a mutant U5 region 
inn the untranslated leader RNA. Subsequent infection of 
SupTll  cells by these viruses, followed by reverse transcription 
off  the viral RNA genome, wil l produce proviral genomes with 
aa complete 5'LTR and 3'LTR that both have the mutated U5 
sequence. . 

Mutationss that affect the stability of the U5-PBS hairpin 
weree introduced in the U5 region (Fig. IB). The mutants were 
carefullyy designed not to affect important sequence motifs, 
suchh as the attachment site for integration (positions 170 to 
181)) (18, 36) and the PBS sequence. Al l mutations were there-
foree introduced on the left side of the hairpin. We stabilized 
thee hairpin in mutant Ts by generating two extra C-G base 
pairs.. This was done by replacement of the unpaired G162 by 
CC and by insertion of an additional C at position 165 (Fig. IB). 
Thiss results in an increase in the thermodynamic stability of the 
hairpinn (AG) from -5 .4 kcal/mol for the wild type to —18.2 
kcal/moll  for mutant Ts. In mutant Td, the hairpin was desta-
bilizedd by substitution of three nucleotides at position 158 to 
160.. As a result, base pairing in the lower part of the stem is 
lost,, and a relative short and instable hairpin structure is left 
(AGG = -1 .6 kcal/mol). 

Structur ee probing of the wild-typ e and mutant U5-PBS hair-
pins.. To demonstrate that the introduced mutations have no 
effectt on folding in other parts of the leader RNA, we per-
formedd structure probing experiments. In vitro-synthesized 
HIV- 11 leader RNA was treated with structure-specific probes, 
followedd by primer extension analysis to localize the sites of 
modification.. Nucleotides sensitive to DMS or DEPC are as-
sumedd not to be involved in base-pairing or base-stacking in-
teractions.. The sites of modification were identified by primer 
extensionn analysis using the DNA primer BB-3 (positions 
++ 216 to +245). No striking differences in reactivity toward the 
chemicalss was observed between the wild-type and mutant 
U5-PBSS hairpins (Fig. 2). The A-rich loop of the wild-type 
U5-PBSS hairpin as well as that of the two mutants is modified 
byy both DMS and DEPC. whereas the flanking sequences are 
not.. The A-rich loop is even visible in the Td mutant, in which 
thee U5-PBS hairpin was destabilized but apparently not de-
stroyed.. No major differences were observed in the upstream 
leaderr region (Fig. 2) and the region downstream of the PBS, 
whichh was also probed and analyzed with the DNA primers 
DISS (positions +246 to +269) and AUG (positions +348 to 
++ 368) (results not shown). Furthermore, computer modeling 
off  a larger region of the 5'LTR leader RNA (positions +111 to 
++ 244) suggests that the introduced mutations do not affect the 
RNAA secondary structure in this part of the genome. These 
combinedd results indicate that the mutations do not lead to an 
overalll  structural rearrangement of the HIV-1 leader. 

Replicationn capacity of viruses with a mutated U5-PBS hair-
pin.. To study the replication potential of the mutant viruses, 
wee transfected wild-type and mutant proviral genomes into 
SupTll  cells. These cells express the CD4-CXCR4 receptors 
andd are fully susceptible for replication of the LAI strain. Virus 
productionn was followed by measuring CA-p24 levels in the 
culturee medium at several days after transfection. Transfection 
withh 2 u.g of the proviral constructs showed that the replication 
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FIG.. 2. RNA structure probing of the TJ5-PBS region under native condi-
tions.. In vitro-transcribed HIV-1 leader RNA of the wild-type and U5-PBS 
mutantss was treated with a limiting amount of the single-strand-specific reagents 
DF.PCC (A specific) and DMS (A/C specific) as indicated. Modification sites were 
delectedd using primer extension analysis with the BB-3 primer. The products 
weree analyzed on a 6% polyacrylamide-7M urea gel. For reference, the BB-3 
primerr was used in a DNA sequencing reaction (lanes 4 to 7 and 11 to 14). 
Positionss of the hairpin structures in this part of the HIV-1 leader RNA and the 
PBSS sequence are shown schematically on the left. 

capacityy of both mutants was reduced compared with the wild-
typee virus (Fig. 3A). This defect is even more pronounced in 
transfectionss with 1 u.g of proviral construct (Fig. 3B). No 
replicationn of mutant Ts was observed in transfections with less 
thann 1 u.g of the proviral construct. Thus, stabilization of the 
U5-PBSS hairpin affected the replication potential of the virus 
moree severely than destabilization of this RNA structure. 
Thesee results demonstrate the importance of the U5-PBS hair-
pinn in viral replication. 

Reversionn of the stabilized U5-PBS hairpi n mutant. During 
prolongedd culturing of replication-defective viruses, pheno-
typicc revertants with an increased replication capacity can 
arise.. The genomes of such revertant viruses should be altered 
inn order to replicate more efficiently, and analysis of such 
revertantt genomes may allow the identification of important 
RNAA sequences and/or structures. This forced evolution ap-
proachh can be used for most retroviruses due to their high 
mutationn rate and has proven to be valuable in the analysis of 
regulatoryy RNA motifs (6, 15, 30). Mutant Td replicated too 
efficientlyy to allow the selection of faster-replicating revertants 
withinn a reasonable time span. We therefore focused on the 
evolutionn of the severely defective mutant Ts. 

SupTll  cells transfected with the Ts proviral construct were 
splitt into several independent cultures that were maintained 
forr 7 weeks. The replication kinetics of the viruses present in 
severall  cultures increased after a variable time. To determine 
thee sequence of the U5-PBS hairpin of these phenotypic re-
vertants,, total cellular DNA was isolated from infected cells. 
Thee 5'LTR-leader region was PCR amplified, and we per-

5 5 

44 6 8 10 12 14 16 
dayss after transfection 

SS 10 12 14 
dayss after transfection 

FIG.. 3. Replication of wild-type (wt) and U5-PBS hairpin mutants Ts and 
Td.. SupTl cells were transfected with 2 (A) or l (B) pg of the proviral constructs. 
Severall  days after transfection. CA-p24 production was measured in the culture 
medium. . 

formedd population-based sequencing of the DNA fragment. 
Thee predicted RNA structures for the revertant sequences are 
shownn in Fig. 4, with the thermodynamic stability indicated 
beloww the hairpins. Remarkably, the nucleotide changes intro-
ducedd in mutant Ts were frequently found to be altered in the 
revertantt genomes, although no true wild-type reversions were 
observed.. Al l acquired mutations are located on the left side of 
thee hairpin, which is consistent with the presence of important 
sequencee motifs on the right side. Analysis of the revertants 
demonstratedd a variation in repair strategies, but all mutations 
reducedd the stability of the hairpin. This is most striking in 
revertantt w6, with two reversion-based mutations that result in 
aa hairpin with a stability very similar to that of the wild-type 
U5-PBSS structure. It is likely that the other revertants, all with 
onlyy one nucleotide substitution within the hairpin, had not yet 
attainedd the optimal configuration and will evolve toward hair-
pinn structures with wild-type stability over time. 

Too study the evolution of the stabilized Ts hairpin in more 
detail,, we performed an independent SupTl transfection and 
monitoredd this culture for up to 124 days. Total cellular DNA 
wass isolated from infected cells at several days posttransfec-
tion.. Figure 5A shows the results of direct sequence analysis of 
thee PCR-amplified U5-PBS region of the revertants. Substitu-
tionss were initially observed at the two mutated residues in 
mutantt Ts, but two additional mutations were acquired over 
time.. This so-called population sequencing provides informa-
tionn on the acquired mutations and their relative frequency in 
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FIG.. 4. Phenotypic revertiints of the stabilized U5-PBS hairpin mutant Ts. Through prolonged culturing of the mutant virus Ts, several revertant viruses with 
nucleotidee changes in the hairpin were obtained. The predicted RNA structures of these revertants and AG values (in kilocalories per mole) are shown. The mutations 
presentt in mutant Tsare marked by an open box, the acquired additional mutations are marked by black boxes, and the PBS is marked by a grey box. All reversion-based 
mutationss reduce the stability of the mutant U5-PBS hairpin. 

thee virus quasispecies population. However, this method does 
nott determine genetic linkages if mixed sequences are present 
att multiple positions (e.g., the day 27 sample). We therefore 
alsoo performed clonal sequencing. To do so, the PCR fragment 
wass cloned into pBlue-5'LTR, and multiple individual clones 
weree sequenced for the samples obtained at day 27, 86, and 124 
(Fig.. 5B). In the initial phase of the evolution experiment, two 

revertantss appeared to be present simultaneously. Both evolu-
tionn routes target one of the nucleotides introduced in mutant 
Ts.. The evolutionary pathways of Ts reversion are depicted in 
Fig.. 6, which shows the predicted RNA structure and thermo-
dynamicc stability of the observed revertants. Alteration of 
C1655 to A produces an A/G mismatch and destabilizes the 
hairpinn from —18.2 to -11.1 kcal/mol. The other revertant 

A A 
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FIG.. 5. Sequence analysis of Ts revertant genomes. (A) The sequence of the U.vPBS hairpin was determined by population sequencing several days after 
transfectionn of SupTl cells with the Ts proviral construct. Positions of the hairpin motif and the PBS are indicated at the top. Dashes indicate nucleotides that are 
identicall  to that of the input Ts mutant. Acquired mutations are indicated in capitals if the majority of genomes carried the mutation; minor changes are in small 
characters.. (B) The genetic linkage of the various acquired mutations was determined by sequencing of multiple individual clones for the samples taken at days 27, 86, 
andd 124 posttransfection. The frequency of each sequence is given in parentheses. The clones tested in the replication studies are marked by asterisks. 
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FIG.. 6. Evolutionary pathway of the stabilized U5-PBS hairpin mutant Ts. The predicted structure for the sequences observed at several days posttransfection (Fig. 
5)) is shown. The period in which the intermediates were observed is indicated at the top. and the calculated thermodynamic stability (in kilocalories per mole) is 
indicatedd below the hairpins. The introduced mutations in mutant Ts arc marked by an open box, the acquired mutations are marked by black boxes, and the PBS is 
markedd by a grey box. The hairpin of mutant Ts acquires several mutations that reduce the thermodynamic stability and finally attains a stability similar to that of the 
wild-typee LJ5-PBS hairpin. 

changess C162 to U, thereby creating a weak U-G base pair that 
hass a moderate effect on stability (AG = 15.6 kcal/mol). Al-
thoughh both genotypes are present at an approximately 
equimolarr concentration at day 27 (Fig. 5A), the former seems 
too outcompete the latter, as is evident from the population 
sequencee at days 36 and 41. However, the latter genotype 
reappearss at day 65 due to the acquisition of another destabi-
lizingg mutation (G168 to A) that triggers a rearrangement of 
thee upper part of the stem region and increases the loop size. 
Thiss hairpin (AG = —11.1 kcal/mol) acquires one more sub-
stitutionn at day 124 that further reduces the hairpin stability 
(AGG = —7.3 kcal/mol) to a value that is similar to that of the 
wild-typee structure (AG = -5.4 kcal/mol). 

Thee role of the acquired U5 mutations in the phenotypic 
reversionn of mutant Ts was demonstrated by introduction of 
revertantt sequences observed at days 27, 86, and 124 in the 
wild-typee proviral genome for replication studies. Consecutive 
intermediatess in the evolutionary pathway showed gradually 
improvedd replication (Fig. 7). This finding demonstrates that 
replicationn of the mutant Ts is repaired by restoration of the 
hairpinn stability. The combined results of the evolution studies 
indicatee that a U5-PBS hairpin of approximately wild-type 
stabilityy is optimal for virus replication. 

Thee U5-PBS hairpin is not involved in gene expression and 
viruss production. Binding sites for AP-1 and NF-AT/AP3 tran-
scriptionn factors were recently reported to be positioned on the 
provirall  DNA genome directly upstream of the PBS (43). 
Thesee transcription factor binding sites have been suggested to 
bee involved in HIV-1 transcription and replication. The up-
streamm AP-1 site is changed in mutant Td, and both binding 

sitess are affected in mutant Ts (Fig. 8A), raising the possibility 
thatt viral transcription is affected in these mutants. Further-
more,, the revertants obtained by prolonged culturing of mu-
tantt Ts possibly restore the binding of these transcription fac-
torss and thereby virus replication. To test whether the U5 
mutationss affect viral transcription, we transfected C33A cells 

< < 
O O 

22 4 6 8 10 12 14 

dayss after transfection 

FIG.. 7. Replication of different intermediates in the reversion of mutant Ts. 
Revertantt genomes observed at days 27, 86, and 124 (marked by an asterisk in 
Fig.. 5B) were introduced in the wild-type (wt) proviral genome. SupTl cells were 
transfectedd with 2 u.g of the proviral constructs. Several days after transfection. 
CA-p244 production was measured in the culture medium. 
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FIG.. 8. Transcriptional activity of wild-type and mutant LTR promoters. (A) 

Thee Ts and Td mutations affect transcription factor binding sites in the U5 DNA. 
Markedd are the AP-1 and NF-AT/AP-3 transcription factor binding sites located 
inn the U5 region immediately upstream of the PBS (43). The nucleotide changes 
inn mutant Td. mutant Ts, and two Ts revertants (rev), w3 and w3.1 (clones 
obtainedd from revertant w3), are shown. (B) Relative basal transcriptional ac-
tivityy of wild-type (wt) and mutant LTRs in HeLa and SupTl cells after trans-
fectionn with 1 and 5 lig, respectively, of the different LTR-luciferase constructs. 

(humann cervix carcinoma cells not expressing CD4) with the 
wild-typee and mutant Ts and Td proviral vectors and analyzed 
thee level of viral gene expression and virion production. Virus 
productionn was monitored by measuring the amount of CA-
p244 and virion-associated RT activity in the culture medium. 
Tablee 1 summarizes the results of two independent transfec-
tions.. No significant differences were measured, as the ob-
servedd differences reflect experimental variation in the electro-
porationn protocol. The expression levels of viral proteins were 
alsoo found to be similar for all constructs by Western blot 
analysiss of total cell extracts (results not shown). 

Too study the transcriptional activity of the mutants Td and 
Tss as well as two Ts revertants in more detail, we constructed 
LTR-reporterr vectors with the complete LTR-leader region of 
HIV- 11 fused to the luciferase open reading frame. Transient 
LTR-luciferasee transfection assays and cotransfections with a 
Tatt expression vector were performed in HeLa and SupTl 
cells.. Transfection of episomal plasmids may not accurately 
reflectt proviral transcription from an integrated position, but 
thee results shown in Fig. 8B to D indicate that the wild-type, 
mutant,, and revertant LTR constructs do not differ signifi-
cantlyy in basal or Tat-activated transcriptional activity. These 
combinedd results suggest that the mutations in the U5 region 
doo not affect viral gene expression (e.g., transcription and 
translation)) and virion assembly. 

Thee U5-PBS hairpi n is not involved in packaging of the viral 
RNA.. The untranslated leader RNA contains important signals 
forr packaging of the viral RNA into virion particles. To deter-
minee the RNA content of the wild-type and mutant viruses, we 
isolatedd RNA from purified virions that were produced in 
C33AA cells. The viral RNA was measured by primer extension 
analysiss with the CN1 oligonucleotide primer, which is com-
plementaryy to the +123 to +151 region. The CA-p24 values 
weree used to control for the amount of virions used per sample. 
Thee mutant virions contained a normal level of RT enzyme 
(Tablee 1). As summarized in Table 2, no significant differences 
weree observed between the mutant and wild-type viruses in 
regardd to the amount of viral RNA per virion. These results 
showw that the U5-PBS hairpin does not contribute to the pro-
cesss of packaging of genomic HIV-1 RNA. 

Thee U5-PBS hairpi n is involved in reverse transcription . 
Thee U5-PBS structure of HIV-1 may be involved in regulation 
off  reverse transcription, in particular because the hairpin in-
cludess part of the PBS sequence. In addition, a similar hairpin 
structuree in avian sarcoma-leukosis virus has been found to be 
involvedd in the process of reverse transcription, and an inter-
actionn between the anticodon of the tRNA primer and the 
A-richh hairpin loop was proposed for HIV-1 to play a role in 
thee process of reverse transcription. We therefore analyzed the 
amountt of tRNAVys primer annealed to the PBS of the wild-
typee and mutant virion particles. During the isolation of viral 
RNA,, the tRNA primer remains bound to the PBS and can be 

Thee basal transcriptional activity of the wild-type LTR was set at 1. (C and D) 
Relativee Tat-activated transcriptional activities of wild-type and mutant LTRs in 
HeLaa (C) and SupTl (D) cells. HeLa cells were transfected with I u.g of the 
LTR-luciferasee constructs with or without 1, 10, and 100 ng of Tat expression 
vector.. SupTl cells were transfected with 5 jjcg of the LTR-lucifcrasc constructs 
withh or without 100, 500, and 1,000 ng of Tat expression vector. The amounts of 
addedd Tat expression vector are within the linear range of LTR transcriptional 
activation.. The basal transcriptional activity of each individual LTR promoter 
wass set at 1. Transfection with the control luciferase construct, containing the 
luciferasee gene but not the LTR, and cotransfection of this construct with 
pcDNA3-Tatt as well as transfection with the empty Tat vector (pcDNA3) re-
vealedd no luciferase activity. Cotransfection of the LTR-luciferase constructs 
withh pcDNA3 resulted in a low basal level of LTR transcription. 
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CA-p24 4 
(ng/ml) ) 

180 0 
310 0 
410 0 

prod d jctionn upon tra 

Exptt 1 

RTT activity 
(counts) ) 

39,201,163 3 
66,584,699 9 
98,476,183 3 

nsfectionn of wild-type 

RTCA-p24 4 

1.0" " 
1.0 0 
0.9 9 

andd mutant proviral 

CA-p24 4 
(ng/ml) ) 

550 0 
300 0 
380 0 

constructss into C33A cells 

Exptt 2 

RTT activity 
(counts) ) 

17,543,880 0 
11,657,850 0 
11,970,842 2 

RT/CA-p24 4 

1.0" " 
1.2 2 
1.0 0 

visualizedd by extension upon addition of HIV- 1 RT enzyme 
andd dNTPs. Extension of the tRNA primer produces a 257-nt-
longg tRNA-cDNA product (Fig. 1A shows a schematic; Fig. 
9A,, lanes 4 to 6). The identity of this product was confirmed by 
NaOH-mediatedd degradation of the tRNA part, leaving a 
181-ntt cDNA product (Fig. 9A, lanes 7 to 9). The extended 
tRNA-cDNAA products were quantified and corrected for the 
amountt of input viral RNA template as determined by CN1 
primerr extension {Fig. 9A, lanes 1 to 3). As summarized in 
Tablee 3, the tRNA extension efficiency of mutant Ts was re-
ducedd to 27% of the value measured for the wild-type tem-
plate.. The mutant Td was not affected in tRNA extension; we 
consistentlyy measured a small improvement compared with the 
wild-typee ("l25%). 

Thee reduced tRNA extension efficiency of mutant Ts may be 
thee result of less tRNA primer that is annealed to the PBS. 
Alternatively,, normal levels of tRNA are bound, but these 
primerss cannot be extended efficiently on the template with the 
stabilizedd U5-PBS hairpin. To discriminate between these two 
possibilities,, the tRNA occupancy of the PBS was determined 
byy a different assay. Viral RNA-tRNA complexes were used as 
aa template for the extension of a primer that is positioned 
downstreamm of the PBS. The oligonucleotide primer AUG, 
complementaryy to the +348 to +368 region with six additional 
nucleotidess at its 5' end, was used in this experiment. Viral 
RNAA without a tRNA primer will produce a full-length cDNA 
productt of 374 nt (Fig. 9B). When a tRNA primer is present on 
thee PBS, this primer will also be extended by the RT enzyme, 
andd RNase H will subsequently degrade the RNA template 
strand.. The AUG primer can be extended to the 3' end of the 
PBS,, where it encounters the annealed tRNA, which wil l result 
inn a 175-nt cDNA product. Alternatively, when the tRNA is 
displacedd by the RT enzyme, the AUG primer can be extended 
too the 5' end of the PBS, producing a 193-nt cDNA product. As 
shownn in Fig. 9A (lanes 10 to 12), extension of the downstream 
AU GG primer produced predominantly the 175-nt stop product, 
indicatingg that the tRNA primer is not displaced by the elon-
gatingg RT enzyme. A different result was reported for the 
aviann leukosis virus, where the tRNA primer was efficiently 
displacedd (48). Extension of the AUG primer on the wild-type 
templatee (Fig. 9, lane 10) produced predominantly the t75-nt 
stopp product and almost no 374-nt full-length product. Quan-
titationn of the stop and full-length cDNA products indicated 

TABLEE 2, Genomic RNA content of wild-type and mutant virions 
ass determined by primer extension 

Construct t 
CA-p24 4 
(ng/ml) ) 

Virall  RNA 
(counts) ) 

RNA/CA-p24 4 

Wildd tvpe 
Ts s 
Td d 

1,920 0 
2,000 0 
4,200 0 

92,238 8 
92,498 8 

198,688 8 

100" " 
100 0 
98 8 

thatt approximately 90% of the wild-type template has bound a 
tRNAA primer (Table 3), suggesting that nearly all PBS sites of 
thee wild-type HIV-1 RNA are occupied. In contrast, extension 
off  the AUG primer on the mutant Ts template produced 
relativelyy less premature stop product (23%) and more full-
lengthh product (77%). This result demonstrates that the PBS 
off  mutant Ts is only partially occupied by a tRNA. In fact, the 
23%% PBS occupancy measured with this assay correlates well 
withh the 27% tRNA extension efficiency (Table 3). 

Surprisingly,, the PBS occupancy of mutant Td was strongly 
reducedd (38%), even though this mutant showed no defect in 
thee assay (125%) (Fig. 9A; Table 3). Apparently, the tRNA 
primerr is present on the PBS and can be extended efficiently, 
butt the tRNA is lost during the PBS occupancy assay with the 
downstreamm AUG primer. The tRNA primer is probably re-
leasedd during the heat denaturation step that is used to anneal 
thee AUG primer. The results suggest that the PBS-associated 
tRNAA primer does not optimally interact with the Td template. 
Inn fact, this means that the PBS occupancy assay is not a 
reliablee method when RNA templates that differentially bind 
thee tRNA primer are compared. Similar results were obtained 
inn PBS occupancy assays performed with the RT enzyme of 
AM VV (Fig. 9A, lanes 13 to 15). However, upon extension of 
thee tRNA primer, we observed several additional stop prod-
ucts,, specific for the wild-type template, at positions both up-
streamm and downstream of the PBS. This implies a conforma-
tionall  difference between the viral RNA-tRNA duplex formed 
withh the wild-type and mutant templates. Annealing of the 
tRNAA primer onto the wild-type genome is evidently more 
complexx and more stable than interaction with the genome of 
mutantt Td. These results indicate that the U5-PBS hairpin is 
involvedd in the correct placement of the tRNA primer onto the 
virall  RNA. 

DISCUSSION N 

Inn this study, we demonstrate the importance of the U5-PBS 
hairpinn structure for efficient HIV-1 replication. Both stabili-
zationn and destabilization of this RNA structure decreased the 
virall  replication capacity. Upon prolonged culturing of the 
stabilizedd mutant Ts, several revertant viruses were obtained 
withh an increased replication potential. All of the phenotypic 
revertantss acquired additional mutations in the hairpin that 
reducee its thermodynamic stability. Thus, the mutant viruses 
revertt by emulating the stability of the wild-type hairpin. This 
indicatess that RNA structural effects rather than RNA or 
DNAA sequence effects are responsible for the replication de-
fectt of these HIV-1 mutants. Apparently, the thermodynamic 
stabilityy of the U5-PBS hairpin must stay within narrow limits 
forr efficient HIV-1 replication. 

Analysiss of revertant viruses of the mutant Ts also revealed 
thatt the reversion-based mutations are almost exclusively 
presentt on the left side of the U5-PBS hairpin, and in partic-
ularr at the nucleotide positions that were altered in the mutant 
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FIG.. 9. DNA-primed and tRNA-primed reverse transcription assays with the virion-extractcd RNA genome. (A) C33A cells were transfected with the wild-type 
(wt),, Ts and Td proviral constructs. Three days posttransfection. viruses were purified and viral RNA was isolated. The amount of viral RNA was quantified by DNA 
primerr extension with the oligonucleotide CN1 (lanes 1 to 3). Relative positions of the different primers are shown in panel B. The tRNAj* *  primer remains bound 
too the genomic RNA during viral RNA isolation and was extended by addition of the HIV RT enzyme and dNTPs. Extension of the tRNA primer results in a 257 nt 
cDNAA product (lanes 4 to 6). The tRNA extension product was incubated with NaOH, resulting in the degradation of the tRNA part (76 nt), leaving a cDNA of 181 
ntt (lanes 7 to 9). The occupancy of the PBS with tRNA primer was determined by a primer extension assay with a primer that is positioned downstream of the PBS. 
Thee AUG primer was extended by the HIV (lanes 10 to 12) or AMV (lanes 13 to 15) RT enzyme. When the PBS is occupied by the tRNA primer, a 175-nt premature 
stopp product is generated; in the absence of the tRNA primer, a 374-nt full-length cDNA is produced (B). 

Tss (first sites). This result contrasts with reversion analyses of 
otherr structured RNA motifs in which second-site reversions 
weree observed frequently (6, 30). The nonrandom nature of 
U5-PBSS hairpin reversion suggests that important sequence 
motifss are encoded by this region of the HIV-1 genome. The 
observationn that the reversion-based mutations are predomi-
nantlyy present on the left side of the hairpin suggests that such 
motifss are encoded by the right side of the hairpin. In fact, 
thesee U5 sequences from the extreme 3' end of the LTR, and 
thiss region is well known to contribute to proviral integration 
throughh sequence-specific interaction with the viral integrase 
proteinn (10). Recently, the importance of the 3'-terminal 12 nt 
(positionss 170 to 181) of the U5 region has been demonstrated 
(18,, 36, 45). Thus, the U5 motif that is critical for integration 

alsoo includes part of the A-rich loop sequence, which may 
explainn in part the importance of this sequence element for 
HIV-11 replication (34). In addition, the right side of the hair-
pinn contains part of the PBS sequence (positions 182 to 185), 
whichh does not allow mutation (15, 32, 47). These two se-
quencee motifs together constitute the right side of the U5-PBS 
hairpin.. Thus, this part of the HIV-1 genome encodes at least 
threee signals, of which one is recognized as part of the double-
strandedd DNA genome (integration motif), one as RNA se-
quencee (PBS), and one as structured RNA motif (U5-PBS 
hairpin). . 

Thee fact that mainly first-site mutations were found in the 
revertantss suggests that an important sequence motif sur-
roundss the introduced mutations. Nevertheless, no true wild-
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TABLEE 3. tRNA-priming efficiency and tRNA occupancy of wild-
typee and mutant templates 

Construct t 

Wil dd type 
Ts s 
Td d 

RT T 

CM M 

100" 100" 
170 0 
90 0 

activityy ("'t) 

tRNA tRNA 

KXJ" " 
27 7 

125 5 

AUG G 

Fulll  length 
DNA A 

9.8 8 
77 7 
62 2 

pri i ncr r 

Stop p 
product t 

90.2 2 
23 3 
38 8 

"Sett at !()()<?. 

typee reversions were observed. AP-1 and NF-AT/AP3 tran-
scriptionn factor binding sites have been found in the U5 region 
(43).. The mutations introduced in mutant Ts and Td affect 
thesee sites, and we therefore analyzed the transcriptional ac-
tivit yy of these mutants in transient LTR-luciferase transfection 
assays.. In addition, we tested whether two revertants of mutant 
Tss increased the LTR activity of mutant Ts. Both basal and 
Tat-activatedd transcriptional activities of the wild-type, mutant, 
andd revertant LTRs were tested, but we measured no differ-
encee among the different promoters. Furthermore, similar lev-
elss of virus production were measured in cells transiently trans-
fectedd with the proviral constructs. Thus, these transcription 
factorr binding sites in the U5 region are either not affected by 
thee Ts and Td mutations or not important for viral replication. 
Nevertheless,, the nonrandom pattern of reversion suggests the 
presencee of a sequence-specific motif in this part of the U5 
region. . 

Biochemicall  assays with virion-derived RNA-tRNA com-
plexess showed that the reduced replication potential of mutant 
Tss correlates with reduced tRNA priming efficiency, which is 
thee result of decreased tRNA occupancy of the PBS. We mea-
suredd nearly complete occupancy of the PBS for the wild-type 
template,, suggesting that both copies of the dimeric HIV-1 
RNAA genome have an associated tRNA primer. This result 
differss somewhat with studies on murine leukemia virus and 
aviann leukosis virus, for which PBS occupancies of 50 and 70% 
havee been reported (19, 48). We found the PBS occupancy of 
thee mutant Ts template to be reduced to 23%. Thus, inclusion 
off  part of the PBS in an excessively stable hairpin structure 
inhibitss the annealing of the tRNA primer. This effect appar-
entlyy restricts the U5-PBS hairpin from becoming excessively 
stablee in natural HIV and SIV isolates (5). In other words, the 
HIV- 11 genome contains a structured RNA motif in the U5-
PBSS region that is at the threshold of becoming inhibitory to 
thee process of initiation of reverse transcription. In fact, the 
tRNAA extension efficiency could be increased to 125% of the 
wild-typee value by opening of the U5-PBS hairpin as in mutant 
Td.. Although speculative, this hairpin may restrict premature 
tRNAA annealing to the viral RNA in the infected cell, but this 
restrictionn is apparently overcome in the context of the virion 
particle,, perhaps due to viral cofactors (see below). More ex-
tendedd hairpin structures with greater thermodynamic stability 
weree predicted for the H1V-2 genome and several SIV vari-
ants,, but we previously stressed that these structures are char-
acterizedd by having either a limited number of PBS nucleotides 
thatt are involved in base pairing or a large percentage of 
relativelyy weak G-U base pairs (7). There is recent evidence for 
ribozymess that terminal G-U base pairs are involved in struc-
turall  rearrangements (50), which may explain the efficient 
tRNAA annealing in HIV-2, despite the relatively stable U5-
PBSS structure. Obviously, there maybe cofactors that facilitate 
tRNAA annealing onto the PBS in the context of the viral 
particle.. One such a factor is the viral nucleocapsid (NC) 

protein,, which has been reported to facilitate the annealing of 
thee tRNA primer to the PBS (23, 39). Apparently, the exces-
sivelyy stable Ts hairpin interferes with this process, and it will 
bee of interest to study this annealing reaction in more detail in 
inn vitro assays in the absence and presence of NC protein. Such 
studiess are currently being performed. 

AA more complex defect was apparent for the Td mutant with 
thee destabilized U5-PBS hairpin. This mutant template was at 
leastt as efficient in tRNA extension as the wild-type template, 
demonstratingg that the PBS is occupied by tRNA. Despite 
efficientt tRNA extension, we measured a strongly reduced PBS 
occupancyy in tests in which reverse transcription is primed by 
ann oligonucleotide from a position downstream of the PBS. 
Apparently,, the tRNA primer was released during the primer-
annealingg step. This result indicates that the interaction be-
tweenn the tRNA primer and the mutant Td genome is less 
stablee than the complex with the wild-type template, even 
thoughh the two templates have identical PBSs. Moreover, sev-
erall  additional stop products upstream and downstream of the 
PBSS were observed for the wild-type template during extension 
off  the downstream primer with the AM V RT enzyme. These 
stopss are due to tRNA annealing because the signals are not 
observedd with the mutant Ts template. Most importantly, these 
stopss were not observed either for the mutant Td template. 
Thesee combined results indicate that a different conformation 
off  the viral RNA-tRNA complex is reached on the wild-type 
templatee compared with mutant Td, suggesting that the U5-
PBSS hairpin is directly or indirectly involved in correct tRNA 
annealingg onto the viral RNA genome. Several studies suggest 
thatt the A-rich loop of the U5-PBS hairpin interacts directly 
withh the anticodon of tRNAVys (24-27, 33, 34, 40, 41, 46, 51, 
52),, but the interpretation of these experiments is complicated 
becausee this U5 sequence encodes multiple, overlapping rep-
licationn signals. For instance, mutations in the U5-PBS region 
mayy affect the secondary structure of this part of the leader 
RNAA (5), and the presence of overlapping integration signals 
(18,, 36) makes it difficult to analyze the proposed interactions 
betweenn the viral RNA and the tRNA primer. The phenotype 
off  the carefully designed RNA structure mutant Td in this 
studyy does support the idea that structured RNA motifs in the 
U55 region contribute to functional tRNA annealing. The in-
ductionn of multiple stop signals upon tRNA binding to the 
wild-typee template suggests that a structural rearrangement 
occurss in the region surrounding the PBS, but the molecular 
naturee of the additional viral RNA-tRNA interactions remains 
too be determined. 

Thee mutant and revertant analysis presented in this study is 
consistentt with the existence of the U5-PBS hairpin as depicted 
inn Fig. 1. We previously proposed this hairpin conformation as 
partt of a secondary RNA structure model of the complete 
leaderr region of the HIV-1 genome (4). In fact, this HIV-1 
hairpinn structure is not very stable but was modeled based 
primarilyy on similar structures in the HIV-2 RNA (7) and the 
genomess of several SIV viruses (5). Although a different con-
formationn was recently proposed for this part of the HIV-1 
genomee based on RNA structure probing experiments (14), 
ourr structure probing results and in particular the functional 
dataa strongly support the existence of the U5-PBS hairpin. 
Furthermore,, this stem-loop structure is supported by phylo-
geneticc evidence based on the sequence of different HIV-1 
subtypess (not shown). It may nevertheless be too simplistic to 
suggestt that this part of the RNA genome has one static con-
formation.. Several factors will bind to this region of the viral 
genomee during discrete steps of virus replication, e.g., the 
tRNAA primer, the NC protein, and the RNA itself during 
dimerization,, and it is likely that the RNA conformation will 

34 4 



Chapterr 2 

changee during consecutive steps of the viral replication cycle. It 
cannott even be excluded that this region acts as a molecular 
switchh during replication by changing between alternative 
RNAA conformations. We recently obtained evidence for such a 
conformationall  polymorphism of the HIV-1 leader RNA (9a). 
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FromFrom the Department of Human Retrovirology, Academic Medical Center, University of Amsterdam, Amsterdam 1100 
BE,BE, The Netherlands 

Th ee human immunodeficiency viru s type 1 (HIV-1 ) 
RNAA genome encodes a semistable stem-loop structure, 
th ee U5-PBS hairpin , which occludes part of the tRNA 
primerr  bindin g site (PBS). I n previous studies, we dem-
onstratedd that mutations that alter  the stabil it y of the 
U5-PBSS hairpi n inhibi t viru s replication. A reverse tran -
scriptio nn defect was measured in assays wi t h the virion -
extractedd RNA-tRNA complexes. We now extend these 
studiess wit h in vitro synthesized wild-typ e and mutant 
RNAA templates that were tested in primer  anneal ing and 
reversee transcriptio n assays. The effect of anneal ing 
temperatur ee and the presence of the vira l nucleocapsid 
protei nn on reverse transcriptio n 'was analyzed for  the 
templatess wit h a stabil ized or  destabil ized U5-PBS hair -
pin ,, and in reactions init iate d by tRNA or  DNA primers. 
Th ee results of thi s in vitro assay are consistent wi t h the 
inin vivo findings, in that both tRNA anneal ing and initi -
at ionn of reverse transcriptio n are sensit ive to stable 
templatee RNA structure. Reverse transcriptio n init iate d 
byy a DNA primer  is less hindered by secondary structur e 
i nn the RNA template than tRNA primed reactions. The 
inhibitor yy effect of template structur e on tRNA-prime d 
reversee transcriptio n is more pronounced in thi s in vitro 
assayy compared wit h the in vivo material , indicatin g 
thatt  the heat-annealed RNA-tRNA complex differ s fro m 
th ee virion-extracted vira l RNA-tRNA complex. 

Thee replication cycle of the human immunodeficiency virus 
typee 1 (HIV-1)1 and other retroviruses is characterized by 
reversee transcription of the viral RNA genome into a double-
strandedd DNA, which subsequently becomes integrated into 
thee host cell genome (1). This process is mediated by the virion -
associatedd enzyme reverse transcriptase (RT), and the cellular 
tRNAffyss molecule is used as a primer by HIV-1 RT (2). The 
tRNAA primer binds with its 3'-terminal 18 nucleotides to a 
complementaryy sequence in the viral genome, the primer-bind-
ingg site (PBS), which is located in the untranslated leader 
regionn of the viral genome (Fig. LA). The leader region of HIV-1 
iss highly structured with distinct hairpin motifs (3-9). Besides 
secondaryy structure, the HIV-1 leader RNA was recently 

**  This work was supported in part by the Netherlands Foundation for 
Chemicall  Research with financial aid from the Netherlands Organiza-
tionn for Scientific Research (NWO-CW). The costs of publication of this 
articlee were defrayed in part by the payment of page charges. This 
articlee must therefore be hereby marked "advertisement" in accordance 
withh 18 U.S.C. Section 1734 solely to indicate this fact. 

tt To whom correspondence should be addressed: Dept. of Human 
Retrovirology,, Academical Medical Center, University of Amsterdam, 
P.. O. Box 22700, 1100 DE Amsterdam, The Netherlands. Tel.: 31-20-
5664822;; Fax: 31-20-6916531; E-mail: B.Berkhout@AMC.UVA.NL. 

11 The abbreviations used are: HIV-1, human immunodeficiency virus 
typee 1; RT, reverse transcriptase; PBS, phosphate-buffered saline; NC, 
nucleocapsid;; PCR, polymerase chain reaction; nt, nucleotide; LTR, long 
terminall  repeat. 

demonstratedd to adopt a compactly folded higher order struc-
turee in vitro (10). The combined results of replication studies 
withh mutant viruses and spontaneous revertants thereof, phy-
logeneticc analyses, RNA structure probing, and computer-
assistedd RNA folding suggest that part of the PBS is occluded 
inn a hairpin structure (4, 11-13). Four nucleotides of the PBS 
aree involved in base pairing to fold a small upstream stem-loop 
structure,, the U5-PBS hairpin (Fig. IA) . RNA structure is not 
onlyy present in the viral RNA template but also in the tRNA^8 

primerr that is known to have a stable tertiary structure. There-
fore,, partial unfolding of both the tRNA primer and the viral 
RNAA template is necessary for hybridization of these molecules 
andd to initiate reverse transcription. Although the RT enzyme 
itselff  may be able to disrupt the secondary structure of the viral 
RNAA and the tRNA primer (14), the viral nucleocapsid (NC) 
proteinn has been proposed to be specifically involved in this 
processs (reviewed in Ref. 15). The NC protein binds preferen-
tiallyy to single-stranded nucleic acids and unwinds tRNA in 
vitrovitro (16-18), thereby stimulating the annealing of the tRNA 
primerr onto the template and the synthesis of minus-strand 
DNAA (19, 20). 

Inn a previous study, we reported the importance of the U5-
PBSS hairpin for virus replication and its effect on reverse 
transcriptionn (11). Mutations that alter the stability of the 
U5-PBSS hairpin inhibit virus replication. In particular, we 
measuredd a reverse transcription defect in assays with the 
virion-extractedd RNA-tRNA complexes as template. Stabiliza-
tionn of the hairpin was found to inhibit reverse transcription 
becausee of reduced tRNA primer annealing. Destabilization of 
thee hairpin did not affect tRNA binding, and initiation of re-
versee transcription was in fact slightly activated. However, the 
interactionn between the tRNA primer and this mutant genome 
appearedd less stable than the corresponding wild-type complex, 
whichh may explain the replication defect of this mutant virus. 
Additionall  base pairing interactions between retroviral RNA 
sequencess in the U5 region and the tRNA molecule have been 
suggestedd to stimulate primer annealing onto the PBS (21, 22). 
Forr HIV-1, a specific interaction has been proposed for the 
"U-rich""  anticodon of tRNA3ys and the aA-rich" loop of the 
U5-PBSS hairpin (23), and this interaction may be affected by 
mutationn of the U5-PBS hairpin. These combined results sug-
gestt that the U5-PBS hairpin is involved in both the proper 
annealingg of the tRNA primer onto the viral RNA genome and 
thee initiation of reverse transcription. However, a more de-
tailedd analysis is difficul t with the virion-derived template-
primerr material. For instance, this assay system does not allow 
onee to vary the experimental conditions of the tRNA annealing 
step.. We therefore set up reverse transcription assays with in 
vitrovitro synthesized RNA templates containing the stabilized and 
destabilizedd U5-PBS hairpin. Reverse transcription was stud-
iedd with the natural tRNA^ys and DNA primers that were 
annealedd at different temperatures and in the presence or 
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FIG.. 1. Annea l ing of the tRNA£y" 
p r ime rr  t o t h e PBS of th e HIV- 1 RNA 
genome.. A, the tRNAg*" primer binds 
wit hh its 3' terminus to the complemen-
taryy sequence of the PBS to form an 18-
basee pair duplex that is shown in detail 
(PBSS sequence is marked in gray). The 
remainderr of the tRNA cloverleaf struc-
turee is shown (AC, anticodon loop; D, D 
loop).. Besides the base pairing interaction 
withh the PBS, sequences in the U5 region 
mayy interact with different parts of the 
tRNA!^ 33 to st imulate primer annealing. 
Partt of the PBS is involved in base pairing 
too fold a small stem-loop structure, the 
U5-PBSS hairpin. B, shown is the wild-
typee U5-PBS hairpin, which was mutated 
too change the thermodynamic stability. In 
mutantt Ts, the hairpin was stabilized by 
thee introduction of an additional C nucle-
otidee at position 165 and one nucleotide 
substitut ionn at position 162 (G to C). In 
mutantt Td, the hairpin is destabilized by 
threee nucleotide substitutions at posi-
tionss 158-160. The introduced mutations 
aree marked by open boxes, and the PBS 
sequencee is marked by a gray box. The 
thermodynamicc stability of the hairpins is 
indicatedd at the bottom (AG in kcal/mol) 
andd was calculated using the Zuker algo-
r i thmm (49). 

U5-PBS S 
hairpin n 

_L L W W RR U 5 ,  PB S "  - . POL L 
II  EN V I  i 

—— UGGCGCCCGAACAGGGAC 
3''  ACCGCGGGCUUGUCCCUG 

B B wild-type e 
U5-PBSS hairpin 

Ts s 
mutant t 

tRNA'ys3 3 

Td d 
mutant t 

absencee of NC protein. We demonstrate that both tRNA an-
nealingg and initiation of reverse transcription are sensitive to 
stablee RNA structure in the template. However, initiation of 
reversee transcription was hindered more dramatically by tem-
platee structure with the in vitro annealed tRNA primer than 
thee in vivo placed tRNA. Apparently, the heat-annealed RNA-
tRNAA complex differs from the duplex that is formed within 
virionn particles. 

EXPERIMENTALL PROCEDURES 

DNADNA Constructs—The U5-PBS hairpin of the construct Blue-5'-LTR 
(24)) was mutated by oligonucleotide-directed in vitro mutagenesis with 
aa Muta-Gene phagemid in vitro mutagenesis kit (Bio-Rad) as described 
previouslyy (11). Oligonucleotides used are as follows: Ts, 5'-AGAC-
CCTTTTAGTCACTGCTGGAAAATCTCTAGC-3';; Td, 5'-CCTCAGAC-
CCTTTTACAAAGTGTGGAAAATCTC-3FF (mutagenic positions under-
lined).. The construct Blue-5'-LTR contains the Xbal—Clal fragment of 
HIV-1 ,, encompassing the 5'-LTR, PBS, and the 5'-end of the gag gene 
(positionss —454 to +376), cloned into pBluescript (Stratagene). Nucle-
otidee numbers refer to positions on the wild-type genomic RNA tran-
script,, with +1 being the capped G residue. The mutations introduced 
weree verified by sequence analysis. Sequencing was performed with the 
primerr AD-SD (positions +269 to +290) using the Thermo Sequenas-
e™™ dye terminator cycle sequencing kit (Amersham Pharmacia Bio-
tech)) and an Applied Biosystems 373 DNA sequencer. The control 
constructt PBS carries an 18-nucleotide deletion over the PBS se-
quencee (25). 

SynthesisSynthesis of RNA Templates—The wild-type and mutant pBlue-5'-
LTRR plasmids were used as template for PCR amplification and subse-
quentt in vitro transcription. The 5'-LTR region of HIV- 1 was PCR-
amplifiedd with the sense primer T7—2 (positions +1 to +20) with 5'-
flankingg T7 RNA polymerase promoter sequence and the antisense 
pr imerr AUG (position + 348 to + 368, with 6 additional nucleotides at i ts 
5'-end).. The PCR fragments were phenol-extracted, precipitated, and 
dissolvedd in water. The in vitro transcription reaction was performed in 
100 fil  of transcript ion buffer (40 mM Tris-HCl, pH 7.5, 2 mM spermidine, 
100 mM dithiothreitol and 12 mM MgCl2) containing 0.5 fig of DNA 
template;; 0.06 /xmol of ATP, GTP, CTP, and UTP; 10 units of T7 RNA 

polymerasee (Roche Molecular Biochemicals); and 20 units of RNase 
inhibitorr (Roche Molecular Biochemicals), and incubated for 4 h at 
377 °C. Upon DNase treatment and phenol extraction, the unincorpo-
ratedd free nucleotides were removed by passage through a Sephadex 
G-500 column. Subsequently, the RNA was ethanol-precipitated and 
dissolvedd in renaturation buffer (10 mM Tris-HCl, pH 7.5, 100 mM 
NaCl).. The RNA was renatured by incubation at 85 °C for 2 min, 
followedd by slow cooling to room temperature, and stored at - 20 °C. 

DNADNA and tRNA Primer Extension Assays—In the DNA- and tRNA-
primedd reverse transcription assays, 10 ng of in vitro synthesized RNA 
templatee was incubated with 1.5 jxg of calf liver tRNA (6 pmol total 
tRNA,, of which approximately 1.2 pmol is tRNALys; Roche Molecular 
Biochemicals)) or 20 ng of DNA primer in the presence or absence of 80 
ngg of NC protein in 12 /xl of annealing buffer (83 mM Tris-HCl, pH 7.5, 
1255 mM KC1) at 85 or 60 °C for 10 min, followed by cooling to room 
temperaturee over a 1-h period or at 37 °C for 30 min. We tested several 
alternativee annealing buffers, buffer B (50 mM Tris-HCl, pH 7.5, 60 mM 
NaCl,, 5 mM MgCl2, 5 mM dithiothreitol) and buffer K (25 mM Tris-HCl, 
pHH 7.5, 30 mM NaCl, 0.8 mM MgCl2, 5 mM dithiothreitol), and a range 
off  NC concentrations (80, 400, and 2000 ng). The primer was extended 
byy the addition of 6 u.1 of RT buffer (9 mM MgCl2; 30 mM dithiothreitol; 
1500 jig/ml actinomycin D; 30 u-M dATP, dGTP, and dTTP; and 1.5 fiM 
dCTP),, 0.5 /i.1 of [a-32P]dCTP, and 0.5 units of HIV-1 RT (U.S. Biochem-
icall  Corp.), and reverse transcription was performed for 30 min at 
377 °C. The cDNA product was precipitated in 0.3 M sodium acetate, pH 
5.2,, and 70% ethanol at - 20 °C, dissolved in formamide loading buffer, 
andd analyzed on a denaturing 6% polyacrylamide-urea sequencing gel. 
Thee antisense primers used were CN1 (positions +123 to +151), Top 
(positionss +165 to +181), and Lys21 (positions +179 to +199), 

tRNAtRNA Occupancy of the PBS—In the PBS occupancy assay, 10 ng of 
inin vitro synthesized RNA template was incubated with 1.5 /j.g of calf 
liverr tRNA in 12 /xl of annealing buffer at 85 DC for 10 min, followed by 
graduall  cooling to room temperature over a 1-h period. Subsequently, 
200 ng of the DNA primer AUG (positions +348 to +368, with 6 addi-
tionall  nucleotides at its 5'-end) was added, and the mixture was again 
incubatedd for 10 min at 85 DC, followed by cooling to room temperature 
overr a 1-h period. Reverse transcription and analysis of the cDNA 
productss was performed as described above. 
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FIG.. 2. tRNA^ y8-mediated reverse transcr ipt io n of wi ld-typ e (ivt) and U5-PBS mutant templates. The amount of input RNA template 
wass quantified by DNA-primer extension, with the DNA primer CN1 (lanes 1-4). The tRNA primer was annealed at different temperatures in the 
presencee or absence of NC protein and extended by the addition of HXV-1 RT enzyme and dNTPs (lanes 5-28). Extension of the tRNA primer results 
inn a 257-nt full-length cDNA product. Most shorter cDNAs represent RT pauses. The product marked on the right is primed by a half-tRNAg" 
moleculee present in the calf liver tRNA preparation. A template that contains a PBS deletion is used as a control (PBS ). 

RESULTS S 

tRNA^tRNA^ysys-primed-primed Reverse Transcription on Templates with a 
MutatedMutated U5-PBS Hairpin—We reported previously the con-
structionn and initial characterization of two HIV-1 mutants, 
designatedd Ts and Td, that stabilize and destabilize the U5-
PBSS hairpin structure, respectively. Mutant Ts is stabilized by 
twoo additional C-G base pairs compared with the wild-type 
hairpin.. This was done by substitution of the unpaired G162 by 
CC and by insertion of an additional C at position 165 (Fig. LB, 
introducedd mutations are marked by a box). This results in an 
increasee in the thermodynamic stability of the hairpin from 
AGG = -5.4 kcal/mol for wild-type to AG = -18.2 kcal/mol for 
mutantt Ts. Mutant Td contains three nucleotide substitutions 
att positions 158-160. As a result, base pairing in the lower part 
off  the stem is lost, and a relative short and instable hairpin 
structuree is left (AG = -1 .6 kcal/mol). RNA structure probing 
andd computer modeling of a larger region of the HIV-1 leader 
RNAA demonstrated that these mutations do not trigger an 
overalll  structural rearrangement of the HIV-1 leader (11). 

Too study the role of the U5-PBS hairpin in the process of 
reversee transcription in more detail, we performed in vitro 
reversee transcription reactions. In these assays, we used in 
vitrovitro transcribed RNA templates encompassing the complete 
untranslatedd leader region of HIV-1 (positions +1 to +368) and 
calff  liver tRNA as a source of tRNA^ys primer. The tRNA 
primerr was annealed onto the wild-type and mutant RNA 
templatess at different temperatures with or without NC pro-
tein,, and reverse transcription was subsequently initiated by 
thee addition of HIV-1 RT enzyme and dNTPs, including 
[a-32P]dCTP.. We wil l show representative experiments that 
weree used to calculate the reverse transcription efficiency. Sim-
ilarr results were obtained in three to four independent exper-
iments,, with less than 10% variation in the relative reverse 
transcriptionn efficiency calculated for the different templates. 

Extensionn of the tRNA primer on the wild-type and mutant 
templatess produced a full-length 257-nt tRNA-cDNA product 
ass well as shorter cDNA products (Fig. 2, lanes 5-28). No cDNA 
productt was synthesized on the PBS-control template that 
carriess an 18-nt deletion over the PBS, demonstrating that all 
productss in this assay represent specific, tRNA^-pr imed 
cDNAA molecules (26). Most shorter cDNAs represent RT 

pauses,, due to stable RNA secondary structure in the HIV-1 
leaderr template (27). However, one shorter cDNA (marked in 
Fig.. 2) results from the extension of a half-tRNA^5 molecule 
presentt in the calf liver tRNA preparation (results not shown; 
seee also Ref. 28). Because the pattern of full-length and shorter 
cDNAA products did not differ for the different RNA templates 
andd annealing conditions, we quantified the full-length 
tRNA-cDNAA products and corrected them for the amount of 
inputt viral RNA template as determined by primer extension 
withh the upstream DNA primer CN1. See Fig. 2 for reverse 
transcriptionn assays and Fig. 3A for a schematic of the different 
primerss positioned on the HIV-1 RNA template. The results of 
thee reverse transcription assay are summarized in Table I. 

Inn the absence of NC protein (Fig. 2, lanes 5-8, 13-16, and 
21-24),21-24), reverse transcription on the wild-type template is re-
ducedd about 2-fold by annealing at 60 °C compared with 85 °C. 
Noo full-length tRNA-cDNA product was obtained after anneal-
ingg of the tRNA primer at 37 °C. However, we did observe the 
shorterr cDNA product that is initiated from the half-tRNAĝ  
molecule.. This result indicates that the highly structured tRNA 
moleculee cannot bind the PBS at 37 °C, whereas the relatively 
unstructuredd 3'-half tRNA molecule can bind. Stabilization of 
thee U5-PBS hairpin in mutant Ts severely reduced reverse 
transcriptionn at all annealing temperatures (Fig. 2, lanes 6,14, 
andd 22). At 85 °C, we measured 2% of the reverse transcription 
efficiencyy observed on the wild-type template, and no cDNA 
productt was detected after annealing at lower temperatures 
(Tablee I). The 3'-half tRNA.Vys molecule was also unable to 
primee on the Ts template. Destabilization of the U5-PBS hair-
pinn in mutant Td was found to increase reverse transcription 
approximatelyy 1.5-fold compared with the wild-type level (Fig. 
2,, lanes 7, 15, and 23, and Table I). Thus, stabilization of the 
U5-PBSS hairpin inhibits tRNA-primed reverse transcription, 
whereass destabilization of the hairpin has a modest stimula-
toryy effect. 

Wee also annealed the tRNA primer onto the wild-type and 
mutantt RNA templates in the presence of NC protein at 85, 60, 
orr 37 °C and performed reverse transcription reactions (Fig. 2, 
laneslanes 9-12, 17-20, and 25-28). On the wild-type template, a 
modestt 2-fold stimulatory NC effect was measured in the an-
nealingg reactions at 85 and 60 °C. However, we were unable to 
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FIG.. 3. Schemat ic showing different 
assayss and pr imer s used. A, schematic 
showingg the relative positions of the 
primerss used in reverse transcription as-
says.. B, schematic showing the PBS occu-
pancyy test and the relative position of the 
AUGG primer used. When the PBS is occu-
piedd by a tRNA primer, a 175-nt prema-
turee stop product is generated, whereas 
freee RNA templates wil l produce a 374-nt 
full-lengthh cDNA product. 

Topp Lys21 

1811 "* 202 

Topp primer 

U5-PBSS hairpin 

B B 

+ ii mm 
TABLEE I 

tRNA-primedtRNA-primed reverse transcription on wild-type and mutant HIV-1 templates 

Template e 

Wil dd type 
Ts s 
Td d 
PBS S 

- N C C 

5 6 00 0 
100 0 

8 3 00 0 
0 0 

tRNAA 85 

++ NC 

countscounts x 

11 ,600 0 
8 00 0 

16 ,100 0 
0 0 

' ' 

10> 10> 

NCC effect 

2 .1 1 
7.6 6 
2.0 0 

- N C C 

2 1 00 0 
0 0 

3 6 00 0 
0 0 

tRNAA 60 °C 

++ NC 

countscounts X 10^ 

4 3 00 0 
300 0 

6 3 00 0 
0 0 

NCC effect 

2.0 0 

1.7 7 

tRNAA 37 "(' 

- N CC +NC 

countscounts X 103 

00 0 
00 0 
00 0 
00 0 

synthesizee full-length tRNA-cDNA products with NC protein at 
377 °C. Because NC has been reported to stimulate tRNA an-
nealingg at physiological temperature, we repeated this experi-
mentt in several buffers and at various NC concentrations rang-
ingg from one NC molecule per 2-200 nucleotides, but we failed 
too measure tRNA-primed reverse transcription (results not 
shown).. We also measured an approximately 2-fold stimulatory 
effectt of NC on reverse transcription on the destabilized Td 
mutantt template at 85 and 60 °C. Interestingly, reverse tran-
scriptionn on the structured Ts template was increased 8-fold by 
thee addition of NC at 85 °C. A significant NC effect was also 
observedd at 60 °C, but the fold induction could not be calculated 
becausee no cDNA product was observed in the absence of NC. 
Thee NC protein has been suggested to stimulate reverse tran-
scriptionn by unwinding of the structured RNA template and/or 
thee tRNA molecule. The finding that the stabilized Ts template 
benefitss more from the addition of NC is consistent with the 
ideaa that this protein unfolds the inhibitory structure in the 
template.. On the other hand, the finding that NC can also 
stimulatee reverse transcription on the destabilized Td template 
suggestss that part of the NC effect is due to melting of the 
tRNAA primer. Under "Discussion," we wil l discuss the relative 
reversee transcription activities of the wild-type and mutant 
HIV- 11 RNA templates in relation to the results that were 
obtainedd previously in the in vivo assays with virion-extracted 
virall  RNA-tRNA complexes. 

TheThe Placement oftRNA%ys onto U5-PBS Mutant Templates— 
Thee differences in the efficiency of reverse transcription on the 
mutantt and wild-type templates is likely to be the result of 
differencess in the amount of tRNA primer that is annealed onto 
thee PBS. Alternatively, normal levels of tRNA may be bound, but 
theirr extension efficiency may differ on the mutant templates. To 
discriminatee between these two possibilities, the tRNA occu-

pancyy of the PBS was determined. As shown in the scheme in Fig, 
3B,3B, the tRNA primer was annealed onto the RNA template at 
855 °C without NC protein, and this complex was subsequently 
usedd for extension of the DNA primer AUG that is positioned 
downstreamm of the PBS (Fig. 3A, position +348 to +368 region, 
withh 6 additional nucleotides at its 5'-end). When the PBS is 
occupiedd by the tRNA primer, extension of the AUG primer wil l 
stopp prematurely to produce a cDNA product of approximately 
1755 nt, whereas free RNA templates wil l produce a full-length 
cDNAA product of 374 nt. The PBS occupancy assay with the AUG 
primerr is shown in Fig. 4 {lanes 9-12). Control reactions were 
performedd with the CN1 DNA primer and tRNA (Fig. 4, lanes 
1-41-4 and 5-8, respectively). The PBS " template was included as 
ann additional control in the PBS occupancy test and yields exclu-
sivelyy the full-length cDNA product that is shorter than 374 nt 
duee to the 18-nt PBS deletion (lane 12). Extension of the down-
streamm AUG primer on the wild-type RNA-tRNA complex pro-
ducedd predominantly the 175-nt stop product (lane 9). Quantita-
tionn of the premature stop and the full-length products indicated 
thatt approximately 82% of the wild-type templates have an as-
sociatedd tRNA primer, these results are summarized in Table II . 
Forr the destabilized Td template, a similar value of 79% was 
calculated.. This result indicates that increased reverse transcrip-
tionn on the Td template is not the result of increased tRNA 
bindingg but rather the result of a more efficient extension of the 
tRNAA primer. Extension of the AUG primer on the stabilized Ts 
templatee produced primarily the full-length cDNA product, and 
quantitationn indicated that the tRNA occupancy is reduced to 
20%.. Thus, stabilization of the RNA structure that occludes part 
off  the PBS leads to a tRNA-annealing defect (20%), but a more 
severee reverse transcription defect was measured (2% activity), 
indicatingg that there is also a priming defect on the Ts template. 

DNA-primedDNA-primed Reverse Transcription on U5-PBS Mutant Tern-
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FIG.. 4. The tRNA occupancy of the 
PBSS of wi ld-typ e and U5-PBS mutant 
templates.. A, the tRNA?,yH primer was 
annealedd onto the RNA template at 85 °C 
withoutt NC protein. Subsequently, the oc-
cupancyy of the PBS with tRNA primer 
wass determined by a primer extension as-
sayy with the DNA primer AUG, posi-
tionedd downstream of the PBS (lanes 
9-12).9-12). See Fig. 3B for relative position of 
thee AUG primer. Control reactions were 
performedd with the DNA primer CN1 
(lanes(lanes 1-4) and tRNA (lanes 5-8). When 
thee PBS is occupied by a tRNA primer, a 
175-ntt premature stop product is gener-
ated,, whereas free RNA templates wil l 
producee a 374-nt full-length cDNA prod-
uct.. The PBS template was included as a 
controll  that yields exclusively the full -
lengthh product. The two situations are de-
pictedd in Fig. 3B. 
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platesplates—The—The results presented above indicate that structure in 
thee template and primer can influence reverse transcription. 
Too distinguish between these two effects we also performed 
reversee transcription with the DNA primer Lys21, which is 
complementaryy to the PBS (Fig. 3A). This DNA primer has no 
apparentt structure and allows one to focus exclusively on re-
versee transcription defects imposed by template RNA struc-
ture.. The 199-nt-long cDNA products (Fig. 5, lanes 10-18) were 
quantifiedd and corrected for the amount of input viral RNA 
templatee as determined by CN1 primer extension (Fig. 5, lanes 
1-9).1-9). The results are summarized in Table III . Unlike the 
resultss with the tRNA primer, partial annealing of the DNA 
primerr was observed at 37 °C. No difference in DNA-primed 
reversee transcription was measured for the wild-type and Td 
template;; this result was obtained after annealing at 85 and 
377 °C and in the presence of NC. The stabilized Ts template 
demonstratedd only 20% activity after primer annealing at 
377 °C, but this defect was largely overcome by the addition of 
NCC or by annealing at 85 °C (Table III) . cDNA synthesis was 
stimulatedd by NC on all templates; this effect was approxi-
matelyy 1.5-fold for the wild-type and Td template and 3.8-fold 
forr the Ts template. Similar to the results obtained with the 
tRNAA primer, the stabilized Ts template benefits more from the 
presencee of NC than the wild-type and Td templates. These 
resultss indicate that DNA-primed reverse transcription is 
alsoo hindered by secondary structure in the template, al-
thoughh not as severely as reverse transcription primed by a 
tRNAA molecule. For instance, we measured only 2% tRNA 
primingg on the Ts template at 85 °C, compared with 65% DNA 
primingg efficiency. 

Too test whether DNA priming can be inhibited more effi-
cientlyy when the binding site for the primer is occluded com-
pletelyy by a secondary structure, we designed an additional 
DNAA primer, termed Top (Fig. 3A). The Top primer anneals to 
thee upper part of the U5-PBS hairpin and is perfectly comple-
mentaryy to the wild-type and mutant templates because its 
bindingg site does not include the nucleotides mutated in Ts or 
Td.. The 181-nt-long cDNA products (Fig. 5, lanes 19-27) were 
quantifiedd and corrected for the amount of input viral RNA 
template.. The results are summarized in Table III . The Top 
primerr was unable to initiate reverse transcription on the 
stabilizedd mutant Ts template, whereas reverse transcription 

TABL EE II 
PBSPBS occupancy 

Occupancy y 

Wil dd type 
Ts s 
Td d 
PBS S 

S2 S2 
20 0 
79 9 
0 0 

off  the wild-type and mutant Td template was initiated with 
equall  efficiency (Fig. 5, lanes 18-27). These results indicate 
thatt annealing of a DNA primer can be precluded when the 
entiree binding site is part of a stable RNA structure. 

DISCUSSION N 

Thee HIV-1 RNA genome encodes a semistable stem-loop 
structure,, the U5-PBS hairpin, which occludes part of the PBS. 
Thee importance of the U5-PBS hairpin for virus replication and 
itss effect on reverse transcription was reported previously (11). 
Thesee in vivo results are summarized in Fig. 6A, with the 
activityy measured for the wild-type template set at 100%. Re-
versee transcription assays with these virion-extracted RNA-
tRNAss complexes demonstrated that reverse transcription of 
thee mutant Ts template was reduced to 27% of the value 
measuredd for the wild-type template. For mutant Td, a small 
increasee in reverse transcription was consistently measured 
(125%).. In addition, we determined the in vivo tRNA occupancy 
off  the PBS of the wild-type and mutant genomes. We found that 
approximatelyy 90% of the wild-type and mutant Td templates 
aree associated with a tRNA primer, whereas the mutant Ts 
templatee has a PBS occupancy of only 23%. The somewhat 
increasedd reverse transcription efficiency of mutant Td results 
fromm increased initiation of reverse transcription. 

Thee major reverse transcription defect of mutant Ts is the 
resultt of reduced tRNA binding. The analysis of virus rever-
tantss demonstrates that replication can be restored by acqui-
sitionn of additional mutations that reduce the stability of theTs 
hairpinn from AG = -18.2 kcaVmol to a AG value between 
-15.66 and -5 .6 kcal/mol for the Ts revertants (11). This result 
suggestss that reverse transcription can be initiated in vivo on 
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FIG.. 5. DNA-mediated reverse tran -
scr ip t io nn of wi ld- typ e and U5-PBS 
mutan tt  templa tes. The primers Lys21 
(lanes(lanes 10-18) and Top {lanes 19-27) were 
annealingg at different temperatures in 
thee presence or absence of NC protein and 
weree extended by the addition of HIV-1 
RTT enzyme and dNTPs. See Fig. 3A for 
relativee positions of the primers Lys21 
andd Top. Extension of the Lys21 primer 
resultss in a 199-nt cDNA product; exten-
sionn of the Top primer results in a 181-nt 
product.. The shorter cDNAs represent RT 
pausess due to stable RNA secondary 
structuree in the RNA template. Control 
reactionss with the CN1 primer were per-
formedd lanes 1-9. To quantify the RNA 
templatee input, extension of the CN1 
primerr at 85 °C was used (lanes 1-4). Ex-
tensionn of the Top primer at 85 °C could 
nott be quantified due to sample loss dur-
ingg preparation of the sample. 

CN1 1 Lys21 1 Top p 

85  37 C 85  37  377NC 85  37  377NC 

'SS i*" P S ,m L i , c / D / D " S i U i P t £ w P 'S W "O -tr C0T3t- W T3t; ü> T3 
S l - l - S I - H S t - t - S I - l - S l - HH 5 h H J l - I - J h h i I - I-

202--

1811 -

i tt  ? * 

•• * - -

ii * | i 

11 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

TABL EE II I 
DNA-primedDNA-primed reverse transcription on wild-type and HF/-1 mutant templates 

Wil dd type 
Ts s 
Td d 

855 X 

7700 0 
5000 0 
7600 0 

377 *C 

4000 0 
900 0 

4000 0 

Lys21 1 

377 *C + NC 

countscounts X 103 

6300 0 
3300 0 
5900 0 

NCC effect 

1.6 6 
3.7 7 
1.5 5 

85'C C 

6400 0 
100 0 

NTT T 

377 "C 

7400 0 
0 0 

6800 0 

Top p 

377 "C + NC 

countscounts X ltjr 1 

8800 0 
0 0 

7900 0 

NCC effect 

1.2 2 

1.2 2 
11 Reduced gel loading, due to loss of sample during sample preparatk 

templatess with an intermediate stability. 
Wee now extended these studies on the HIV-1 U5-PBS hair-

pinn with in vitro studies on primer annealing and reverse 
transcription.. We analyzed the effect of temperature and NC 
proteinn on reverse transcription. These results are summarized 
inn Fig. 6B, and the activity of the wild-type template was set at 
100%% for each experimental variation. Stabilization of the U5-
PBSS hairpin in mutant Ts abolishes tRNA-primed reverse 
transcriptionn in this in vitro assay. The wild-type U5-PBS 
hairpinn appears also somewhat inhibitory because destabiliza-
tionn of this structure in mutant Td has a positive effect on 
reversee transcription. These results are consistent with the in 
vivovivo findings, but the inhibitory effect of secondary structure on 
reversee transcription appears more pronounced in vitro. First, 
stabilizationn of the U5-PBS hairpin severely inhibits reverse 
transcriptionn in vitro (Fig. 6B, 2-8%), even after annealing at 
highh temperature or in the presence of NC protein. With the 
tRNA-virall  RNA complex isolated from virions, a reverse tran-
scriptionn efficiency of 27% was measured (Fig. 6A). Second, 
destabilizationn of the hairpin in mutant Td increases the re-
versee transcription efficiency to 125% in the in vivo assay (Fig. 
6A),, whereas 140-170% efficiency was measured in vitro (Fig. 
6B).6B). We previously suggested that the repressive effect of the 
U5-PBSS hairpin in the wild-type HIV-1 RNA may preclude 
prematuree tRNA annealing and reverse transcription in in-
fectedd cells. This partial suboptimal activity of the wild-type 
templatee was partially overcome upon annealing at 85 °C or in 
thee presence of NC, indicating that these factors induce unfold-
ingg of the wild-type TJ5-PBS hairpin. In the virion, the presence 
off  co-factors other than NC may stimulate further unfolding of 
thee hairpin. 

Thee NC protein has been reported to stimulate tRNA anneal-
ingg and the initiation of reverse transcription in vitro, and the 
annealingg of the tRNA primer at physiological temperature in 
thee presence of NC was reported (19, 20). We found that the 
presencee of NC had a modest 2-fold stimulatory effect on re-

versee transcription on the wild-type and destabilized Td tem-
platess after annealing at 60 °C or even at 85 °C. This high 
temperaturee apparently does not interfere with NC function, 
suggestingg that the NC zinc fingers, which are expected to be 
denaturedd at this temperature, are not required for NC-RNA 
binding.. Consistent with this idea, in vitro RNA annealing 
activityy was reported previously for mutant NC proteins lack-
ingg the zinc finger domains (29-31). In this study, NC did not 
facilitatee tRNA annealing at physiological temperature. An-
otherr study also reported a very modest effect of NC on in vitro 
reversee transcription (32). The discrepancy with other studies 
mayy be caused by differences in RNA template, tRNA primer, 
orr RT enzyme. Up to 8-fold stimulatory NC effect was meas-
uredd for the stabilized Ts template. This result indicates that 
thee stabilized Ts template benefits more from RNA unfolding 
byy NC than the wild-type and mutant Td template. The finding 
thatt NC can activate reverse transcription on the unstructured 
Tdd template suggests that part of the NC effect is due to 
meltingg of the tRNA primer. 

Too discriminate between the effect of structure in the tem-
platee and in the primer on reverse transcription, we also per-
formedd reverse transcription assays with a DNA primer com-
plementaryy to the PBS. In contrast to the tRNA primer, this 
DNAA primer has no apparent structure and allows one to study 
exclusivelyy the effect of template RNA structure. The results 
aree summarized in Fig. 6C, and the reverse transcription ac-
tivit yy of the wild-type template was set at 100%. No difference 
wass found between the wild-type and mutant Td template. This 
indicatess that the secondary structure in the wild-type tem-
platee is not inhibitory to DNA-primed reverse transcription, 
whereass it has a modest negative effect on tRNA-primed re-
versee transcription in vivo and in vitro (Fig. 6, A and B). The 
DNA-primedd reverse transcription on the Ts template ranged 
fromm 20 to 65% (Fig. 6C), depending on the annealing temper-
aturee and the presence of NC, whereas this template abolished 
tRNA-primedd reverse transcription in vitro (Fig. 6B, 0 - 8% 
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B B 

1500 n 

85CC 85C + NC 60C 60C - NC 37C 37C + NC 

FIG .. 6. Relat ive reverse transcr ipt io n act iv i t ies of the wild -
typ ee and U5-PBS mutant templates. A, relative reverse transcrip-
tionn activity of wild-type and U5-PBS mutants in in vivo assays with 
virion-extractedd viral RNA-tRNA complexes. The activity measured for 
thee wild-type template was set at 100%. B, relative reverse transcrip-
tionn activity of in vitro synthesized wild-type and U5-PBS mutant 
templatess after tRNA annealing at different temperatures in the pres-
encee or absence of NC in in vitro assays. The activity of the wild-type 
templatee was set at 100% for each experimental condition. C, relative 
reversee transcription activity of in vitro synthesized wild-type and 
U5-PBSS mutant templates after annealing of the DNA primer Lys21 at 
differentt temperatures in the presence or absence of NC in in vitro 
assays.. The activity of the wild-type template was set at 100% for each 
experimentall  condition. 

activity).. This result indicates that reverse transcription initi -
atedd by a DNA primer is less hindered by the secondary struc-
turee in the RNA template than tRNA-primed reactions. Thus, 
thee severe reverse transcription defect of the mutant Ts tem-
platee with the tRNA primer is the result of inhibitory second-
aryy structure in both the RNA template and tRNA primer. 

Thee tRNA occupancy of the PBS was determined for the 
differentt templates. We measured a similar PBS occupancy of 
approximatelyy 80% for both the wild-type and destabilized Td 
template.. These results are consistent with the in vivo exper-
imentss that indicated a PBS occupancy of approximately 90% 
(11).. This suggests that suboptimal reverse transcription on 
thee wild-type template is caused at the level of initiation of 
reversee transcription. These results indicate that template 
RNAA structure can affect the initial stages of reverse transcrip-
tion,, as has been reported previously (33-36). In the in vivo 
experiments,, we measured a reduced PBS occupancy (23%) for 
thee stabilized Ts template that correlates with the 27% reverse 
transcriptionn activity. This indicates that the reverse tran-
scriptionn defect results from reduced tRNA binding onto the 
PBS.. In the in vivo experiments, we also measured reduced 

PBSS occupancy (20%) for the Ts template, but a more severe 
tRNAA priming defect was apparent (2%). Thus, the reverse 
transcriptionn defect of mutant Ts in the in vitro assay results 
bothh from a reduced PBS occupancy and from a less efficient 
tRNAA extension. This indicates that both tRNA annealing and 
thee initiation of reverse transcription are sensitive to stable 
RNAA structure in the template. However, initiation of reverse 
transcriptionn by an in vitro annealed tRNA is hindered more 
effectivelyy by the secondary structure than initiation by an in 
vivovivo placed tRNA. This suggests that there may be additional 
featuress within the virion particle that facilitate efficient re-
versee transcription. 

Wee reported previously efficient reverse transcription for 
mutantt Td in vivo, although reduced PBS occupancy was meas-
uredd (11). Apparently, the tRNA primer was lost in the PBS 
occupancyy assay during the heat denaturing step to anneal the 
downstreamm primer. This result indicates that the interaction 
betweenn the tRNA primer and the mutant Td genome is less 
stablee than the complex with the wild-type template, although 
bothh templates have an identical PBS. Moreover, several addi-
tionall  stop products upstream and downstream of the PBS 
weree observed for the wild-type template during extension of 
thee downstream primer. These stops are due to tRNA anneal-
ing,, because the signals are not observed with the mutant Ts 
template.. Most importantly, these stops were also not observed 
forr the mutant Td template, indicating that a different confor-
mationn of the viral RNA-tRNA complex is reached on the wild-
typee template compared with mutant Td. This result suggests 
thatt the U5-PBS hairpin is directly or indirectly involved in 
correctt tRNA annealing onto the viral RNA genome. Several 
studiess suggest that the A-rich loop of the U5-PBS hairpin 
interactss directly with the anticodon of tRNA|"ys (23, 37-46). 
Thiss interaction may be affected by destabilization of the hair-
pinn in mutant Td. We measured no difference in the placement 
off  the tRNA primer onto the wild-type or destabilized Td tem-
plate,, but this could be measured only upon heat annealing. 
Thesee results suggest that the heat-annealed RNA-tRNA com-
plexx differs from the virion-extracted vRNA-tRNA complex, as 
hass been suggested previously (47, 48). This may explain the 
moree severe inhibitory effect of secondary structure on reverse 
transcriptionn in vitro and indicates that the complex process of 
HrV-11 reverse transcription cannot be faithfully studied in 
simplifiedd in vitro reactions. 
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HIV-11 RNA Editing , 
Hypermutation ,, and Error-Pron e 

Revers ee Transcriptio n 
Bouraraa et al. (1) reported that transcripts 
off  the human immunodeficiency virus-type 
11 (HIV-1) were subject to RNA editing in 
chronicallyy infected cells. They observed 
multiplee guanine-to-adenine (G-to-A) and 
cytosine-to-uracill  (C-to-U) changes in sev-
erall  regions of the HIV-1 RNA; commonly, 
aa G-to-A change in the untranslated leader 
wass present exclusively in spliced HIV-1 
messengerr RNA (mRNA), but not in the 
unsplicedd RNA and the proviral DNA ge-
nome.. Changes in the viral protein R (vpr) 
genee were present in spliced and unspliced 
HIV-11 RNA extracted from the cell, but not 
inn the unspliced RNA genome that is pack-
agedd in virion particles. Therefore, Bourara 
etet al. proposed that post-transcriptional 
mRNA-editingg events occur for a subset of 
virall  RNAs. Known editing mechanisms, 
however,, cannot easily explain these 
changess in the HIV-1 genome. We here 
proposee an alternative mechanistic model 
basedd on HIV-1 reverse transcription to 
explainn some of the nucleotide changes. 

Bouraraa et al. argued that the chronical-
lyy infected cells represent a clonal popula-
tionn with one proviral genome, based on the 
ideaa that reinfection of HIV-producing 
cellss is restricted by a mechanism known as 
superinfectionn interference. There is con-
vincingg evidence, however, that viral inter-
ferencee is not complete in chronically in-
fectedd cell cultures (2, 3). Thus, reverse 
transcribedd viral genomes are likely to end 
upp in the DNA of a subset of cells, thereby 
producingg a heterogeneous cell population. 
Also,, it is crucial to understand why a 
chronicallyy infected cell could be estab-
lishedd with this cytopathic virus. Viral la-
tencyy is frequently associated with muta-
tionall  inactivation of the viral transcription 
machinery,, in particular the essential tat-
TARTAR axis {4, 5). 

Thesee mechanisms can result in a very com-
plexx population of chronically infected cells. 
Alll  cells may harbor the original proviral ge-
nomee that is transcriptionally impaired, but 
theree may be several subsets of cells with ad-
ditionall  proviruses that underwent at least one 
roundd of reverse transcription. These minority 
provirusess will not be picked up by Southern 
blott analysis, but they may largely determine 
thee HTV-1 RNA content of the cell pool. The 
provirusess can have the typical mutations due to 
reversee transcription errors, which—because of 
mutationall  inactivation of motifs that regulate 
eitherr splicing (the rev-RRE axis) or RNA 

packagingg (Gag protein and the psi motif)— 
mayy not be distributed equally over the spliced 
versuss unspliced RNA and the cellular versus 
virionn HIV-1 RNA. Thus, the chronically in-
fectedd cell system is far too complex to provide 
evidencee for RNA editing based on sequence 
differencess in the viral DNA and RNA. 

Theree is also some experimental evidence 
thatt these typical mutations arise by means of 
reversee transcription. We have accumulated 
sequencee data of spontaneous HIV-1 variants 
thatt evolve in long-term tissue culture infec-
tionss that were started with molecular clones 
off  known sequence. This experimental sys-
temm reflects a natural infection in that bene-
ficiall  errors introduced during error-prone re-
versee transcription will end up in the majority 
off  proviruses by natural selection. These 
studiess focused on the untranslated leader 
regionn of the HIV-1 RNA genome. We fre-
quentlyy observed the identical G-to-A change 
att position 181 that was also reported in the 
RNA-editingg study (Fig. 1A). This residue is 
immediatelyy upstream of the primer-binding 
sitee (PBS) that base-pairs with the fRNA 
primerr for reverse transcription. Remarkably, 
wee found many other G-to-A changes in this 
regionn upstream of the PBS, whereas few 
sequencee changes were observed in the re-

gionss either further upstream or downstream 
off  the PBS (Fig. 1, A and B). 

Becausee the mutations cluster in the region 
thatt is copied first during reverse transcription, 
wee propose that G-to-A mutation is a typical 
propertyy of the reverse transcriptase (RT) com-
plexx that executes the initial stages of reverse 
transcription.. This initial phase of reverse tran-
scriptionn may be hindered by a low deoxycyti-
dinee 5'-triphosphate (dCTP) concentration in 
thee virion particle, which can trigger G-T mis-
pairingg that is the likely cause of biased G-to-A 
mutationn in the mechanism of hypermutation 
(<5).. The subsequent phases of reverse transcrip-
tionn will occur in the cytoplasm of infected 
cells,, and the surplus of deoxynucleotide 
triphosphatee (dNTP) building blocks may thus 
effectivelyy turn off this typical mutational bias. 
Thee PBS motif itself is almost invariable, which 
iss not unexpected because this sequence is cop-
iedd from the tRNAlys3 primer during the pro-
cesss of reverse transcription. The position im-
mediatelyy 3' of the PBS is highly mutable 
(T200N),, because this position corresponds to 
thee extension point after the second strand 
transferr of reverse transcription. The mecha-
nismss of error-prone initiation of reverse tran-
scriptionn and hypermutation may be very sim-
ilar,, but hypermutation cannot explain the clus-
teringg of mutations upstream of the PBS. We 
alsoo analyzed the sequence context of the resi-
duess that undergo the G-to-A change. A pref-
erencee for mutation of G residues in the NGT 
trinucleotidee sequence is apparent (Fig. 1C), 
whereass hypermutable G residues are usually in 
thee NGA sequence context (7, 8). 

Thesee combined results are consistent 

Positionn on the HIV-1 leader RNA 

Fig.. 1. (A) Distribution of spontaneous mutations surrounding the PBS signal of the HIV-1 RNA 
genome.genome. The 105/247 region of the untranslated leader is plotted, and the PBS motif is highlighted 
inn the gray box. The HIV-1 leader sequences were obtained in 87 independent virus evolution 
experimentss that each lasted approximately three months (9-77). (B) Mutational bias for a total 
off 127 leader mutations. (C) The 5' and 3' nucleotide context of all C's involved in a G-to-A 
mutationall event. Data have been corrected for the occurrence of the different NGN triplets in the 
HIV-11 leader segment. 
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withh the hypothesis that reverse transcription, 
ratherr than RNA editing, is responsible for 
thee acquired leader mutations. Similarly, the 
preferencee for G-to-A and C-to-U changes in 
thee vpr gene is a hallmark of error-prone 
reversee transcription (Fig. 1B). 
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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-

55 5 



Chapterr 5 

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 initiatio n of reverse 
transcriptio n 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, 

ii  7 1 

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. 

Mutatio nn 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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Initiatio nn of HIV- 1 Reverse Transcriptio n I s Regulated by a Primer 
Activatio nn Signal* 

Nancyy Beerens, Fedde Groot , and Ben Be rkhou t ! 

FromFrom the Department of Human Retrovirology, Academic Medical Center, University of Amsterdam, 
11001100 DE Amsterdam, The Netherlands 

Reversee transcriptio n of the human immunodefi-
ciencyy viru s type 1 (HIV-1 ) RNA genome appears to be 
strictl yy regulated at the level of init iation . The primer 
bindin gg site (PBS), at which the tRNAjr ys molecule an-
nealss and reverse transcriptio n is init iated , is present i n 
aa highly structured region of the untranslated leader 
RNA.. Detailed mutational analysis of the US leader  stem 
identifiedd a sequence moti f in the U5 region that is crit -
icall  for  activation of the PBS-bound tRNAj ,yB primer . 
Thi ss US motif , termed the primer  activation signal 
(PAS),, may interact wit h the TV C arm of the tRNA£ ys 

primer ,, similar  t o the additional interaction proposed 
forr  the genome of Rous sarcoma viru s and i t s tRNA Tr p 

primer .. Thi s suggests that reverse transcriptio n is reg-
ulatedd by a common mechanism in all retroviruses. I n 
HIV-1 ,, the PAS is masked through base pair in g in the U5 
leaderr  stem. Thi s provides a mechanism for  posit ive and 
negat ivee regulation of reverse transcription . Based on 
structur ee probin g of the mutant and wild-typ e RNAs, an 
RNAA secondary structur e model is proposed that juxta -
posess the critica l PAS and PBS motifs. 

Infectionn of the host cell by a retroviral particle results in 
reversee transcription of the viral RNA genome into double-
strandedd DNA, which subsequently becomes integrated into 
thee host cell genome (1). Reverse transcription is mediated by 
thee virion-associated enzyme reverse transcriptase (RT),1 and 
aa cellular tRNA molecule is used as a primer (2). The tRNA 
primerr binds with its 3'-terminal 18 nts to a complementary 
sequence,, the primer binding site (PBS), that is located in the 
5'untranslatedd leader region of the viral RNA genome. Retro-
virall  particles are competent to initiate reverse transcription 
shortlyy after budding from the producer cell, but there is also 
evidencee that reverse transcription in virions is limited (3-7). 
Thiss suggests that initiation of reverse transcription is re-
strictedd until a new host cell is infected. The mechanism that 
regulatess reverse transcription is not known, but sequence 

**  This work was supported in part by the Netherlands Foundation for 
Chemicall  Research with financial aid from the Netherlands Organiza-
tionn for Scientific Research (NWO-CW). The costs of publication of this 
articlee were defrayed in part by the payment of page charges. This 
articlee must therefore be hereby marked "advertisement" in accordance 
withh 18 U.S.C. Section 1734 solely to indicate this fact. 

%% To whom correspondence should be addressed: Dept. of Human 
Retrovirology,, Academic Medical Center, University of Amsterdam, 
P.. O. Bos 22700, 1100 DE Amsterdam, The Netherlands. Tel: 31-20-
5664822;; Fax: 31-20-6916531, E-mail: B.Berkhout@amc.uva.nl. 

11 The abbreviations used are: RT, reverse transcriptase; PBS, primer 
bindingg site; HIV-1, human immunodeficiency virus type 1; RSV, Rous 
sarcomaa virus; vRNA, viral RNA; PAS, primer activation signal; LTR, 
longg terminal repeat; PCR, polymerase chain reaction; DEPC, diethyl 
pyrocarbonate;; DMS, dimethyl sulfate; NC, nucleocapsid; nt, 
nucleotide(s). . 

motifss and RNA secondary structures in the region flanking 
thee PBS have been implicated (8-13). Alternatively, reverse 
transcriptionn may be restricted in extracellular virions by the 
loww concentration of dNTP molecules in virus particles. 

Inn the genome of human immunodeficiency virus type I 
(HIV-1),, the PBS is predicted to be part of an extended RNA 
structure.. Several RNA secondary structure models have been 
proposedd for this region of the 5'-untranslated leader (14-17), 
andd there is recent evidence that this region can adopt alter-
natee conformations (18, 19). The model depicted in Fig. L4 
showss the U5-PBS hairpin that occludes part of the PBS and 
thee extended U5 leader stem, which is formed by base pairing 
off  sequences in the upstream U5 and the downstream leader 
region.. Similar RNA secondary structures have been predicted 
forr other retroviruses (16, 20-23). For the avian Rous sarcoma 
viruss (RSV), these structures have been reported to regulate 
initiationn of reverse transcription (8-10, 24). In RSV, reverse 
transcriptionn is stimulated by an additional vRNA-tRNA inter-
actionn between a sequence motif in the U5 region and the T^C 
armm of the tRNATrp primer (22). For HIV- l reverse transcrip-
tion,, initiation is thought to be stimulated by other template-
primerr contacts, including a base-pairing interaction between 
thee A-rich loop of the U5-PBS hairpin and the anti-codon loop 
off  the tRNAÏf8 primer (12, 13, 25-30). 

Inn this study, we present a detailed mutational analysis of 
thee HIV-1 U5 leader stem. We measured the replication capac-
ityy of the mutant viruses and performed in vitro reverse tran-
scriptionn assays with the mutant RNA templates. Analysis of 
HrV-11 mutants with large deletions suggested that the U5 
regionn contains a motif that is critical for tRNAaya-mediated 
initiationn of reverse transcription but not for reactions that are 
initiatedd by a DNA primer. A second set of mutants was de-
signedd to map this HIV-1 RNA motif in more detail. We iden-
tifiedd an eight-nucleotide sequence in the U5 region that is not 
involvedd in tRNA annealing but that is important for initiation 
off  reverse transcription. We propose that this motif interacts 
withh the T* C arm of tRNA^8, thereby triggering initiation of 
HIV- 11 reverse transcription. This U5 motif, termed primer 
activationn signal (PAS), is masked in the wild-type RNA 
throughh base pairing in the U5 leader stem. Interestingly, 
reversee transcription can be activated by exposure of the PAS 
throughh mutation of the "opposing" leader sequence. The pres-
encee of the PAS enhancer element and a repressive RNA struc-
turee provides a mechanism for positive and negative regulation 
off  reverse transcription. In addition, we performed structure 
probingg of the mutant and wild-type RNAs to resolve the sec-
ondaryy structure of the PBS domain. An RNA secondary struc-
turee model is proposed in which the PAS and PBS motifs are 
juxtaposed.. Overall, regulation of reverse transcription in 
HrV-11 appears to be very similar to that in RSV, suggesting 
thatt reverse transcription is regulated by a common mecha-
nismm in all retroviruses. 
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PIGG 1. Schemat ic of th e HIV- 1 5'-untranslated leader  RNA. A, RNA secondary structure model of the HIV-1 leader region. See Ref. 14 for 
furtherr details on the individual hairpin motifs. The tRNA^y" primer binds to the PBS (marked in green) that is part of an extended RNA structure,. 
Thiss structure consists of a small U5-PBS hairpin that occludes part of the PBS and a large stem formed by upstream U5 and downstream leader 
sequences.. This U5 leader stem (shaded) contains three distinct stem segments, the upper segment 1, the middle segment 2, and the lower segment 
33 The position of several primers used in the reverse transcription assays is indicated. B, shown are the deletions dl and d2 (marked in blue) in 
thee U5 leader stem. The double mutant dl/2 contains both deletions. C, a second set of more subtle U5 leader stem mutants was constructed. 
Mutantt 1L has a 7-nt substitution on the left side of stem 1, and mutant 1R has a 7-nt substitution on the right side (marked in red). Mutations 
1LL and 1R are complementary, and base pairing is restored in the double mutant. Mutations were also introduced in stem 2 (2L, 2R, and 2LR, 
markedd in orange) and stem 3 (3L, 3R, and 3LR, marked inyellow). In addition, we deleted the left and right arms of the U5 leader stem in mutant 
dLL and dR, respectively (shown in blue). The deletions were combined in the double mutant dLR. 

EXPERIMENTALL PROCEDURES 
DNADNA Constructs—A derivate of the full-length proviral HIV-1 clone 

pLAII  was used to produce wild-type and U5 leader stem-mutated vi-
ruses.. This construct pLAI-R37 has been described previously and 
containss a unique U5 region in the 5'-LTR (31). Nucleotide numbers 
referr to positions on HIV-1 genomic RNA, with +1 being the capped G 
residue.. For mutat ion of the U5 leader stem, we used the construct 

Blue-5'-LTRR (32), which contains a Xbal-Clal fragment of HIV-1, en-
compassingg the 5'-LTR, PBS, leader, and the 5' end of the gag gene 
(positionss -454 to +376) cloned into pBluescript KS+ (Stratagene). 
Thee U5 leader stem was mutated by oligonucleotide-directed in vitro 
mutagenesiss with a Muta-Gene Phagemid in Vitro mutagenesis ki t 
(Bio-Rad).. For sequence analysis, the 5'-LTR leader region was PCR-
amplifiedd with the sense R region primer T7-1 (positions - 54 to -34) 
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FIG.. 2. Repl icat ion of wi ld- typ e 
HIV- 11 LA I  (ivt) and U5 leader  s tem 
mutants.. SupTl cells were transfected 
withh 1 a.g of the proviral constructs. CA-
p244 production was measured in the cul-
turee medium at several days post-trans-
fection.. The replication capacity of the 
mutantss dl and d2 with large deletions in 
thee U5 leader stem and the double mu-
tantt dl /2 is shown in A. Also shown is the 
replicationn capacity of viruses with muta-
tionss in stem 1 (B), stem 2 (C), and stem 3 
(Z>).. The replication of the arm-deletion 
mutantss dL, dR, and dLR is shown in E. 
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withh the 5'-flanking T7 RNA polymerase promoter sequence and the 
antisensee primer AUG (positions +348 to +368, with 6 additional 
nucleotidess at its 5'-end). These PCR products were sequenced with the 
DYEnamic™™ Direct cycle sequencing kit (Amersham Pharmacia Bio-
tech)) and an Applied Biosystems 373 DNA sequencer. Subsequently, 
thee mutated Xbal-Clal fragments were introduced into the proviral 
clonee pLAI-R37, which was checked by sequence analysis of the mu-
tatedd domain. 

Cells,Cells, Transfection, and Virus Replication—SupTl T cells were 
grownn in RPMI 1640 medium supplemented with 10% fetal calf serum 
att 37 °C and 5% C02. SupTl cells (5 x 106) were transfected with 1
off  the HIV-1 proviral constructs by electroporation (250 V, 960 micro-
farads).. Fresh SupTl cells (0.5 X 106) were added after transfection to 
supportt virus replication. Cells were split 1 to 10 twice a week. CA-p24 
levelss in the culture medium were determined by enzyme-linked im-
munosorbentt assay (33). 

SynthesisSynthesis of RNA Templates—The wild-type and mutant pBlue-5-
LTRR plasmids were used as the template for PCR amplification and 
subsequentt in vitro transcription. The 5'-LTR-leader region was PCR-
amplifiedd with the sense primer T7—2 (positions +1 to +20) with 5 -
flankingg T7 RNA polymerase promoter sequence and the antisense 
primerr AUG (positions +348 to +368). The PCR fragments were phe-
nol-extracted,, precipitated and dissolved in water. In vitro transcription 
wass performed with the T7-MegaShortscript kit (Ambion). Upon DNase 
treatmentt and phenol extraction, the unincorporated free nucleotides 
weree removed by passage through a Sephadex G-50 column. Subse-
quently,, the RNA was ethanol-precipitated and dissolved in renatur-
ationn buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl). The RNA was 
renaturedd by incubation at 85 °C for 2 min followed by slow cooling to 
roomm temperature, and the RNA was stored at - 20 °C. The RNA 
concentrationn was measured by UV spectroscopy. 

ReverseReverse Transcription Assays—The in vitro synthesized RNA tem-
platee (10 ng) was incubated either with 1.5 ug of calf liver tRNA (6 pmol 
totall  tRNA, of which -1 .2 pmol tRNA^yE, Roche Molecular Biochemi-
cals)) or with 20 ng of DNA primer in 12 JJ.1 of annealing buffer (83 mM 
Tris-HCl,, pH 7.5, 125 mM KC1) at 85 °C for 2 min, 65 °C for 10 min, 
followedd by cooling to room temperature over a 1-h period. We previ-
ouslyy demonstrated that there is selective priming by tRNAi^5 in this 
systemm (6). Even the related tRNALys1* 2 molecules do not act as a 
primer.. The primer was extended with 1 nt by the addition of 6 /J.1 of 
RT(-)) buffer (9 mM MgCl2, 30 mM dithiothreitol, 150 u-g/ml actinomycin 
D),, 1 fil  of [a-32P]dCTP, and 0.5 units of HIV-1 RT (Medical Research 
Councill  AIDS Reagent Project). Reverse transcription was performed 
forr 30 min at 37 °C. Complete cDNA synthesis was accomplished in 
RT(+)) buffer (RT(-) buffer with 30 jxM dATP, dGTP, and dTTP and 1.5 
jj.MM dCTP), 0.3 ji l of [a-32P]dCTP, and 0.5 units of HIV-1 RT. In the PBS 

occupancyy assay, the RNA template was incubated simultaneously with 
1.55 jig of calf liver tRNA and 20 ng of AUG primer, and reverse 
transcriptionn was performed in RT( + ) buffer with avian myeloblastosis 
viruss RT enzyme (Roche Molecular Biochemicals). The cDNA products 
weree precipitated in 0.3 M sodium acetate, pH 5.2, and 70% ethanol at 
—— 20 °C, dissolved in formamide-loading buffer, heated, and analyzed on 
aa denaturing 6% polyacrylamide-urea-sequencing gel. The antisense 
primerss used are poly(A) (positions +77 to +104), Lys-21 (positions 
++ 182 to +202), and AUG (positions +348 to +368, with 6 additional 
nucleotidess at its 5' end). Sequence reactions with the BB-3 (positions 
++ 215 to +245) and AUG primer were performed with the Sequenase kit 
2.00 (Amersham Pharmacia Biotech) and included on the sequencing 
gelss to determine the exact length of the cDNA products. 

StructureStructure Probing of U5 Leader Stem—In vitro synthesized HIV-1 
leaderr RNA (positions +1 to +368) (50 ng) was treated with diethyl 
pyrocarbonatee (DEPC, 0.5%/2.5%), dimethyl sulfate (DMS, 0.1/0.5%), 
RNasee Tl (0.004 units/0.02 units), RNase SI (2 units/10 units), or 
RNasee One (10 5 units/5 X 10- 5 units) in 10 mM Tris, pH 8.5, 10 mM 
MgCl2,, 50 mM NaCl for 10 min at 37 °C. The samples treated were 
phenol-extractedd and recovered by ethanol precipitation. The antisense 
primerss AD-SD (positions + 270 to + 290) and Lys-21 (positions +182 to 
++ 202) were used to map the sites of modification or cleavage. Primers 
weree end-labeled with [y-32P]ATP and T4 polynucleotide kinase (Roche 
Molecularr Biochemicals). The labeled oligonucleotide (2 ng) was mixed 
withh the RNA sample in a total volume of 10 (A of annealing buffer, 
incubatedd for 2 min at 85 °C and for 10 min at 65 °C, and slowly cooled 
too 25 °C. The primer was extended by the addition of 5 /xl of RT( + ) 
bufferr and 12.5 units of avian myeloblastosis virus RT enzyme (Roche 
Molecularr Biochemicals) in a 15-min incubation at 42 °C. The samples 
weree mixed with formamide-loading buffer and analyzed on a denatur-
ingg 6% polyacrylamide-urea-sequencing gel. Sequence reactions initi -
atedd by the primers AD-SD or Lys-21 were included on the sequencing 
gelss to determine the exact positions of modification or cleavage. 

RESULTS S 
DesignDesign ofU5 Leader Stem Mutants—To study the role of the 

U55 leader stem in reverse transcription, we constructed two 
deletionn mutants (Fig. IB). Mutant dl contains a large deletion 
onn left side of the U5 leader stem (positions +112 to +148), and 
mutantt d2 contains a deletion on the right side of the stem 
(positionss +216 to +242). The double mutant dl/2 combines 
bothh deletions. A second set of more subtle mutants was de-
signedd to change the individual stem segments of the U5 leader 
structuree as illustrated in Fig. 1C. The upper stem segment 1 
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FlG.. 3. Reverse t ranscr ipt io n as-
sayss on wi ld- typ e and mutant HJV-1 
RNAA templa tes. A, the amount of input 
virall  RNA was quantitated by DNA-
primerr extension with the poly(A) primer 
thatt produces a 104-nt product (lanes 
1-4).1-4). The PBS-primer Lys-21 (lanes 5-8), 
andd tRNA'vyK (lanes 9-12) were heat-an-
nealedd onto the HIV-1 RNA templates 
andd extended by the HIV-1 RT enzyme in 
thee presence of all dNTPs. Extension of 
Lys-211 results in a 202-nt cDNA product, 
andd the tRNA primer produces a 257-nt 
tRNA-cDNAA product. These sizes refer to 
reactionss with the wild-type template and 
aree shorter for the dl and dl /2 templates 
duee to the dl deletion in the U5 region. 
Severall  shorter cDNA products are visible 
thatt result from RT pausing. We also per-
formedd 1-nt incorporation assays with the 
tRNA|yBB primer (lanes 13-16). The exten-
sionn of the 76-nt tRNA by dCTP produces 
aa 77-nt radiolabeled product. To accu-
ratelyy determine the length of the cDNA 
products,, a sequencing reaction was ana-
lyzedd in parallel (lanes 17-20). Part of the 
gelss in panel A and B, including the wild 
typee (WT) and marker lanes, was pub-
lishedd previously (34). B, PBS occupancy 
testt in which the PBS-bound tRNA^" 
primerr was visualized by selective exten-
sionn of the downstream AUG primer 
(lanes(lanes 9-12). When the extension of the 
AUGG primer is blocked by the PBS-bound 
tRNA,, a 175-nt cDNA was produced. Free 
RNAA templates wil l produce a full-length 
cDNAA product of 374 nt (lanes 5-8). Con-
troll  reactions were performed with the 
poly(A)) primer (lanes 1-4). To accurately 
determinee the position of the stop prod-
uct,, a sequence reaction was analyzed in 
parallell  (lanes 13-16). 
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wass mutated by a 7-nt substitution either on the left side in 
mutantt 1L or on the right side in mutant 1R. Mutations 1L 
andd 1R are complementary, and base pairing wil l be restored 
inn the double mutant 1LR, at least according to the RNA 
secondaryy structure model in Fig. 1. Similar type of muta-
tionss were introduced in stem segment 2 (2L, 2R, and 2LR) 
andd segment 3 (3L, 3R, and 3LR). In addition, the left arm 

(positionss +134 to +148) and the right arm (positions +224 
too +233) of the U5 leader structure were deleted in mutants 
dLL and dR, respectively. Both deletions were combined in the 
doublee mutant dLR. 

ReplicationReplication Capacity of U5 Leader Stem Mutants—To study 
thee replication potential of viruses with U5 leader stem muta-
tions,, we transfected wild-type and mutant proviral genomes 

66 6 



Chapterr 6 

FIG.. 4. Relat ive reverse transcrip -
t io nn act iv i t ies of wi ld-typ e and d l , d2, 
andd d l / 2 mutant templates. The re-
sultss of three independent experiments 
weree quantitated, and the activity of the 
wild-typee template was arbitrarily set at 
1.. Shown is DNA-primed reverse tran-
scriptionn with the Lys-21 primer (A), 
tRNA-primedd reverse transcription (B), 
andd tRNA-primed 1-nt incorporation (C). 
Thee tRNA occupancy of the PBS is shown 
inn D and was also set at 1 (100% occu-
pancy)) for the wild-type template. 

intoo the SupTl T cell line. These cells express the CD4-CXCR4 
receptorss and are fully susceptible for replication of the HIV-1 
LAII  strain. Virus replication was followed by measuring the 
accumulationn of CA-p24 in the culture medium at several days 
post-transfection.. Transfection with 1 ixg of the proviral con-
structss d l, d2, and dl/2 demonstrated that these deletions 
completelyy impair virus replication (Fig. 2A), indicating that 
thee U5 leader stem or sequence elements encoded by this 
regionn are important for viral replication. To study the contri-
butionn of distinct sequence or structure elements in more de-
tail,, we tested the second set of more subtle mutants. Mutation 
off  stem 1 had a minor effect on virus replication (Fig. IB). 
However,, both mutations 2L and 2R in the middle segment 
severelyy impaired virus replication, and the double mutant did 
nott restore replication (Fig. 2C). Mutation 3L in the lower stem 
segmentt also reduced viral replication significantly, whereas 
mutationn 3R showed only a minor effect on viral replication 
(Fig.. 2D). The combination of both mutations in mutant 3LR 
furtherr reduced the replication capacity. Deletion dL did not 
significantlyy affect virus replication, deletion dR showed a mod-
estt defect, and combination of the mutations in mutant dLR 
furtherr reduced replication (Fig. IE). These combined results 
indicatee that sequences within stem 2 of the U5 leader struc-
turee are most important for virus replication. 

ReverseReverse Transcription on the Mutant HIV-1 Templates—We 
nextt performed in vitro reverse transcription reactions with the 
wild-typee and mutant HIV-1 RNA templates. RNA templates 
encompassingg the complete untranslated leader region (posi-
tionss + 1 to +368) were used with the natural tRNAgys primer 
orr DNA primers to initiate reverse transcription. The position 
off  the different primers is shown in Fig. LA. The primers were 
heat-annealedd onto the different RNA templates, and reverse 
transcriptionn was initiated by the addition of dNTPs and HIV-1 
RTT enzyme. Full-length reverse transcription products were 
quantitatedd and corrected for the amount of input RNA tem-
plate,, as determined with the DNA primer poly(A) (Fig. 3A, 
laneslanes 1-4). Representative experiments are shown in Fig. 3. 
Thee results of three independent assays were quantitated and 
aree summarized in Fig. 4. 

Extensionn of the DNA primer Lys-21 that is complementary 
too the PBS resulted in a 202-nt full-length cDNA product on the 

wild-typee template, with a predicted change in cDNA length for 
thee dl and dl/2 templates due to the deletion in the U5 region 
(Fig.. 3A, lanes 5-8). The efficiency of DNA-primed reverse 
transcriptionn is equal on all templates (Fig. 4A). In contrast, 
extensionn of the natural tRNA primer, which results in a 
257-ntt cDNA product on the wild-type template, was abolished 
onn the dL and dl/2 templates (Fig. 3A, lanes 9-12 and Fig. AB). 
Surprisingly,, reverse transcription on the d2 template was 
stimulatedd 6-fold over the wild-type level. These differences in 
tRNA-primedd reverse transcription efficiency on the mutant 
templatess could result from differences in tRNA annealing, 
initiation,, or elongation. To study initiation of tRNA-primed 
reversee transcription, the reaction was performed in the pres-
encee of [32P]dCTP but without the other dNTPs. This wil l 
resultt in the extension of the 76-nt t R N A ^ primer with 1 nt on 
alll  templates (Fig. 3A, lanes 13-16). The results of this initia-
tionn assay are similar to the results of tRNA-primed full-length 
cDNAA synthesis. No initiation was observed on the dl and dl/2 
templates,, whereas a 6-fold stimulation was measured on the 
d22 template (Fig. 4C). This indicates that the inhibitory effect 
off  deletion dl and the stimulatory effect of deletion d2 are 
apparentt at the level of initiation. 

Thee observed differences in initiation efficiency may be 
causedd by different amounts of tRNA primer annealed onto the 
PBS.. This seems unlikely because the PBS motif itself is not 
alteredd in the mutant HIV-1 templates, and the primer was 
heat-annealedd in these studies. To nevertheless rule out this 
possibility,, we determined the tRNA occupancy of the PBS on 
thee wild-type and mutant templates. The tRNA primer was 
annealedd onto the template, and this complex was subse-
quentlyy used for extension of the DNA primer AUG that is 
positionedd downstream of the PBS (Fig. LA). We used the avian 
myeloblastosiss virus RT enzyme to selectively extend the DNA 
primerr because this enzyme is unable to extend the tRNA 
primerr (6, 34). When the PBS was occupied by the tRNA 
primer,, AUG-mediated reverse transcription was blocked by 
thee tRNA, yielding a cDNA product of -175 nts. Free RNA 
templatess wil l produce a full-length cDNA product of 374 nts on 
thee wild-type template. All templates exclusively yield the stop 
product,, indicating that the templates are fully occupied by the 
tRNA.3yss primer (Fig. 3B, lanes 9-12). Control reactions were 
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FIG.. 5. Reverse t ranscr ipt io n assays on wi ld- typ e and mutant templates. A, reverse transcription assays primed with the primers poly(A), 
Lys-21,, and tRNA^3 (see Fig. 3A for further details). B, PBS-occupancy test (see Fig. 3B for further details). 

performedd with the upstream poly(A) primer and the AUG 
primerr in the absence of tRNA (Fig. 3J3, lanes 1-4 and 5-8, 
respectively).. The results of the PBS occupancy test are sum-
marizedd in Fig. 4D. 

Thesee combined results indicate a complex interplay of pos-
itiv ee and negative regulation of HIV-1 reverse transcription. 
Thee left side of the U5 leader stem seems to encode a sequence 
motiff  that is involved in initiation of reverse transcription. 
Deletionn of the right side of the stem may expose this sequence 
motif,, thereby activating reverse transcription. These effects 
aree observed exclusively with the natural t R N A ^ primer and 
nott with a PBS-bound DNA primer, suggesting that additional 
tRNA-vRNAA contacts may be involved. 

Thee second set of stem mutants was designed to accurately 
mapp the sequence motifs that regulate HIV-1 reverse tran-
scription.. Reverse transcription assays were performed with 
thesee mutant templates and the tRNA.3ys or Lys-21 DNA 
primer.. Al l reverse transcription products were quantitated 
andd corrected for the amount of input RNA template as deter-
minedd by poly(A) primer extension (Fig. 5A, polyA panel). The 
resultss of three independent experiments are summarized in 
Fig.. 6. We measured no difference among the templates in 
reversee transcription reactions initiated by the DNA primer 

Lys-21,, whereas profound differences in cDNA synthesis were 
observedd in tRNA-primed reactions. Most severe effects were 
observedd with mutations in stem segment 2. Mutants 2L and 
2LRR showed 10-fold reduced tRNA-primed reverse transcrip-
tionn compared with the wild-type template (Fig. 5A, tRNA 
panel,panel, lanes 4 and 6"), whereas mutation 2R enhanced reverse 
transcriptionn 2.5-fold {lane 5). Mutation 3R also stimulated 
reversee transcription (lane 8), and there is a modest 3-fold 
inhibitoryy effect on reverse transcription with the deletion mu-
tantss dL, dR, and dLR (lanes 10-12). Furthermore, the ob-
servedd reverse transcription effects are specific for tRNA-
primedd reactions. 

Thesee effects are apparent at the level of initiation as deter-
minedd in the single nucleotide incorporation assay (Fig. 5A, 
tRNAtRNA11 nt panel). The PBS occupancy test demonstrated that the 
tRNAA primer is annealed onto each template with equal effi-
ciencyy (Fig. 5B, tRNA/AUG panel). Thus, mutations in stem 
segmentt 2 affect reverse transcription in a similar way as the 
deletionn mutants dl and d2. Mutation of the left side of 
thee stem inhibits reverse transcription, whereas mutation of 
thee right side stimulates reverse transcription. These combined 
resultss suggest that the 2L sequence activates the PBS-bound 
tRNAA molecule to initiate reverse transcription. We wil l there-
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FIG.. 6. Relative reverse transcription activities of wild-type and mutant templates. The average of three independent experiments was 
calculated,, and the activity of the wild-type template was set at 1. Shown is DNA-primed reverse transcription (A), tRNA-primed reverse 
transcriptionn (B), tRNA-primed 1-nt incorporation (C), tRNA occupancy of the PBS (D). 

foree refer to this motif as the PAS. Mutation of the PAS in 
mutantt 2L inhibits reverse transcription, whereas mutation 2R 
mayy stimulate initiation by making the PAS more accessible. 
Mutationn 3R also stimulates reverse transcription, which may 
indicatee that the opening of stem segment 3 weakens the sta-
bilit yy of the adjacent stem segment 2. 

StructureStructure Probing of the U5 Leader Stem—The results pre-
sentedd above suggest an important biological role for the U5 
leaderr stem, in particular for stem segment 2. We therefore 
determinedd the secondary structure of the U5 leader stem by 
treatingg wild-type and mutant HIV-1 templates with structure-
specificc probes (Fig. 7). Nucleotides sensitive to the chemicals 
DEPCC or DMS and the RNases SI, T l , or One are assumed not 
too be involved in base pairing or base-stacking interactions. 
Thee sites of modification or cleavage were determined by 
primerr extension analysis. Control experiments were per-
formedd in parallel to detect pauses of reverse transcription due 
to,, for instance, stable RNA structure. The results of the prob-
ingg experiments on the wild-type template are summarized in 
Fig.. 8. 

Probingg of the wild-type template with RNase Tl resulted in 
cleavagee of G residues at positions 202, 206, and 208 (Fig. 1A, 
laneslanes 1 and 2) that are single-stranded in the structure model 
off  Fig. 1. However, the G residues that are proposed to be 
base-pairedd in stem 1 (G212-G214) are also sensitive to RNase 
Tl ,, indicating that this part of the structure model is not 
correct.. Probing of the wild-type template with the chemicals 
DEPCC (Fig. 1A, lanes 4 and 5) and DMS (Fig. 1A, lanes 6 and 7) 
demonstratedd that several A residues in the single-stranded 
PBSS region are exposed. In addition, the A residues that are 
base-pairedd in stem 1 in Fig. 1 (A209-A211) were highly sensi-
tivee to both chemicals. Treatment with RNase SI and RNase 
Onee (Fig. 70) resulted in several cleavages in the single-
strandedd PBS region and the right arm of the U5 leader stem. 
RNasee Si also cleaves the U residues at position 153—156 that 
aree proposed to be base-paired in stem 1 (Fig. IB, lanes 1 and 
2,2, and results not shown). These results indicate that the 
sequencess proposed to be involved in base pairing in stem 1 
(Fig.. 1) are present in a single-stranded region, whereas the 

sequencess in segment 2 and 3 are base-paired. 
Additionall  evidence for the presence of stem 2 was obtained 

byy probing of this segment in the mutant templates. The right 
sidee of stem 2 is not sensitive to DEPC treatment in the wild-
typee template (Fig. 7C, lanes 1 and 2), whereas mutation 2L on 
thee left side exposed the sequence on the right side of stem 2. 
Thee nucleotides A225, A222, and A220 become accessible to 
DEPC,, indicating that they are released from base pairing in 
mutantt 2L (Fig. 7C, lanes 9 and 10). In addition, cleavage at 
severall  G residues in this G/A-rich stretch was observed. In the 
doublee mutant 2LR, these nucleotides are no longer accessible 
too DEPC (Fig. 7C, lanes 13 and 14), indicating that base pairing 
inn stem 2 is restored. In all other mutants, stem 2 is not 
accessiblee to DEPC. 

Thesee combined results are consistent with a partially mod-
ifiedd RNA secondary structure model for the U5 leader stem 
thatt is shown in Fig. 8. The U5 leader stem segments 2 and 3 
aree maintained in this model, but it shows the extended U5-top 
hairpinn instead of stem 1 and the U5-PBS hairpin. The resi-
duess U i r , 3-U156 that are accessible to RNase SI are positioned 
inn the loop of the U5-top hairpin, and the A-rich loop (positions 
168-171)) of the U5-PBS hairpin is present as an internal loop. 
Thee right side of stem 1 is present in the single-stranded PBS 
regionn that is highly sensitive to DEPC, DMS, RNase Tl , and 
RNasee SI. The bulged-out A residues at positions 124, 132, and 
1333 are sensitive to DEPC and/or DMS. Positions 228-230 that 
aree highly accessible to RNase SI and RNase One are present 
inn loop of the right arm of the U5 leader stem. 

DISCUSSION N 
Reversee transcription of the HIV-1 RNA genome appears to 

bee strictly regulated at the level of initiation. Mutational anal-
ysiss demonstrated that the sequence on the left side of segment 
22 of the U5 leader stem is critical for initiation of reverse 
transcriptionn but is exclusively necessary in reactions primed 
byy tRNAgys. Mutation of this motif in mutant 2L results in a 
10-foldd decrease in tRNA-primed reverse transcription. This 
sequencee motif is not required for annealing of the tRNA 
primerr onto the PBS but stimulates the incorporation of the 
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FIG .. 7. RNA structur e prob in g of 
th ee U5 leader  s tem under  nat ive con-
d i t ions.. The wild-type RNA template 
wass treated with a limitin g amount of the 
singlee strand-specific reagents. Panel A, 
RNasee T l (G-specific), DEPC (A-specific), 
DMSS (A/C-specific). Panel B, RNase SI 
andd RNase One (both not sequence-specif-
ic).. Panel C, wild-type and mutant tem-
platess (indicated on top of the panel) were 
treatedd with DEPC. Mock incubations 
weree performed in parallel ( —). Reactive 
sitess were detected using primer exten-
sionn analysis with the downstream 
primerr AD-SD. The products were ana-
lyzedd on a 6% polyacrylamide gel. Posi-
tionss of reactive sites are indicated, and 
thee results are summarized in Fig. 8. 
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firstfirst dNTP. We wil l therefore refer to this sequence as the PAS. 
Wee propose that the PAS sequence base pairs with the T^C 
armm of the tRNA molecule (Fig. 8), similar to the additional 
interactionn proposed for the RSV genome and the correspond-
ingg tRNATrp primer. The PAS-anti-PAS interaction does not 
requiree additional melting of the tRNA because PBS-anti-PBS 
annealingg wil l open both the acceptor en T^C stems. However, 
thee PAS sequence in the HFV-l genome is occluded by base 
pairingg in the U5 leader stem, as was demonstrated by bio-
chemicall  probing experiments and, thus, needs to be unwound 
forr the interaction with the tRNA primer. The presence of the 
PASS enhancer motif that is initiall y repressed by base pairing 
providess a unique mechanism for positive and negative regu-
lationn of HPV-1 reverse transcription. Consistent with this idea, 
reversee transcription is stimulated up to 6-fold by opening of 
thee U5 leader stem in mutants d2 and 2R. Virus replication 
studiess demonstrated that mutant 2L and, in particular, the 
deletionn mutant dl are replication impaired. Furthermore, 
faster-replicatingg revertant viruses of mutant 2L were ob-
tainedd in five independent long term cultures. Al l these rever-
tantss were found to contain a G-to-A mutation at position 127 
withinn the 2L motif (results not shown). This mutation par-
tiallyy repairs the PAS-anti-PAS interaction, suggesting that 
thiss interaction is important for virus replication. 

AA similar interaction between a U5 motif in the genome of 
RSVV and the TVC arm of the tRNATrp primer has been dem-
onstratedd to stimulate initiation of reverse transcription (22), 

andd a similar vRNA-tRNA interaction was also proposed for 
HXV-22 (20). These combined results suggest that retroviral 
reversee transcription is activated by a common mechanism. 
However,, there are also some differences between the HFV-l 
andd RSV mechanisms. For instance, although the RSV genome 
foldss a similar U5 leader stem, the PAS enhancer is not base-
pairedd in RSV but rather positioned in a single-stranded region 
oppositee the PBS (21). This suggests that initiation of RSV 
reversee transcription cannot be down-regulated by masking of 
thee PAS motif, arguing that regulation of reverse transcription 
mayy be more complex in HFV-l. Mutations in RSV that disrupt 
thee structure of either the U5 leader stem or the U5 IR hairpin, 
thee latter the equivalent of the HFV-l U5-top hairpin, were 
reportedd to impair the initiation of reverse transcription, 
whereass mutations that alter the sequence but that retain the 
structuree had no effect (8, 9, 24). Similar mutations that dis-
ruptt the structure of the U5 leader stem in HFV-l were found to 
stimulatee reverse transcription, probably by exposure of the 
PASS enhancer. In a previous study, we demonstrated that 
stabilizationn of the U5 leader stem inhibited initiation of re-
versee transcription and virus replication (34). Analysis of a 
faster-replicatingg revertant virus demonstrated that opening of 
stemm segment 2 by additional mutations on the right side 
restoredd reverse transcription. These combined results suggest 
thatt the efficiency of HFV-l reverse transcription is determined 
byy the accessibility of the PAS enhancer and that the structure 
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off  the U5 leader stem can negatively modulate reverse 
transcription. . 

Severall  alternative interactions between the tRNA^ys mole-
culee and the HIV-1 RNA genome have been proposed on the 
basiss of extensive biochemical probing experiments and mod-
elingg studies (12, 30, 35). The A-rich loop of the U5-PBS hairpin 
wass proposed to interact with the U-rich anti-codon loop of 
tRNAffyss (12, 13, 25-30). In addition, the left arm of the U5 
leaderr stem (positions +141 to +144) was suggested to interact 
withh the 3' portion of the anticodon stem of the tRNA molecule. 
Somee of these interactions were also tested by mutational 
analysiss in in vitro reverse transcription assays (36). Although 
ourr mutant set was not designed to test these interactions, the 
++ 141 to +144 motif is deleted in mutant dL, which shows a 
3-foldd defect in reverse transcription. The interaction between 
thee PAS and the T^C arm of tRNAgys seems more important 
becausee deletion of the PAS motif results in a 10-fold inhibi-
tion.. However, other vRNA-tRNA contacts, in addition to the 
PBS-anti-PBSS and PAS-anti-PAS interactions, may contribute 
too the efficient initiation of reverse transcription. The critical 
rolee of the PAS element in tRNA usage is further supported by 
recentt experiments in our laboratory. By simultaneous alter-
ationn of the PAS and PBS motifs to accommodate another 
tRNAA molecule, we could modulate the identity of the priming 

tRNAA species.2 Furthermore, the PAS motif is absolutely con-
servedd among all HIV-1 isolates. 

Thee RNA secondary structure probing experiments per-
formedd in this study suggest an alternative folding of the upper 
partt of the U5 leader stem (segment 1) and the U5-PBS hairpin 
too form the U5-top hairpin (Fig. 8). Nucleotides A168-A 171 that 
formm the A-rich loop of the U5-PBS hairpin are present in an 
internall  loop of the U5-top hairpin. This RNA secondary struc-
turee model was proposed previously (16, 17) and is very similar 
too the RNA structure model for HIV-2 (20). In this modified 
RNAA structure model, the PAS and PBS sequences are juxta-
posed,, which may facilitate tRNA annealing to both motifs to 
triggerr initiation of reverse transcription. It remains possible 
thatt both RNA conformations play a role in specific stages of 
thee viral lif e cycle. For instance, there is some phylogenetic 
supportt for the U5-PBS hairpin (20, 23), and alternative RNA 
conformationss have been reported to exist for other domains of 
thee HIV-1 leader RNA (18, 19). In a previous study, we de-
signedd mutations in the HIV-1 leader RNA to specifically sta-
bilizee or destabilize the U5-PBS hairpin (11). Destabilization of 
thee U5-PBS hairpin affects virus replication and the correct 

22 N. Beerens and B. Berkhout, manuscript in preparation. 
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placementt of the tRNA primer onto the PBS. However, these 
mutationss also destabilize the U5-top hairpin conformation. 
Stabilizationn of the U5-PBS hairpin affects virus replication 
andd inhibits tRNA annealing onto the PBS. Fast replicating 
revertantt viruses were selected with additional mutations that 
reducee the stability of the modified U5-PBS hairpin and, thus, 
mayy restore folding of the U5-top hairpin. Another complicat-
ingg factor is that the region upstream of the PBS encodes a 
criticall  sequence element that is recognized as part of the 
provirall  DNA by the viral integrase protein (37, 38). Further 
studiess are required to provide more insight into the function of 
thee U5-PBS and/or U5-top hairpin conformations. 

AA surprising result of this study is that the wild-type HIV-1 
RNAA template appears sub-optimal for in vitro reverse tran-
scription,, as the initiation step is actively suppressed by RNA 
secondaryy structure. We propose that this mechanism may 
precludee premature reverse transcription in the virus-produc-
ingg cell such that the viral RNA genome is copied only after it 
iss appropriately dimerized and packaged into virions. This 
mechanismm would rigidly limi t reverse transcription to the 
correctt template and, hence, protect the host cell from poten-
tiallyy deleterious unrestricted reverse transcription (39). Rep-
licationn studies with the wild-type and mutant viruses do sug-
gestt that this restriction of reverse transcription is also 
beneficiall  for virus replication. The mutations d2 and 2R stim-
ulatee reverse transcription in vitro but impair virus replication. 
Wee are currently testing whether these mutations do also ac-
tivatee reverse transcription in vivo in virus-producing cells and 
virionn particles. A complicating factor is that these mutations 
mayy also affect other steps in viral replication, thereby causing 
aa replication defect. The U5 leader region has been reported to 
encodee signals important for viral replication (40, 41). For 
instance,, this region was reported to encode DNA binding sites 
forr transcription factors as part of the proviral LTR promoter 
(42-45).. We therefore measured the effect of the mutations on 
virall  gene expression by measuring virus production in tran-
sientlyy transfected cells. Most mutations did not affect tran-
scription,, translation, and virion assembly, except for muta-
tionss d2 and 2R, which reduced virus production 4- and 2-fold, 
respectivelyy (results not shown). This production defect wil l 
alsoo contribute to the observed replication defect of these mu-
tants,, which makes it difficul t to extrapolate the defect that 
mayy be due to premature reverse transcription. 

Occlusionn of the PAS motif by base pairing may provide a 
mechanismm to restrict early reverse transcription. Although 
bindingg of tRNA^5 to the PBS can occur relatively early, e.g. in 
virus-producingg cells, primer activation wil l require a struc-
turall  rearrangement of the vRNA-tRNA complex to establish 
thee PAS-anti-PAS interaction. It is possible that the viral nu-
cleocapsidd (NO protein, which acts as an RNA chaperone (re-
viewedd in Ref. 46), can mediate this conformational change. 
Becausee NC is only released from the Gag precursor protein 
duringg maturation of virion particles, this mechanism will en-
suree the precise timing for activation of reverse transcription. 
Wee recently described a conformational switch in the HIV-1 
leaderr RNA, which is mediated by NC (19). An extended form 
off  the U5 leader hairpin was shown to mask the downstream 
RNAA dimerization initiation signal, which can subsequently be 
exposedd by NC. This raises the interesting possibility that a 
singlee RNA structure in the HrV-1 genome is used to mask the 
"late""  RNA signals that control dimerization and primer acti-
vation.. This mechanism wil l also ensure that both signals are 

activatedd simultaneously by the NC protein during virion 
assembly. . 
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Thee tRNA Primer Activation Signal in the Human Immunodeficiency 
Viruss Type 1 Genome Is Important for Initiation and Processive 

Elongationn of Reverse Transcription 
Nancyy Beerens and Ben Berkhout* 

DepartmentDepartment of Human Retrovirology, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands 

Humann immunodeficiency virus type 1 (HIV-1) reverse transcription is primed by the cellular  tRNAj' 3" ' 
molecule,, which binds, with its 3'-terminal 18 nucleotides (nt), to a complementary sequence in the viral 
genome,, the primer-bindin g site (PBS). Besides PBS-anti-PBS pairing, additional interactions between viral 
RNAA sequences and the tRNA primer  are thought to regulate the process of reverse transcription. We 
previouslyy identified a novel 8-nt sequence motif in the U5 region of the HIV-1 RNA genome that is critical for 
tRNA!!  "-mediated initiatio n of reverse transcription in vitro. This motif activates initiatio n from the natural 
tRNAjj  "  primer  but is not involved in tRNA placement and was therefore termed primer  activation signal 
(PAS).. It was proposed that the PAS interacts with the anti-PAS motif in the T* C arm of tRNA^ ys. In this 
study,, we analyzed several PAS-mutated viruses and performed reverse transcription assays with virion-
extractedd RNA-tRNA complexes. Mutation of the PAS reduced the efficiency of tRNA-primed reverse tran-
scription.. In contrast, mutations in the opposing leader  sequence that trigger  release of the PAS from base 
pairingg stimulated reverse transcription. These results are similar  to the reverse transcription effects observed 
inn vitro . We also selected revertant viruses that partiall y overcome the reverse transcription defect of the PAS 
deletionn mutant. Remarkably, all revertants acquired a single nucleotide substitution that does not restore the 
PASS sequence but that stimulates elongation of reverse transcription. These combined results indicate that the 
additionall  PAS-anti-PAS interaction is needed to assemble an initiation-competent and processive reverse 
transcriptionn complex. 

Thee replication cycles of human immunodeficiency virus 
typee 1 (HIV-1) and other retroviruses are characterized by 
reversee transcription of the viral RNA (vRNA) genome into 
double-strandedd DNA that integrates into the host cell ge-
nomee (40). This process is mediated by the virion-associated 
reversee transcriptase (RT) enzyme, and a cellular tRNA'ys 

moleculee is used as a primer (33). The tRNA primer, with its 
3'-terminall  18 nucleotides (nt), binds to a complementary se-
quencee in the viral genome, the primer-binding site (PBS; Fig. 
1A,, green). The PBS is located in the 5'-untranslated leader 
regionn of the viral genome and is part of a highly structured 
RNAA domain. The PBS is flanked by the upstream L'5-top 
hairpinn and the U5-leader stem, which is formed by the base 
pairingg of sequences in the upstream U5 region and the down-
streamm leader region (8, 10, 11, 15, 38). Besides the PBS-anti-
PBSS pairing, additional interactions between vRNA sequences 
andd the tRNA primer are thought to regulate the process of 
reversee transcription. For instance, it was proposed that nt 
++ 168 to +172 in HIV-1 RNA (the A-rich loop) interact with 
thee U-rich anticodon loop of tRNA^ys and that nucleotides 
++ 142 to +145 interact with the 3' portion of the anticodon 
stemm of the tRNA molecule (3, 5,19-21, 23, 31, 42, 43). 

Wee recently identified an 8-nt motif in the U5 region of 
HIV-11 RNA (positions +123 to +130) that is critical for 
tRNA^-ys-mediatedd initiation of reverse transcription in vitro 

**  Corresponding author. Mailing address: Department of Human 
Retrovirology,, Academic Medical Center, University of Amsterdam, 
P.O.. Box 22700, 1100 DE Amsterdam, The Netherlands. Phone: 31-
20-5664822.. Fax: 31-20-6916531. E-mail: B.Berkhout(a'amc.uva,nl. 

(8).. This U5 motif is not important for tRNA annealing but 
ratherr for activation of the PBS-bound tRNA primer to initiate 
reversee transcription and is therefore referred to as primer 
activationn signal (PAS). Deletion or mutation of the PAS ele-
mentt severely impairs reverse transcription initiated from the 
tRNAA primer but not from DNA oligonucleotide primers. We 
proposedd that the PAS interacts with the anti-PAS motif in the 
T^CC arm of tRNAj-ys (Fig. 1A; orange), similar to the inter-
actionn proposed for the Rous sarcoma virus (RSV) genome 
andd the corresponding tRNATrp primer (1, 2, 13, 14, 29, 35, 
36).. Interestingly, the PAS is occluded by base pairing in the 
U55 leader stem of HIV-1 RNA (Fig. 1A). We demonstrated 
thatt reverse transcription is greatly upregulated by exposure of 
thee PAS through mutation of the "opposing" leader sequence. 
Thee presence of the PAS enhancer element in a repressive 
RNAA structure may provide a mechanism to regulate HIV-1 
reversee transcription (8). 

Inn this study, we analyzed several PAS-mutated viruses and 
performedd reverse transcription assays with virion-extracted 
vRNA-tRNAA complexes. Deletion of the PAS reduced the 
efficiencyy of tRNA-primed reverse transcription, whereas mu-
tationss in the opposing leader sequence stimulated reverse 
transcription.. These results are similar to the previous in vitro 
results.. We also selected revertant viruses that partially over-
comee the reverse transcription defect of the PAS deletion 
mutant.. Remarkably, all revertants acquired a single nucleo-
tidee substitution that does not restore the PAS sequence but 
thatt stimulates elongation of reverse transcription. These re-
sultss indicate that the additional PAS-anti-PAS interaction is 
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HIV-11 RNA 

FIG.. 1. Secondary structure model for the U5-PBS leader region of HIV-1. (A) Schematic of HIV-1 RNA (black line) with an annealed 
tRNAVyss primer (orange line; AC, anticodon loop; D. D loop). The tRNA\ys molecule is used as a primer for reverse transcription by HIV-1 and 
bindss to the PBS (green, PBS and anti-PBS). It was proposed that an additional interaction between the PAS element in the vRNA and the 
anti-PASS sequence in the tRNA primer (orange) activates the PBS-bound tRNA primer for initiation of reverse transcription (8). The HIV-1 RNA 
iss folded into the U5 top hairpin upstream of the PBS and the U5 leader stem, which occludes the PAS in base pairing. The positions of the 
upstreamm poly(A) and downstream AUG DNA oligonucleotide primers are indicated. (B) Blue line, dl and d2 deletions. Double mutant dl/2 
combiness both deletions. The 2L and 2R mutations (red box) are 7-nt substitutions on the left and right sides, respectively, of the U5-leader stem. 
Doublee mutant 2LR combines both mutations. The PAS element is inactivated in mutants 2L, dl, 2LR, and dl/2. The PAS is exposed by mutation 
off  the opposite sequence in the U5-leader stem in mutants 2R and d2. 

neededd to assemble an initiation-competent and processive 

reversee transcription complex. 

MATERIAL SS AND METHOD S 

DNAA constructs. A derivative of full-length proviral HIV- 1 clone pl.Al was 
usedd to produce wild-type and U5-leader stem-mutated viruses. This construct, 
pLAI-R37,, has been described previously and contains a unique U5 region in the 
5'' long terminal repeat (LTR) (16). Nucleotide numbers refer to positions on 
HIV- 11 genomic RNA, with + 1 being the capped G residue. For mutation of the 
U5-leaderr stem, we used construct Blue-5'LTR (25). which contains an Xba\-
Cla\Cla\ fragment of pLAI encompassing the 5' LTR, complete leader, and 5' end of 
thee gag gene (positions -454 to +386) cloned into pBluescript KS( + ) (Strat-
agenc).. Mutations were introduced as described previously (8). The mutated 
Xbal-ClulXbal-Clul fragments were introduced into proviral clone pLAl-R37. All mutant 
constructss were verified by sequence analysis of the complete leader region. 

Cells,, virus replication, and vims revertants. SupTl T cells were grown in 
RPM11 1640 medium supplemented with 10% fetal calf serum at 37°C and 5% 
C02.. SupTl cells (5 x 106) were transfected with 1 u.g of the HIV- 1 proviral 
constructss by electroporation (250 V, 960 u.F). Fresh SupTl cells (0.5 x 106) 
weree added after transfection to support virus replication. Cells were split 1 to 10 
twicee a week. CA-p24 levels in the culture medium were determined by enzyme-
linkedd immunosorbent assay (6). 

Forr the selection of revertant viruses, SupTl cells were transfected with 1 u_g 
off  the 2L and 2R proviral constructs or 40 jig of the dl, d2, and dl/2 proviral 
constructs.. After transfection, the cultures were split into several independent 
cultures,, which were maintained for up to 3.5 months. At the peak of virus 
production,, 0.1 to 100 ^1 of the culture supernatant was used to infect fresh 
SupTll  cells. At each passage, cells and supernatant samples were stored at 
-70°C.. The replication capacities of virus samples were assayed by infection of 
freshh SupTl cells with an equal amount of virus (1Ü ng of CA-p24). For the 
analysiss of the revertant viruses present in the cultures, the cells were pelleted by 
centrifugationn at 3,000 x g for 4 min and washed with phosphate-buffered saline. 

Too isolate total cellular DNA, the cells were lysed in 10 mM Tris-HCI (pH 8.0)-l 
mMM EDTA-0.5% Tween 20 and incubated with 200 u.g of proteinase K per ml 
att 56°C for 1 h. Proteinase K was subsequently inactivated by incubation at 95"C 
forr 10 min. The 5' LTR leader region was amplified by PCR from the total 
cellularr DNA with sense R region primer T7-1 (positions -54 to -34) and 
antisensee primer AD-GAG (positions +442 to +463). The PCR products were 
directlyy sequenced, thus providing the average sequence of the viral population 
(populationn sequence). For insertion of revertant sequences into the wild-type 
provirall  construct, the PCR product of the dl revertant (culture A, day 72) was 
firstfirst cloned into pBlue-5'LTR as a Hi/idlll/Narl  fragment and then was cloned as 
ann XbaVClaX fragment into proviral plasmid pLAI-R37. Introduction of the 
revertantt sequences into pLAI-R37 was verified by sequence analysis. 

Transientt  transfection, virus production, and isolation of viral RNA. C33A 
cellss were grown in Dulbecco's modified Eagle's medium with 10% fetal calf 
scrumm at 37°C and 5%> C02. For the production of virions, C33A cells were 
transientlyy transfected by the calcium phosphate method. Cells were grown to 
60%% confluence in 20 ml of culture medium in a 75-cm2 flask. Forty micrograms 
off  the proviral construct in 880 u.1 of water was mixed with 1 ml of 50 mM 
HEPESS (pH 7.1)-250 mM NaCl-1.5 mM Na2HPO4-120 u.1 of 2 M CaCl2, 
incubatedd at room temperature for 20 min. and added to the culture medium. 
Thee culture medium was changed after 16 h. Three days after transfection of 
C33AA cells, the culture medium (20 ml) was centrifuged at 2,750 x g for 15 min 
too remove cells. The supernatant was subsequently filtered through a 0.45-u.m-
pore-sizee filter (Schleicher & Schuell), and the virions were pelleted by centrif-
ugationn at 25,000 rpm for 30 min in a Beekman SW28 rotor. Virions were 
resuspendedd in 400 u.1 of 10 mM Tris-HCI (pH 8.0)-100 mM NaCI-1 mM EDTA. 
Too isolate vRNA, the viruses were incubated for 30 min at 37DC in the presence 
off  100 u.g of proteinase K/ml-0.5% sodium dodecyl sulfate, followed by extrac-
tionn with phenol-chloroform-isoamyl alcohol (25:24:1) and precipitation in 0.3 M 
sodiumm acetate (pH 5.2)-ethanol at -20°C. The vRNA was pelleted by centrif-
ugationn (16,000 x g, 20 min), washed with 70% ethanol, and dried. The pellet 
wass dissolved in 20 u.1 of 10 mM Tris-HCI (pH 8.0)-l mM EDTA and stored at 
-70°C. . 
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FIG.. 2. Replication of wild-type (wt), mutant, and revertant HIV-1 viruses. (A) SupTl cells were tninsfected with 1 p.g of the proviral 
constructs.. CA-p24 production was measured in the culture medium at several days posttransfection. (B) Increased replication of the 2L virus after 
3.55 months of culturing. Virus samples obtained from cultures 1 and 2 (corresponding to revl and rev2, respectively) were assayed for their 
replicationn capacities by infection of SupTl cells with the same amount of virus (10 ng of CA-p24). (C) Increased replication capacity of the mutant 
dll  virus upon prolonged culturing. Virus samples obtained from dl cultures A and B after 4 and 10 weeks were assayed for their replication 
capacitiess by infection of fresh SupTl cells with the same amount of virus (10 ng of CA-p24). (D) Increased replication capacity of the mutant dl/2 
viruss in cultures J and K after 4 and 10 weeks of culturing. 

Reversee transcription assays. In the oligonucleotide and tRNA primer exten-
sionn assays, vRNA corresponding to 50 ng of CA-p24 was incubated with or 
withoutt an oligonucleotide primer (20 ng) in 12 p.1 of 83 mM Tris-HCl (pH 
7.5)-1255 mM KC1 at 85°C for 2 min and at 65°C for 10 min, followed by cooling 
too room temperature for 1 h to allow the annealing of the primer. The natural 
tRNAA primer or the annealed DNA primer or both were extended by addition 
off  6 u.1 of RT buffer (9 mM MgCl,; 30 mM dithiothreitol: 150 ĵ g of actinomycin 
D/ml;; 30 (cM dATP, dGTP, and dTTP; 1.5 ixM dCTP), 0.5 u.1 of |a-,;P]dCTP. 
andd 0.5 U of either HIV-1 RT (p66/p51) (Medical Research Council) or RNase 
H-negativcc RT (E478Q) (National Institutes of Health) (28, 39). The samples 
weree incubated at 37°C for 30 min. The eDNA product was precipitated in 25 
mMM EDTA-0.3 M sodium acetate (pH 5.2)-80% ethanol at -20°C. The prod-
uctss were analyzed on a denaturing 6% polyacrylamide-urea sequencing gel. The 
antisensee primers used are poly(A) (positions +88 to +104) and AUG (positions 
++ 348 to +368, with six additional nucleotides at its 5' end). 

RESULTS S 

Mutatio nn of the U5 leader  stem. We previously reported the 
constructionn of a set of HIV-1 leader RNA mutants that were 
testedd in in vitro reverse transcription assays. This study fo-
cusess on in vivo experiments, for which we selected deletion 
mutantss dl and d2, double mutant dl/2, substitution mutants 
2LL and 2R, and double mutant 2LR (Fig. IB) (8). A large 
deletionn that includes the PAS element (positions +112 to 
+148)) was introduced in mutant d l, and mutant d2 contains a 
largee deletion in the downstream leader region, which is base 
pairedd to the PAS (positions +216 to +242). Double mutant 
dl/22 combines both deletions. In mutant 2L, a seven-nucle-
otidee sequence overlapping the PAS element on the left side of 

thee U5-leader stem was replaced. In mutant 2R, a seven-
nucleotidee sequence on the right side of the US-leader stem 
wass replaced. Double mutant 2LR combines both mutations. 
Thus,, the PAS element is inactivated in mutants 2L. 2LR, dl, 
andd dl/2. Another putative tRNA interaction site was removed 
inn mutant dl (positions +142 to +145; see the introduction). 
Thee downstream sequence that is base paired to the PAS is 
mutatedd in 2R and d2, thus making the PAS more accessible 
forr base pairing with the anti-PAS motif in tRNA ' " . 

Replicationn studies and selection of revertant viruses. To 
studyy the replication potential of the mutant viruses, we trans-
fectedd wild-type and mutant proviral genomes into the SupTl 
T-celll  line. These cells express the CD4-CXCR4 receptors and 
aree fully susceptible to replication of the LA I strain. Virus 
replicationn was monitored by measuring CA-p24 in the culture 
mediumm at several days posttransfection. Transfection of pro-
virall  constructs d l, d2, and dl/2 demonstrated that the large 
deletionss abolish virus replication (Fig. 2A). The 2L mutation 
significantlyy delayed virus replication. Mutants 2R and 2LR 
aree replication defective, but a low level of virus replication 
wass observed when more DNA was transfected (5 p.g instead 
off  1 u.g; results not shown). 

Prolongedd culturing of mutant viruses may result in the 
selectionn of faster-replicating revertant viruses. Therefore, we 
transfectedd SupTl cells with proviral constructs 2L, 2R, and 
2LRR and maintained the cultures for up to 3.5 months. No 
revertantss were obtained for mutants 2R and 2LR. Faster-
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FIG.. 3. Sequence analysis and replication of revertant viruses. (A) The proposed PAS-anti-PAS interaction is shown on top (gray boxes). The 
PASS was mutated in mutant 21- (open box). This mutant reverted by means of the G127A mutation within the mutated PAS motif (altered 
nucleotidee in boldface). This mutation is proposed to optimize the realigned interaction with the tRNA primer. (B) Sequences of the 5' leader 
regionss of the viruses in dl cultures A to H and dl/2 cultures I to Lwere determined by population sequencing. Mutations were found exclusively 
inn the U5 region. The position of the dl deletion is indicated, and the PBS is in italics. Dashes, nucleotides that are identical to those of the input 
provirall  clone. The C150U mutation is present in all dl and dl/2 revertants, and additional mutations are present in cultures D, G, and L. (C) The 
dll  revertant sequence of culture A was introduced into the wild-type proviral construct. The sequences of six individual clones were determined 
(frequenciess in parentheses). (D) Replication of dl revertant clones. SupTl cells were transfected with 2 u.g of the proviral constructs. CA-p24 
productionn was measured in the culture medium at several days posttransfection. wt. wild type. 

replicatingg revertants were observed in five out of six indepen-
dentt 2L cultures, and virus and cell samples were taken at 
severall  times. The replication capacities of two of these puta-
tivee virus revertants were assayed by infection of fresh SupTl 

cellss (Fig. 2B). The replication of the revertant viruses was 
significantlyy increased compared with that of the original mu-
tant,, 2L. To determine the sequence of the leader region of the 
phenotypicc 2L revertants, total DNA was isolated from the 
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FIG.. 4. Analysis of wild-type and mutant HIV-1 virions. (A) Virus 
productionn in the culture medium after transfection of C33A cells with 
thee proviral constructs. The results of three independent transfection 
experimentss are summarized. Virus production for the wild-type (wt) 
pLAII  construct was arbitrarily set at 1. (B) Packaging of HIV-1 RNA 
inn virus particles. The packaging efficiency was measured by extension 
off  the poly(A) primer on virion-isolated vRNA (Fig. 5, lanes 1 to 6). 
Thee results of three independent assays were quantitated, and the 
CA-p244 values were used to control for the amount of virions used per 
sample.. Packaging was arbitrarily set at 1 for the wild-type virus. 

infectedd cells after 3.5 months. The complete 5' LTR leader 
regionn of the integrated HIV- l proviral DNA was amplified by 
PCRR and sequenced. AJI five revertants acquired the same 
G-to-AA mutation at position 127 within the mutated PAS ele-
mentt (Fig. 3A). Realignment of the tRNA-vRNA sequences 
allowss the mutant PAS to form a 4-bp interaction. The muta-
tionn at position 127 optimizes this realigned interaction by 
replacingg a G-U base pair with a more stable A-U base pair. 
Thiss initial result suggests that the PAS-anti-PAS interaction is 
importantt for virus replication. 

Too select for revertant viruses of the severely defective mu-
tantss d l, d2, and dl/2, we performed a SupTl transfection with 
aa large amount of DNA (40 u.g). The transfected cells were 
splitt into multiple independent cultures (nine dl cultures, six 
d22 cultures, and six dl/2 cultures). The cultures were main-
tainedd for up to 3 months, and replicating virus was noticed in 
severall  of the dl and dl/2 cultures after a variable lag phase. 
Noo revertants were obtained for mutant d2. The replication 
capacitiess of several virus samples were assayed by infection of 
freshh SupTl cells. The mutant dl virus present at week 4 in 
culturess A and B showed improved replication kinetics, and 
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FIG.. 5. Reverse transcription assays with vRNA-tRNA comple 
isolatedd from wild-type and mutant virions. The amount of vRN. 
quantitatedd by DNA primer extension with the poly(A) primer, whî  
producedd a 104-nt product (lanes 1 to 6). Extension of the PBS-bound 
tRNAA primer resulted in a 257-nt tRNA-cDNA product on the wild-
typee (wt) template (lanes 7 to 12). The products are shorter on the dl 
andd dl/2 template due to the dl deletion in the U5 region. A major RT 
pausee product with a length of 186 nt is visible on the wild-type 
template.. The PBS-tRNA occupancy was determined by extension of 
thee downstream AUG primer (lanes 13 to 18). When reverse tran-
scriptionn is blocked by the annealed tRNA primer, a 175-nt cDNA is 
produced.. Free RNA templates will produce a full-length cDNA prod-
uctt of 374 nt. An additional stop product is observed on the 2L and dl 
templatess (lanes 13 and 16; stop). This stop is partially resolved on the 
dll  revl template (lane 17). 

replicationn was further optimized for the week 10 sample (Fig. 
2C).. The replication capacities of virus present in dl/2 cultures 
JJ and K also increased after 4 and 10 weeks of culturing (Fig. 
2D).. We isolated cellular DNA of the end point samples and 
amplifiedd by PCR the complete HIV-1 leader region for each 
putativee revertant. The PCR products were directly sequenced, 
thuss providing the average sequence of the viral population 
(populationn sequence). Strikingly, the same C150U change was 
presentt in all revertants (Fig. 3B). We again sequenced the dl 
provirall  construct to exclude the possibility that this mutation 
wass present in the original plasmid. Several revertants had 
acquiredd additional mutations in the U5-top hairpin (cultures 
D,, G, and L). In particular. G-to-A changes were frequently 
observedd in this region, consistent with previous results (9). 
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FIG.. 6. Relative reverse transcription activities of the wild-type and 
mutantt templates. (A) Reverse transcription activity of virion-isolated 
vRNA-tRNAA complexes as measured in Fig. 5 (ex vivo method). The 
resultss of three independent experiments were quantitated. There is a 
significantt standard deviation for the d2 sample, which is due to the 
severee virus production defect of this mutant. The activity of the 
wild-typee (wt) template was arbitrarily set at 1. For comparison, the 
resultss obtained previously with in vitro-assembled vRNA-tRNA com-
plexess are included (8). (B) The tRNA occupancy of the PBS is shown 
forr the wild-type and mutant vRNA genomes. The 374- and 175-nt 
productss for three independent experiments were quantitated. The 
totall  of these products was arbitrarily set at 100%. and the percentage 
off  175-nt product is plotted. 

Becausee the C150U mutation was observed in all dl and 
dl/22 revertants, we focused on this mutation. To verify its role 
inn the phenotypic reversion of mutants dl and dl/2, the PCR 
fragmentt of culture A was introduced in the dl proviral ge-
nome.. The sequences of six individual clones were determined 
(Fig.. 3C). The C150U mutation is present in all clones, two 
cloness contain additional mutations at positions 178 and 179, 
andd one clone contains a G181A mutation. Mutation C150U is 
indeedd sufficient to restore replication of mutant dl (Fig. 3D, 
revl).. The additional mutations at positions 178 and 179 in 
rev22 slightly improved replication. The additional mutation 
G181AA in rev3 completely abolished replication, and this mu-
tationn may have been introduced during PCR amplification. 

Analysiss of mutant HIV- 1 virion s and reverse transcription . 
Wee transfected C33A cells (human cervix carcinoma cells not 
expressingg CD4) with the wild-type and mutant proviral con-
structss to obtain virion particles for subsequent analyses. The 

amountt of virions produced was determined by CA-p24 en-
zyme-linkedd immunosorbent assay (Fig. 4A). Virus production 
wass not affected or even slightly enhanced by the 2L and dl 
mutations,, respectively. Production of virions was reduced up 
too fourfold for mutants 2R and d2, and this defect was partially 
repairedd for the double mutants, 2LR and dl/2. These results 
suggestt that the leader region mutated in 2R and d2 encodes a 
motiff  involved in viral gene expression or virus assembly. 

vRNAA was isolated from C33A-produced virions, and the 
amountt of vRNA per virion was determined by primer exten-
sionn analysis with the poly(A) primer (Fig. 5, lanes 1 to 6). The 
CA-p244 values were used to control for the amount of virions 
usedd per sample. Because of the severe virus production defect 
off  mutant d2, we were unable to use the standard amount of 
thiss virus. Packaging of vRNA was not determined for the 
doublee mutants, 2LR and dl/2. The primer extension analysis 
indicatedd that all mutants package a wild-type level of vRNA 
(Fig.. 4B). 

Too study the role of the PAS during reverse transcription in 
vivo,, one can either use a PCR-based method to quantitate 
cDNAA products in the infected cell or perform an ex vivo 
analysiss with vRNA-tRNA complexes isolated from virions. 
Thee first method is complicated by the fact that it is difficult to 
discriminatee between defects in tRNA annealing, initiation, 
andd elongation of reverse transcription. In addition, defects in 
viruss production and/or assembly indirectly affect the level of 
reversee transcription. We therefore studied reverse transcrip-
tionn by the ex vivo method. Viral particles were produced in 
C33AA cells, and the vRNA-tRNA complex was isolated. Equal 
amountss of wild-type and mutant virions (based on CA-p24) 
weree used in reverse transcription assays, except for mutant d2, 
forr which we were unable to use the normal amount of virions 
duee to the severe virus production defect. The tRNA primer 
wass extended by the addition of deoxynucleoside triphosphates 
andd the HIV- 1 RT enzyme, which results in a 257-nt tRNA-
cDNAA product on the wild-type template (Fig. 5, lane 9). A 
majorr RT pause product with a length of 186 nt was observed 
onn the wild-type template. The amounts of full-length and 
pausee tRNA-cDNA products were quantitated for the differ-
entt templates (lanes 7 to 12). These values were combined and 
correctedd for the amount of input vRNA as determined by 
poly(A)) primer extension (lanes 1 to 6). The reverse transcrip-
tionn efficiency was calculated and is plotted in Fig. 6A. The 
efficiencyy was reduced to 60 and 30% of the wild-type value on 
PAS-negativee templates 2L and d l, respectively. The C150U 
mutationn in revl only slightly increased the efficiency of full-
lengthh cDNA synthesis, but the overall reverse transcription 
activityy was significantly improved as demonstrated by the 
moree prominent pause product. The 2R and d2 mutations that 
makee the PAS element more accessible stimulate reverse tran-
scriptionn to 125 and 210% of the wild-type value, respectively. 
Wee were unable to use the standard amount of the mutant d2 
virus,, which resulted in a significant variation in the reverse 
transcriptionn activity measured for this mutant. In general, the 
resultss obtained with this reverse transcription assay are con-
sistentt with the previously published in vitro results (8), which 
aree plotted in Fig. 6A for comparison. Mutation of the PAS 
causess a reverse transcription defect, and making the PAS 
moree accessible by opening base pairs in the U5-leader stem 
resultss in higher-than-wild-type activity. Both up and down 
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FIG.. 7. Model for RNase H-mediated degradation of the vRNA template during reverse transcription. In the PBS occupancy assay, hoth the 
downstreamm AUG DNA primer and the tRNA primer are extended by RT. Extension of the tRNA primer yields a full-length tRNA-cDNA on 
thee wild-type template (top) but not on the PAS-negative template (bottom). Extension of the tRNA primer triggers RNase H-mediated 
degradationn of the RNA template (arrows and breaks in the processed RNA). The RNase H domain of HIV-1 RT is located 18 nt from the 
polymerasee active site (24, 26). Thus, enhanced pausing of the RT enzyme near template position + 154 on the PAS-negative template results in 
pronouncedd RNase H cleavage at position +172 (thick arrow). AUG-primed reverse transcription complexes that displace the PBS-bound tRNA 
primerr stop at this position are shown. The HIV-1 RT enzyme covers approximately 8 nt upstream and 22 nt downstream of the polymerization 
sitee (34, 44), such that the reversion-based C150U mutation is within the RT complex. 

effectss appear less pronounced in the assay with virion-ex-
tractedd vRNA-tRNA complexes than in the in vitro reverse 
transcriptionn assay (Fig. 6A). 

Thee observed differences in reverse transcription efficiency 
mayy be caused by differences in the amount of tRNA primer 
annealedd onto the mutant templates. We therefore determined 
thee tRNA occupancy of the PBS. In this assay, vRNA-tRNA 
complexess were used as a template for extension of down-
streamm DNA primer AUG (Fig. 1A). vRNA templates lacking 
aa tRNA yielded a full-length cDNA product of 374 nt for the 
wild-typee template (Fig. 5, lane 15). When tRNA^ys was an-
nealedd onto the PBS, both the DNA and tRNA primers were 
extendedd by the RT enzyme. Reverse transcription initiated 
fromm the downstream AUG primer was partially blocked by 
thee annealed tRNA primer, yielding a cDNA stop product of 
approximatelyy 175 nt (Fig. 5, lane 15). Extension of the AUG 
primerr yielded an additional stop product on the dl template 
andd to a lesser extent also on the 2L template (Fig. 5, lanes 16 
andd 13, stop). This stop product is partially resolved on the dl 
revll  template (lane 17). Quantitation of the 374- and 175-nt 
productss indicated that the wild-type and mutant viral ge-
nomess are equally occupied by tRNA (Fig. 5, lanes 13 to 18). 
Thee tRNA occupancy of all templates is approximately 50%. 
Thee results are summarized in Fig. 6B and demonstrate that 
thee PAS is not involved in tRNA placement onto the PBS, 
whichh is consistent with the previous in vitro results (8). 

RTT pausing on PAS-negative templates. We became inter-
estedd in the nature of the additional stop product observed in 
thee PBS occupancy assay with the dl and 2L templates (Fig. 5, 

laness 16 and 13) because it seems specific for PAS-negative 
templates.. This stop is most pronounced for the dl template 
andd is partially resolved on the dl revl template (lane 17). 
Becausee this stop product is not observed upon tRNA exten-
sionn (lanes 7 to 12), it must result from extension of the down-
streamm AUG primer. A sequencing reaction with the AUG 
primerr was analyzed in parallel and demonstrated that reverse 
transcriptionn stopped at position +172. Intriguingly, this stop 
att position +172 on the dl template is largely resolved on the 
dll  revl template, which contains the C-to-U mutation at po-
sitionn +150, far upstream of the actual stop position. 

Thee following hypothesis may explain these seemingly par-
adoxicall  results. Enhanced pausing of the RT enzyme during 
tRNA-primedd reverse transcription may result in enhanced 
RNasee H-mediated degradation of the vRNA template, with a 
hott spot of cleavage at position +172. AUG-primed reverse 
transcriptionn complexes that displace the PBS-bound tRNA 
primerr stop at this position. This mechanistic explanation is 
illustratedd in Fig. 7. Because the RNase H domain of HIV-1 
RTT is located 18 nt from the polymerase active site (4, 24, 26), 
RNasee H cleavage at position +172 would mean that RT 
pausingg actually occurred at position +154 during tRNA ex-
tension.. The dl reversion mutation at position +150 therefore 
occurss near the polymerase active site. In fact, this position is 
withinn the RT complex that covers approximately 8 nt up-
streamm of the polymerization site (4, 34, 44). Thus, we propose 
thatt PAS-negative templates exhibit both initiation and elon-
gationn problems in tRNA-mediated reverse transcription. A 
nonprocessivee reverse transcription complex that pauses pre-
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FIG.. 8. Reverse transcription with the wild-type and RNase H-
negativee RT enzyme. vRNA-tRNA complexes isolated from wild-type, 
dl,, and dl revl virions were used as templates for extension of the 
downstreamm AUG DNA primer (lanes 7 to 12). Reverse transcription 
wass performed with the wild-type HIV-1 RT enzyme (lanes 7 to 9) and 
thee RNase H-negative RT enzyme (RI-T RT; lanes 10 to 12). The 
majorr stop product (stop) on the dl template that is observed upon 
extensionn of the AUG primer with wild-type RT (lane 8) is not ob-
servedd with RNase H-negative RT (lane 11). AUG-primed reverse 
transcriptionn with the RNase H-negative RT did not yield the full-
lengthh 374-nt product but produced several stop products. This is 
probablyy caused by the reduced processivity of the mutant RT enzyme. 
Controll  reactions were performed with the poly(A) primer (lanes 1 to 
3)) and the tRNA primer (lanes 4 to 6). 

dominantlyy around position +154 is assembled, yielding a ma-
jorr RNase H cleavage at position +172, which we detect in the 
AU GG primer extension. 

Too test this hypothesis, we performed AUG primer exten-
sionn with an RNase H-inactive RT mutant (Fig. 8, lanes 10 to 
12).. Indeed, the major stop observed with the wild-type RT 
enzymee on the dl template (lane 8) is not observed for the 
RNasee H-negative enzyme (lane 11). This indicates that the 
majorr stop product is caused by RNase H-mediated cleavage 
byy a stalled RT enzyme during tRNA extension. We note that 
severall  other stop products are visible with the RNase H-
negativee RT enzyme on the dl template. These stops most 
likelyy represent a collision of the AUG-initiated RT enzyme 

withh stalled tRNA-initiated RT complexes. These signals are 
alsoo specific for the PAS-negative dl template (lane 11) com-
paredd with the wild-type template (lane 10), and the signals are 
partiallyy resolved on the dl revl template (lane 12). Thus, 
althoughh the discrete RNase H-mediated stop is lost in assays 
withh the RNaseH-negative RT enzyme, this result provides 
neww evidence for poor processivity of reverse transcription on 
thee PAS-negative dl template. These combined results suggest 
thatt an RT initiation complex with reduced processivity is 
assembledd on PAS-negative templates, resulting in more-fre-
quentt RT pausing (Fig. 9). 

DISCUSSION N 

Wee previously identified an 8-nt sequence motif in the U5 
regionn of the HIV-1 RNA genome that is critical for efficient 
reversee transcription (8). This motif is not involved in tRNA''ys 

annealingg but stimulates initiation from the natural tRNA^ys 

primer.. This motif is not required for initiation of DNA-
primedd reactions. We refer to this motif as the PAS. It is 
proposedd that the PAS interacts with the anti-PAS motif in the 
T*PCC arm of tRNAj-ys (Fig. 1A and 9), similar to the interac-
tionn that was proposed for the RSV genome and the corre-
spondingg tRNATrp primer (1, 2,13, 14, 29, 35, 36). In reverse 
transcriptionn assays with virion-extracted vRNA-tRNA com-
plexes,, we now confirm that the efficiency of tRNA-primed 
reversee transcription is reduced on PAS-negative templates d 1 
andd 2L. Furthermore, reverse transcription was enhanced on 
thee 2R and d2 templates with mutations in the downstream 
leaderr region, which is base paired to the PAS in the extended 
U5-leaderr stem. No significant differences in the amount of 
tRNAA primer annealed onto the wild-type and mutant tem-
platess were observed. These results are consistent with the 
resultss of reverse transcription assays with in vitro-synthesized 
RNAA templates and heat-annealed tRNA (8). However, the 
reversee transcription effects are less pronounced in the assays 
withh virion-derived vRNA-tRNA complexes. It is possible that 
cofactorss in the virion particle, e.g., the NC protein, which acts 
ass an RNA chaperone (reviewed in reference 37), facilitate the 
assemblyy of an initiation-competent vRNA-tRNA complex on 
PAS-negativee templates. 

Thee replication capacities and reverse transcription efficien-
ciess of PAS-negative viruses are strongly reduced, the effect of 
thee PAS deletion mutant dl being more pronounced than that 
off  substitution mutant 2L. Additional tRNA interaction sites 
mayy have been removed in mutant dl, for instance, the +142 
too +145 motif, which, it has been proposed, interacts with the 
anticodonn stem of the tRNA molecule (3, 5,19-21, 23, 31, 42, 
43).. Additional evidence for the importance of the PAS motif 
inn virus replication was obtained from the analysis of revertant 
viruses.. Al l revertants of substitution mutant 2L acquired a 
G-to-AA mutation at position 127 within the mutated PAS mo-
tif .. This mutation optimizes the potential interaction between 
thee mutant vRNA template and the anti-PAS motif in the 
tRNAA primer (Fig. 3A). Multiple virus revertants with im-
provedd replication capacity were obtained from PAS-negative 
deletionn mutants dl and dl/2. Surprisingly, all revertants ac-
quiredd the same C150U mutation, which was subsequently 
demonstratedd to partially restore virus replication. This C150U 
reversionn did not repair the PAS sequence but profoundly 
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efficientt initiation 
andd elongation 

FIG.. 9. Model for HIV-1 reverse transcription. Shown is a schematic of the secondary structure in the PBS region of the HIV-1 RNA genome 
(blackk line) and the secondary structure of the tRNA^ molecule (orange line; AC, anticodon loop; D, D loop) that is used as a primer for reverse 
transcription.. The tRNA primer with its 3'-terminai t8 nt anneals to the PBS for reverse transcription (PBS and anti-PBS are green), but an 
additionall  interaction between the PAS in the viral RNA and the anti-PAS in the tRNA primer (orange) is necessary for efficient initiation and 
elongationn of reverse transcription. 

enhancedd the production of tRNA-primed cDNAs, although 
full-lengthh cDNA synthesis was only slightly increased. In par-
ticular,, the dl reversion partially resolved a major stop product 
thatt was observed upon extension of the downstream AUG 
primer.. The same stop product was observed for mutant 2L, 
suggestingg that the stop is specific for PAS-negative templates. 
Thee stop was mapped to position +172 and was not observed 
withh an RNase H-negative RT enzyme. We propose that 
tRNA-primedd reverse transcription on the PAS-negative tem-
platess pauses near position +154, resulting in pronounced 
RNasee H-mediated cleavage of the template at position +172, 
whichh is responsible for the stop product with the downstream 
AUGG primer (Fig. 7). Thus, tRNA-primed reverse transcrip-
tionn that is initiated without the PAS-anti-PAS interaction is 
nott processive, and most RT polymerases stop after incorpo-
rationn of approximately 28 nt. At this point, the C150U rever-
sionn mutation can trigger prolonged elongation of tRNA-
primedd reverse transcription. This resulted in the accumulation 
off  more-extended cDNA products in tRNA-primed reverse 
transcription,, although most RT enzymes still did not produce 
full-lengthh cDNAs. We currently do not understand the mech-
anismm by which the C150U mutation enhances elongation. The 
combinedd results suggest that vRNA-tRNA complexes assem-
bledd on a PAS-negative template are not properly activated, 
leadingg to initiation and elongation defects (Fig. 9). 

Thee 2R and d2 mutations, which make the PAS element 
moree accessible, yield reverse transcription levels greater than 
thatt measured for the wild-type HIV-1 template. However, 
replicationn of these virus mutants was significantly reduced. 
Thiss may be due to the virus production defect of these mu-
tantss (Fig. 4A). However, it is also possible that reverse tran-
scriptionn needs to he strictly modulated and that mutational 
enhancementt of reverse transcription is not beneficial for virus 
replication.. We previously described a reverse transcription 
defectt for a mutant HIV-1 RNA template with a stabilized U5 
leaderr stem (7). This mutant reverted by a deletion-insertion 

eventt that opened the stabilized U5-leader stem, making the 
PASS more accessible for base pairing with the tRNA primer. 
Thus,, the presence of the PAS enhancer element in the re-
pressivee U5-leader stem structure may provide a mechanism to 
regulatee initiation of reverse transcription during virus repli-
cation.. We propose that the binding of tRNA^-vs to the PBS 
mayy occur relatively early in the virus-producing cell but that 
primerr activation requires maturation of the vRNA-tRNA 
complexx by means of the PAS-anti-PAS interaction and pos-
siblyy other vRNA-tRNA contacts. The viral NC protein may be 
involvedd in this maturation, although it is not required for PAS 
stimulationn in vitro (8). Because NC is released only from the 
Gagg precursor protein during assembly of virion particles, this 
mechanismm controls the precise timing of reverse transcription. 

Otherr viral RNA-tRNA interactions were proposed previ-
ouslyy for HIV-1, based primarily on biochemical probing stud-
iess (20-23, 27). For instance, it has been proposed that the 
A-richh loop (A168 to A171) of the U5-PBS hairpin interacts 
withh the U-rich anticodon loop of the tRNAj y s primer (U33 to 
U36).. We recently presented an alternative folding for the PBS 
regionn based on extensive RNA secondary structure probing 
experimentss with mutant transcripts (8). In this structure, the 
A-richh sequence is present in an internal loop of the U5-top 
hairpinn (Fig. IB). It has been reported that mutation of the 
A-richh loop affects initiation and elongation of reverse tran-
scriptionn (22, 27, 30-32, 45). Deletion of the A-rich loop affects 
viruss replication, and the A-rich sequence is restored upon 
long-termm culturing (31). However, the presence of overlap-
pingg sequence motifs for integration of the viral DNA genome 
complicatess the interpretation of these results (12, 17, 41). 
Furthermore,, other members of the lentivirus genus that uti-
lizee tRNA'y s as a primer do not possess an A-rich loop in the 
regionn 5' to the PBS, indicating that this putative A-loop in-
teractionn is not a general property of this retrovirus genus. 

Inn conclusion, we propose that the PAS in HIV-1 RNA 
interactss with the anti-PAS in the T * C arm of tRNA] y s. This 
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interactionn activates the PBS-bound tRNA primer for reverse 
transcription,, resulting in efficient initiation and more-proces-
sivee elongation of reverse transcription (Fig. 9). A similar in-
teractionn between a U5 motif in the RSV genome and 
tRNAT r pp stimulates initiation of reverse transcription in this 
aviann retrovirus (1), The original RSV mechanism led us to 
proposee a similar vRNA-tRNA interaction for HIV-2 (11), 
whichh was recently confirmed in a detailed RNA probing study 
(18).. Specifically, a profound footprint was found in the WC 
armm of tRNA^ys upon the binding of the HIV-2 RNA template 
(18).. Phylogenetic analysis of the U5 sequence near the PBSs 
off  several retroviruses that use different tRNA primers (includ-
ingg bovine leukemia virus, Moloney leukemia virus, mouse 
mammaryy tumor virus, simian sarcoma virus, simian retrovirus 
typee 1, gibbon ape leukemia virus, baboon endogenous virus, 
Mason-Pfizerr monkey virus, equine infectious anemia virus, 
felinee leukemia virus, and feline immunodeficiency virus) sug-
gestss that the PAS-anti-PAS interaction, but obviously not the 
sequencess themselves, is conserved in evolution (1). Thus, ret-
roviruss reverse transcription seems to be regulated by a com-
monn mechanism. Additional viral RNA-tRNA interactions, in-
cludingg the previously discussed A-rich loop interaction, can 
alsoo play a role in HIV-1 reverse transcription. During the 
initiall  phases of reverse transcription, there may be multiple 
structurall  transitions in the initiation complex, and several 
interactionss may be formed and resolved. It is likely that ret-
rovirusess have evolved this complexity to increase the level of 
specificityy of the reverse transcription reaction and to enable 
itss regulation. For instance, the additional vRNA-tRNA con-
tactss may restrict priming events by nonself tRNA primers and 
mayy preclude premature reverse transcription. 
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Switchingg the in vitro tRNA-usage of HIV-1 by 
simultaneouss adaptation of the PBS and PAS 

Nancyy Beerens and Ben Berkhout 
Departmentt of Human Retrovirology, Academic Medical Center, University of Amsterdam, 
Thee Netherlands 

ABSTRAC T T 

Revers ee transcriptio n of the HIV-1 RNA genom e is prime d by the cellula r tRNA lys 3 molecul e tha t 
anneal ss to a complementar y sequenc e in the vira l genome , the prime r bindin g sit e (PBS). 
Additiona ll  interaction s betwee n the tRNA prime r and the vira l RNA wer e propose d to play a rol e in 
revers ee transcription . We recentl y identifie d an 8-nt elemen t in the U5 regio n upstrea m of the PBS 
tha tt  is critica l fo r initiatio n and processiv e elongatio n of revers e transcription . Thi s moti f was 
terme dd th e Prime r Activatio n Signa l (PAS), and is propose d to interac t wit h the "antiPA S sequence " 
inn the TFC arm of tRNA lys3 . In thi s stud y we demonstrat e tha t the efficienc y of initiatio n of revers e 
transcriptio nn can be modulate d by PAS mutation s tha t strengthe n or weake n th e interactio n wit h 
antiPAS .. Thes e result s provid e furthe r evidenc e fo r a direc t base-pairin g interactio n betwee n the 
PASS in the vira l RNA and th e antiPA S in the tRNA lys 3 molecule . A broa d phylogeneti c surve y 
indicate dd tha t a PAS elemen t is presen t in all retrovira l RNA genomes , suggestin g tha t th e proces s 
off  revers e transcriptio n is regulate d by a commo n mechanis m in all retroviridae . It has prove n very 
difficul tt  to chang e the identit y of the tRNA prime r fo r HIV-1 revers e transcriptio n by changin g the 
PBSS sequence . Usin g in  vitro  revers e transcriptio n assays , we demonstrat e tha t th e identit y of the 
primin gg tRNA specie s can be switche d by simultaneou s alteratio n of the PBS and PAS motif s to 
accommodat ee a new tRNA primer . These result s indicat e tha t the PAS-antiPA S interactio n is 
importan tt  fo r bot h prime r selectio n and efficien t revers e transcription . 

Keywords ::  HIV-1/ revers e transcription / tRNA primer / vira l RNA-tRNA interaction / U5-leade r stem / 
prime rr  activatio n signal / tRNA usag e and selectio n 

INTRODUCTION N 

Thee replication cycle of retroviruses is character-
izedd by reverse transcription of the viral RNA 
genomee into double-stranded DNA, which subse-
quentlyy integrates into the host cell genome. This 
processs is mediated by the viral reverse transcrip-
tasee enzyme (RT) and a specific cellular tRNA 
moleculee is used as primer. The tRNA primer binds 
withh its 3'-terminal 18 nucleotides to a comple-
mentaryy sequence, the primer binding site (PBS), 
whichh is located in the 5'-untranslated leader region 

off the viral RNA genome. Reverse transcription of 
thee retroviral RNA genome is a highly specific 
processs that is regulated by multiple interactions 
betweenn the viral RNA, the tRNA primer and the RT 
enzyme.. Several levels of specificity restrict 
aberrantt reverse transcription from non-self tRNA 
primers.. The self-tRNA primer is selectively pack-
agedd into virions (Huang et al., 1994; Levin & 
Seidman,, 1979; Liang et al., 1997a; Mak et al., 
1994;; Mak & Kleiman, 1997; Peters et al., 1977; 
Waterss & Mullin, 1977), and self-primers are 
favouredd over non-self-primers by the viral RT 
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Figg 1. Mechanistic model of HIV-1 reverse transcription. Shown is the proposed secondary structure in the PBS region of the 
HIV-11 RNA genome and the tRNAlys3 molecule (AC= anticodon loop, D= D loop). The HIV-1 RNA folds the U5-top hairpin just 
upstreamm of the PBS, and the U5-leader stem. The tRNAlys3 molecule is used as a primer for reverse transcription by HIV-1 and 
bindss to the PBS in the viral genome. The PBS and the complementary antiPBS sequence in the tRNA primer are marked in 
green.. An additional interaction between the PAS element in the vRNA and the complementary antiPAS sequence in the tRNA 
primerr (both marked in orange) is required to activate the PBS-bound tRNA primer for reverse transcription (Beerens et al., 2001; 
Beerenss & Berkhout, 2002). 

enzymee (Das et al., 1995; Li et al., 1994; Oude 
Essinkk et al., 1996; Wakefield et al., 1995). Besides 
thee tRNA-PBS interaction, additional interactions 
betweenn the tRNA primer and the viral RNA (vRNA) 
weree proposed to play a role in reverse transcrip-
tionn (Aiyaretal . , 1992; Iseletal. , 1995; Liang etal., 
1997b;; Miller etal . , 2001; Murphy & Goff, 1989). 

HIV-11 uses tRNAlys3 as primer for reverse 
transcription.. We recently identified an 8-nucleotide 
motiff in the L)5 region of the untranslated leader 
RNAA that stimulates tRNAlys3-mediated initiation 
andd processive elongation of reverse transcription 
inn HIV-1 (Fig 1) (Beerens et al., 2001; Beerens & 
Berkhout,, 2002). This U5 motif is not required for 
tRNA-annealing,, but rather for activation of the 
PBS-boundd tRNA primer to initiate reverse tran-
scription,, and is therefore referred to as primer 
activationn signal (PAS). Mutation of the PAS 
elementt severely impairs reverse transcription that 
iss initiated from the tRNA primer, but not from DNA 
oligonucleotidee primers. The PAS element thus 

modulatess the efficiency of reverse transcription, 
althoughh this motif is not absolutely essential for 
initiationn of reverse transcription. We proposed that 
thee PAS interacts with the antiPAS motif in the V¥C 
armm of tRNAlys3 (Fig 1, both motifs are marked in 
orange),, similar to the interaction proposed for the 
Rouss sarcoma virus (RSV) genome and the 
correspondingg tRNA,rp primer (Aiyar et al., 1992; 
Aiyarr et al., 1994; Cobrinik et al., 1988; Cobrinik et 
al.,, 1991; Leis et al., 1993; Miller et al., 1997; 
Morriss & Leis, 1999). This interaction was also 
previouslyy proposed for HIV-2 (Berkhout & 
Schoneveld,, 1993), and recently confirmed by 
biochemicall probing experiments (Freund et al., 
2001).. Thus, a common mechanism for the regula-
tionn of initiation of reverse transcription may be 
operatingg for different retroviruses. Interestingly, 
thee HIV-1 PAS motif is occluded by basepairing in 
thee U5-leader stem (Fig 1), and we demonstrated 
thatt reverse transcription is greatly upregulated by 
exposuree of the PAS through mutation of the 
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"opposing"" leader sequence. The presence of the 
PASS enhancer element in a repressive RNA struc-
turee may provide a mechanism to regulate HIV-1 
reversee transcription (Beerens et al., 2001). 

Otherr interactions between the HIV-1 RNA 
andd tRNAlys3 have been proposed based mainly on 
biochemicall probing studies (Isel et al., 1995; Isel 
ett al., 1996; Isel et al., 1998; Isel et al., 1999; 
Lanchyy et al., 2000). The A-rich loop (A168-A171) 
inn the vRNA may interact with the U-rich anticodon 
loopp of the tRNA primer (U33-U36), and the 3' 
portionn of the anticodon stem of the tRNA molecule 
mayy interact with vRNA sequences in the U5 
region.. Mutation of the A-rich loop affects initiation 
andd elongation of reverse transcription (Isel et al., 
1996;; Lanchy et al., 2000; Li et al., 1997; Liang et 
al.,, 1997b; Liang et al., 1998; Zhang et al., 1998). 
Deletionn of the A-rich loop also affects virus repli-
cation,, and the A-rich sequence is restored upon 
long-termm culturing (Liang et al., 1997b). However, 
thee presence of overlapping sequence motifs for 
integrationn of the viral DNA genome complicates 
thee interpretation of these results (Brown et al., 
1999;; Esposito & Craigie, 1998; Vicenzi et al., 
1994).. Other members of the lentivirus genus that 
utilizee tRNAlys3 as primer do not possess an A-rich 
loopp in the region 5' to the PBS, suggesting that the 
putativee A-loop interaction, unlike the PAS interac-
tion,, is not conserved among retroviruses. 

Inn this study, we introduced mutations in the 
HIV-11 PAS element to strengthen or weaken the 
interactionn with the antiPAS sequence in tRNAlys3. 
Wee demonstrate that the efficiency of in vitro 
reversee transcription correlates with the strength of 
thee PAS-antiPAS interaction. Modified nucleotides 
inn the tRNA molecule appear not important for the 
PAS-antiPASS interaction. We also demonstrate that 
thee identity of the priming tRNA species can be 
modulatedd in vitro by simultaneous alteration of the 
PBSS and PAS motifs. These results demonstrate 
thatt the PAS-antiPAS interaction is important for 
primerr selection and reverse transcription. 
Phylogeneticc analysis indicates that a similar PAS-
antiPASS interaction is possible for all retroviruses, 
suggestingg that the underlying mechanism to regu-
latee reverse transcription has been conserved 
duringg evolution of the retrovirus family. 

RESULTSS AND DISCUSSION 

Modulatio nn of th e PAS-antiPA S interactio n 
Too critically test the role of the HIV-1 PAS element 
inn reverse transcription, we introduced mutations in 
thee vRNA template that strengthen or weaken the 
interactionn with the antiPAS motif in the tRNA1*53 

primerr (Fig 2). In mutant N1, we substituted the U 
att position 126 by C, thus replacing the U-G base-
pairr in the putative PAS-antiPAS interaction by a 
moree stable C-G basepair. In mutant N2, the C 
residuess at position 125 and 127 were changed into 
UU residues, thus replacing two C-G basepairs by 
weakerr U-G basepairs. In mutant N3, two nucleo-
tidess were inserted at the 3'-end of the 8-nt PAS 
motiff to obtain 10-nt complementarity to the anti-
PASS in tRNAlys3. In mutant N4, two nucleotides 
weree inserted near the 5' end of the PAS to extend 
thee interaction with the tRNA primer with one 
nucleotide,, and to replace the 0123-4* basepair 
withh the more stable A123-4* basepair (4* = 
pseudouridine).. Thus, we designed three vRNA 
mutantss with an optimized PAS-antiPAS interaction 
(N1,, N3 and N4) and one mutant template with 
decreasedd interaction potential (N2). The number of 
hypotheticall basepairs and hydrogen bonds, and 
thee thermodynamic stability of the PAS-antiPAS 
duplexx is indicated in figure 2. M-fold analysis 
demonstratedd that the mutations do not affect the 
overalll structure of the PBS region, although the 
mutationss destabilize base-pairing in the upper part 
off the U5-leader stem. 

anti-PAS S 

tRNA'*533 A C hyPGGGAC5^ D G7 

HIV-11 RNA PAS 

wtt i2iGU!GACUCUGG|UAi32 

N1 1 

N2 2 

N3 3 

N4 4 

GUlGACiCUGGlUA A 

GUfG~AlUlUGG|UA A 

GU[GA"CUCUGGÜ»UA A 

GG UGSftACUCUGGIU A 

PAS-antiPASS interaction 

bpp H 

88 18 

88 19 

88 16 

100 23 

99 21 

AG G 

-- 9.1 

-11.6 6 

-4.3 3 

-16.7 7 

-12.2 2 

Figg 2. Design of the HIV-1 PAS mutants. The PAS is marked 
byy an open box and mutations are marked in gray. For 
reference,, the antiPAS sequence of the tRNA is shown on top 
(markedd by a box). Mutants N1, N2, N3 and N4 strengthen or 
weakenn the interaction with the antiPAS. Indicated are the 
numberr of basepairs (bp) and the number of hydrogen bonds 
(H)) of the PAS-antiPAS duplex, and the thermodynamic 
stabilityy of the PAS-antiPAS interaction (AG in kcal/mol). 
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Revers ee transcriptio n is modulate d by th e 
strengt hh of the PAS-antiPA S interactio n 
Wee performed in vitro reverse transcription assays 
too study the effect of the PAS mutations. These 
assayss were performed with in vitro transcribed 
wild-typee and PAS-mutated HIV-1 templates and 
thee natural tRNAlys3 primer or DNA primers to initi-
atee reverse transcription. The primers were heat-
annealedd onto the different RNA templates and 
reversee transcription was initiated by addition of 
dNTPss and HIV-1 RT enzyme. A representative 
experimentt is shown in figure 3. Full-length reverse 
transcriptionn products were quantitated and cor-
rectedd for the amount of input RNA template as 
determinedd with the DNA primer AUG (Fig 3, lanes 
1-5).. The results of three independent assays were 
quantitatedd and are summarized in figure 4. 

AUGG Iys21 tRNA 1-nt 

I r E z z z s f z z z z l s S z z zz 5 Z Z Z Z 

2700 - -

 - « ~W -15; 

"" § # 

-- 0 * - 77 

1 2 3 4 5 6 7 8 99 10 1112 13 14 15 16 17 18 19 20 
Figg 3. Reverse transcription assays on wild-type and PAS-
mutatedd RNA templates. The DNA and tRNAly -primers were 
heat-annealedd onto the HIV-1 RNA templates (positions +105 
too +368) and extended by the HIV-1 RT enzyme in the 
presencee of all dNTPs (lanes 1-15). The amount of input viral 
RNAA was quantitated by DNA-primer extension with the AUG 
primerr that produces a 270-nt product (lanes 1-5). Extension 
off Iys21 results in a 98-nt cDNA product (lanes 6-10) and the 
tRNAA primer produces a 153-nt tRNA-cDNA product (lanes 11-
15).. These sizes refer to reactions with the wild-type, N1 and 
N22 templates, and are longer for the N3 and N4 templates due 
too the 2-nt insertion in the PAS element. Several shorter cDNA 
productss are visible that result from RT pausing. We also 
performedd one-nucleotide incorporation assays with the 
tRNAlys33 primer (lanes 16-20). The extension of the 76-nt tRNA 
byy dCTP produces a radiolabeled 77-nt product. 

Extensionn of the DNA primer Iys21 that is 
complementaryy to the PBS results in a 98-nt full-
lengthh cDNA product on the wild-type and mutant 
N11 and N2 templates (Fig 3, lanes 6-8). The cDNA 
productt of the N3 and N4 templates has a length of 
100-ntt due to the two nucleotide insertion in the 
PASS element (lanes 9,10). The efficiency of DNA-
primedd reverse transcription is similar for all 
templatess (Fig 4A). Extension of the natural 
tRNAlys33 primer results in a 153-nt cDNA product on 
thee wild-type template (lane 11). tRNA-primed 
reversee transcription was enhanced 4-fold on the 
N11 template with an improved PAS-antiPAS 
interactionn (Fig 3, lane 12 and Fig 4B), and reverse 
transcriptionn was reduced 5-fold on the N2 template 
withh a weakened interaction (Fig 3, lane 13 and Fig 
4B).. Mutant N4 that extends the PAS-antiPAS 
interactionn with 1 basepair enhanced reverse 
transcriptionn 3.5-fold (Fig 3, lane 15 and Fig 4B), 
butt reverse transcription was reduced 4-fold on the 
N33 template that extends the PAS-antiPAS 
interactionn with 2 basepairs (Fig 3, lane 14 and Fig 
4B). . 

Wee previously demonstrated that the PAS 
functionss specifically to enhance the initiation of 
reversee transcription from the tRNAlys3 primer. We 
thereforee performed initiation assays, in which 
reversee transcription was performed in the 
presencee of 32P-dCTP, but without the other 
dNTPs.. This results in extension of the 76-nt 
tRNAlys33 primer with one nucleotide (Fig 3, lanes 
16-20).. The phenotype of the mutant templates in 
thiss initiation assay is similar to that in tRNA-primed 
full-lengthh cDNA synthesis. Reduced initiation was 
observedd for the N2 and N3 templates, whereas 
enhancedd initiation was measured for the N1 and 
N44 templates (Fig 4C). These results suggest that 
thee initiation efficiency of reverse transcription is 
determinedd by the strength of the PAS-antiPAS 
interaction.. The point-mutations introduced in the 
PASS element will not only affect the PAS-antiPAS 
interaction,, but also base-pairing of the PAS in the 
U5-leaderr stem. We previously showed that 
reversee transcription is greatly upregulated by 
exposuree of the PAS through mutation of the 
"opposing"" leader sequence. Thus, the stimulation 
observedd for the mutants N1 and N4 may be 
partiallyy due to destabilization of the U5-leader 
stem.. However, mutation N2 that weakens the 
PAS-antiPASS interaction also weakens the base-
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Figg 4. Relative reverse transcription activities of wild-type and PAS mutant templates. The results of 3 independent experiments 
weree quantitated and all values were corrected for variation in the input RNA as measured with the AUG primer. The activity of the 
wild-typee template was arbitrarily set at 1. (A) DNA-pr imed reverse transcription with the Iys21 primer, (B) tRNA-primed reverse 
transcription,, (C) tRNA-primed 1-nucleotide incorporation, (D) we plotted the tRNA-primed reverse transcription activity (from 
panell B) versus the thermodynamic stability (AG) of the PAS-antiPAS interaction. 

pairingg of the PAS in the U5-leader stem, and was 
foundd to reduce reverse transcription. This 
suggestss that the effects on reverse transcription 
aree mainly caused by modulation of the strength of 
thee PAS-antiPAS interaction. 

Wee plotted the full-length reverse tran-
scriptionn activity (shown in panel B) versus the 
thermodynamicc stability of the PAS-antiPAS 
duplexess (Fig 4D). Weakening of the wild-type 
PAS-antiPASS duplex reduces the reverse 
transcriptionn activity (N2) and stabilization 
enhancess the reverse transcription activity (N1 and 
N4).. However, further stabilization of the PAS 
interactionn appears to inhibit reverse transcription 
(N3).. Thus, there seems to be an optimum in the 
stabilityy of the PAS-antiPAS interaction, and 
reversee transcription may be inhibited if the duplex 
getss too stable. An excessively stable PAS-antiPAS 
interactionn may interfere with the correct assembly 
and/orr maturation of the tRNA-vRNA-RT initiation 
complex.. These combined results provide further 
evidencee for a direct base-pairing interaction 
betweenn the PAS in the viral RNA and the antiPAS 
inn the tRNAlys3 molecule. 

Modifiedd tRNAlys3 nucleotides are not required 
forr PAS-mediated activation 
Thee additional interaction between the A-rich loop 
inn the HIV-1 vRNA and the tRNAiys3 primer has 
beenn reported to depend on modified nucleotides 
withinn the anticodon loop of tRNAlys3 (Isel et al„ 
1996).. The antiPAS motif in tRNAlys3 does also 
containn several modified nucleotides (Fig 5A). We 
thereforee studied the requirement of modified 
nucleotidess for PAS-mediated activation of reverse 
transcription.. We compared the natural tRNAlys3 

primerr and an in vitro synthesized tRNAlys3 

transcriptt as primer in reverse transcription 
reactions.. Reverse transcription was performed on 
thee wild-type template and a control template with a 
mutatedd PAS motif (2L template, Fig 5B). The PAS-
antiPASS interaction for these two vRNA templates 
andd the natural and synthetic tRNA primer is shown 
inn figure 5B. The natural and synthetic tRNAlys3 

primerss were heat-annealed onto the RNA 
templatess and reverse transcription was initiated by 
additionn of dNTPs and HIV-1 RT enzyme. 
Extensionn of the natural tRNA primer on the wild-
typee template results in a profound 257-nt full-
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tRNA A 
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syntheticc 2L-tRNA 

Iys3 3 
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wtt G U l G A C U C U G G j U A 
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n-tRNAIys33 A C g T3 G G G A C^g] D G7 

anti-PAS S 

2I__ G U | G A G A G A C C [ A A 

s-tRNAIys33 A C j U U G G G ACCj U G 

wt t G U l G A C U C U G G l UU A 
11 I I I I 

s-tRNAIys33 A C |U U G G G A C C| U G 

2L L GG U l G A G A G A C C l A A 
11 11 i 'i r i 

s-2L-tRNAIys33 A C j U U C U C U G G | U G 

Figg 5. Interaction between vRNA templates and the natural or synthetic tRNAlys3 molecules. (A) The cloverleaf structures of the 
naturall tRNAlys3 and the synthetic tRNAlys3 and the mutant 2L-tRNAlys3. Base modifications are indicated according to standard 
nomenclaturee (Sprinzl et al., 1989). The synthetic tRNAlys3 molecule does not contain modified bases, but was shown to adopt the 
correctt secondary cloverleaf structure and L-shaped tertiary structure (Wohrl et al., 1993). The antiPAS motif is marked by an open 
box,, and the mutations introduced in 2L-tRNAlys3 are marked in gray. (B) The PAS-antiPAS interaction of the wild-type vRNA 
templatee with natural (n) and synthetic (s) tRNAlys3 is shown on the left. The interaction of the mutant 2L vRNA template with the 
syntheticc tRNAlys3 and the complementary 2l_-tRNAlys3 is shown on the right. The PAS and antiPAS elements are marked by an 
openn box, the 2L mutation in the vRNA template and in the 2L-tRNAlys3 primer is marked in gray. 

lengthh tRNA-cDNA product (Fig 6, lane 2). As 
expected,, reverse transcription was reduced 10-
foldd on the PAS-minus template 2L (lane 8). 
Becausee reverse transcription is less efficiently 
initiatedd from synthetic tRNA primers (Arts et al., 
1996;; Barat et al., 1991), we used 5 times more 
RNAA template (50 ng) and two amounts of synthetic 
tRNAA primer (0.5 and 1 ug). Reverse transcription 
primedd by synthetic tRNA was also reduced 10-fold 
forr the 2L template (lanes 9,10) compared to 
reversee transcription on the wild-type template 
(laness 3,4). Thus, reverse transcription primed by 
naturall and synthetic tRNAlys3 primers is stimulated 
byy the PAS-mechanism, indicating that the PAS-
antiPASS interaction does not depend on modified 
nucleotidess within the tRNAlys3 molecule. However, 
wee measured reduced reverse transcription activity 

withh the synthetic tRNA primer as compared to the 
naturall primer. This suggests that modified nucleo-
tides,, although not critical for the PAS-antiPAS 
interaction,, do contribute to optimal reverse tran-
scription. . 

Mutatio nn of th e PAS canno t be complemente d 
byy adaptatio n of the antiPA S 
Thee finding that synthetic tRNAlys3 can be used to 
studyy the PAS-mediated enhancement of reverse 
transcriptionn allowed us to test a mutant form of the 
tRNAlys33 primer. To study whether mutation 2L in 
thee PAS can be complemented by a corresponding 
changee in the antiPAS, we made the synthetic 2L-
tRNAlys33 primer (Fig 5A and 5B). Reverse transcrip-
tionn on the 2L template was indeed enhanced 2-
foldd for the mutant 2L-tRNAlys3 compared with the 

94 4 



Chapterr 8 

wtt template 

po
ly

A
 A

 

n-
tR

N
A

 A
 

U
-t
R

N
A

 A
 

ls
-2

L-
tR

N
A

 A
 2LL template 

po
ly

A
 A

 
n-

tR
N

A
 A

 

\\
 s

-tR
N

A
 

11
 s

-2
L-

tR
N

A
 

2 5 7 --

1 0 4 -- Êk 

11 2 3 4 5 6 7 8 9 10 11 12 
Figg 6. Reverse transcription primed by natural and synthetic 
tRNA!ys3.. tRNA-primed reverse transcription on the wild-type 
HIV-11 template (lanes 2-6) was compared with that on the 
PAS-minuss template 2L (lanes 8-12). The natural tRNAlys3 (n-
tRNA.. lanes 2 and 8), synthetic tRNAlvs3 (s-tRNA, lanes 3-4 and 
9-10)) or mutant 2L-tRNAlïs3 (s-2L-tRNA, lanes 5-6 and 11-12) 
weree heat-annealed onto the RNA templates (positions +1 to 
+368)) and extended by the HIV-1 RT enzyme in the presence 
off all dNTPs. We tested two amounts of synthetic tRNA primer 
(0.55 and 1 ug). Extension of the tRNA primers results in a 257-
ntt tRNA-cDNA product. Several shorter cDNA products are 
visiblee that result from RT pausing. The amount of input viral 
RNAA was quantitated by DNA-primer extension with the polyA 
primerr that produces a 104-nt product (lanes 1 and 7). 

wild-typee tRNA'ys3 (Fig 6, lanes 11-12 and 9-10, 
respectively).. However, the same effect was 
observedd on the wild-type template (lanes 5-6 and 
3-4,, respectively). This result indicates that the 
mutantt 2L-tRNAlys3 is a better primer on both 
templates.. Thus, it seems that the PAS-antiPAS 
interactionn cannot simply be replaced by another 
sett of complementary sequences. The observation 
thatt the mutant 2L-tRNAlys3 has improved priming 

activityy may due to opening of the TTC stem, which 
liberatess part of the antiPBS sequence for 
interactionn with the PBS in the vRNA template (Fig 
5A). . 

Switc hh to usag e of a non-sel f tRNA prime r by 
simultaneou ss adaptatio n of the PBS and PAS 
motif s s 
Itt has proven very difficult to change the identity of 
thee tRNA primer for reverse transcription by 
changingg the HIV-1 PBS sequence. Such virus 
mutantss show delayed replication kinetics and 
rapidlyy revert to the wild-type PBS-lys3 sequence 
(Dass et al., 1995; Li et al., 1994; Wakefield et al., 
1994).. This result indicates that the PBS is not the 
onlyy viral determinant of tRNA usage. Additional 
vRNA-tRNAA interactions may contribute to tRNA 
primerr selection. Recently HIV-1 variants that use 
alternativee tRNA primers were described. These 
virusess have sequence changes in both the PBS 
andd the A-rich loop (Kang et al., 1996; Kang et al., 
1997;; Kang et al., 1999; Wakefield et al., 1996), 
althoughh various PBS mutants could not be 
stabilizedd in this manner (Kang et al., 1996). 
Becausee the PAS is involved in tRNA primer 
recognition,, we made a transcript in which both the 
PBSS and PAS were replaced by sequences 
complementaryy to the non-self tRNAlys1 and 
tRNAlys22 molecules (Fig 7B). These tRNAs have 
identicall antiPBS and antiPAS sequences, and will 
bee referred to as tRNAlys1'2 (Fig 7A). As a control we 
usedd the PBS-lys1,2 mutant without PAS 
adaptationn (Fig 7B). 

Threee concentrations of the wild-type, PBS-
Iys1,22 and PBS/PAS-lys1,2 templates were incu-
batedd at C with a calf-liver tRNA preparation that 
containss tRNAlys3, tRNAlys1 2 and all other tRNA 
species.. Reverse transcription was initiated from 
thee annealed tRNA primer by addition of 32P-dCTP 
andd HIV-1 RT enzyme, resulting in the extension of 
thee tRNA primer with one nucleotide. The 
radiolabeledd tRNAlys3-cDNA product runs at a 
higherr position on the denaturing gel than the 
tRNAlys1'2-cDNAA product due to different base 
modificationss within the tRNA backbone (Das et al., 
1995;; Oude Essink et al., 1996). The wild-type 
templatee produces an 
cDNA,, and no tRNAlys1'2 

laness 7-9). The tRNAlys3 signal is significantly 
reducedd on the PBS-lys1,2 template, and the 

intensee tRNAlys3-primed 
signall is apparent (Fig 8, 
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Figg 7. Secondary structure of alternative tRNAlys primers and the PBS/PAS mutant HIV-1 template. (A) Cloverleaf structures of the 
naturall tRNAlïs3, tRNAlys1 and tRNAlys2. Base modifications are indicated according to standard nomenclature (Sprinzl et al., 1989). 
Thee antiPAS motif is marked by an open box, nucleotides that differ from tRNAly are marked in gray. (B) Schematic of the wild-
typee and mutant templates, in which the PBS or both the PBS and PAS are replaced by sequences that are complementary to 
tRNAlys12.. Nucleotides that differ from the wild-type sequence, which is complementary to tRNAlys3, are marked in gray. 

tRNA lys122 signal is of approximately similar intensity 
(laness 1-3). The additional change of the PAS in 
thee PBS-PASIys1,2 double mutant template 
markedlyy increased the tRNAlys1,2 signal, with a 
concomitantt decrease of the tRNAlys3 signal (lanes 
4-6).. The amount of input viral RNA was measured 
byy DNA-primer extension with the AUG primer that 
producess a 270-nt product (lanes 10-12). 
Quantitationn of the results indicates that the PAS 
adaptationn enhances tRNAlys1'2 usage approxi-
matelyy 6-fold. Usage of the non-self tRNAlys12 

primerr on the PBS-PASIys1,2 double mutant 
templatee is still relatively poor, with only 5% activity 
comparedd to usage of the self tRNAlys3 primer on 
thee wild-type template. 

Thee current in vitro results demonstrate that 
thee identity of the priming tRNA species can be 
switchedd by simultaneous alteration of the PBS and 
PASS motifs. However, the new tRNA lys12 primer is 
usedd relatively inefficiently. This result reinforces 
thee idea that additional viral factors are important 

forr selection of the tRNA primer. Other interactions 
betweenn the tRNA primer and the viral RNA 
templatee and/or the RT enzyme may be involved in 
tRNAA primer selection. The RT enzyme is involved 
inn placement of the tRNA primer onto the PBS (Mak 
ett al., 1994; Oude Essink et al., 1996), and the HIV-
11 RT enzyme is strongly committed to the self-
tRNAlys33 primer for initiation of reverse transcription 
(Oudee Essink et al., 1996). Retrovirus particles 
containn a non-random subset of the cellular tRNA 
pooll (Huang et al., 1994; Mak et al., 1994; Mak & 
Kleiman,, 1997), and there is accumulating 
evidencee that the priming tRNA species is 
selectivelyy packaged by the viral RT protein as part 
off the Gag-Pol precursor protein (Das & Berkhout, 
1995;; Liang et al., 1997a; Mak et al., 1994; Oude 
Essinkk et al., 1995; Peters & Hu, 1980; Sawyer & 
Hanafusa,, 1979). In addition, the viral NC protein 
hass been implicated in placement of the tRNA onto 
thee viral genome (Barat et al., 1993; De Rocquigny 
ett al., 1992; Feng et al., 1999; Fu et al., 1997). 
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Figg 8. Switching the tRNA-usage of HIV-1. The PBS-lys1,2 
(laness 1-3) and PBS/PAS-lys1,2 (lanes 4-6) mutant templates, 
andd the wild-type HIV-1 template (positions +105 to +368) (lanes 
7-9)) were incubated with a calf-liver tRNA preparation that 
containss tRNA lys3, tRNA lys1,2 and all other tRNA species. We 
testedd 3 amounts of template RNA (10, 50 and 250 ng). Reverse 
transcriptionn was initiated from the annealed tRNA primer by 
additionn of 32P-dCTP and HIV-1 RT enzyme. This results in the 
extensionn of the tRNA primer with one nucleotide. The tRNA l ys3 

productt runs at a higher position in the gel than the tRNA l y s 1 2 

productt due to different base modification. The amount of input 
virall RNA was quantitated by DNA-primer extension with the 
AUGG primer that produces a 270-nt product (lanes 10-12). 

AA simila r PAS-antiPA S interactio n can be 
propose dd fo r all retroviru s gener a 
Forr HIV-1, a detailed vRNA-tRNA interaction model 
wass proposed, based primarily on biochemical 
probingg studies (Isel et al., 1995; Isel et al., 1996; 
Isell et al., 1998; Isel et al., 1999; Lanchy et al., 
2000).. However, some of the proposed interactions 
aree possible only for the HIV-1 MAL isolate that 
wass probed, and cannot be formed by other viral 
isolates,, including the HIV-1 LAI isolate used in this 
study.. The putative interaction between the A-rich 
loopp (A168-A171) in the viral RNA and the U-rich 
anticodonn loop of the tRNAlys3 primer (U33-U36) 
hass been studied extensively. Mutation of the "A-
richh loop" affects initiation and elongation of reverse 
transcriptionn (Isel et al., 1996; Lanchy et al., 2000; 
Lii et al., 1997; Liang et al., 1997b; Liang et al., 
1998;; Zhang et al., 1998). Deletion of the 'A-rich 
loop"" affects virus replication, and the A-rich 
sequencee is restored upon long-term culturing 
(Liangg et al., 1997b). However, the presence of 
overlappingg sequence motifs for integration of the 
virall DNA genome severely complicates the 
interpretationn of these results (Brown et al., 1999; 
Espositoo & Craigie, 1998; Vicenzi et al., 1994). 
Moreover,, this interaction appears to be specific for 

HIV,, as other members of the lentivirus genus that 
utilizee tRNAlys3 as primer do not possess an 'A-rich 
loop"" in the region 5' to the PBS. This indicates that 
thee "A-loop" interaction is not a general property of 
retroviruses. . 

Inn contrast to the "A-rich loop" interaction, 
thee PAS-antiPAS interaction appears to be a widely 
conservedd interaction. The nucleotide sequence of 
thee PAS is highly conserved in all HIV-1 subtypes. 
Subtypee O encodes a C at position 126, thus 
replacingg a U-G basepair by a C-G basepair in the 
PAS-antiPASS interaction. The same U126C 
mutationn in mutant N1 was found to stimulate 
initiationn of reverse transcription in vitro. 
Interestingly,, the subtype O virus has a comple-
mentaryy change in the "opposing" leader sequence 
thatt restores base-pairing in the U5-leader stem 
andd masking of the PAS motif. This natural 
basepairr co-variation supports the idea that the 
accessibilityy of the PAS motif, and thus the initiation 
off reverse transcription, is restricted by RNA 
secondaryy structure. Furthermore, a vRNA-tRNA 
contactt similar to the HIV-1 PAS-antiPAS inter-
actionn was proposed previously for the Rous 
sarcomaa virus (RSV) genome and the TTC arm of 
thee corresponding tRNAlrp primer (Aiyar et al., 1992; 
Aiyarr et al., 1994; Cobrinik et al., 1988; Cobrinik et 
al.,, 1991; Leis et al., 1993; Miller et al., 1997; 
Morriss & Leis, 1999). A similar interaction was also 
proposedd for HIV-2 (Berkhout & Schoneveld, 1993; 
Freundd et al., 2001). We performed an extensive 
phylogeneticc analysis of different retrovirus genera, 
includingg retroviral species that use tRNAlys1,2 and 
tRNAproo as a primer. This survey demonstrates that 
aa PAS-like element is present in all retroviral RNA 
genomess (Fig 9). The PAS elements are located in 
thee U5 region upstream of the PBS. Interestingly, 
M-foldd analysis of these retroviral sequences 
indicatess that the PAS is usually basepaired, either 
too the PBS or to other leader sequences. Thus, the 
PAS-antiPASS interaction has been conserved in 
evolution,, despite diversity in tRNA-usage of the 
differentt retroviruses. This mechanism to regulate 
reversee transcription may be more widely 
conserved,, we could e.g. identify a PAS-like 
elementt in the gypsy retrotransposon that uses 
tRNAargg as primer. These combined results suggest 
thatt the process of reverse transcription is 
regulatedd by a common mechanism in all 
retroviridae. retroviridae. 
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CONCLUSIONS S 

Reversee transcription of the HIV-1 RNA genome 
appearss a highly specific process that is regulated 
byy interactions between the viral RNA, tRNA primer 
andd the viral RT enzyme. We previously identified 
ann 8-nucleotide motif (positions +123 to +130), 
calledd PAS, that is important for tRNAlys3-mediated 
initiationn of HIV-1 reverse transcription (Beerens et 
al.,, 2001). Interestingly, the PAS element is 
occludedd by base-pairing in the U5-leader stem of 
thee wild-type HIV-1 template. Reverse transcription 
cann be activated by exposure of the PAS through 
mutationn of the "opposing" leader sequence 
(Beerenss et al., 2001) and reverse transcription can 
bee inhibited by stabilizing mutations in the U5-
leaderr stem (Beerens et al., 2000). The PAS motif 
iss also important for in vivo reverse transcription 
andd virus replication (Beerens & Berkhout, 2002). 
Inn this study, we provide further evidence for a 
directt base-pairing interaction between the PAS in 
thee viral RNA and the antiPAS in the tRNAlys3 

molecule.. We show that the efficiency of reverse 
transcriptionn can be up- and down- regulated by 
mutationss in the HIV-1 PAS element that 
strengthenn or weaken the interaction with the anti-
PASS sequence in the tRNA primer. Thus, reverse 
transcriptionn of the wild-type HIV-1 template 
appearss restricted, both by imperfect complemen-
tarityy of the PAS and antiPAS elements and by 
inclusionn of the PAS in a repressive RNA secon-
daryy structure. This mechanism may preclude 
prematuree reverse transcription in the virus-
producingg cell, such that the viral RNA genome is 
copiedd only after it is appropriately dimerized and 
packagedd into virions. Although binding of tRNAlys3 

too the PBS may occur relatively early, e.g. in the 
virus-producingg cells, activation of the primer will 

requiree a structural rearrangement of the vRNA-
tRNAA complex to establish the PAS-antiPAS inter-
action.. This conformational change may be facili-
tatedd by the viral nucleocapsid protein (NC), which 
actss as an RNA chaperone (Rein et al., 1998). 
Becausee NC is only released from the Gag precur-
sorr protein during virus maturation, this will ensure 
thee proper timing for initiation of reverse transcrip-
tion. . 

Thee additional PAS-antiPAS interaction may 
alsoo increase the specificity of reverse transcription 
andd restrict aberrant reverse transcription from non-
selff primers. We demonstrate that the PAS motif is 
involvedd in selection of the tRNA primer for reverse 
transcription.. The tRNA-usage of HIV-1 can be 
switchedd from tRNAlys3 to tRNAlys12 by simultaneous 
alterationn of the PBS and PAS motifs. However, 
reversee transcription primed by the non-self 
tRNAlys122 on the PBS-PAS double mutant template 
iss relatively inefficient compared with usage of the 
selff tRNAlys3 primer on the wild-type template. 
Therefore,, additional viral RNA-tRNA interactions, 
includingg the previously discussed "A-rich loop", 
andd interactions between the viral RNA-tRNA 
complexx and the RT and NC proteins may be 
requiredd for efficient reverse transcription. It will be 
off interest to study the replication of viruses in 
whichh both the PBS and PAS motifs are altered to 
accommodatee a new tRNA primer. These viruses 
mayy acquire adaptive changes in the viral RNA or 
thee RT/NC proteins. The PAS-mechanism appears 
highlyy conserved in evolution, suggesting that the 
processs of reverse transcription is regulated by a 
commonn mechanism in all retroviridae. Retrovi-
rusess may have evolved the additional PAS-anti-
PASS interaction to regulate initiation of reverse 
transcriptionn and to increase the level of specificity 
off reverse transcription. 

Figg 9. The PAS-antiPAS interaction can be proposed for all retrovirus genera. The secondary structure prediction of part of the 
RNAA genome surrounding the PBS of the different retroviruses and the cloverleaf structure of the tRNAlys3, tRNAlys12, tRNApro and 
tRNArpp primers are shown. A PAS-like motif (marked in orange) is present in the U5 region upstream of the PBS (marked in 
green)) in all viral genomes. The PAS motif is complementary to the antiPAS sequence (marked in orange) in the TTC arm of the 
tRNAA primer used by that particular retrovirus. The PAS is predicted to be basepaired, either to the PBS or to other leader 
sequences.. Lentivirus genus: human immunodeficiency virus type 1 and 2 (HIV-1 and HIV-2), feline immunodeficiency virus (FIV) 
andd equine infectious anemia virus (EIAV). Alpharetrovirus genus: Rous sarcoma virus (RSV) and avian leukosis virus (ALV). 
Betaretroviruss genus: mouse mammary tumor virus (MMTV) and Mason-Pfizer monkey virus (MPMV). Gammaretrovirus genus: 
murinee leukemia virus (MLV) and gibbon ape leukemia virus (GALV). Deitaretrovirus genus: human T-lymphotropic virus type 1 
andd 2 (HTLV-1 and HTLV-2). Spumavirus genus: chimpanzee foamy virus (CFV) and feline foamy virus (FFV). Base modifications 
inn the tRNA molecules are indicated according to standard nomenclature (Sprinzl et al., 1989). R29 in tRNAlys12 indicates that this 
positionn is G in tRNAlys1 and A in tRNAlys2, and Y41 is C in tRNAlys1 and U in tRNAlys2. 
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MATERIAL SS AND METHODS 

HIV-11 vRNA and tRNA construct s 

HIV-1HIV-1 templates: 
Mutationss were introduced in the HIV-1 PAS element by PCR 
mutagenesiss with the antisense primer AUG (positions +348 to 
+368)) and the mutagenic sense primers T7-N1, T7-N2, T7-N3 
orr T7-N4 (positions +105 to +136, with 5-flanking T7 RNA 
polymerasee promoter sequence). The PCR reactions were 
performedd on the HIV-1 pLAI construct. Nucleotide numbers 
referr to positions on HIV-1 genomic RNA, with +1 being the 
cappedd G residue. The PAS-minus template 2L was 
generatedd by PCR amplification of the construct pLAI(R37)-2L 
thatt was described previously (Beerens et al., 2001; Beerens & 
Berkhout,, 2002) with the sense primer T7-2 (positions +1 to 
+20,, with 5'-flanking T7 RNA polymerase promoter sequence) 
andd the antisense primer AUG. The PBS-mutated template 
wass generated by PCR amplification of the construct pLAI 
PBS-lys1,22 that was described previously (Das et al., 1995) 
withh the sense primer T7-PBSIoop (positions +105 to +125, 
withh 5'-flanking T7 RNA polymerase promoter sequence) and 
thee antisense primer AUG. The same pLAI PBS-lys1,2 
constructt was used to mutate the PAS to be complementary to 
tRNAlys122 by PCR mutagenesis with the mutagenic sense 
primerr PAS-lys1,2 (positions +105 to +136, with 5'-flanking T7 
RNAA polymerase promoter sequence) and the antisense 
primerr AUG. 

tRNAtRNA templates: 
Too generate a template for the production of synthetic tRNAlys3, 
wee PCR amplified the tRNA gene from the pUC-tRNAlys3 

constructt that was described previously (Oude Essink et al., 
1995)) with the sense primer 5'-T7-tRNA (tRNA positions +1 to 
+20)) and the antisense primer 3'-tRNA (tRNA positions +54 to 
+76).. This yields the complete tRNA from nucleotide 1 to 76. 
Thee compensatory 2L mutation was introduced by PCR 
mutagenesismutagenesis with the mutagenic antisense primer 3'-2L-tRNA 
(tRNAA positions +39 to +76) and the sense 5-T7-tRNA primer. 
Thee introduction of the mutations in the vRNA and tRNA 
sequencee was verified by sequence analysis with the 
DYEnamic™™ Direct cycle sequencing kit (Amersham) and an 
Appliedd Biosystems 377 DNA sequencer. The PCR products 
weree used directly for T7-transcription. 

Synthesi ss  of RNA template s 
InIn vitro transcription was performed on the PCR fragments with 
thee T7-MegaShortscript kit (Ambion). Upon DNase treatment, 
thee transcripts were purified on 4% denaturing polyacrylamide 
gelss and visualized by UV shadowing. Transcripts were eluted 
fromm the gel by overnight incubation in TE buffer, ethanol-
precipitatedd and redissolved in renaturation buffer (10 mM Tris-
HCII pH 7.5, 100 mM NaCI). The RNA was renatured by 
incubationn at C for 2 min, followed by slow cooling to room 
temperature.. The RNA concentration was measured by UV 
absorbancee measurement, and transcripts were stored at -

. . 

Revers ee transcriptio n assay s 
Thee in vitro synthesized vRNA template (10 ng) was incubated 
eitherr with 1.5 ug calf liver tRNA (6 pmol total tRNA, of which 

approximatelyy 1.2 pmol tRNA"8 , Roche), 0.5 or 1 ug of 
syntheticc tRNAlys3, or 20 ng DNA primer in 12 ul annealing 
bufferr (83 mM Tris-HCI pH 7.5, 125 mM KCI) at C for 2 min, 

CC for 10 min, followed by cooling to room temperature over 
aa 1 h period. The primer was extended with one nucleotide by 
additionn of 6 ul RT(-) buffer (9 mM MgCI2, 30 mM DTT, 150 
|ig/mll actinomycine D), 1 ul [a-32P]-dCTP and 0.5 U HIV-1 RT 
(MRC).. Reverse transcription was performed for 30 min at 

.. Complete cDNA synthesis was accomplished in RT(+) 
bufferr (RT(-) buffer with 30 uM dATP, dGTP and dTTP and 1.5 
uMM dCTP), 0.3 ul [a-32P]-dCTP and 0.5 U HIV-1 RT. The cDNA 
productss were precipitated in 0.3 M sodiumacetate pH 5.2 and 
70%% ethanol at , dissolved in formamide loading buffer, 
heated,, and analyzed on a denaturing 6% polyacrylamide-urea 
sequencingg gel. The antisense primers used are: Iys21 
(positionss +182 to +202) and AUG (positions +348 to +368, 
withh 6 additional nucleotides at its 5'-end). 

Predictio nn of RNA secondar y structur e and thermody -
nami cc stabilit y wit h Mfol d 
Thee sequences of the different retroviruses for phyogenetic 
analysiss were taken from the NCBI GenBank. Secondary 
structuree predictions were performed using the Mfold version 
3.00 algorithm (Mathews et al., 1999; Zuker & Turner, 1999). 
Sequencess were sent to the Macfarlane Burnet Centre Mfold 
serverr (mfold.edu.burnet.au) and analyzed with standard 
settings.. The thermodynamic stability of the interaction 
betweenn the wild-type or mutant PAS elements and the 
antiPASS in the tRNAlys3 primer was also determined using 
Mfold. . 
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SUMMARY Y 

Thee replication cycle of HIV-1 and other retroviruses is characterized by reverse 
transcriptionn of the viral RNA genome into a double stranded DNA that 
subsequentlyy integrates into the host cell genome. In chapte r 1 an overview is 
presentedd of the HIV-1 replication cycle, and the mechanism of reverse 
transcriptionn is discussed. The focus is on the initiation phase of this complex 
process,, in which the tRNA primer is annealed onto the viral RNA template and 
extendedd by the viral RT enzyme. 

Chapter ss 2 and 3 describe studies to analyze the role of the U5-PBS hairpin in 
viruss replication. We introduced mutations to specifically stabilize or destabilize 
thiss hairpin structure. Note that RNA secondary structure probing experiments 
performedd in chapte r 6 suggest an alternative folding of this domain to form the 
U5-topp hairpin. Mutations that destabilize both the U5-PBS hairpin and the 
alternativee U5-top hairpin affect virus replication and the correct placement of the 
tRNAA primer onto the PBS. Stabilization of the U5-PBS hairpin severely reduces 
viruss replication and inhibits tRNA annealing onto the PBS, which is partially 
occludedd by the U5-PBS hairpin. Fast replicating revertant viruses were selected 
withh additional mutations that reduce the stability of the modified U5-PBS hairpin, 
andd that may also restore folding of the alternative U5-top hairpin. It remains 
possiblee that both RNA conformations play a role in specific stages of the viral life 
cycle.. For instance, there is some phylogenetic support for the existence of the 
U5-PBSS hairpin (2,3), and alternative RNA conformations have been reported to 
existt for other domains of the HIV-1 leader RNA (4,10). 

Overr the years many "forced evolution" experiments were performed in our 
laboratory,, including the one already mentioned with the stabilized U5-PBS hairpin 
mutant.. The cumulative sequence data of these virus evolution experiments 
demonstratee that G-to-A mutations are introduced most frequently into the viral 
genome.. These mutations probably reflect G-dT mispairing during minus-strand 
synthesiss in the initial phase of reverse transcription (19). A recent report claimed 
thatt a novel RNA editing mechanism is responsible for several G-to-A changes in 
thee viral RNA genome (5). In chapte r 4 we argue that it is more likely that these 
changess are introduced by error-prone reverse transcription. 

Inn chapter s 5 to 8 we study the role of the extended U5-leader stem in virus 
replicationn and reverse transcription by a detailed mutational analysis. In chapte r 
55 we demonstrate that stabilization of the US-leader stem reduces virus replication 
andd interferes with both initiation and elongation of reverse transcription. In 
chapte rr  6 we identify a novel sequence motif in the upstream U5 region that is 
criticall for tRNAlys3-mediated initiation of reverse transcription in vitro. This motif 
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doess not affect tRNA annealing onto the PBS and is not required in DNA-primed 
controll experiments. We propose that this motif interacts with the T^C arm of 
tRNAtys33 to activate initiation of reverse transcription. This U5-motif was termed 
Primerr Activation Signal (PAS). Interestingly, this element is masked in the viral 
transcriptt through base-pairing in the U5-leader stem, and reverse transcription 
cann be activated by exposure of the PAS through mutation of the "opposing" 
leaderr sequence. Furthermore, stabilization of the U5-leader stem was found to 
inhibitt reverse transcription (chapte r 5). The presence of the PAS enhancer 
elementt in a repressive RNA structure may provide a mechanism for positive and 
negativee regulation of HIV-1 reverse transcription. In chapte r 7 we verified that the 
PASS is also important for efficient reverse transcription in vivo, that is in virus-
infectedd cells. With the help of revertant viruses, we demonstrate that the PAS 
interactionn is required for efficient initiation and elongation of reverse transcription. 
Thee combined results indicate that the additional interaction between the tRNA 
primerr and the viral RNA template through the PAS-antiPAS interaction is needed 
too assemble an initiation-competent and processive reverse transcription complex. 
Inn chapte r 8 we provide further evidence for a direct base-pairing interaction 
betweenn the PAS motif in the viral RNA and the antiPAS sequence in the tRNAlys3 

molecule.. We show that the efficiency of initiation of reverse transcription can be 
modulatedd by PAS mutations that strengthen or weaken the interaction with 
tRNAlys3.. It has proven very difficult to change the identity of the tRNA primer for 
HIV-11 reverse transcription by alteration of the PBS sequence (8,14,20). Using in 
vitrovitro reverse transcription assays, we demonstrate that the identity of the priming 
tRNAA species can be switched by simultaneous alteration of the PBS and PAS 
motifss to accommodate a new tRNA primer. These combined results indicate that 
thee PAS-antiPAS interaction is important for tRNA primer selection and efficient 
reversee transcription. 

AA similar interaction between a U5 motif in the genome of the avian Rous sarcoma 
viruss (RSV) and the T^C arm of its tRNAtrp primer has been demonstrated 
previouslyy to stimulate initiation of reverse transcription (1,13), and a similar 
vRNA-tRNAA interaction was also proposed for HIV-2 (3,9). Extensive phylogenetic 
analysiss of different retrovirus genera indicates that a PAS-like element is present 
inn the U5 region of all retroviral genomes (chapte r 8). Thus, the PAS-antiPAS 
interactionn appears to be conserved in evolution, despite diversity in the tRNA 
speciess that is used by different retroviruses. These results suggest that the 
processs of reverse transcription is regulated by a common mechanism in all 
retroviruses.. Several other interactions between the HIV-1 RNA and tRNAlys3 have 
beenn proposed previously, which are based mainly on biochemical probing studies 
(11,12).. The putative interaction between the A-rich loop (A168-A171) in the viral 
RNAA and the U-rich anticodon loop of the tRNAlys3 primer (U33-U36) has been 
studiedd extensively. However, this interaction appears to be specific for HIV, since 
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otherr members of the lentivirus genus that also utilize tRNAlys3 do not possess an 
"A-richh loop" in their genome. This indicates that the "A-loop" interaction is not a 
generall property of retroviruses. The HIV-1 mutants that were used in our studies 
weree not designed to test all of these interactions, and further research is needed 
too determine whether a series of specific vRNA-tRNA interactions take place 
duringg reverse transcription. Multiple structural rearrangements of the viral RNA-
tRNAA complex may occur during the initiation and elongation phase of reverse 
transcription. . 

Itt appears that multiple levels of specificity restrict aberrant reverse transcription 
fromm non-self tRNA primers. The self-tRNA primer is not only selectively packaged 
intoo virions (15,16), but it is also specifically recognized and used for reverse 
transcriptionn by the corresponding viral RT enzyme (6,7,17). The additional PAS-
antiPASS interaction may further increase the specificity of reverse transcription. 
Thiss interaction is required for efficient initiation of reverse transcription, and may 
thuss restrict priming events from non-self primers. The PAS enhancer motif is 
occludedd by base-pairing in the U5-leader stem of the HIV-1 genome, and 
mutationn of the "opposing" leader sequence stimulates reverse transcription. This 
indicatess that the initiation step is actively suppressed by RNA secondary 
structure,, which may provide a mechanism for the temporal regulation of reverse 
transcription.. This mechanism may preclude premature reverse transcription in the 
virus-producingg cell, such that the viral RNA genome is only copied upon infection 
off a new host cell. Although binding of tRNAlys3 to the PBS may occur relatively 
early,, e.g. in the virus-producing cells, activation of the primer will require a 
structurall rearrangement of the vRNA-tRNA complex to establish the PAS-
antiPASS interaction. This conformational change may be facilitated by the viral 
nucleocapsidd protein (NC), which acts as an RNA chaperone (18). Because NC is 
onlyy released from the Gag precursor protein during virus maturation, this will 
ensuree the proper timing for initiation of reverse transcription. Recent studies 
describee another conformational switch in the HIV-1 leader RNA that is mediated 
byy NC (10). The RNA dimerization signal is masked by RNA secondary structure 
inn the viral template, but can be exposed by the addition of NC. Thus, RNA 
secondaryy structure in the HIV-1 leader RNA may provide a more general 
mechanismm to mask "late" replication signals that are involved in e.g. RNA 
dimerization,dimerization, packaging and reverse transcription. Conformational changes or 
"RNAA switches" may expose these signals and ensure the precise timing and 
coordinationn of these processes that are critical for retroviral replication. 
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Hett humaan immuundeficiëntie virus (HIV) is een retrovirus, en een infectie met dit 
viruss veroorzaakt AIDS. De replicatie cyclus van HIV-1 en andere retrovirussen 
wordtt gekenmerkt door het proces van reverse transcriptie. Hierbij wordt het virale 
RNAA genoom omgezet in dubbelstrengs DNA, dat vervolgens integreert in het 
genoomm van de gastheer cel. In hoofdstu k 1 wordt een overzicht gegeven van de 
HIV-11 replicatie cyclus, en wordt het mechanisme van de reverse transcriptie 
reactiee beschreven. Met name de eerste stappen worden belicht, het proces waarin 
dee tRNAlys3 primer bindt aan de "primer binding site" (PBS) in het virale genoom. 
Dezee primer wordt vervolgens gebruikt voor de start van reverse transcriptie door 
hett virale enzym reverse transcriptase (RT). 

Dee PBS ligt nabij het 5'-uiteinde van het RNA genoom in een regio met veel RNA 
structuurr elementen. Direct 5' van de PBS bevindt zich een RNA haarspeld 
structuur,, en sequenties aan weerszijden van de PBS gaan een lange afstands 
interactiee aan en vormen de zogenoemde U5-leader structuur. Om meer inzicht te 
krijgenn in structuur en functie van deze RNA elementen in the PBS regio werden 
verschillendee mutanten gemaakt in zowel de haarspeld als de U5-leader structuur. 
Dezee virus mutanten werden getest op het vermogen om te repliceren, en 
vervolgenss werden verschillende analyses uitgevoerd om de replicatie stap te 
identificerenn die door de mutaties wordt gehinderd, bijvoorbeeld het inpakken van 
hett virale genoom in het virus deeltje, transcriptie of reverse transcriptie. Naast 
dezee experimenten met het virus werden ook verschillende biochemische 
experimentenn uitgevoerd, zoals probing van RNA structuur en reverse transcriptie 
reactiess met gezuiverde HIV-1 reagentia (RNA transcript, tRNA primer en RT 
enzym).. Tevens werd geprobeerd om door middel van "geforceerde evolutie" 
informatiee te verkrijgen over de haarspeld en de U5-leader structuur. Deze 
methodee is gebaseerd op het feit dat het RT enzym fouten maakt bij het omzetten 
vann het RNA genoom in dubbelstrengs DNA tijdens de virus replicatie. Hierdoor 
ontstaatt een genetisch diverse virus populatie, waaruit de sterkste virussen worden 
geselecteerdd door positieve Darwiniaanse selectie volgens het "survival of the 
fittest"" principe. Tijdens het in kweek houden van zwak replicerende virus mutanten 
kunnenn aldus sneller replicerende virus revertanten ontstaan. Analyse van deze 
revertantenn kan helpen bij de identificatie van RNA sequenties en/of structuren die 
vann belang zijn voor de virus replicatie. 

Inn hoofdstu k 2 en 3 bestuderen we de rol van de haarspeld structuur in virus 
replicatie.. We introduceren mutaties in het virale genoom die deze structuur 
stabiliserenn of destabiliseren. Mutaties die de haarspeld destabiliseren verminderen 
hett vermogen van het virus om te repliceren en beïnvloeden de correcte plaatsing 
vann de tRNA primer op de PBS. Stabilisatie van de haarspeld vermindert de virus 
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replicatiee ook, en verhindert de binding van de tRNA primer aan de PBS. Via de 
"geforceerdee evolutie" methode werden sneller replicerende virus revertanten 
geselecteerdd voor de gestabiliseerde haarspeld mutant. Deze revertanten hebben 
extraa mutaties verkregen die de stabiliteit van de gemuteerde haarspeld weer 
corrigeren.. Deze resultaten suggereren dat een te stabiele haarspeld virus 
replicatiee verhinderd. 

Overr de jaren werden vele "geforceerde evolutie" experimenten uitgevoerd in ons 
laboratorium,, waaronder het hierboven genoemde experiment met de 
gestabiliseerdee haarspeld mutant. De cumulatieve sequentie data van deze virus 
evolutiee studies tonen aan dat G-naar-A mutaties het meest voorkomen in het virale 
genoom.. Deze mutaties ontstaan waarschijnlijk door G-dT misparing in de begin 
fasee van het reverse transcriptie proces. Een recente publicatie suggereerde dat 
eenn nieuw RNA-editing mechanisme verantwoordelijk is voor verschillende G-naar-
AA veranderingen die optreden in het HIV-1 RNA genoom. In hoofdstu k 4 
beargumenterenn wij dat deze mutaties waarschijnlijk worden geïntroduceerd tijdens 
hett reverse transcriptie proces. 

Inn de hoofdstukke n 5 tot 8 wordt de rol van de U5-leader structuur bestudeerd 
doorr het maken en analyseren van een uitgebreide serie mutanten. In hoofdstu k 5 
tonenn wij aan dat stabilisatie van de U5-leader structuur de virus replicatie 
vermindertt en de initiatie en elongatie van reverse transcriptie aantast. In 
hoofdstu kk 6 identificeren we een nieuw sequentie motief in de U5 regio dat nodig 
iss voor initiatie van reverse transcriptie door het tRNAlys3 molecuul in reverse 
transcriptiee reacties met gezuiverde HIV-1 reagentia (RNA transcript, tRNA primer 
enn RT enzym). Dit motief is niet nodig voor binding van de tRNA primer aan de PBS 
enn is ook niet betrokken bij reverse transcriptie reacties die worden opgestart met 
eenn DNA primer. We noemen dit motief het tRNA "primer activation signal" (PAS). 
Dee PAS gaat waarschijnlijk een interactie aan met de complementaire sequentie in 
dee tRNAlys3 primer. Interessant is dat de PAS wordt gemaskeerd in het virale RNA 
doorr base paring in de U5-leader structuur, en reverse transcriptie kan inderdaad 
geactiveerdd worden door de PAS van base paring te bevrijden door de 
tegenoverliggendee leader sequentie te muteren. Daarnaast geeft verdere 
stabilisatiee van de U5-leader structuur een reverse transcriptie defect (hoofdstu k 
5).. Het feit dat het belangrijke PAS element wordt opgesloten in een RNA structuur 
kann onderdeel zijn van een mechanisme om het proces van reverse transcriptie te 
regulerenn (zowel positief als negatief). In hoofdstu k 7 laten we zien dat het PAS 
motieff ook belangrijk is voor reverse transcriptie in virus geïnfecteerde cellen. We 
selecterenn verschillende virus revertanten, en tonen aan dat de PAS ook bijdraagt 
aann een efficiënte elongatie van reverse transcriptie. Tezamen tonen deze 
resultatenn aan dat de additionele interactie tussen het virale RNA en de tRNA 
primerr door middel van het PAS motief nodig is om een reverse transcriptie 
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complexx te assembleren dat in staat is tot efficiënte initiatie en elongatie van 
reversee transcriptie. In hoofdstu k 8 leveren we verder bewijs voor een directe 
interactiee tussen het PAS motief in het virale RNA genoom en de tRNA primer. We 
tonenn aan dat de initiatie van reverse transcriptie beïnvloed wordt door mutaties in 
hett PAS element die de interactie met de tRNAlys3 primer versterken of verzwakken. 
Daarnaastt laten we zien dat het tRNA-gebruik van HIV-1 veranderd kan worden 
doorr zowel de PBS als de PAS aan te passen aan een ander tRNA molecuul. Deze 
resultatenn demonstreren dat de PAS-interactie belangrijk is voor selectie van de 
tRNAA primer en voor efficiënte reverse transcriptie. 

Dee studies beschreven in dit proefschrift leveren nieuwe inzichten in het reverse 
transcriptiee proces. Het PAS motief is belangrijk voor efficiënte reverse transcriptie, 
maarr ligt opgesloten in een RNA structuur in het virale genoom. Dit kan een 
mechanismee zijn om reverse transcriptie in de tijd te reguleren en zodoende het 
voortijdigg kopiëren van het RNA genoom te voorkomen. De PAS-interactie met de 
tRNAA primer zorgt ook voor extra specificiteit van de reverse transcriptie reactie. Dit 
kann bedoeld zijn om te voorkomen dat reverse transcriptie van het virale genoom 
startt vanaf een "verkeerde" primer. Analyse van de genomen van andere 
retrovirussenn laat zien de PAS interactie geconserveerd is in de evolutie 
(hoofdstu kk 8). Altijd is er een PAS element aanwezig in de U5 regio, 
complementairr aan de tRNA primer die wordt gebruikt door het desbetreffende 
virus.. Deze resultaten suggereren dat het reverse transcriptie proces in alle 
retrovirussenn wordt gereguleerd door een zelfde moleculair mechanisme. 
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