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Chapterr 8 

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 
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100 23 

99 21 

AG G 

-- 9.1 
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-4.3 3 

-16.7 7 
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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. 

Modifie dd tRNA lys 3 nucleotide s are no t require d 
fo rr  PAS-mediate d activatio n 
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-

93 3 



Chapterr 8 

C U C G' ' 

G A 6 C C 

G U C C C C 

C U C G G 

GG A G C 

G U C C C C 

|CC A G G G ; 

F̂^ ^ C U C G G 

GG A G C 

G U C C C C 

S U C U C i i gnsts^c c 

tRNA A 
Iys3 3 syntheticc tRNA 

Iys3 3 
syntheticc 2L-tRNA 

Iys3 3 

B B PAS S 
wtt G U l G A C U C U G G j U A 

II I I I I I I I 
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 
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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, 

95 5 



Chapterr 8 

AOH H 

c c 
C C 

ss G 
P G - C C 
C - G G 

CC G 
G-- C 
G-- U 6o 
A M JJ Lj G A' 

 A >.,A ICSAsec T s \ ^ 
cc C U C G ' |cy—^-^JLjD 

S »» A G r ' 
II T - A G 

*>*> C - G 

300 - G » C - 40 
A -- T A 

AOH H 
C C 
C C 
G G 

P G-- C 
C - G G 
C - G G 
C-- G 
G - U U 
G-- U 
C - GG p G ,1 
UU C A C C C ^ 

cc f y CG2 I p j r - ^ ^ Q f 
GG G A G C  , 

GG n A A r „ G 

T .. A
G G 

G - C C 
G-- C 
G-- C 
AA • V 

AOH H 
C C 
C C 
G G 

P G-C C 
C - G G 
C-- G 
C-- G 
G - U U 
G-- U 
G ** G C G A' 
UU C A C C C ^ 

CC fUCG' I c y ^ ^ Q l 0 

GG G A G C u , 

V A G G G G 

G«C C 
A»» U 
G«« C 
A»» 1' 

B B 
tRNA A 

Iys3 3 

PAS S 

wtt HIV-1 —IG A C U C U G f 

PBS-lyss 1,2 - H G A C U C U G G h 

PBS/PAS-lys1,22 — I G A C U C A C G h 

tRNA A 
Iys1 1 

tRNA A 
!ys2 2 

PBS S 

- IUGGCGCCCGAACAGGGG A~C] — 

-IUGGCGCCCAACGUGGGG GC| — 

-IUGGCGCCCAACGUGGGG GQ-

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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