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Ann HIV-1 infected individual with low viral load harbors a virus variant 

thatt exhibits an in vitro RNA dimerization defect 

ABSTRACT T 

Wee investigated the in vitro RNA dimerization properties of the untranslated leader 

RNAA derived from HIV-1 variants circulating in an individual with a low viral load and 

sloww disease progression. The leader sequences of these viruses contain highly unusual 

polymorphismss within the Dimer Initiation Site : an insert that abolishes dimerization 

andd a compensatory substitution. Dimerization of leader RNA from late stages of 

infectionn is further improved by additional mutations outside the D1S motif that 

facilitatee a secondary structure switch from a dimerization-incompetent to a 

dimerization-competentt RNA conformation. 
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Resultss and discussion 

Diseasee induction following HIV-1 infection, or the ability to control the infection, is thought 

too depend on at least three factors: genetic susceptibility of the host, the ability of the host to 

elicitt an effective immune response and the virulence or fitness of the incoming virus. The 

magnitudee of viral replication, as measured by plasma viral load, is predictive of the rate of 

diseasee progression, and asymptomatic infection usually correlates with low to undetectable 

virall  load and CD4+ lymphocyte homeostasis (30, 31). Studies on individuals with non-

progressivee HIV-1 infection have provided valuable information on host factors that are 

importantt for viral replication. The presence of polymorphisms within the co-receptors CCR5 

andd CCR2 in asymptomatic patients underscores the importance of these cellular proteins in 

virall  replication (32), Similarly, polymorphisms within viral genes that appear in non-

progressorss underscore a role for those proteins in aspects of viral replication or 

pathogenicity.. Deletions and difficult-to-revert polymorphisms associated with delayed 

diseasee progression have been identified in the HIV-1 Nef, Gag, Rev, Vpu and Vpr proteins 

(1,4"6,, 9, 12,22,24,39,40,45). 

Fromm the Amsterdam HIV-AID S cohort of homosexual men we identified individual 

H06711 who became infected with a subtype B virus in 1995, but who has a low viral load in 

thee first two years of infection despite not receiving antiretroviral therapy (Figure 1). H0671 

enteredd the Amsterdam Cohort Studies on 5-6-1986 and tested seropositive for HIV-1 specific 

antibodiess on 22-3-1995. The individual is a 48-year-old male who is heterozygous for the 

deltaa 32 mutation in the CCR5 co-receptor. For two years after seroconversion, viral RNA in 

thee blood remained below 1000 copies/ml and then gradually increased towards 

approximatelyy 50.000 copies/ml. This pattern is rather unusual, as less than 1% of the infected 

individualss in our cohort have a viral load below 1000 copies/ml in the first year after 

seroconversion.. The CD4 count of H0671 has remained fairly stable since the time of 

infection,, but a decline is apparent as of 1999 and this coincides with the increase in viral 

load.. This atypical disease course may suggest that patient H0671 was infected with a poorly 

replicatingg virus that gained replicative potential over time. 

Too identify polymorphisms in the viral genome that are potentially responsible for the 

loww viral load at the onset of infection, we performed full genome sequencing of the viruses 

circulatingg in patient H0671. Serum samples and peripheral blood mononuclear cells 

(PBMCs)) were collected every three months to determine viral load and CD4+ cell counts. 

Biologicall  clones were generated from the patient PBMCs that were co-cultivated writh PHA-

stimulatedd healthy donor PBMCs. In total, the complete genome of seven biological clones 
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Figuree 1. Slow disease progression in patient H0671. Viral load as measured by viral RNA in the 

bloodd is shown by a red line. Blue lines indicate the detection level of two different assay systems 

(NucliSens,, which was abandoned in 1996, and QT NASBA). The number of CD4 positive cells is 

indicatedd in green. A dotted line indicates the time of seroconversion. Arrows indicate time points of 

whichh the samples were analyzed in this study. (Appendix IV.I) 

fromm early, intermediate and late stages of infection were sequenced by the novel PALM 

methodd (15). We noted highly unusual variations in the otherwise extremely conserved non-

translatedd leader RNA domain. This untranslated leader contains important RNA motifs that 

regulatee key steps in the virus replication cycle such as regulators of gene-expression 

(transcription,, RNA processing and translation) and virion-associated processes (genome 

packagingg and reverse transcription) (2). In the patient derived leader sequence, a six 

nucleotidee insert at position 256 and an A263G substitution downstream of the insert are 

presentt (see Figure 2, positions are relative to the transcriptional start site in the HIV-1 LAI 

prototype),, and this variation is unlike any natural sequence variation observed in the Los 

Alamoss HIV sequence database. The GAAGAA insert is a double repeat of the preceding 

GAAA triplet, suggesting that it may have occurred through slippage during reverse 

transcription.. Both the insert and the substitution remain Fixed in the virus population 

throughoutt the course of infection. 

Thesee unique mutations in the patient isolate are located within the Dimerization 

Initiationn Site (DIS) hairpin that is thought to mediate dimerization of the genomic RNA that 

iss packaged into virions (14, 3335, 37, 38, 44). DIS-mediated RNA dimerization is well-
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Figuree 2. Unusual sequence variation in the HIV-1 untranslated leader RNA. Alignment of the HIV-1 

leaderr RNA sequence as found in the virus population of patient H0671 and two subtype B reference 

strains,, LAI and HAN. These reference sequences were included to indicate common variation in the 

leaderr sequence. Patient-derived sequences are from the time of seroconversion (p95, taken in 1995) 

andd from 1999 (p99A and B), when the viral load had increased. Numbering of the residues 

correspondss to the LAI isolate, with +1 referring to the transcriptional start site. The termini of 

transcriptss used in this study are underlined (5': positions +1 and 17; 3': position 290). Several 

structuree and sequence elements are highlighted: The TAR hairpin bilge and loop (green), the 

AAUAA AA polyadenylation signal (orange), the Primer Binding Site (PBS, blue) and the DIS 

palindromee (pink). Nucleotides in bold indicate sequence changes uniquely observed in virus isolates 

fromm late stages of infection. (Appendix IV.II ) 
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Figuree 3. Alternative secondary structures of the HIV-1 leader RNA. Several structure and sequence 

elementselements are highlighted: The TAR hairpin bulge and loop (green), the AAUAA A polyadenylation 

signall  (orange), the Primer Binding Site (PBS, blue) and the DIS palindrome (pink). The most 

5'residuee of the transcript is indicated by a dot. The ground state conformation contains a long-

distancee interaction (LDI) between the poly A and DIS domains. The alternate conformation exposes 

thee polyA and DIS hairpins and takes the form of a branched structure (BMH). The BMH monomer 

allowss the formation of RNA dimers through base pairing of the palindromes of two DIS loops. 

characterizedd biochemically and occurs through intermolecular base pairing of two loop-

exposedd palindromes, an interaction referred to as loop-loop kissing (25, 37). However, we 

recentlyy demonstrated that HIV-1 leader RNA monomers adopt a ground state conformation 

inn which the DIS palindrome is occluded by a Long Distance Interaction (LDI ) with upstream 

sequencess (20, 21), and this renders the RNA dimerization-incompetcnt. Refolding of the 

RNAA into a Branched conformation with Multiple Hairpins (BMH) triggers the exposure of 

thee DIS palindrome, which allows the intermolecular kissing-loop interaction to take place 

(Figuree 3). We have suggested that the LDI to BMH conformational rearrangement may serve 

ass a molecular switch to coordinate early and late events in the virus replication cylce (20). 

Thee DIS hairpin is extremely conserved in HIV-1 isolates and its natural variation is 

restrictedd to GCGCGC or GUGCAC palindromes in the loop of the hairpin, and one anecdotal 

isolatee has been reported with a hybrid GUGCGC palindrome (2, 43). This suggests that the 

raree mutations in the patient isolate may have compromised the functionality of the DIS 

elementt and consequently viral replication. The insert is located immediately upstream of the 

DISS palindrome and increases the loop size of the hairpin (Figure 4A). Consequently, the 

palindromee is shifted away from its central loop-exposed position, which is likely to 

negativelyy influence RNA dimerization (13, 23, 38). The substitution is located directly 
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Figuree 4. RNA dimerization properties of 
RNAA corresponding the HIV- I leader as 
foundd in patient H0671. (A). Secondary 
structuree models of the wild-type DIS 

p955 i s element of the LAI strain, the p95 patient 
derivedd DIS (I+S) and two mutants 

2900 c so containing the individual insert (I) or 
substitutionn (S). The DIS palindrome is 
shownn in pink, the 6-nucloetide insert in 
orangee and the A263G substitution is 
boxed.. (B). Non-denaturing gel showing 
thee RNA dimerization properties of the 
1/2900 and 17 290 transcripts. Arrows 
indicatee the dimcric (D) and monomeric 
(BMHH and LDI) RNA. (C). RNA dimcr 

I.. I 
LAII p95 I S 

17/290 0 

I I I I LDi-»» ÜVH i 30 H n i ! yield for the I 290 transcripts shown in 
panell  B. (D). RNA dimer yield for the 
17/2900 transcripts shown in panel B. 
(Appendixx IV.III ) 1 22 3 4 5 6 7 8 LAI p95 

downstreamm of the palindrome, also in the single stranded loop, and extends the palindrome 

fromm GCGCGC to GCGCGCGC. 

Too investigate dimerization properties of this unusual DIS element, we synthesized a 

transcriptt (positions 1/290) corresponding to the untranslated leader RNA as present in patient 

H06711 at the early stage of infection (p95) with both the insert (I) and substitution (S). Two 

mutantt transcripts were made that individually contain the I and S mutations within the D1S 

motiff  (Figure 4A). As a wild type control, we used the RNA of the subtype B LAI isolate. The 

proceduress of RNA synthesis, dimerization and non-denaturing gel-electrophoresis have been 

describedd elsewhere (1921). A representative experiment is shown in figure 4. which 

demonstratess that the p95 (I+S) and mutant I transcripts produce a low level of RNA dimers. 

Dimerizationn of the p95 sample (I+S) is slightly more efficient than the I mutant and this was 

reproduciblyy observed in experiments addressing the temperature dependency of RNA 

dimerizationn (results not shown). Dimerization of the S mutant is more efficient than that of 

thee wild type control (Figure 4B. lanes 1-4. and Figure 4C). These results demonstrate that the 

six-nucleotidee insert is detrimental to DIS-dependent RNA dimerization and that the 

substitution,, which extends the DIS palindrome, enhances RNA dimerization of both the LAI 

andd patient-derived RNA. 
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Inn a parallel experiment, we analyzed the same set of RNAs in the context of a 5' 

truncatedd transcript (positions 17/290). This was done to dissect the complex HIV-1 RNA 

dimerizationn mechanism, which depends on the intramolecular LDI to BMH secondary 

structuree rearrangement of the leader RNA prior to dimerization (20, 21). Truncation of the 5' 

TARR element causes a preference for the BMH conformation in which the DIS palindrome is 

constitutivelyy exposed (19). In this context, there is indeed a strong increase in the RNA 

dimerr yield compared to the full-length transcripts (Figure 4B, C and D). Poor dimerization of 

thee I mutant is still apparent, as is the efficient dimerization of the S mutant (Figure 4B and 

D).. However, dimerization of p95 (I+S) is now significantly improved, albeit slightly less 

efficientt than the wild type control. These results confirm the detrimental effect of the insert 

onn RNA dimerization and the compensatory nature of the substitution. Importantly, these 

resultss indicate that the patient-derived leader RNA has a dimerization defect. This defect is 

nott absolute, and significant amounts of dimers can be induced when the transcript is forced 

inn the dimerization-competent BMH conformation. The isolated I mutant has a more severe 

dimerizationn defect that cannot be rescued by this strategy. 

Comparisonn of the viral sequences from early (p95) and late (p99A and B) stages of 

infectionn revealed a number of additional sequence changes within the untranslated leader 

RNA,, but outside the DIS motif (Figure 2). Both late sequences have a C96U substitution. In 

addition,, p99A has a U200C substitution and P99B contains a three-nucleotide deletion at 

positionn 205-207 and three substitutions within the TAR element (nucleotides 1 through 57). 

Thee latter changes do not significantly alter the secondary structure of TAR and are similar to 

sequencee variation in other HIV-1 isolates. This is also the case for the variability of the A-

richh sequence spanning positions 301-305. Interestingly, the C96U substitution common to 

thee p99A and p99B sequences destabilizes the LDI structure by introducing a weak G-U base 

pairr instead of the natural G-C base pair. This may improve the RNA dimerization capacity of 

thee untranslated leader by favoring the dimerization-competent BMH conformation, which 

exposess the DIS hairpin. The additional sequences changes in p99A and p99B may also affect 

thee LDI to BMH equilibrium and subsequent dimerization. We synthesized RNA 

correspondingg to the wild type LAI , p95 and p99A and B sequences and RNA dimerization 

wass monitored in the context of the 1/290 and 17/290 transcripts. A significant difference 

betweenn the early and late samples is observed when the 1/290 transcript is used. Both p99 

sampless produce two- to three-fold more dimers than the p95 sample (Figure 5A). 

Interestingly,, this difference in dimerization efficiency is lost when the 17/290 transcript is 

usedd (Figure 5C). This finding supports the idea that the late samples have improved 
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Figuree 5. RNA dimerization properties of patient-derived HIV-1 leader RNA from early and late 

stagess of infection. (A). Non-denaturing gel showing the dimerization properties of early (p95) and 

latee (p99A and B) patient-derived HIV-1 leader RNA in the context of 1/290 and 17/290 transcripts. 

Arrowss indicate the dimeric (D) and monomeric (BMH and LDI) RNA. (B). RNA dimer yield for the 

II  '290 transcripts shown in panel A. (C). RNA dimer yield for the 17/290 transcripts shown in panel A. 

dimerizationn through a shift in the LDI-BM H equilibrium, because the differential 

dimerizationn is absent in transcripts that are already in the BMH conformation. To directly 

testt whether the LDI-BM H equilibrium is altered, we analyzed the 1/290 transcripts under 

conditionss at which the differentially migrating LDI and BMH conformations co-exist during 

electrophoresiss (20). This is achieved by incubating the RNA in the Tris buffer (10 mM Tris-

HC11 pH 7.5) prior to electrophoresis. Indeed, the p99A and p99B samples demonstrate a 

significantt shift towards the BMH conformation compared to the wild type LAI and the p95A 

sampless (Figure 6). 

Wee used the Mfold program to analyze the LDI and BMH structures of the different 

transcriptss in further detail (29. 46, 47). Standard settings were used, corresponding to 1 M 

NaCll  at 37°C, with a 5% sub-optimality range. Figure 7A shows the Mfold generated dot-plot 

representationss for the wild type LAI . p95 and p99B leader sequences. In this dot-plot, each 

individuall  dot represents a base pair of which the residues are defined by the X and Y axis of 

thee graph. Within each dot-plot, the top right triangle shows all predicted base pairs from the 

5%% most stable structures, and the likelihood of base pair formation is indicated by color 

codingg (Figure 7A). The lower left triangle shows the single lowest energy structure, which 

includess the TAR hairpin and the extended LDI helix for the wild-type LAI and p95 

sequences.. The DIS hairpin is not predicted for either sequence, which is in accord with the 

preferencee for the LDI conformation (Figure 7A and B). The early p95 (I+S) sequence does 
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producee a number of small helices within the DIS region, but none of these correspond to the 

correctlyy folded DIS hairpin (Figure 7B). However, the late p99B sequence shows a marked 

increasee in possible foldings within the DIS domain at the expense of the LDI helix, even 

thoughh the differences between the early (p95) and late (p99) sequences are not within the 

DISS motif itself (2). Importantly, correct folding of the DIS hairpin is predicted for the late 

sequencess (Figure 7B), and this coincides with a higher probability of folding the poly(A) 

hairpin,, which is another hallmark of the BMH conformation. Thus, the structure prediction 

confirmss that the additional changes in the leader sequence of the late samples cause 

improvedd folding of the BMH conformation, thereby exposing the DIS hairpin for 

dimerization. . 

Wee next investigated the effect of these rare DIS mutations on virus replication by 

constructingg mutant molecular clones of the LAI isolate (LAI I and LAI 1+S). Unexpectedly, 

noo gross replication defects were observed for any of these mutants, both in a T-cell line 

(SupTl)) and PBMCs. However, in transfection experiments in SupTl cells we did observe 

improvedd replication of the I+S mutant compared to the I mutant (Figure 8). No differences in 

virall  growth were apparent upon transfection of PBMCs (data not shown), which is consistent 

withh the recent observation that DIS mutants have rather healthy phenotypes in these cells 

(18).. We performed additional virus competition experiments to substantiate the difference in 

rcplicativee potential between the I and I+S mutants. In two independent experiments, SupTl 

cellss were co-transfected with equal amounts of each molecular clone and the virus population 

wass sequenced four (experiment 1) or six (experiment 2) weeks after transfection. We 

consistentlvv observed that viruses containing both the insert and substitution (I+S) dominated 
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Figuree 7. RNA secondary structure prediction of the LAI and patient-derived untranslated leader 

RNA.. (A). Dot-plot representation generated for the 1/290 leader sequence by the Mfold program. In 

thee dot-plot for the wild-type LAI sequence, the position of the TAR, PolyA and LDI duplexes are 

indicatedd with arrows. Note that the p95 transcript is six nucleotides longer than the LAI RNA due to 

thee insert in the DIS domain. The p99B RNA contains this insert plus an additional deletion, making it 

onlyy three nucleotides longer than the LAI RNA. Color-coding indicates the probability of each base 

pairr in the upper right triangles, as shown below the plots. The lower left triangles show the optimal 

fold.. (B). Close up of the structure prediction in the DIS domain, which is indicated by a box in panel 

A .. The LAI and p95 sequences show no solutions with the properly folded D1S hairpin. The p99B 

sequencee shows a proper folding of the D1S hairpin, which is indicated by an arrow. (Appendix IV.IV ) 

thee viral culture by out compet ing viruses containing only the insert. This result supports the 

notionn that the substitution compensates for the defect imposed by the insert. Interestingly, we 

previouslyy observed the same A263G substitution upon prolonged culturing of a mutant virus 

inn which the palindrome was truncated to GC. In this case the A263G substitution partially 

repairedd the palindrome to GCGC (3). Thus, the substitution appears to be a second-site 

escapee mutation that the virus acquired to partially rescue RNA dimerization and virus 

replication.. We tried to identify the putative precursor virus that contained only the insert 

fromm blood samples taken prior to seroconversion of patient H0671, but we did not detect 

suchh a virus. Instead, these samples contained leader sequences identical to the p95 isolate. 



Figuree 8. The effect of leader RNA 
polymorhpismss on virus replication. 
Replicationn of the wild type HIV LAI 
viruss and two mutant viruses that contain 
thee insert (I) and insert plus substitution 
(I+S)) as found in virus isolates in patient 
H0671.. SupTl cells were transfected with 
11 _g of the virus molecular clones and 
replicationn was monitored by measuring 

dayss after transfection CA-p24 production by FX1SA (10). 

Thus,, it is possible that patient H0671 was initially infected with a virus containing both the 

insertt and substitution, and that the compensatory substitution may already have occurred in 

thee donor. 

Wee also performed transfection experiments to compare the replication of virus 

molecularr clones containing the leader RNA from the early and late stages of infection, but 

thesee mutants showed a level of replication that is very similar to the wild-type LAI isolate. It 

iss surprising that the differences in RNA dimerization between the early and late virus isolates 

thatt we measured in vitro do not translate into differences in virus replication. However, 

discrepanciess between in vitro RNA dimerization and cell culture infection studies are 

common.. Since the first demonstration that the DIS hairpin drives dimerization in vitro (37), 

manyy studies confirmed the kissing-loop dimerization mechansim (8, 14, 20, 21, 23, 27, 28, 

33,, 34, 44). Virus replication studies, on the other hand, show enormous variability in the 

extentt to which mutations in the DIS domain affect replication and the RNA dimer content of 

progenyy virions. Some severe DIS mutants affect virus replication marginally and yield 

virusess with dimeric genomes (3, 7, 18, 26, 41, 42), whereas other DIS mutants have 

predominantlyy monomeric genomes and a severe replication defect (7, 26, 36, 42). In our 

hands,, a mutant with a deleted DIS palindrome contained a normal dimeric RNA genome and 

hadd a mild replication defect (3). It is possible that the cell culture system does not accurately 

mimicc the restraints imposed on RNA dimerization by the natural course of infection. Indeed, 

itt was recently demonstrated that the phenotype of DIS mutants varies with the cell-type used 

inn cell culture infections (18). 

Wee have shown here that the leader RNA from viruses circulating in patient H0671 

containn rare mutations in the non-coding DIS domain that inhibit the formation of RNA 

dimerss in vitro. Leader RNA from later stages of infection, when the viral load in the patient 

hadd risen, showed improved RNA dimerization due to shift in the LDI-BM H equilibrium to 

favorr the dimerization-competent BMH conformation. These results are consistent with virus 

evolutionn in patient H0671 towards replication-improved species from a defective parental 
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virus.. We have previously been able to correlate reversion pathways of mutant viruses in cell 

culturee with adjustment of the LDI-BMH equilibrium (19, 20). Whether the rare mutations in 

thee leader RNA of the patient H0671 virus population have directly contributed to the low 

virall  load at the initial stage of infection and the subsequent rise in viral load is not apparent at 

thiss point. This will require a reliable assay system to investigate the role of the DIS element 

inin vivo. Nonetheless, our results suggest that the slow disease progression of patient H0671 

mayy be due in part to impaired fitness of the incoming virus with suboptimal DIS element. It 

iss possible that factors other than the viral DIS-defect contributed to the slow disease 

progressionn in this patient. We already mentioned that H0671 is heterozygous for the 32 

deletionn in the CCR5 gene that encodes an important coreceptor for HIV-1 entry. There is 

alsoo evidence for a rigorous cytotoxic T-lymphocyte (CTL) response in this patient, followed 

byy the evolution of CTL-escape variants (15). Another peculiarity is the fact that this patient 

wass infected with an AZT-resistant virus variant with the 215Y mutation in the RT enzyme. 

Thee idea that this mutation may have negatively influenced viral fitness is underscored by the 

evolutionn of this amino acid, first to 215D and subsequently to 215N (11, 16, 17). These 

findings,, combined with the DIS-defect reported in this study, suggest that attenuation of the 

virall  quasispecies in patient H0671 may be due to multiple genetic defects. 
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