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We previously showed that a didanosine-selected mutation in pNL4-3 background conferred a replication
disadvantage on human immunodeficiency virus type 1, resulting in a loss of replication fitness. This work has
been extended by showing that a recombinant virus with the HXBc2 backbone and reverse transcriptase (RT)
fragments from pNL4-3 containing the Leu74Val mutation produce decreasing amounts of p24 antigen over a
3-week period. The HXBc2 recombinant containing the wild-type RT from pNL4-3 replicated efficiently. When
the virion-associated RT containing the Leu74Val mutation was used in an RT processivity assay with
homopolymer RNA template-primer, poly(A), and oligo(dT), the RT with altered Leu74Val mutation was less
processive, generating fewer cDNA products in comparison to wild-type pNL4-3 RT. The replication Kkinetics
and RT processivity of the mutant with the Leu74Val mutation were compared to those of a lamivudine-selected
mutant Metl184Val. In replication kinetics assays, mutant Leu74Val replicated slower than the mutant
Met184Val. In a processivity assay, the mutant RTs from both viruses show comparable decreases in proces-
sivity. These observations provide biochemical evidence of decreased processivity to support the decrease in

replication fitness observed with the Leu74Val or Met184Val mutations.

The nucleoside inhibitors of the reverse transcriptase (RT)
of human immunodeficiency virus 1 (HIV-1) are converted to
the triphosphates, and the nucleoside triphosphates (dNTPs)
are incorporated into elongating DNA to greatly inhibit HIV
replication (18). The presence of the NTPs in cells produces
strong selective pressure on viral replication, causing the wild-
type (WT) virus to be rapidly replaced with a drug-resistant
variant which is probably present as a minor population in the
absence of drugs. The drug-resistant virus is able to replicate to
high levels in the presence of drug, but in the absence of drug,
the drug-resistant viruses have been suggested to be less fit
than the WT population (11). An exception to this general
hypothesis are mutants resistant to zidovudine (AZT) contain-
ing mutations in the HIV RT gene. The mutants which contain
the AZT-related mutation changing threonine to tyrosine at
codon 215 and a compensatory mutation lysine to glutamine at
codon 219 have been shown to possess an RT with increased
processivity compared to the wild-type virus, and viruses con-
taining several AZT mutations replicate to a higher titer in
peripheral blood mononuclear cells (PBMC) than the WT
virus in the absence of drug (2, 8). Another report has shown
contrasting results, i.e., that AZT-resistant HXB2 variants of
HIV-1 may replicate more poorly than wild-type virus (25). In
contrast, the lamivudine (3TC)-selected mutation Met184Val
in the YMDD catalytic region of HIV RT confers a replication
disadvantage to HIV in the absence of drug, and the presence
of this mutation in purified or virion-associated RT results in
an enzyme which exhibits diminished processivity (3, 5). This
has also been extended to 3TC-resistant polymerase mutants
of hepatitis B virus (HBV), where mutations in the exactly
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analogous regions of the HBV RT active site (Tyr-Met-Asp-
Asp [YMDD)]) changing Met 552 to Val results in HBV with a
diminished replication capacity in tissue culture (34).

We have previously shown that the didanosine-related mu-
tation Leu74Val in a pNL4-3 background confers a replication
disadvantage to the virus and a significant loss in fitness com-
pared to the wild-type virus in a drug-free medium (41). Sev-
eral clinical trials have shown that didanosine therapy is asso-
ciated with a persistent low HIV RNA load (15, 24, 32). The
detection of mutation Leu74Val in clinical isolates during clin-
ical trials with didanosine monotherapy in AZT-experienced
population has been reported to occur frequently in some
studies (16, 43). In one study where AZT-experienced individ-
uals were treated with didanosine monotherapy for 12 months,
65% of the individuals developed Leu74Val mutation (43).
However, the percentage of clinical isolates that develop
Leu74Val mutation is smaller during clinical trials with com-
bination therapy (28, 39, 40). The use of hydroxyurea in com-
bination with didanosine has been suggested as a method to
enhance the antiviral affect of didanosine by decreasing intra-
cellular levels of dATP, the natural competitor of ddATP (13).
In a clinical trial comparing hydroxyurea and didanosine to
didanosine alone, the combination of hydroxyurea and di-
danosine was associated with a lower HIV-1 RNA level and
the appearance of more Leu74Val mutations in patients re-
ceiving both drugs (13).

The present study sought to determine the biochemical
mechanism for inefficient replication of viruses with Leu74Val
mutation and to compare the replication kinetics and RT pro-
cessivity of didanosine-selected Leu74Val and 3TC selected
Met184Val variants. We found that the Leu74Val mutation
results in an RT with a decreased processivity on a homopoly-
mer template, poly(A). This finding suggests that the attenu-
ated replication of RT variant Leu74Val is due in part to the
decreased processivity of RTs with Leu74Val mutation, pro-
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TABLE 1. Oligonucleotides used in this study

Codon
Primer Primer sequence” _—
WT Mutant
With mutated RT codon
Lys70—Thr S'TTTTCTCCATGTAGTACTGTC3' (2768-2748) AAA ACA
Leu74—Val S'"GAAATCTACTACTTTTCTCCAT3' (2780-2759) TTA GTA
Met184—Val 5’AATCATCCACGTATTGATAG3' (3108-3089) ATG GTG

For sequencing of the RT gene

S'CTGCACTTTAAATTTTCCCATT3' (2534-2555)
5’ACAATGGCCATTGACAGAAG3' (2615-2634)
S’AAGTATACTGCATTTACCATACCTAGTATA3' (2925-2954)
5'CCAGCAATATTCCAGTGTAGCATG3' (3018-3041)

For PCR amplification of the RT gene

S'TCAGATTGGCTGCACTTTGAATTCTCCCATTAGTCCT3' (2525-2561)
5'CTTGGGCCTTATCTATTCCATCTAGAAATAGTAC3' (4257-4224)

¢ Underlined nucleotides were changed to obtain the mutant codon; nucleotide numbers in parentheses correspond to the pNL4-3 sequence for GenBank accession

no. M19921 (1).

viding clear biochemical evidence to support the attenuated
viral replication conferred by the didanosine-selected mutation
Leu74Val. The in vitro processivities of RTs with Leu74Val
and Met184Val mutations were comparable, and RT variant
Leu74Val replicated slower than Met184Val variant during
replication kinetic analysis.

(This study was presented in part at Sth and 6th Conferences
on Retroviruses and Opportunistic Infections, 31 January to 4
February 1998 and 1 to 5 February 1999, Chicago, Ill.)

MATERIALS AND METHODS

Chemicals and medium. Radionucleotides [methyl->H]dTTP and [a->*P]dTTP
were purchased from NEN, Boston, Mass. Polynucleotides poly(rA), and primer
oligo(dT),,_,s were purchased from Boehringer Mannheim, Ind., and poly(rC)-
poly(dG),, ;g was purchased from Amersham Pharmacia Biotech, Piscataway,
N.J. The oligonucleotides used for mutagenesis were synthesized and high-
pressure liquid chromatography purified by Operon, Alameda, Calif. RPMI 1640
medium was used in all cell growth and viral culture assays.

Cells and virus. Healthy HIV-seronegative donors were routinely bled, and
peripheral blood mononuclear cells (PBMC) were separated by Ficoll-Hypaque
(Histopaque 1077; Sigma) density gradient centrifugation and stimulated with
phytohemagglutinin (PHA; 2 pg/ml) in RPMI 1640 supplemented with 20%
heat-inactivated fetal bovine serum, 5% purified human interleukin-2, 250 U of
penicillin/ml 250 pg of streptomycin/ml and 2 mM L-glutamine for 48 to 72 h
prior to virological study (31). The proviral clone pNL4-3 (contributed by M.
Martin) and recombinant RT (HIV-1 BH10) were obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases, National Institutes of Health.

Site-specific mutagenesis and generation of recombinant viruses. To insert
specific point mutations in RT coding sequences, the Altered Sites in vitro
mutagenesis system (Promega, Madison, Wis.) was used according to our previ-
ous protocols (41, 42) and directions provided by the manufacturer. Briefly, a
4.3-kb Sphl-Sall fragment of proviral clone pNL4-3 was cloned into mutagenesis
phagemid pALTER ™!. Single-stranded DNA from this recombinant phagemid
was used to create specific mutations in RT by using mutagenic oligonucleotides
(Table 1). To generate a full-length proviral clone, the 4.3-kb Sphl-Sall fragment
from pNL4-3 was replaced with the identical fragment of mutagenic vector
PALTER-1 carrying various mutations in the RT gene.

To ensure that the attenuation of viral replication by the Leu74Val mutation
in pNL4-3 (41) did not reflect merely the plasmid background, we also analyzed
this property in a different plasmid backbone. The wild-type RT fragment (Sphl-
Sall) of proviral clone HXBc2 was replaced with the equivalent WT or mutated
(Leu74Val) RT fragment of the pNL4-3 clone, and the recombinant virus was
designated HXPNRT or HXPNRT74, respectively. PBMC (5 X 10°) were trans-
fected with 5 pg of each proviral clone, and antigen p24 was measured at
different time points.

Transfection, infections, and virus propagation. PHA-stimulated PBMC (5 X
10%) were harvested, washed twice with cold phosphate-buffered saline, and
suspended in 250 pl of cold medium (RPMI 1640) supplemented with fetal
bovine serum and antibiotics; 5 to ten wg of plasmid DNA was added to the cells
in a cuvette (0.4 wm) and kept on ice, and the cells were transfected by electro-
poration at 250 V and 960 wF with a Bio-Rad Gene Pulser. The electroporated

cells were kept on ice, resuspended in 5 ml of RPMI 1640 supplemented with
fetal bovine serum and antibiotics, and incubated at 37°C under 5% CO,. Virus
production was monitored by determining the presence of antigen p24 with an
enzyme-linked immunosorbent assay (ELISA) kit (NEN) and by assaying the RT
activity by an in vitro RT assay which measures the incorporation of [methyl-*H]
TTP into cDNA of a poly(rA) template in the presence of virion-associated RT
and oligo(dT) (41). The cell-free supernatants from these cultures were saved in
aliquots for viral propagation. The AIDS Clinical Trials Group (ACTG)-Depart-
ment of Defense consensus protocols were followed for virus propagation and
stock titration (31). Once sufficient virus production (>60 ng of p24 antigen/ml)
was achieved, the cell-free virus was stored at —70°C for various analyses. The
50% tissue culture infective dose (TCIDs,) was calculated by the Spearman-
Karber method as discussed elsewhere (31).

Replication kinetic and growth competition assays. Replication kinetic assays
and growth competition assays were carried out as described previously (41). The
infections were done with 1,000 TCID5,/10° PBMC. In each case, 2 X 10° PBMC
were infected for 2 h. Aliquots of culture supernatants were collected everyday
until day 7 to monitor viral replication, and cultures were replaced with equiv-
alent amount of fresh RPMI 1640. Cell free virus cultures in duplicate were saved
to measure RT activity and antigen p24 concentration, respectively.

Growth competition assays were performed by coinfecting PBMC with equiv-
alent amounts (TCIDsg) of two viruses and then comparing the fitness of one
virus in relation to other over a period of time. This was done by monitoring the
extent of virus replication as determined by the presence of the mixture of
nucleotides (codons) at a single locus. RT codon 184 was monitored for the
presence of the mixture of mutant (G) and WT (A) nucleotides. The less fit virus
will show a decrease in peak height over a period of time. To calculate the loss
in fitness, the percentage of relative peak heights for both nucleotides at various
time points were determined and the selection coefficient (s = fitness difference)
was determined by the following mathematical model: s = 1/t In[g(t)p(0)/
p(t)g(o)], where ¢ = total time of passage, g(f) = more fit population, p(t = less
fit population, and p(0) = ¢ (0) = 0.5 (19, 35).

Quantitation of cDNA product generated during endogenous RT assay. Viri-
on-associated RT lysates containing endogenous template-primer and RT were
analyzed for cDNA synthesis in a time point assay (38). The reaction mixture for
this assay contained 50 mM Tris (pH 7.8), 5 mM MgCl,, 60 mM KCI, 10 mM
dithiothreitol, 10 mM NaCl, 1 mM EGTA, 0.1% NP-40, 0.4 mM of dNTPs
(dCTP, dGTP, and dTTP), 10 pnCi of [a-**P]dATP, and equal amounts of RT
lysates, normalized on the basis of equivalent RT activity. All reaction mixtures
were incubated at 37°C for 1, 5, 10, 20, 40, and 60 min. The reactions were
stopped by adding equal volume of stop buffer (1% sodium dodecyl sulfate, 50
mM EDTA, 0.2 M NaCl). Prior to loading on a 1% denaturing agarose gel (20
mM NaOH, 1 mM EDTA), the reaction mixtures were boiled, subjected to
digestion with 1 U of pronase (Pharmacia) at 56°C for 30 min, and extracted with
phenol-chloroform followed by precipitation with ethanol. After separation on
the gel, the products were visualized by autoradiography and scanned for the
intensity of a->*P by using the ImageQuant (Molecular Dynamics) software.

In vitro RT processivity assay. Processivity assays were carried out according
to published protocols (3). Briefly, enzymes were released from the virions by
NP-40 treatment (0.5%), and RT activity was determined in a poly(rA)-oli-
go(dT) assay (42). RT lysates of WT, Leu74Val, and Met184Val containing
equivalent amounts of RT activity and assay mixtures containing 60 mM Tris (pH
7.8), 75 mM KCl, 5 mM MgCl,, 0.1% NP-40, 1 mM EDTA, 5 pg of poly(rA)sg00/
ml, 0.16 pg of oligo(dT),s/ml, 4 mM dithiothreitol, and 50 wCi of [a-*?P]dTTP/
ml were incubated at 37°C water bath for 3 h. Five to 10 pl of reaction mixture
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was spotted onto DEAE ion-exchange paper (DE81; Whatman), and RT activity
was determined. To determine the cDNA length distribution, the reaction mix-
ture was precipitated after extraction with phenol-chloroform, suspended in 5 pl
of sterile water, and run on a 6% polyacrylamide sequencing gel. After separa-
tion, the gel was dried and exposed to autoradiography. The products were
visualized and scanned for a->?P by using the ImageQuant (Molecular Dynam-
ics) software.

RT processivity was also measured in the presence of a 50-fold molar excess of
a trap, poly(rC)-oligo(dG). In the preincubated RT assay mixture, trap was
added before addition of [a-*>P] dTTP. The assay conditions and the protocols
to measure RT activity and processivity were identical to those described above.

Confirmation of mutations by nucleotide sequence analysis. The clones gen-
erated by site-specific mutagenesis of the RT region were always confirmed for
the desired mutation by an automated DNA sequencer (model 373A; Applied
Biosystems). To ensure that the mutation is retained in provirus after transfec-
tion and virus production and no other mutations are present, infected genomic
DNA was amplified by PCR and the nucleotide sequence was determined from
RT codons 10 to 250. Oligonucleotides used during mutagenesis, PCR, and
sequencing are listed in Table 1.

Statistical analysis. Statistical analysis was carried out to compare the pro-
cessivity of WT RT with mutant RTs containing Leu74Val and Met184Val
mutations. The analysis was designed to test the hypothesis that for three RTs,
cDNA density decreases at the same rate as DNA band number increases.
Across five processivity assays, statistical values were obtained that include mean,
median, standard deviation, and minimum and maximum. A nonparametric
(Kruskal-Wallis) test was performed to compare the smaller cDNA products.
Slopes of regression on DNA density were generated for three RTs, and a ¢ test
was performed to compare the mean slopes of band number over five assays.

RESULTS

Attenuated replication of HIV-1 containing RT mutation
Leu74Val in the HXBc2 background. We have earlier shown
that didanosine-selected mutation Leu74Val confers a replica-
tion disadvantage to the virus in cloned viruses with a pNL4-3
background (41). To determine the effect of this mutation in a
different background, recombinant viruses were generated by
cloning the WT and mutated RT (Leu74Val) from pNLA4-3
plasmid into the HXBc2 proviral clone. It should be noted that
the 3’ halves of vectors pNL4-3 and HXBc2 are derived from
the same virus isolate (LAV). Since the 4.3-kb Sphl-Sall frag-
ment of pNL4-3 was exchanged with the WT fragment of
vector HXBc2, the major difference in pNL4-3 virus and re-
combinant virus is the 1.5-kb upstream sequence that includes
5’ long terminal repeat of the HXBc2 vector. Equivalent
amounts (5 wg) of plasmids HXBc2 (WT), HXPNRT (HXBc2
with WT RT of pNL4-3), and HXPNRT74V (HXBc2 with
74ValRT of pNL4-3) were transfected into PHA-stimulated
PBMC, and virus replication was monitored by determining
HIV antigen p24 production. Relative viral replication is
shown in Fig. 1. While a small difference in antigen p24 pro-
duction was observed between HXPNRT and HXPNRT74V
viruses on day 7, there was a marked continuous decrease in
the level of antigen p24 production over a period of 3 weeks by
the HXPNRT74V virus. These observations show that the
didanosine-selected mutation Leu74Val also confers a replica-
tion disadvantage in the HXBc2 background.

Decreased cDNA synthesis in virion-associated RT lysates
of Leu74Val. Since our PBMC-based in vivo replication kinet-
ics assays have clearly shown that the Leu74Val mutation con-
fers a replication disadvantage to the virus in two different
vectors, pNL4-3 (41) and HXBc2 (as shown above), we com-
pared the extents of cDNA synthesized by the RT from cell-
free virions of Leu74Val and WT viruses. RT lysates of WT
pNL4-3 and Leu74Val viruses that contained equivalent
amounts of RT activity (counts per minute) were incubated
with constant amounts of dNTPs, and reactions were stopped
at various time points. The DNA generated was subjected to
denaturing agarose gel electrophoresis and quantitated by
scanning (Fig. 2). Visual examination of the autoradiograph
clearly shows that significantly fewer cDNA molecules were
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FIG. 1. Attenuated replication of recombinant HXPNRT74 virus. Equiva-
lent amounts of DNAs were transfected in PBMC in duplicate, and the produc-
tion of antigen p24 was monitored until day 24. Aliquots of culture supernatants
were collected at various time points. Cultures were fed with fresh PBMC on
days 7, 14, and 21. Samples were diluted, and antigen p24 concentration was
determined by ELISA. The bar diagram shows the production of antigen p24 in
relation to time.

generated by the lysates of mutant virus Leu74Val than by WT
virus. Densitometer scanning of the autoradiograph revealed
that there was a sevenfold decrease in the amount of total
DNA product generated in 60 min by mutant RT in compar-
ison to WT RT (Fig. 2B). The DNA products generated from
mutant RT appear to be shorter than product formed by WT
RT. Although this assay system was not a conventional system
to determine the processivity of RT, the generation of fewer
DNA molecules suggested that the mutant RT is defective in
the ability to bind to template and increase the length of cDNA
molecules compared to the longer time period that the WT RT
is associated with the template.

Decreased processivity with mutant Leu74Val RT. Earlier
studies have shown that the HIV replication efficiency is re-
lated at least in part to the processivity of RT. Combinations of
multiple AZT-selected mutations have been shown to increase
processivity (2, 8), and 3TC-selected mutation Met184Val has
been shown to decrease RT processivity in in vitro processivity
assays (3, 5). We determined whether the RT with didanosine-
selected mutation Leu74Val also affects the processivity of RT.

To control the synthesis of cDNA molecules in a way such
that each synthesized cDNA molecule results from a single
processive cycle, processivity was determined under conditions
that use a great template excess and limiting polymerase. To
determine the optimal ratio of template-primer and RT, pilot
experiments were done at various time points with a range of
template-primer concentrations. The processivity assays were
performed under conditions that allowed the synthesis of in-
creased numbers of various lengths of cDNA molecules with
an increase in the amount of RT lysates. Virion-associated RT
lysates of WT (pNL4-3), Leu74Val, and Met184Val that con-
tain equivalent RT activity were incubated with template ho-
mopolymer poly(A) and primer oligo(dT). Since virion-associ-
ated RT of Metl84Val virus has been shown to have a
decreased processivity (3), this virus was used as a positive
control in our assay system. Moreover, this allowed us to com-
pare the processivity of Leu74Val and Met184Val RTs in the
same assay system. Reaction products were subjected to a
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FIG. 2. Decreased synthesis of cDNA products during endogenous RT assay
with Leu74Val RT. Virion-associated RT lysates with equivalent RT activity
(2.5 X 10* methyl-*H cpm) were incubated at 37°C in the presence of dCTP,
dGTP, dTTP, and [a->’P]dATP, and reactions were stopped at 1, 5, 10, 20, 40,
and 60 min. Endogenous synthesized DNA products were digested with pronase,
extracted with a phenol-chloroform mixture, and precipitated with ethanol. DNA
products were boiled and separated on an alkaline agarose gel. The gel was dried
and exposed to autoradiography. (A) Autoradiograph. Lanes: 1 to 6, RT lysates
of pNL4-3 (WT) virus; 7 to 12, RT lysates of Leu74Val virus; 13, RT lysate of
Leu74Val virus containing 1.5-fold-higher RT activity (4.0 X 10* methyl-*H cpm).
(B) Quantitation of DNA products. The intensity of the total cDNA synthesized
in each lane was quantified with ImageQuant (Molecular Dynamics) software
and plotted in relation to time.

polyacrylamide gel electrophoresis, and the gel was exposed to
autoradiography. Similar results were observed in five inde-
pendent processivity assays using RT lysates from different
virus supernatant stocks, and Fig. 3A shows representative
results. The processivity of recombinantly purified RT (HIV-1
BH10) and virion-associated RT of pNL4-3 virus were similar
when RT assays were normalized with equivalent RT activity
(data not shown). Analysis of cDNA bands on the autoradio-
graph revealed that RT with the Leu74Val mutation has a
decreased processivity, as fewer cDNA molecules were synthe-
sized than with WT RT (Fig. 3A).

We measured the density of cDNA bands with ImageQuant
analysis and performed statistical analysis on cDNA density
data obtained from five independent processivity assays. The
median values obtained across five assays are summarized in
Table 2, and a bar diagram generated from median values
of three viruses is presented in Fig. 3B. A nonparametric
(Kruskal-Wallis) test was performed to compare the first five
band values for the three viruses, and no significant difference
was observed (P = 0.11). We compared the slopes of regres-
sion on DNA density by band number for the three viral RTs.
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Regression lines were fit for each assay, and graphs clearly
indicate a quadratic trend (data not shown). A ¢ test was
performed to compare the mean slopes of band number
over the five assays for WT versus Leu74Val virus and WT
versus Met184Val virus. The test indicated that DNA den-
sity decreases at a significantly higher rate for virus 74Val
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FIG. 3. Decreased processivity of RT containing the didanosine-selected
Leu74Val mutation. Various amounts of WT and mutant RT lysates were as-
sayed for RT activity with the poly(rA)-oligo(dT) system (see Materials and
Methods), and the reaction products were analyzed on a 6.0% polyacrylamide-
7.1 M urea sequencing gel. Reaction products with approximately equivalent
amounts of RT activity are shown on a representative gel (A). M, size markers
from a dideoxy sequencing reaction with a pBluescript plasmid and M13/pUC
reverse sequencing primer (T-track only). RT activities for WT, Leu74Val, and
Met184Val viruses were 3.0 X 10 3.1 X 10% and 3.5 X 10* cpm of a-3°P,
respectively. Nucleotide lengths of cDNA synthesized for WT, Leu74Val, and
Met184Val are 43, 33, and 33, respectively, in this assay. Numbers on the left
indicate the nucleotide lengths. (B) Size distribution and relative amounts of
c¢DNA synthesized by WT and mutant RTs. The median values for relative
cDNA density from five independent assays were generated by using a statistical
program and plotted with respect to sizes of cDNA (Table 2). Groups of five
c¢DNA bands starting at the bottom of gel in individual lanes were quantified at
one time, and the intensity of the entire lane was determined with ImageQuant
(Molecular Dynamics) software. The bar diagram shows the relative amounts of
c¢DNA synthesized by WT and mutant enzymes.
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TABLE 2. Summary of relative cDNA synthesis during
processivity assays”

Group of Median cDNA density (minimum/maximum)
cDNA
bands pNL4-3 Leu74Val Met184Val
5 103.5 (91.0/115.0) 90.0 (88.0/98.0) 96.5 (92.0/99.0)

10 92.5 (87.0/102.0) 73.0 (68.0/85.0) 70.0 (55.0/79.0)
15 81.5 (71.0/104.0) 54.0 (39.0/70.0) 45.0 (21.0/57.0)
20 60.5 (57.0/92.0) 35.0 (23.0/54.0) 30.0 (13.0/45.0)
25 48.5 (36.0/65.0) 28.0 (12.0/41.0) 19.0 (5.0/36.0)
30 34.0 (26.0/69.0) 7.0 (5.0/29.0) 20.0 (6.0/23.0)
35 19.0 (12.0/27.0) 4.0 (2.0/15.0) 13.0 (2.0/13.0)
40 10.0 (6.0/18.0) 8.0 (8.0/8.0) 5.0 (5.0/5.0)

“ Across the five processivity assays, descriptive statistics of relative density
were generated separately by virus and cDNA length (nucleotides). RT activities
for WT and mutant viruses were similar in independent processivity assays and
within =10% among different assays.

compared to WT virus (P = 0.03). Mean slopes for WT and
Leu74Val viruses were —0.02 and —0.05, respectively. Similar
result were obtained for WT and 184Val viruses (P = 0.02).
Mean slopes for WT and 184Val viruses were —0.02 and
—0.07. Densitometer scanning of the cDNA products gener-
ated by WT and mutant RTs revealed that while the densities
of cDNA bands were similar in shorter cDNA products (5 to 10
nucleotides), the differences were striking in the larger cDNA
products (>15 nucleotides) of WT and mutant RTs. Under our
assay conditions, while the WT RT generated bands up to 43
nucleotides in length, the visible cDNA bands generated with
mutant RTs of Leu74Val and Metl84Val were around 33
nucleotides in length (Fig. 3A). This indicates that mutant RTs
have decreased processivity and are unable to bind to tem-
plate-primer complex for a prolonged period of time as the
WT RT does. The processivity of RT with the Leu74Val mu-
tation was comparable to that of RT with the Met184Val
mutation. These observations clearly show that the RTs con-
taining the Leu74Val and Met184Val mutations are less pro-
cessive than the WT RT enzyme.

It has previously been shown that the presence or absence of
the trap poly(rC)-oligo(dG) did not effect the length or the
amount of cDNA products generated under the assay condi-
tions used to measure the processivity of virion-associated RT
Met184Val (3). We determined if such a trap could affect the
processivity of RT with the Leu74Val mutation. The addition
of a 50-fold molar excess of poly(rC)-oligo(dG) to the RT
assay resulted in a little effect on RT activity and no effect on
processivity of both WT and Leu74Val enzymes (Fig. 4). This
showed that we were actually measuring the processivity in a
single cycle of reverse transcription.

We also compared the RT activities of WT, Leu74Val, and
Met184Val RTs at assay temperatures of 30, 37, and 40°C. No
significant difference in RT activity was observed for any of
these enzymes at this range of temperatures (data not shown).

Decreased processivity of RTs containing Leu74Val and
Met184Val mutations at various MgCl, concentrations. It has
been postulated that the aspartic acid residues of the YMDD
motif play a role in the metal ion coordination at the catalytic
active site of RT. We have analyzed the effect of a range of
MgCl, concentrations on processivity of three RTs (Fig.
5A). The optimal RT processivity for WT, Leu74Val, and
Met184Val was measured at 5 mM MgCl,. In a comparison of
the WT and Leu74Val RTs, the processivity defect was obvious
at MgCl, concentrations of 2.5, 5.0, and 7.5 mM. In the pres-
ence of 10.0 mM MgCl,, the differences between RT proces-
sivity of WT and 74Val RTs were smaller. The input RT

J. VIROL.

activities for WT and Leu74Val were 4.5 X 10* and 4.9 X 10*
cpm, respectively, in this assay (Fig. 5SA). We compared the
amounts of cDNA generated by WT and Leu74Val RTs in the
presence of 2.5 mM (Fig. 5B) and 5.0 mM (Fig. 5C) MgCL,.
Similar to our processivity data (Fig. 3A), the differences in
processivity between the WT and Leu74Val RTs were more
pronounced for larger cDNA products than the shorter cDNA
products. The Leu74Val and Met184Val mutant RTs exhibited
very similar decreases in processivity at MgCl, concentra-
tions of 2.5, 5.0, and 7.5 mM. In contrast to a previous study
(3) where shorter cDNA products were observed with the
Met184Val RT in the presence of various concentrations of
MgCl,, we found approximately similar length cDNA products
with all three enzymes, WT, Leu74Val, and Met184Val. It
should be noted that the actual input RT activity of Met184Val
(1.5 X 10* cpm) was threefold lower than that of the WT and
Leu74Val RTs, and therefore the length of cDNA products
generated in this assay is not dependent on the RT activity of
the three enzymes. Since no major differences were observed
in processivity of WT and Leu74Val RT under various con-
centrations of Mg®*, we conclude that RT residue Leu74 does
not play a role in Mg®" coordination.

RT variant Leu74Val replicates slower than Met184Val.
Since our RT processivity analysis showed that RTs with
Leu74Val and Met184Val mutations have similar processivi-
ties, we examined the replication kinetics in the absence of the
drug. To generate RT variants, point mutations were intro-
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FIG. 4. Processivity of WT and Leu74Val RT in the presence of trap. RT
assays were done in the absence or in the presence of a 50-fold molar excess of
trap poly(rC)-oligo(dG). One-tenth of the reaction mixture was analyzed for RT
activity (A), and remaining cDNA products were analyzed for cDNA distribution
on a 6% polyacrylamide gel (B).
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duced in the RT gene of proviral clone pNL4-3 by site-directed
mutagenesis. Two independent clones containing Leu74Val
mutations were used in this study. Clone Leu74Val-35 was
used in our previous study (41, 42), and a second clone,
Leu74Val-5, was included to control for variation among
clones. A previously analyzed clone, Lys70Thr, that confers a
replication disadvantage to the virus was used as a negative
control (41). PHA-stimulated PBMC were infected with equiv-
alent infectious amounts of WT pNL4-3 and RT variants
Leu74Val-5, Leu74Val-35, Met184Val, and Lys70Thr in the
presence or absence of 10 uM didanosine. Culture superna-
tants were collected every day until day 7, and replication
kinetics were determined by monitoring antigen p24 produc-
tion (Fig. 6).

Both RT variants Leu74Val and Met184Val replicated less
efficiently than WT virus, confirming the previous observations
(3, 41). However, Leu74Val variant replicated two- to three-
fold slower than the variant Met184Val, and the amounts of
antigen p24 produced over a period of 7 days were 60 and
140 ng/ml, respectively (Fig. 6A). The statistical significance
of a twofold decreased replication of Leu74Val virus in
comparison to Met184Val virus is not clear. In view of the
amount of antigen p24 production during a 7-day period, the
relative replication efficiencies of these viruses were WT >
Met184Val > Leu74Val. In three independent replication ki-
netics assays, the replication disadvantage difference between
WT virus and Leu74Val was statistically significant (P = 0.007)
by Student #-test paired analysis.

We also compared the replication kinetics of RT variants in
the presence of 10 wM didanosine. The assay conditions and
viral inoculum were identical to those described above. Both of
the variants Leu74Val and Met184Val replicated slightly bet-
ter than WT virus in the presence of drug between days 1 and
6, except that a rapid increase in antigen p24 production was
observed on day 7 (Fig. 6B). Surprisingly, the amounts of p24
antigen produced (50 to 60 ng/ml) by Leu74Val variant on day
7 were similar in both the presence and the absence of the
drug, suggesting that the didanosine-selected Leu74Val variant
replicates inefficiently but better than the WT virus even in the
presence of the drug. However, the plot in Fig. 5B shows that
while a plateau is reached for antigen p24 production on day 7
in case of WT virus, there is evidence of increasing viral rep-
lication for RT variants Leu74Val and Met184Val. To better
understand the statistical significance of the replication differ-
ences between the WT and mutant viruses, a detailed evalua-
tion is warranted. Nevertheless, the comparison of replication
kinetics in the absence and presence of didanosine suggests
that both RT variants containing Leu74Val and Met184Val
mutations also replicated slowly in the presence of drug. This
suggests that certain drug-selected variants, irrespective of the
level of the resistance they confer, may result in an increase in

FIG. 5. Analysis of RT processivity under suboptimal concentrations of
MgCl,. WT and Leu74Val RT lysates containing RT activities of 4.5 X 10* and
4.9 x 10* cpm of a->?P, respectively, were compared for RT processivity in the
presence of various concentrations of MgCl,. RT assays were performed with the
template-primer poly(rA)-oligo(dT) and increasing concentrations of MgCl,
(0.5, 2.5, 5.0, 7.5, and 10.0 mM). RT lysates of Metl84Val that contain a
threefold less RT activity (1.5 X 10* cpm) than WT or Leu74Val were included
as a control. cDNA products were run on the gel and visualized by autoradiog-
raphy (A). M, size markers from a dideoxy sequencing reaction with a pBlue-
script plasmid and M13/pUC reverse sequencing primer (T-track only). Relative
amounts of cDNA synthesized with WT and Leu74Val RT in the presence of 2.5
mM (B) and 5 mM (C) MgCl, were quantified by ImageQuant (Molecular
Dynamics) software.
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lag phase during replication and a decrease in total viral load,
even in the presence of drug(s).

Relative fitness of variants Leu74Val and Met184Val. We
have shown above that the RT variant Leu74Val replicates
slower than the 3TC-selected variant Met184Val in drug-free
cultures, although in vitro processivities of RTs of the variants
are similar. We have previously shown that RT mutation
Leu74Val results in a 11% loss of fitness in replication in
comparison to WT virus (41). To compare the relative fitness
of these variants, we coinfected PHA-stimulated PBMC with
equivalent amount of antigen p24 and collected infected cell
pellets on days 2, 4, and 7. Genomic DNA was isolated from all
cell pellets; the RT gene was amplified and sequenced with a
ABI model 373A automated DNA sequencer. Comparison of
viral fitness with a mathematical model revealed that the RT
variant Met184Val has a 2.4% of loss of fitness in comparison
to WT virus. The loss of fitness for Met184Val virus was similar
(3%) when the percentage differences in antigen p24 produc-
tion between WT and Met184Val viruses on day 7 (Fig. 4A)
were used to calculate the fitness difference. The loss of fitness
for Leu74Val variant was more pronounced (5.7%) in com-
parison to Met184Val variant. Similar to differences observed
in replication kinetic assays, the relative fitness of WT virus
and RT variants was WT > Met184Val > Leu74Val.

DISCUSSION

The role of viral fitness in HIV pathogenesis has been ap-
preciated only recently, and few studies have addressed this
issue for cloned viruses as well as clinical HIV RT and protease
variants (12, 19, 20, 25, 33, 46). Viral fitness may contribute to
the optimal antiviral effect of suppressing viral replication and
HIV RNA levels in patients treated with antiretroviral therapy.
In this study, we have shown that the RT containing the
Leu74Val mutation exhibits decreased processivity similar
to the processivity of Met184Val RT. Additionally, in vivo
PBMC-based replication kinetic assays demonstrate that the
Leu74Val variant replicates two- to threefold slower than
the Met184Val virus, and there was a 2.4% loss of fitness for
Met184Val in comparison to WT virus and a 5.7% loss of
fitness for Leu74Val virus compared to Met184Val virus in
growth competition assays.

We have shown previously that a didanosine-selected muta-
tion Leu74Val in pNL4-3 background confers a replication
disadvantage to the virus that results in a significant loss of
fitness to the virus (41). These results were extended to show
that the recombinant HXBc2 with a pNL4-3 RT containing a
Leu74Val mutation is also attenuated for replication.

Comparison of virion-associated RT of Leu74Val variant
and the WT RT showed that the RT of Leu74Val was less
processive than the WT RT. This provides evidence that
attenuated replication of Leu74Val variant is due to an RT
which exhibits decreased processivity, similar to the decreased
processivity seen with Met184Val RT (4). Our observations are
in contrast to two previous reports where the authors claimed
that the WT and Leu74Val RTs have similar processivities (7,
8). A detailed evaluation of the differences between the inten-
sities of various DNA bands of WT and mutant RTs in one of
the two reports (8) indicates that the Leu74Val RT appears to
be two- to threefold less processive than the WT RT. Since the
major focus of that study was comparison of the processivities
of RTs containing multiple AZT-selected mutations, it appears
that the authors were not impressed with the small differences
in the processivity of Leu74Val RT. The assay system used in
both of those studies was different in several ways from the one
used in the present study. In the previous publications, a het-
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FIG. 6. Comparison of replication kinetics of RT variants. PHA-stimulated
PBMC were infected with 1,000 TCIDs, of WT Leu74Val-5, Leu74Val-35,
Met184Val, and Lys70Thr viruses in the absence (A) or presence (B) of 10 uM
didanosine. Culture supernatants were collected every day until day 7, and
antigen p24 production was monitored by ELISA. Plots show the production of
antigen p24 in relation to time.

eropolymer RNA template was used and processivity was de-
pendent on the binding of the excess RT to a heparin trap or
to excess poly(rC)-oligo(dG) trap. The processivity is limited in
these systems due to polymerase stalling at specific pause/stop
sites along the template, and as a result enzymes terminated
with different efficiencies at these preferred stops. In both of
the previous reports, several cDNA products that are synthe-
sized with Leu74Val RT appear to have a density lower than
that of WT RT (7, 8). Our processivity assay was optimized on
the basis of the presence of excess template and limiting RT
activity. We also determined that the addition of trap in a 3-h
RT assay effects the RT activity very little and has no effect on
processivity of WT or Leu74Val enzymes. The Met184Val RT
has been shown convincingly to have a decreased processiv-
ity with the template-primer homopolymer poly(A) and
oligo(dT), and we used this assay system for our comparisons
of Leu74Val and Met184Val RTs. The processivities of RTs
with Leu74Val and Met184Val mutations were comparable in
this system. This observation was surprising, since the Leu74Val
variant replicated slower during replication kinetic analysis and
showed a 5.7% loss of fitness in growth competition assays
compared to the Met184Val mutant. This suggests that other
viral or cellular factors may contribute to viral replication in
PBMC cultures or in vivo in humans.

In the ACTG 306 study, no significant benefit was observed
with the initial combination of 3TC and didanosine, and when
3TC is present at the same time as didanosine, 3TC cannot
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confer a further replication disadvantage. Following 24 weeks
of didanosine monotherapy, however, the addition of 3TC
appeared to result in a further decrease in HIV RNA levels
(32). The possibility of the development of 3TC-selected
Met184Val mutation that confers cross-resistance to didano-
sine could not be ruled out in the ACTG 306 study. However,
the overall outcome of ACTG 306 study suggests the role of
impaired viruses in decreased HIV RNA levels. Further pilot
clinical trials are needed to evaluate the relative order of the
drugs to be given to achieve an optimal reduction in viral load.

The recent description of a covalently trapped catalytic com-
plex of WT HIV-1 RT provides additional important informa-
tion on the structural implications of the Leu74Val mutation.
The authors determined the three-dimensional crystal struc-
ture at a resolution of 3.2 A of the HIV-1 RT complexed with
the DNA template-primer and a dNTP (29). They show that
the Leu74Val mutation affects a residue which they state
“locks the templating base tightly in place.” The mutation is
also likely to influence dNTP binding directly, since Leu74
contacts the side chains on Arg72 and GIn151, which stack
on the base of the dNTP. The authors speculate that small
changes in the contacting residues can markedly influence the
rate of nucleotide incorporation. This provides additional
structural information to support the decrease in processivity
and slowing of viral replication observed with the Leu74Val
mutation. The above study also provided evidence that the
direct interaction of DNA duplex with bases occurs in the
minor groove at positions n to n — 3, the van der Waals
contacts with Pro157 and Met184 (base pair n) and with 1le94
(base pairs n — 2 and n — 3), and hydrogen bonds between
Tyr183 and G(n — 1) (29). 1le94 has been shown to be a part
of significant structural element called the minor groove bind-
ing track (MGBT) that comprises five amino acids, four of
them (GIn258, Gly262, Trp266, and GIn269) in a-helix H and
one (Ile94) in B-sheet 5b (4). In this study, the authors have
shown that the processive synthesis by HIV RT involves the
interactions between the minor groove of the template-primer
and MGBT. On the basis of the above two structural studies, it
can be assumed that the mutation at codon 184 will result in an
altered interaction with DNA duplex in the minor groove and
indirectly may affect the translocation due to MGBT and thus
result in a reduced processivity. The Leu74Val mutation does
not appear to directly alter interaction with duplex DNA in the
minor groove, and the decrease in processivity observed with
Leu74Val suggests that other mechanisms can contribute to a
decrease in processivity.

It was shown previously that the WT RT failed to incorpo-
rate dideoxynucleotides when the template extension was less
than three nucleotides in length, and when the template ex-
tension was greater than three nucleotides, WT RT began to
incorporate dideoxynucleotides. However, HIV-1 RT variants
containing the Leu74Val or Glu89Gly mutations did not read-
ily incorporate dideoxynucleotides even with the presence of
the long template extension (6). It has been proposed that
these mutations alter the position of the template-primer,
which in turn alters the geometry at the polymerase active site
(6). Based on our observations in this study, we speculate that
these alterations affect not only the incorporation of dideoxy-
nucleotides but also the incorporation of inherent dNTPs in
growing cDNA chain resulting in a decreased processivity of
Leu74Val RT.

Our observations on the attenuated replication and de-
creased processivity of RT containing the Leu74Val mutation
suggest a mechanism for the clinical benefits observed with
didanosine monotherapy. It was shown previously that during
HIV infection, extremely high viral loads that correlate with a
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loss of HIV-specific cytotoxic T lymphocytes can be achieved
(9, 21, 27, 36). Viral dynamics studies and the use of mathe-
matical projections have shown that HIV turnover in infected
patients is extremely high (26, 37, 44). Combination therapy for
HIV treatment has become attractive because of the ability to
sustain suppression of viral load (14, 23). However, the pres-
ence of a latent reservoir of HIV-1 has been observed in
patients on highly active antiretroviral therapy (10, 17, 30, 45).
To reduce the latent HIV-1 pool, a combination of drugs that
select for HIV variants that are impaired for viral replication
or have a significant loss of fitness would be more promising.
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