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Better detection of minority human immunodeficiency virus type 1 (HIV-1) populations containing gene
mutations may improve the usefulness of antiretroviral resistance testing for clinical management. Molecular
cloning of HIV-1 PCR products which might improve minority detection can be slow and difficult, and
commercially available recombinant virus assays test drug susceptibility of virus pools. We describe novel
plasmids and simple methods for rapid cloning of HIV-1 PCR products from patient specimens and their
application to generate infectious recombinant virus clones for virus phenotyping and genotyping. Eight
plasmids with differing deletions of sequences encoding HIV-1 protease, reverse transcriptase, or Gag p7/p1
and Gag p1/p6 cleavage sites were constructed for cloning HIV-1 PCR products. A simple HIV-1 sequence-
specific uracil deglycosylase-mediated cloning method with the vectors and primers designed here was more
rapid than standard ligase-mediated cloning. Pooled and molecularly cloned infectious recombinant viruses
were generated with these vectors. Replicative viral fitness and drug susceptibility phenotypes of cloned
infectious viruses containing patient specimen-derived sequences were measured. Clonal resistance genotyping
analyses were also performed from virus isolates, plasma HIV-1 RNA, and infected cell DNA. Sequencing of a
limited number of molecular clones detected minorities of resistant virus not identified in the pooled popu-
lation PCR product sequence and linkage of minority mutations.

Human immunodeficiency virus type 1 (HIV-1) gene muta-
tions conferring resistance to reverse transcriptase (RT) and
protease (PR) inhibitors may lead to virologic failure of the
antiretroviral drugs being used to treat HIV-1 infection. Such
mutations, called resistance mutations, can also confer cross-
resistance to subsequent, alternative drugs of the same class.
One specific drug may select different resistant mutants with
varying degrees of cross-resistance to separate antiretroviral
drugs in different patients (3, 28, 30, 31). Recent data suggest
that resistance mutations need not be selected early by each
drug in a triple combination regimen during rebound of plasma
HIV-1 RNA (4, 9). Resistance testing may be useful in the
clinical management of antiretroviral failure, as an adjunct to
clinical, immunologic, and viral load responses, by identifying
drugs to which the patient’s virus population is resistant and
those to which the virus may still be susceptible (12). Mutations
should be interpreted in the context of other mutations; for
example, lamivudine-selected RT M184V may suppress phe-
notypic effects of zidovudine resistance mutations to varying
degrees in different clinical isolates (20). New recombinant
virus assays speed phenotypic drug susceptibility testing (10,
11, 15) and may have an advantage over genotyping because
they can directly assess mutational interactions as well as cross-
resistance.

All current recombinant virus assays generating virus with
both PR and RT from a patient-derived PCR product test a
pool of virus variants or strains. Therefore, a variant present as
a small minority of the HIV-1 population may not be routinely
detected. This may limit diagnostic resistance testing, as pre-
viously used antiretroviral drugs may have selected for specific

resistance mutations. Because these drugs and their specific
selection pressures are no longer present, virus strains contain-
ing these mutations may be reduced to only a small percentage
of the total viral population. Some recombinant virus cloning
vectors (10, 29) use standard molecular cloning methods and
could potentially better detect minority strains. However, these
standard cloning methods are relatively technically demanding.
Only one of these previously described vectors can be used to
clone both PR and RT reading frames (10). The presence of
both HIV-1 long terminal repeats (LTRs) in a recombinant
clone risks causing deletions in patient-derived sequences dur-
ing the plasmid propagation in Escherichia coli necessary for
any clonal analysis (23).

A series of novel plasmids and simple methods for rapid
cloning of HIV-1 PCR products from patient specimens are
described in this report and applied to generate infectious
recombinant virus clones and pools. Clonal analyses using
these versatile vectors and new methods were better able to
identify minority strains of resistant virus than a parallel anal-
ysis of the viral pool. These vectors and methods will facilitate
development of clinically applicable clonal analytic approaches
to antiretroviral drug resistance testing. Some advantages over
previously described recombinant virus cloning vectors for re-
search purposes are presented.

MATERIALS AND METHODS

Patient specimens. Specimens from HIV-1-infected patients included plasma,
uncultured peripheral blood mononuclear cells (PBMCs), semen mononuclear
cells, and HIV-1 isolates cocultured from PBMCs (13).

Oligonucleotide primers. Oligonucleotides (Gibco-BRL, Gaithersburg, Md.,
or Integrated DNA Technologies, Coralville, Calif.) (Table 1) used as reverse
transcription and amplification primers were purified by desalting. Primers used
for HIV-1 sequence-specific uracil deglycosylase (UDG) cloning (see below)
included dUMP residues incorporated into the 59 end of each primer instead of
TMP at positions where T occurs in the HIV-1 sequence and were purified from
polyacrylamide gels. All primers were designed with attention to sequence con-
servation (12a).

* Corresponding author. Mailing address: Infectious Disease Divi-
sion and AIDS Research Center, Massachusetts General Hospital, 149
13th St., Charlestown, MA 02129. Phone: (617) 726-5776. Fax: (617)
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RT PCR and PCR. One milliliter of plasma was centrifuged (21,000 3 g for 60
min) prior to HIV-1 RNA purification (viral RNA preparation kit; Qiagen,
Valencia, Calif.). RNA was reverse transcribed with Superscript II RT (Gibco-
BRL) at 42°C for 60 min with a specific primer (3R4226 described for
pJM20GPRT or 4522L24 described for pJM31GPRT [Table 1]).

PCRs used XL recombinant Tth DNA polymerase (Perkin-Elmer, Applied
Biosystems Division, Foster City, Calif.) with a hot start and three temperature
steps in each thermal cycle. The magnesium concentration was optimized em-
pirically, and the annealing temperature was optimized by using Oligo (version
5.0; National Biosciences, Inc., Plymouth, Maine) for each primer pair; 30 to 35
cycles and 0.2 mM (each) deoxynucleoside triphosphate were used unless oth-
erwise stated. The cDNA from 3R4226 was amplified in a first round at a 54°C
annealing temperature with Apa1988 and 3R4226, and a nested reaction was
amplified with 5CAI 1964B and 5CAI4155LIG at a 55°C annealing temperature.
cDNA from 4522L24 was amplified in a first round at a 55°C annealing temper-
ature with 1607U25 and 4522L24, and a nested reaction was amplified with
1811U24 and 4335L25 at a 62°C annealing temperature.

HIV-1 cultures. Wild-type (WT) HIV-1 was produced by electroporation (as
described below) of pNL4-3 (1) or coelectroporation of two half HIV-1 genome
plasmids, 59-half HIV-1 genome p83-2 and 39-half HIV-1 genome p83-10 (6),
into MT-2 cells (7, 8). MT-2 cells were maintained in RPMI 1640 (Cellgro)
supplemented with 10% fetal calf serum (FCS) (Sigma, St. Louis, Mo.), 2 mM
L-glutamine (Cellgro), 10 mM HEPES buffer (Cellgro), and 50 mg of penicillin
and streptomycin (Cellgro) per ml. Supernatant fluids of all cultures were re-
plenished with media and tested by HIV-1 p24 antigen enzyme-linked immu-
nosorbent assay (Alliance; NEN Life Science Products, Boston, Mass.) every 3 or
4 days. Cell-free supernatant fluids (filtered through Millex HV, 0.45-mm pore
size; Millipore, Bedford, Mass.) from HIV-1-electroporated MT-2 cells which
were p24 antigen positive were used to infect phytohemagglutinin (PHA)-stim-
ulated PBMCs (2). PBMC cultures were refed with PHA-stimulated PBMCs
every 7 days. Virus stocks were made from PBMC cultures and titrated on
PBMCs (14). Infected PBMC DNA was prepared from frozen infected PBMC
pellets from day 7 or 10 of culture (Puregene; Gentra Systems Inc., Minneapolis,
Minn.).

Cloning vectors. Molecular cloning was used to construct several plasmids with
specific HIV-1 deletions (details are available on request). All of the plasmids
with deletions can be used for standard ligase-mediated cloning, and some can
also be used for HIV-1 sequence-specific UDG cloning. Ligase-mediated cloning
could be used to restore gag PR PCR products into the 59-half HIV-1 genome
plasmid pJM11DGPR with a deletion of gag PR (gag PR-deleted) (Fig. 1A), gag
PR-RT (GPRT) PCR products into the gag PRT-deleted 59-half genome plasmid
pJM13DGPRT (Fig. 1C) or a smaller gag PRT-deleted plasmid pJM20DGPRT
(Fig. 1D), RT PCR products into the RT-deleted 59-half genome plasmid
pJM14DRT (Fig. 1B), PRT PCR products into the PRT-deleted 59-half genome
plasmid pJM5DPRT (data not shown). HIV-1 sequence-specific UDG cloning
(see below) could also be used to clone gag PRT PCR products into
pJM13DGPRT or pJM20DGPRT (Fig. 1C and D), PR PCR products into
pJM2DPR (data not shown), and PR PCR products into pJM5DPRT (data not
shown). A gag PRT-deleted plasmid, pJM31DGPRT (Fig. 1E), was also con-
structed for the generation of either pooled or molecularly cloned infectious
recombinant viruses.

HIV-1 sequence-specific UDG cloning. Only one target amplicon defined by a
set of insert PCR primers can be cloned into a specific vector PCR product
amplified by a specific primer pair designed for inverse PCR of that plasmid: PR
into pJM2DPR, insert primers I5CA2238PCR and I3CA2626PCR and vector
primers V5CA2611 and V2CA2260-30B; PRT into pJM5DPRT, insert primers
I5CA2238PCR and I3CA4163 and vector primers V5CA4147 and V3CA2260-
30B; gag PRT into pJM13DGPRT and pJM20DGPRT, insert primers 5CAI1964B
and 3CAI4155Lig and vector primers 3CAV1982 and 5V4142 (Table 1). An
example is depicted in Fig. 2, including the orientation of the vector PCR
product primers for pJM20DGPRT. The pJM20DGPRT plasmid was inverse
PCR amplified for 10 cycles; 20 cycles were used for inverse PCR of pJM2DPR
and for pJM5DPRT. Inverse PCR of vector plasmid was performed with 25 to
100 ng of plasmid DNA linearized by restriction digestion. After mixing of the
insert, patient-derived PCR product and the vector PCR product amplified from
the respective plasmid with the dUMP-containing primers, UDG digestion
(Gibco-BRL or Epicenter Technologies) was performed for 30 min at 37°C (1 U
of UDG in annealing buffer containing 20 mM Tris-HCl [pH 8.4], 50 mM KCl,
and 1.5 mM MgCl2). This generates overlapping, complementary, single-
stranded ends; UDG digestion is depicted for pJM20DGPRT and the appropri-
ate PCR products amplified from primers 5CAI1964B and 3CAI4155Lig (Table
1) in Fig. 2. Annealing of the two PCR products also occurs during this time.
E. coli cells are then directly transformed by the annealed mixture. A transfor-
mation is performed with a vector PCR product without an insert PCR product
to control in each cloning for uncut deletion vector plasmid DNA which may
yield transformants without inserts.

Recombinant virus production. Infectious HIV-1 molecular clones were gen-
erated by cotransfection of 59-half genome plasmids (pJM11GPR, pJM14RT, or
pJM13GPRT with deletions reconstructed by cloning of gag PR, RT, or gag PRT
deletion PCR products, respectively) with equimolar amounts of p83-10 (6).
p83-10 contains the complementary 39-half HIV-1NL4-3 genome (including par-
tial vpr and complete tat, rev, vpu, env, and nef genes, as well as the 39 LTR). Five

micrograms of each half genome clone was digested with EcoRI, ethanol pre-
cipitated together, and resuspended in 20 ml of water before electroporation into
MT-2 cells. p83-2 and p83-10 cotransfection was a positive control in each
experiment (6). Clones of recombinant virus were also generated by cotransfect-
ing a reconstructed pJM20GPRT plasmid with pJM31DGPRT (Fig. 1D and E).
Homologous recombination in MT-2 cells between the overlapping ends of
reconstructed pJM20GPRT and pJM31DGPRT regenerates a complete HIV-1
genome. Five micrograms of each plasmid was used; pJM20GPRT was double
digested with SphI and EcoRI, and pJM31DGPRT was linearized with BamHI.
Pools of recombinant virus were also generated by coelectroporation of
pJM31DGPRT (5 mg) with PCR products (2 mg). PCR products were purified
(QIAquick; Qiagen) before coelectroporation.

MT-2 cells were subcultured on the day before transfection at a density of
0.2 3 106 cells/ml in RPMI 1640 with 10% FCS, 2 mM L-glutamine, 10 mM
HEPES buffer, and 50 mg of penicillin and streptomycin per ml. MT-2 cells were
pelleted and resuspended in electroporation media (RPMI 1640 supplemented
with 10 mM dextrose and 0.1 mM dithiothreitol in the absence of FCS) at room
temperature at a concentration of 1 3 107 cells/ml. A 0.5-ml portion (5 3 106

cells), along with the resuspended DNA, was used in each electroporation with
the Bio-Rad gene pulser in 0.4-cm-diameter electrode cuvettes. Cells were elec-
troporated at 960 mF at a constant voltage of 250 V. After 15 min, 10 ml of fresh
growth medium (R10) and 0.5 3 106 fresh cells were added and incubated at
37°C in 5% CO2, with the p24 antigen tested every 3 to 4 days to monitor viral
production.

RESULTS

Generation of molecular clones of infectious HIV-1. HIV-1
PCR products were cloned into the new cloning vectors con-
structed here. WT HIV-1 was amplified from HIV-1NL4-3-
infected PBMC lysates with insert primers designed for a par-
ticular vector (Table 1). A PCR product including gag p7/p1
and gag p1/p6 cleavage sites and all PR coding sequences was
cloned into pJM11DGPR (Fig. 1A). An amplicon with the 39
end of gag, PR, and RT was cloned into both pJM13DGPRT
and pJM20DGPRT (Fig. 1C and D). An RT amplicon was
cloned into pJM14DRT (Fig. 1B). In each case, these plasmids
had the sequences of the HIV-1 reading frame(s) deleted from
the cloning vector restored with a PCR product. MT-2 cell
cultures were transfected with each reconstructed WT HIV-1
plasmid clone and the appropriate complementary plasmid
needed to test whether virus could be produced from the
recombinant plasmid (Table 1). Each transfected culture be-
came HIV-1 p24 antigen positive after 4 to 10 days. The viruses
produced from these different plasmids were each derived
from a molecularly cloned PCR product rather than a pool of
PCR products. These molecularly cloned viruses can be used
for genotyping, drug susceptibility testing, and assessment of
viral fitness.

The vector pJM31DGPRT (Fig. 1E), used for generating a
molecularly cloned virus by cotransfection with a reconstructed
pJM20GPRT, was also used to produce a pool of infectious
variants directly from PCR products without intervening clon-
ing. Pooled virus was recovered as early as 4 days after MT-2
cell cotransfection of pJM31DGPRT with a 2,939-bp PCR
product amplified from HIV-1NL4-3-infected cell DNA (prim-
ers 1607U25 and 4522L24 [Table 1]); vector and amplicon
ends overlap between 380 and 386 bp. Identical results were
seen with a 2,549-bp PCR product (primers 1811U24 and
4335L25 [Table 1]) with vector and amplicon ends that overlap
between 176 and 199 bp.

Characterization of fitness and drug susceptibility pheno-
types of infectious mutant virus clones. One of the plasmids,
pJM11DGPR, was used for site-directed mutagenesis to con-
struct specific mutant virus clones for comparison to a WT
clone. Protease mutants D30N, L63P, L90M, D30N/L63P, and
L90M/L63P and the WT were each constructed by recom-
binant PCR from NL4-3-infected cell lysates by methods
previously described (2, 24, 25, 34) and were cloned into
pJM11DGPR by ligase-mediated methods. Clonal variants with
WT PR and mutations in PR codons 30, 63, and 90 replicated in
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MT-2 and PBMC cultures, supporting the infectivity of the
virions made from a gag PR-restored pJM11DGPR. The rep-
licative fitness of the mutant clones in the absence of drug was
repeatedly tested in several different assays relative to the WT
virus, including experiments measuring kinetics of p24 antigen
production in culture and direct competitive mixed cultures
(16). Differences in a phenotype of these PR mutants, relative
replicative fitness compared to that of the WT, were noted.
The D30N mutant was the least replicative (16).

The drug susceptibility phenotypes of the WT and D30N
and D30N/L63P cloned mutant viruses were also tested in a
PBMC-based assay (14) (Table 2). There were no significant
differences in susceptibility to nelfinavir between the molecu-
larly cloned D30N and D30N/L63P mutant viruses. This indi-
cates the utility of these recombinant virus cloning vector sys-
tems for generating cloned viruses for drug susceptibility
testing. As expected based on previous findings that L63P is a
common polymorphism in virus from drug-naı̈ve patients, the

FIG. 1. HIV-1 sequences in cloning vectors for antiretroviral resistance testing. (A) pJM11DGPR is used to clone HIV-1 sequences of Gag p7/p1 and Gag p1/p6
cleavage sites and PR (GPR). pJM11DGPR and the HIV-1 PCR product amplified with insert PCR primers Apa1988 and Sse2835 (in gray) are digested with restriction
enzymes ApaI and Sse8387I and subsequently are ligated with T4 DNA ligase. Recombinant clones are cotransfected with p83-10 (6) into MT-2 cells to produce
infectious virus. A polylinker (not shown) including the only XbaI and BamHI restriction sites in the plasmid substitutes for the deleted HIV-1 sequence in each of
the vectors depicted in Fig. 1. Plasmid sequences are not shown for this or any other vector. (B) pJM14DRT is used to clone HIV-1 RT. pJM14DRT and the HIV-1
DNA PCR product amplified with insert PCR primers 2574U29 and 4120L35 (in gray) are digested with restriction enzymes XmaI and PacI and subsequently are ligated
with T4 DNA ligase. Recombinant clones are cotransfected with p83-10 (6) into MT-2 cells to produce infectious virus. (C) pJM13DGPRT is used to clone HIV-1
sequences encoding Gag p7/p1 and Gag p1/p6 cleavage sites, PR, and RT (GPRT). pJM13DGPR and pJM20DGPRT are used to clone an HIV-1 PCR product
amplified with the same insert PCR primers, 5CAI1964B and 3CAI4155LIG (in gray). pJM13DGPRT and the PCR product are digested with ApaI and PacI and
subsequently are ligated with T4 DNA ligase. Recombinant clones are cotransfected with p83-10 (6) into MT-2 cells to produce infectious virus. (D) pJM20DGPRT
is used to clone HIV-1 sequences encoding Gag p7/p1 and Gag p1/p6 cleavage sites, PR, and RT (GPRT). pJM20DGPRT is used for HIV-1 sequence-specific UDG
cloning. It is digested with BamHI and then amplified with vector PCR primers 3CAV1982 and 5V4142 (see Fig. 2). Vector and insert (in gray) PCR products are
digested with UDG and directly used to transform E. coli. Recombinant clones are cotransfected with pJM31DGPRT into MT-2 cells to produce infectious virus. (E)
pJM31DGPRT is used to generate either pooled or molecularly cloned infectious HIV-1 with patient specimen-derived sequences of Gag p7/p1 and Gag p1/p6 cleavage
sites, PR, and RT (GPRT). pJM31DGPRT digested with BamHI and the HIV-1 insert PCR product amplified with primers 1811U24 and 4522L24 (in gray) is directly
cotransfected into MT-2 cells to produce infectious virus as a pool of different variants. A reconstructed pJM20GPRT plasmid is cotransfected with pJM31DGPRT into
MT-2 cells to produce a cloned infectious virus.
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data also showed that L63P did not significantly modify D30N-
mediated nelfinavir resistance.

HIV-1 sequence-specific UDG cloning. Some of these new
vectors were designed to simplify and facilitate molecular clon-
ing of HIV-1 PCR products for clinical diagnostic laboratories
by use of the HIV-1 sequence-specific UDG cloning method-
ology, although clinical specimens were also cloned into
pJM11DGPR, pJM13DGPRT, and pJM14DRT by standard
ligase-mediated methods. The HIV-1 sequence-specific UDG
cloning method does not use enzymatic ligation of restriction-
digested DNA, which makes it more rapid and simpler than
cloning by standard methods. It differs from a commercially
available method for UDG cloning (CloneAmp system; Gibco-
BRL) by using UDG digestion to generate single-stranded
ends of specific HIV-1 sequences common to both the plasmid
vector and the corresponding insert PCR product (Fig. 2).
PCR products were cloned by this method from clinical isolate-
infected PBMC DNA, patient PBMC proviral DNA, and
patient plasma HIV-1 RNA into pJM2DPR, pJM5DPRT,
or pJM20DGPRT (and its derivatives pJM21DGPRT and
pJM22DGPRT) with primers specific for each vector (Table 1).

To clone PCR products into pJM13DGPRT, it is an option to
use either standard ligase-mediated methods or the HIV-1
sequence-specific UDG cloning methodology. Although the
59-half HIV-1 genome vectors (pJM2DPR, pJM5DPRT, and
pJM13DGPRT) can be used for HIV-1-specific UDG cloning,
the large vector inverse PCR product requires 20 cycles for
adequate amplification yield with a proofreading PCR poly-
merase. Amplifications requiring fewer cycles would further
minimize potential for misincorporation during vector PCR
(i.e., throughout the HIV-1 sequences in the vector). There-
fore, the smaller pJM20DGPRT and its derivatives were de-
veloped to UDG clone HIV-1 gag PRT PCR fragments. Only
10 cycles of proofreading PCR were adequate for producing
enough vector PCR product from these 3.4-kb plasmids to
allow cloning.

Insert PCR product amplification yield was adequate for
cloning in all HIV-1 sequence-specific UDG cloning attempts.
However, a low yield of insert PCR product and storage of
the vector PCR product at 4°C for .2 weeks did decrease
cloning efficiency. HIV-1 sequence-specific UDG cloning into
pJM20DGPRT yielded 4 3 104 colonies per mg of vector PCR
product DNA (using an approximate 2:1 molar excess of vector
to insert PCR products), with about 70% of the transformants
containing the correct insert. Correctly reconstructed cloning
junctions were sequenced from each of 30 clinical specimens
cloned by using HIV-1 sequence-specific UDG cloning. Stan-
dard ligase-mediated cloning into pJM11DGPR yielded 5 3
105 colonies of pJM11 DNA per mg, with .95% correct re-
combinants.

Application of clonal analyses to clinical resistance geno-
typing. Direct comparisons with the bulk PCR product se-
quence indicated that clonal analysis with these cloning vectors
improved the detection of small minorities of resistant virus
strains. Analyses of up to only 15 clones derived from a clinical
isolate of virus from patient PBMCs (13) detected minorities

FIG. 2. HIV-1 sequence-specific UDG cloning. In this schematic representation of HIV-1 sequence-specific UDG cloning, pJM20DGPRT is inverse PCR amplified
and the vector PCR product is directly mixed and annealed with the Gag p7/p1 and Gag p1/p6 cleavage site, PR, and RT (GPRT) insert PCR amplicon obtained from
HIV-1 RNA. After the UDG digestion, the 59 ends of both PCR products become long sticky ends, up to the last dUMP incorporated in the primer, and stably anneal.
The mix is then electroporated into E. coli, where gaps are repaired. The white arrowhead indicates the restriction site used to linearize pJM20DGPRT before inverse
vector PCR.

TABLE 2. Drug susceptibility phenotypes of molecularly
cloned recombinant viruses

Virus clone
Nelfinavir IC (fold resistance) ata:

50% 90%

WT 76.7 146.0
D30N 339.7 (4.4) 1148.0 (7.9)
D30N/L63P 549.6 (7.2) 1190.0 (8.1)

a IC, inhibitory concentration expressed in nanomolar concentration. The ICs
were determined in PBMC cultures by using supernatant fluid p24 antigen as the
end point. Fold resistance indicates the IC of HIV variants relative to the WT
(NL4-3).
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of resistant virus not identified in bulk PCR product sequenc-
ing of the same amplicon. Minority strains of resistant mutant
virus were found in clones, but not in bulk PCR product se-
quences, from 6 of 16 patient virus isolates (17). In addition,
physical linkage of minority resistance mutations was deter-
mined from the sequences of molecular clones. Multiple linked
PR and RT mutations were identified in 2 of 15 clones of an
insert PCR product cloned into pJM5DPRT; no mutations
were identified in the bulk PCR product sequence of the same
amplicon (Table 3). Amplicons were also cloned from plasma
HIV-1 RNA from 30 patients who had an early rebound of
plasma HIV-1 RNA levels during investigational antiretroviral
therapy (4). Nested RNA PCR was performed with primer
set 5CAI1964B and 5CAI4155LIG for cloning into the
pJM20DGPRT series (Table 1). Insert PCR product amplifi-
cation and HIV-1 sequence-specific UDG cloning were suc-
cessful in every attempt. Sequencing of about 10 clones of a
PCR product derived from each patient’s plasma HIV-1 RNA
identified a minority resistant mutant in 18 of the 30 (60%)
patients which was not found in the bulk sequencing analysis of
the same PCR product. In some cases, cloning identified ad-
ditional mutations not evident in the bulk PCR product se-
quence, and in other cases, the only evidence for any resistance
mutation was in clonal analyses. This supports both the feasi-
bility of and justification for clonal analysis with this system.

The vectors were also applied to cloning PCR products from
patient cell DNA. The vector pJM2DPR was used to UDG
clone PR amplified from uncultured semen cell DNA of two
patients treated with PR inhibitor-containing combinations.
Indeed, the PCR product yield from these specimens was sub-
optimal for bulk PCR product sequencing but adequate for
cloning. Clonal sequence analysis revealed at least a minority
of PR mutants among 9 or 10 semen clones sequenced from
each patient (19). A blood cell specimen from the same time
point was also amplified and cloned into pJM2DPR for one
patient. In this case, clonal analysis helped discern compart-
mental differences in resistant virus populations based, in part,
on detection of minority strains. The L90M resistance muta-
tion in the PR was found in two of nine blood cell DNA-

derived clones, but it was not identified among any of the nine
semen cell DNA-derived clones. Seven of the nine semen cell
DNA-derived clones had a PR V77I resistance mutation which
was not found in a single blood cell DNA-derived clone (19).

Pools of infectious recombinant virus were also made from
patient specimens of plasma HIV-1 RNA. Three plasma
HIV-1 RNAs with viral loads from 4,000 to 26,000 copies/ml
(as measured for clinical monitoring in another laboratory by
the standard Roche Amplicor assay) were amplified by nested
PCR (1607U25 and 4522L24 for the first round and 1811U24
and 4335L25 for the second round [Table 1]). The nested
second-round PCR product (2 mg) was cotransfected into
MT-2 cells with pJM31DGPRT to generate a pool of infectious
recombinant virus from each of these plasma HIV-1 RNAs
within 4 days of transfection. These supernatant fluids were
used to successfully infect PHA-stimulated PBMCs from un-
infected donors. The first-round PCR products used to gener-
ate pooled infectious recombinant viruses can also be ream-
plified in a second-round nested reaction with different primers
(5CAI1964B and 3CAI4155LIG [Table 1]) to generate molec-
ular clones in pJM13DGPRT or pJM20DGPRT.

DISCUSSION

This set of versatile recombinant virus vectors for molecular
cloning of HIV-1 PCR products has several advantages for the
development of improved drug resistance testing of clinical
specimens and for basic research into antiretroviral resistance.
Either infectious recombinant virus clones or pools can be
produced from these vectors. Their application to studies of
pathogenesis was demonstrated in laboratory studies of repli-
cative fitness and drug susceptibility of site-directed mutant
virus clones and detailed molecular characterization of cloned
clinical specimens. The rationale for development of clonal
analyses for identification of drug resistance mutations in clin-
ical specimens from patients with virologic failure, as indicated
by confirmed rebound of plasma HIV-1 RNA levels, was dem-
onstrated by improved detection of minority strains and ge-
netic linkage of resistance mutations. The feasibility of using

TABLE 3. Clonal analysis detects an HIV-1 minority subpopulation with multiple physically linked resistance mutations

HIV-1 wild
type or
clone

Amino acid of strain at the indicated position of:

PR RT

10 36 46 48 54 63 82 41 67 69 184 210 215

NL4-3 Leu Met Met Gly Ile Leu Val Met Asp Thr Met Leu Thr
578 bulk —a — — — — — — — — — — — —
578PRT1 — — — — — — —
578PRT2 — — — — — — — — — — — — —
578PRT3 — — — — — — — — — — — — —
578PRT8 — — — — — — — — — — — — —
578PRT9 — — — — — — — — — — — — —
578PRT10 — — — — — — — — — — — — —
578PRT11 — — — — — — — — — — — — —
578PRT12 — — — — — — — — — — — — —
578PRT13 — — — — — — — — — — — — —
578PRT14 — — — — — — — — — — — — —
578PRT16 — — — — — — — Leu — — — — —
578PRT4 — — — — NDb — — — — — — — —
578PRT6 — — — — — Pro — — — — — — —
578PRT5 — — — — — Pro — — — — — — —
578PRT7 Ile Ile Ile Val Thr Gln Ala Leu Asn Asp Val Trp Tyr
578PRT15 Ile Ile Ile Val Thr Gln Ala Leu Asn Asp Val Trp Tyr

a —, no change from amino acid of WT (NL4-3).
b ND, not determined.
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sequence-specific UDG cloning with these vectors was also
demonstrated.

The major advantages for development of improved clinical
resistance testing involve simplified cloning to facilitate better
detection of minorities of resistant virus and linkage of multi-
ple resistance mutations. The data presented here with the
recombinant virus vectors designed for HIV-1 sequence-spe-
cific UDG cloning (pJM2DPR, pJM5DPRT, pJM13DGPRT,
and the pJM20DGPRT series) indicate that detection of mi-
norities of resistant mutants is improved by sequencing as few
as 15 clones of PCR products compared to sequencing bulk
PCR products from clinical HIV-1 isolates or plasma HIV-1
RNA. Clonal analysis is the only method by which genetic
linkage of different minority resistance mutations can be de-
termined. One example (Table 3) illustrates the clinical rele-
vance of determining linkage: a mutant virus strain with several
mutations conferring broad PR inhibitor and RT inhibitor
resistance in the same genome would not be expected to be
inhibited by a combination of these agents, whereas a viral
population with a mixture of different genomes, each with less
than a full complement of mutations, might be inhibited to
some extent. Even if minority mutant strains were detected as
mixed bases in the bulk PCR product sequence, it would be
impossible to differentiate several different mutant strains each
with a subset of the mutations from one single minority mutant
strain containing all the identified mutations. The differentia-
tion of these two possibilities by a clonal analysis might be
useful for choosing a salvage regimen for a patient with mul-
tiple resistance mutations or, alternatively, for determining
that few treatment options remain. (Note that Table 3 depicts
an unusual phenomenon. Detailed drug treatment history was
not available for the patient from whom this specimen was
obtained, but withdrawal of all drugs for several weeks was
reported for other instances of such minority, linked mutants
we have studied.)

The first RT-deleted recombinant virus vectors (15), as well
as more updated versions with a deletion of PRT (11) or of
Gag p1/p7 and Gag p1/p6 cleavage sites as well as PR and RT
(22), do not allow molecular cloning of PCR products. A pool
of infectious recombinant virus is generated by homologous
recombination after cotransfection of vector plasmid DNA and
patient virus-derived PCR product DNA into T-cell lines (11,
15). Thus, genotyping, phenotyping, or assessments of replica-
tive fitness of amplicons from genetically heterogeneous clin-
ical specimens are limited to characterization of a pool of
recombinant virus. An RT-deleted, HIV-1LAI background
plasmid cloning vector (29) and a PRT-deleted HIV-1 back-
ground plasmid cloning vector (10) have also been used for
clinical diagnostic purposes. The former plasmid uses standard
cloning methods and does not allow cloning of gag PR. The
latter also uses standard cloning methods and has been re-
ported as being used for phenotypic drug susceptibility testing
of pools of molecular clones of recombinant virus including PR
and RT sequences. Other plasmids have been used for molec-
ularly cloning different HIV-1 PCR products for research pur-
poses (18, 21, 32); none of these allows cloning of all the
sequences of relevance for current combinations of PR inhib-
itors and RT inhibitors (e.g., Gag cleavage sites, PR, and RT).
The standard ligase-mediated cloning methods are more com-
plex and time-consuming than the method presented here.

The HIV-1 sequence-specific UDG cloning method can
speed cloning. PCR product purification is not needed, and
neither amplicons nor the vector requires restriction enzyme
digestion, phosphatase treatment, or ligation, each of which
are needed for the standard ligase-mediated methods. The
HIV-1 sequence-specific UDG cloning into these vectors is

also simple enough for those without molecular biology exper-
tise. The use of these HIV-specific vectors eliminates the need
for subcloning from a general-purpose UDG cloning plasmid
vector (pAMP, CloneAmp system; Gibco-BRL) for functional
studies of phenotypes. Although the cloning efficiency ob-
served with these vectors was about 10-fold less than that of
standard cloning or UDG cloning into pAMP, it yielded more
than enough transformants for these purposes and virtually all
transformants contained the desired inserts. Preliminary data
also suggest that primers can be optimized to improve cloning
efficiency. Every cloning junction sequenced to date has been
correct. The pJM20DGPRT plasmid is preferred among those
described here for UDG cloning, because of its small size. This
permits the vector PCR product to be generated with only 10
cycles of high-fidelity conditions and a proofreading polymer-
ase to minimize, and probably effectively preclude, unintended
in vitro misincorporation within vector HIV-1 sequences. In
other studies, PCR-introduced mutations were seen with a
proofreading polymerase only in the later of 35 cycles of am-
plification (data not shown).

The amplification primers developed here also add versatil-
ity to this system, because the same first-round PCR product
can be used with one of two nested second-round PCR primer
pairs to generate either a pool of recombinant virus or clones
of recombinant virus (pJM31DGPRT and pJM20DGPRT
primer pairs [Table 1]). This may facilitate laboratory testing
algorithms for speeding diagnostic testing involving clonal
analyses. For example, a pool of recombinant virus can be
rapidly generated by cotransfection of PCR products with
pJM31DGPRT. If a screening phenotype of the pool (or bulk
genotype of the PCR products) suggests minimal or no resis-
tance or if other indications suggest that minority mutants be
sought, then another aliquot of the same first-round PCR
products can be amplified with the alternate second-round
primers to permit molecular cloning into pJM20DGPRT. This
would allow specimens without easily detectable dominant re-
sistance to be triaged for a clonal analysis.

Some aspects of the genetic background of these deletion
plasmids are advantages for research purposes. Unlike the
HxB2 genome (26), on which most other recombinant virus
vector systems are based, HIV-1NL4-3 encodes functional forms
of some accessory genes of HIV-1 (e.g., vif, vpr, and nef). This
will facilitate laboratory research of gag-pol variants selected in
vivo in the background of these gene products. The availability
of the NL4-3-based and the hybrid HxB2–NL4-3-based vectors
constructed here also may help to further define poorly under-
stood differences in viral fitness and drug susceptibility of the
same PR mutants in NL4-3 versus HxB2 genetic backgrounds
(27). Another advantage is the flexibility for studying clinical
specimen-derived clones of the reading frames selected by
current PR and RT inhibitors either separately or together as
a unit in the same genetic background. This is relevant for
further research into interactions between PR inhibitor and
RT inhibitor-selected mutations (33). None of the previously
described vectors allow cloning of PR and RT either separately
or together as a unit into the same genetic background (10, 11,
15, 18, 21, 29, 32). The vectors described here allow cloning of
either PR, RT, or PRT as a unit from a patient specimen into
an isogenic HIV-1 background for comparative study. They
also allow study of gag PR versus PR, gag PR versus gag PRT,
or gag PRT versus PRT. The Gag p7/p1 and Gag p1/p6 cleav-
age sites are selected during PR inhibitor therapy and may
compensate for deleterious effects on fitness of PR active-site
mutations (5, 35).

Molecular cloning into the plasmids in which the deletion
includes sequences encoding Gag p7/p1 and Gag p1/p6 cleav-
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age sites (pJM11DGPR, pJM13DGPRT, and the pJM20DGPRT
series) also ensures that the sequences of these cleavage sites
derived from the clinical specimen are retained in the molec-
ularly cloned recombinant virus, in contrast to some other
systems where these sequences may be lost if they are outcom-
peted by other virus variants in the recombinant virus pool (11,
15). The reconstructed 59-half genome plasmids (pJM11GPR,
pJM13GPRT, and pJM14RT) also have potential for co-
transfection with any 39-half genome plasmid, allowing for
the study of a patient-derived gag-pol sequence in a virus with
HIV-1 envelope tropism other than the CXCR-4 tropism of
HxB2 and NL4-3. Also, cloning into subgenomic constructs
(pJM11DGPR, pJM13DGPRT, pJM20DGPRT, pJM2DPR,
or pJM5DPRT) avoids potential deletions due to recombi-
nation between HIV-1 LTRs during plasmid growth in
E. coli (23), to which complete genome vectors are liable (10,
18, 21, 29, 32). Mutant E. coli strains and reduced tempera-
tures of growth can minimize this potential, as was done here
for the 2-LTR plasmid pJM31DGPRT (which is not used for
molecular cloning of patient-derived specimens); this slows
plasmid DNA preparation needed for clonal analyses, how-
ever.

The molecular tools described here can help to reconstruct
recombinant virus containing Gag p7/p1 and Gag p1/p6, PR,
and/or RT sequences amplified from clinical or laboratory
specimens. Thus, they simplify and speed assays that determine
gag PRT genotype as well as phenotypic drug sensitivity and
replicative capacity from a given gag PRT genotype for labo-
ratory research and may help in the development of improved
resistance testing for clinical management.
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