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ABSTRACT We previously demonstrated that hybrid ret-
rotransposons composed of the yeast Tyl element and the
reverse transcriptase (RT) of HIV-1 are active in the yeast
Saccharomyces cerevisiae. The RT activity of these hybrid
Tyl /HIV-1 (his341/AIDS RT; HART) elements can be mon-
itored by using a simple genetic assay. HART element reverse
transcription depends on both the polymerase and RNase H
domains of HIV-1 RT. Here we demonstrate that the HART
assay is sensitive to inhibitors of HIV-1 RT. (—)-(S)-8-Chloro-
4,5,6,7-tetrahydro-5-methyl-6-(3-methyl-2-butenyl)imi-
dazo[4,5,1-jk][1,4]-benzodiazepin-2(1H)-thione monohydro-
chloride (8 CI-TIBO), a well characterized non-nucleoside RT
inhibitor (NNRTI) of HIV-1 RT, blocks propagation of HART
elements. HART elements that express NNRTI-resistant RT
variants of HIV-1 are insensitive to 8 CI-TIBO, demonstrating
the specificity of inhibition in this assay. HART elements
carrying NNRTI-resistant variants of HIV-1 RT can be used
to identify compounds that are active against drug-resistant
viruses.

Reverse transcriptase (RT) is essential for the replication of
retroviruses and retroelements. RT copies single-stranded
viral RNA into double-stranded DNA that is subsequently
inserted into the host genome. The RTs of HI Vs are the focus
of extensive in vivo, biochemical, and structural studies. Drug
therapies directed against HIV RT are in clinical use. How-
ever, because drug-resistant viruses arise in patients treated
with HIV RT inhibitors, it is important to develop new
anti-HI'V compounds, and in particular to develop compounds
that are active against resistant RTs. Rapid, simple, and
efficient screens are an integral part of such a drug develop-
ment program.

The yeast Saccharomyces cerevisiae has endogenous retro-
transposons (Ty elements) that transpose through RNA inter-
mediates (1), and their replication depends on an element-
encoded RT. In addition to its dependence on RT, Ty! shares
other characteristics with retroviruses including protease pro-
cessing of precursor polypeptides (2) and integrase-mediated
insertion of a DNA copy of the Tyl genome into the host
genome (3). Hybrids between Ty/ and other retroelements
have been used to demonstrate RT activity of human long
interspersed nuclear elements (LINEs) (4) and LINE-like
elements from a trypanosomatid (5). Hybrid elements make it
possible to study the RTs of diverse retroelements in a simple
model organism, as we demonstrated for an element that
contains HIV-1 RT (6).

In these hybrid Tyl /HIV-1 [his3AI (artificial intron)/AIDS
RT; HART] elements, the RT coding region of Ty/ was
replaced by the RT coding region from HIV-1 (6). This
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substitution relied on identification of the protease cleavage
site between integrase and Ty/ RT (Fig. 1B) (7). HIV-1 RT is
composed of two subunits, p66 and p51 (see refs. 8 and 9).
DNA encoding the p66 subunit of HIV-1 RT (10, 11) was
inserted in place of the Tyl RT coding region to create HART
elements (6). Reverse transcription of these HART elements
occurs at high frequency and is monitored by an RT-
dependent genetic assay that involves the production of histi-
dine prototrophs (12).

In contrast to the reverse transcription of Tyl RNA by Ty/
RT, HART element reverse transcription generates a sub-
strate that cannot be inserted into the genome by Ty! inte-
grase. The priming mechanism for the initiation of HART
reverse transcription is unknown; it is unlikely that HIV-1 RT
recognizes the Ty/ primer binding site and polypurine-tract
sequences required to generate correct Tyl ends. Insertion of
HART element DNA requires RAD52 (6), a gene required for
recombination in yeast, which suggests that insertion occurs via
homologous recombination between HART cDNA and resi-
dent Ty!/ elements.

HART element reverse transcription is monitored in a yeast
strain (spt3) that does not express endogenous Ty elements, so
that the only source of RT is the hybrid elements. The
polymerase and RNase H domains of HIV-1 RT are absolutely
required for HART element reverse transcription (6). Active-
site mutations in both the polymerase (D185E) and RNase H
(E478Q) domains result in a 10,000-fold loss of activity.
Consequently, this system can be used to monitor both the
polymerase and the RNase H activities of HIV-1 RT. As
described below, the HART assay can also be used to screen
for compounds that inhibit HIV-1 RT.

Considerable effort has been invested in the identification
and development of compounds that inhibit the replication of
HIV-1. Most HIV-1 RT inhibitors can be divided into two
classes, nucleoside analog RT inhibitors (NRTIs) and non-
nucleoside RT inhibitors (NNRTIs). NRTIs such as AZT
(3'-azido-3'-deoxythymidine) and ddI (dideoxyinosine) inhibit
reverse transcription by a chain-termination mechanism; when
they are added to a growing DNA chain they block further
DNA synthesis. NRTTs, although effective inhibitors of HIV-1,
are not highly specific for HIV-1 RT and can inhibit cellular
polymerases, resulting in cytotoxicity. NNRTIs show promise
because they are specific for HIV-1 RT and as a consequence
are less cytotoxic. Two NNRTIs have been approved for
clinical use and as therapeutic agents (13). NNRTIs, although
chemically diverse, consist of aromatic moieties and bind to a
hydrophobic pocket in HIV-1 RT (14-20). It has been pro-
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Fic. 1. Hybrid Ty//HIV-1 RT/RH elements. (4) The RT/RH
domain of HIV-1 was used to replace Tyl RT/RH, resulting in HART
(his3AI AIDS Reverse Transcriptase) elements. The inducible galac-
tose promoter-driven hybrid HIV/Ty element marked with his3AI,
HART, is shown. his3AI serves as an indicator of passage through an
RNA intermediate and of reverse transcription. Expression results in
full-length element RNA (wavy line) carrying an antisense copy of
his3AI at the 3’ end of the transcript. An artificial intron (open
rectangele) interrupts the £is3 coding region and is flanked by splice
donor and splice acceptor sites such that RNA splicing (V) of the intron
can occur only on the antisense transcript (the sense his3A4/ transcript
is interrupted by a “backward” intron). Splicing, followed by reverse
transcription, yields a cDNA copy of the hybrid element carrying a
functional HIS3 gene. Integrase (IN)-mediated insertion or cDNA
(homologous) recombination of this Ty-HIS3 cDNA results in histi-
dine prototrophy that is scored by genetic selection. Hybrid elements
carrying wild-type HIV-1 RT (HART) and the NNRTI-resistant
variants HART-L100I and HART-Y181C, along with Ty, can all be
assayed for RT activity with this genetic selection. (B) The nucleotide
and amino acid sequences of the Ty/HIV-1 RT junction and the Ty
protease (PR) cleavage site are shown.

posed that NNRTIs inhibit the nucleotide transfer step of
reverse transcription (21, 22) by distorting the alignment of the
primer—template and the active site of HIV-1 RT.

The TIBO family of NNRTIs (23) are effective inhibitors of
wild-type HIV-1 RT and block viral propagation. The clinical
usefulness of NNRTISs, like all HIV-1 inhibitors, is compro-
mised by the ability of HI'V-1 to develop drug resistance. Viral
propagation in the presence of NNRTIs selects for NNRTI-
resistant HIV-1 variants (24-27) that carry changes in the
amino acids that make up the NNRTI-binding site. These
amino acid changes alter interactions between the inhibitor
and the amino acid side chains or restrict access to the binding
site (28). Because all of the NNRTIs bind to the same site,
there is in some cases considerable cross-resistance to other
NNRTIs. Because each NNRTI binds to the pocket in a slightly
different way, resistant variants display various levels of poly-
merase activity in the presence of particular inhibitors (14-18,

Proc. Natl. Acad. Sci. USA 95 (1998)

29). The development of more effective HIV-1 RT inhibitors
will involve identifying compounds that are active against both
wild-type and NNRTI-resistant strains of HIV-1.

The HART assay (6) provides a simple alternative approach
to the identification and evaluation of HIV-1 inhibitors. Here
we demonstrate that a known HIV-1 RT inhibitor (—)-(S)-8-
chloro-4,5,6,7-tetrahydro-5-methyl-6-(3-methyl-2-buteny-
l)imidazo[4,5,1-jk][1,4]-benzodiazepin-2(1H)-thione monohy-
drochloride (8 CI-TIBO) specifically inhibits HIV-1 reverse
transcription in the HART assay system. We also show that
NNRTI-resistant RT variants retain their activity in the pres-
ence of 8 CI-TIBO. The activity of wild-type and variant RTs
and their response to NNRTI compounds can be quantitated.
We studied the NNRTI thiazolobenzimidazole (TBZ; 1-(2’,
6'-difluorophenyl)-1H,3H-thiazolo[3,4-a]benzimidazole) (30,
31) and showed that it inhibits both wild-type and an NNRTI-
resistant HI'V-1 RT (L100I).

MATERIALS AND METHODS

Yeast Strains. The yeast strain BDG1251 (MAT« ura3-167
trp1-GB spt3-101 his3A200) is the host for HART elements in
which reverse transcription is monitored. The spt3 mutation
blocks expression of endogenous Ty! elements. The his3-A200
mutation deletes the entire HIS3 gene.

Plasmids. Nuvec08 (galactose-regulated Ty-his3AI) was
constructed by modifying pGTy-H3 mhis34I (12): the long
terminal repeat-URAJ interval was shortened, the Ncol and
Smal sites in URA3 were removed, and the Clal site between
the 3’ long terminal repeat and the end of his3AI was removed.
HART-21 was constructed by replacing the RT domain of Ty!
with that of HIV-1 RT in the plasmid Nuvec08 (Fig. 1). The
non-nucleoside-resistant HIV-1 RT variants, L100I and
Y181C, were placed in HART-21 by conventional cloning
using a Smal site in HIV-1 [between HIV-1 RT codons 14 and
15 (10)] and the Clal site between the 3’ end of HIV-1 RT and
his3AI, resulting in the plasmids HART-L100I and HART-
Y181C. The nucleic acid and amino acid sequences of the
Tyl /HIV fusions at the Tyl protease cleavage site between
Tyl integrase and Ty/ RT are shown in Fig. 1C.

Induction of Reverse Transcription on Plates. Strains car-
rying Nuvec08 or HART plasmids were maintained by growth
on SC — URA (synthetic complete media missing uracil) +
glucose plates (32). Expression of TyZ and hybrid elements was
induced by replica plating or patching to SC — URA +
galactose [1% DMSO (dimethyl sulfoxide)]. These plates were
then replica plated onto SC — HIS + glucose (1% DMSO) to
select for histidine prototrophs. Induction and selection of
reverse transcription were done at 30°C to minimize endoge-
nous Ty activity.

Liquid Inductions. Strains carrying either NuvecO8 or
HART plasmids were grown in SC — URA + glucose (1%
DMSO) to saturation. Saturated cultures (20-50 pl, ~10°
cells) were transferred to 1 ml of SC — URA + galactose (1%
DMSO) and grown for 6 hr. Two hundred microliters was
plated directly onto SC—HIS (1% DMSO) plates. Five micro-
liters of culture was transferred into 5 ml of water and 50-100
wl was plated on yeast extract/peptone/dextrose (YEPD)
plates to determine cell titer. All incubation steps were per-
formed at 30°C. Ty and HART element reverse transcription
was quantitated by determining the frequency of histidine
prototrophy in the presence and absence of inhibitors. Tyl and
HART element frequencies were determined by dividing the
number of histidine prototrophs by the total viable cell count.
The frequencies in the absence of inhibitor and at each
inhibitor concentrations are the average of at least 12 repli-
cates.

Inhibitors. The inhibitor 8 CI-TIBO (R091767) was pro-
vided by Janssen Research Foundation. The inhibitor TBZ
(NSC625487) was synthesized and provided by T. H. Roth and
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C. J. Michejda. RT inhibitors were dissolved in DMSO to give
20 mM stock solutions and added to liquid media and plates
such that all media contained 1% DMSO. When testing the
effect of the inhibitors on reverse transcription, inhibitors were
present both during induction (growth on galactose) and
during selection (growth in the absence of histidine).

RESULTS

We previously showed that hybrid Ty//HIV-1 retroelements
are active in yeast and that the activity of HIV-1 RT can be
monitored by using a simple genetic assay (6). The assay is
based on the expression of an indicator gene his3AI (Fig. 1)
that requires transcription, RNA splicing to remove the arti-
ficial intron, and reverse transcription to generate an intact
cDNA copy of the HIS3 gene (12). Insertion of this HIS3
cDNA into HART plasmids or into the yeast genome is
detected by genetic selection for histidine prototrophy. HART
elements marked with his3AI (Fig. 1) have the RT-coding
region of Ty! replaced by sequences encoding HIV-1 RT. The
HART elements were designed so that Ty protease can cleave
HIV-1 RT from the Ty! /HIV precursor polypeptide, yielding
an active form of HIV-1 RT (p66/p66). This HIV-1 RT carries
out reverse transcription of the hybrid elements, resulting in
histidine prototrophy.

To establish that a compound is an inhibitor of a specific RT,
in this case HIV-1 RT, requires that other RTs, cellular
polymerases, and general cellular functions are unaffected.
Specificity was demonstrated by using isogenic strains that
differ only in the RTs present in the plasmid-borne retroele-
ments (Fig. 2). Tyl-his3AI and HART elements were ex-
pressed in a yeast strain carrying a spt3 mutation (33) in which
endogenous TyIs are not expressed, but galactose induction of
elements under the control of the Gall promoter is efficient
(34). The Tyl-his3AI element serves as a positive control to
show that the growth, induction of transcription, reverse
transcription, and splicing needed to generate histidine pro-
totrophs are unaffected by a test compound.

The NNRTI 8 CI-TIBO Inhibits HART Element Reverse
Transcription. The NNRTI 8 CI-TIBO was used to show that,
in the context of the Tyl /HIV-1 hybrid in yeast, HIV-1 RT is
sensitive to a well characterized NNRTI. Ty-his341 and HART

Activity with
NNRTI
Ty1-his3Al
| =, T — +
Ty A PR IN Ty1 RT his3A/
HART
| = LN L L T — —_
TyA PR IN HIV-1 RT  his3Al
HART-NNRTF
| =, N N W T - | +
Ty A PR iN HIV-1 RT  his3As

F1G.2. Scheme demonstrating that inhibition of HIV-1 RT can be
monitored in yeast. To demonstrate that the HART assay is an
appropriate means to screen for inhibitors of HIV-1 RT in yeast, the
HART assay was carried out with a previously characterized NNRTI
(8 CI-TIBO) and controls for the specificity of inhibition. The rationale
for that experiment is shown. Specific inhibitors of HIV-1 RT should
not inhibit the activity of Ty elements (Ty-his34I) because reverse
transcription is carried out by Ty RT. HART elements should be
inhibited by 8 CI-TIBO. HIV-1 RT variants (L100I and Y181C) are
resistant to 8 CI-TIBO, and HART elements carrying them should be
active.
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elements were induced by growth on media containing galac-
tose and then replica-plated onto media lacking histidine to
select RT-mediated events. Both induction and selection of
RT-mediated events were carried out in the presence of
various concentrations of 8 CI-TIBO. The results shown in Fig.
3 demonstrate that the HART assay can be used to monitor the
drug-dependent inhibition of HIV-1 RT. In the presence of 8
CI-TIBO, Ty! reverse transcription and other cellular pro-
cesses are unaffected; histidine prototrophs are efficiently
generated with or without the inhibitor. In contrast, HART
element reverse transcription is inhibited in the presence of 8
CI-TIBO. Inhibition is dose-dependent and results in a dra-
matic decrease in the number of histidine prototrophs.

The efficiency of reverse transcription in the HART assay
is measured by using a genetic selection and classical plating
techniques. Reverse transcription can be measured quantita-
tively by using a protocol based on short inductions in liquid
followed by titering of histidine prototrophs. When this pro-
tocol is used the frequency of Tyl reverse transcription is
similar to previous studies and HART element reverse tran-
scription is efficient. This analysis establishes a baseline for the
RT activity of each element and demonstrates that the assay
can be used to quantitate the activity of HI'V-1 variants (Table
1).

Quantitation of reverse transcription with the HART assay
makes it possible not only to monitor the activity of an RT, but
also to measure the extent of inhibition by specific compounds.
The extent of HIV-1 reverse transcription inhibition by 8
CI-TIBO was quantitated by performing the assay using sev-
eral concentrations of that drug (Table 1). As suggested by the
plate assay in Fig. 3, 8 CI-TIBO does not inhibit Ty/ reverse
transcription or the generation of histidine prototrophs at any
of the concentrations we tested. In contrast, HART elements
are inhibited in a dose-dependent manner by 8 CI-TIBO with
50% inhibition of HI V-1 reverse transcription occurring at 3—4
M.
HART Elements Carrying NNRTI-Resistant HIV-1 RTs
Are Resistant to 8 CI-TIBO. Propagation of HIV-1 in the
presence of NNRTIs selects for resistant variants with alter-
ations in the RT domain (15). The HIV-1 RT variants L1001
and Y181C were selected during virus propagation as resistant
to 8 CI-TIBO in tissue culture, are found in HIV-1-infected
individuals, and result in cross resistance to multiple NNRTIs
(25-27). We constructed Tyl /HIV-1 elements carrying these
drug-resistant variants, designated HART-L100I and HART-
Y181C. HART-L100I and HART-Y181C elements are resis-
tant to inhibition by 8 CI-TIBO (Fig. 3). These elements form
histidine prototrophs even at inhibitor concentrations of at
least 80 uM. The resistance of these elements to 8§ CI-TIBO
further demonstrates that the target of inhibition in the
wild-type HART element is HIV-1 RT and not some cellular
function (such as recombination) required by HART elements
but not the Ty-his3AI retrotransposon.

It has been suggested that HI'V-1 carrying NNRTI-resistant
mutants replicates less efficiently than the wild-type virus (35,
36). We measured the production of histidine prototrophs by
using HART elements carrying the 8 CI-TIBO-resistant vari-
ants (Table 1). In the absence of inhibitor, HART-L100I
activity is reduced 2-3-fold compared with HART, and
HART-Y181C activity is reduced 8-fold, suggesting that these
variant RTs reverse-transcribe element RNA less efficiently
than wild-type HIV-1 RT. The response of HART elements
carrying the NNRTI-resistant variants of HIV-1 RT to 8
CI-TIBO is shown in Table 1. As expected from the behavior
of HIV-1 viruses carrying these mutations, HART-L100I and
HART-Y181C are at least 20-fold more resistant to 8-Cl TIBO
than HART. In this assay, 50% inhibition requires more than
80 uM 8 CI-TIBO, a level at which wild-type HIV-1 RT is
effectively inhibited. Thus, both the extent of inhibition by an
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100 uM

FiG. 3. HIV-1 reverse transcription is inhibited by 8 CI-TIBO in yeast. Inhibition of HIV-1 RT activity in yeast was tested by using the RT
inhibitor 8 CI-TIBO and controls for the specificity of inhibition. Yeast patches carrying Ty (Ty-his34I) or hybrid retroelements (HART,
HART-L100I, and HART-Y181C) were replica-plated onto galactose plates containing no or various concentrations of 8 CI-TIBO, to induce
expression of the elements. These plates were then replica-plated to media lacking histidine, containing no or various concentrations of 8 CI-TIBO,

to select for RT-mediated events.

NNRTT and the drug resistance by variant HIV-1 RTs can be
quantitatively evaluated in yeast.

HART Elements Can Detect Compounds Active Against
NNRTI-Resistant RTs. Having established that the HART
assay responds appropriately to one well characterized inhib-
itor, we used the HART system to look at an additional HIV-1
RT inhibitor. TBZ (30, 31) is a potent NNRTTI active against
HIV-1 (37). TBZ has been used as the lead compound for a
family of NNRTIs modeled to fit the NNRTI-binding pocket
(38). TBZ inhibits both wild-type HIV-1 RT and surprising-
ly,the NNRTI-resistant variant HART-L100I (Table 1). TBZ
inhibits HART in a dose-dependent manner with 50% inhi-
bition at ~3-4 uM. TBZ inhibits HART-L100I with 50%
inhibition at =12 uM. HART-Y181C is not inhibited by TBZ,
nor is Ty/, demonstrating that the action of TBZ is specific for
HIV-1 RT. In contrast to our results, resistance to TBZ is not
apparent when a L1001 variant of HIV-1/111g was tested in a
cytopathic killing assay (39). The observation that TBZ inhib-
its a NNRTI-resistant variant shows that the HART system can
be used to identify compounds that inhibit both wild-type and
drug-resistant HIV-1 RT variants.

DISCUSSION

The RT of HIV is an important target for antiviral drug
development. Our experiments demonstrate that hybrid ele-

ments composed of the yeast retrotransposon TyZ and the RT
of HIV-1 are useful tools for the identification of anti-HIV-1
RT drugs. We previously described a simple genetic assay that
depends on the RT and RNase H activities of these HART
elements (6). Here we demonstrate that HI'V-1 reverse tran-
scription is sensitive to the NNRTI 8 CI-TIBO in yeast. TBZ,
another NNRTI, blocks the RT activity of both wild-type and
a NNRTI-resistant HIV-1 RT. This safe and simple assay can
augment biochemical approaches to the analysis of RT and can
be used by laboratories without the facilities to propagate live
virus.

Comparison to Other Assays. Several approaches have been
used to identify therapeutics against HIV-1 RT. Anti-RT
drugs that block viral replication have been identified in a
variety of tissue culture systems (37, 40, 41). RT inhibitors have
also been identified by biochemical screens for compounds
that block activity on RNA and/or DNA substrates (42). Kim
and Loeb (43) developed a plasmid-replication assay that
depends on the DNA polymerase activity of HIV-1 RT and
showed that the activity is sensitive to nucleoside analogs (44).
Structural determinations of HIV-1 RT (45-48) and of RT
complexed with inhibitors (14, 16-18, 20, 49, 50) have been
used to design novel anti-RT drugs (28, 38).

To demonstrate that specific inhibitors of HIV-1 reverse
transcription can also be identified by using the HART assay,

Table 1. HIV-1 RT activity and inhibition of HIV-1 RT can be quantitatively assayed in yeast
Relative frequency of histidine prototrophy with indicated inhibitor
8 CI-TIBO TBZ
Element No inhibitor 0 Swm 10pm 20um 40pwm 80pum O Swpm 10pm 20pum 40 wm 80 um

Ty 29(*+19) x 1072 1.0 1.06 0.85 1.24 0.92 1.28 1.0 088 1.01 0.90 0.98 0.97
HART 1.1(=0.8) x 1073 1.0 035 0.25 0.11 0.05 0.02 1.0 030 0.25 0.14 0.04 0.01
L1001 44 (+32) X 107* 1.0 093 1.13 0.98 0.86 0.55 1.0 071 0.64 0.25 0.23 0.12
Y181C 1.4 (+0.8) x 107 1.0 0.88 1.0 1.03 0.90 0.58 1.0 088 1.0 1.03 0.90 0.58

The frequency of RT-mediated histidine prototrophy was determined for Ty and hybrid Ty/HIV elements after brief induction of expression.
The frequency of RT-mediated events is shown in the “No inhibitor” column. The frequency of RT-mediated histidine prototrophy was determined
for Ty and hybrid Ty/HIV elements in the presence and absence of 8 CI-TIBO and TBZ. The frequencies for each element-inhibitor combination
are expressed relative to the frequency of the element in the absence of inhibtor (no inhibtor = 1.0).
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we constructed a set of target retro-elements that differ only
in the RT-coding region present. HART elements undergo
efficient protease cleavage to generate the p66 subunit of
HIV-1 RT, which presumably forms a p66/p66 homodimer
(D.N. & S. Moore, unpublished data). HIV-1 protease is not
present in these elements, and there is no evidence that any p51
subunit is made. The homodimeric form of HIV-1 RT p66/p66
is active, carrying out both RNA-dependent and DNA-
dependent polymerization (10, 51-53); thus, it is not surprising
that a p66/p66 homodimer can carry out reverse transcription
in the HART assay.

HART elements generate RT-mediated events at an easily
scorable frequency. The RT activity of naturally occurring and
drug-induced HIV-1 RT variants can be differentiated and
characterized over a 100-fold range with the HART assay. The
activity of HART elements increases with longer induction
periods and with short inductions is 5-10% of that observed
previously with longer inductions (Table 1; ref. 6). Induction
for 6 hr provides sufficient signal for the quantitation of
reverse transcription and yields reproducible results.

The HART assay is sensitive to inhibitors of HIV-1 RT.
HART element reverse transcription is inhibited in the pres-
ence of 8 CI-TIBO and TBZ with 50% inhibition of HIV-1 RT
activity at 3-4 uM. Both 8 CI-TIBO (23) and TBZ (37) are
reported to inhibit HIV-1 replication using at 1-10% of the
concentrations used in other in vivo assays. The HART assay
differs from in vivo HIV-1 replication assays in that it is a
“single-pass” assay. That is, histidine prototrophy, the reverse
transcription indicator, can be generated by a single round of
reverse transcription. Standard HIV replication assays involve
multiple rounds of viral replication. Consequently, inhibition
in each round of reverse transcription is compounded in
multiple cycles of viral replication. A single-pass assay is
expected to require higher concentrations of inhibitor to
achieve comparable levels of inhibition. Inefficient uptake and
the effects of metabolism on inhibitor levels may also increase
the amount of inhibitor needed in the HART assay. Although
the assay requires higher drug concentrations, it can be used
to monitor RT inhibition at micromolar concentrations of
drug.

Differences in RT activity can be monitored with the HART
assay. The activities of the NNRTI-resistant RT elements
HART-L100I and HART-Y181C are reduced 3- and 8-fold
respectively in comparison to wild-type HIV-1 RT (Table 1).
The reduction in RT activity for HART-L100I is consistent
with biochemical RT assays in which L100I has 40% of the
activity of wild-type HIV-1 RT (29). In contrast to our results,
a biochemical analysis of the RNA- and DNA-dependent
polymerase activies of the Y181C variant on artificial tem-
plates (54) indicate that it has catalytic properties similar to
wild-type RT. Although viruses carrying this RT variant can be
propagated (55-57), it is possible that it is less processive than
wild-type RT. The HART assay requires sufficient reverse
transcription to generate a HIS3 cDNA substrate for recom-
bination that results in histidine prototrophy. An RT with low
processivity may be deficient in generating the cDNA substrate
required for the HART assay.

The demonstration that TBZ inhibits HART and HART-
L100I suggests that the assay can be used to identify novel
NNRTIs and NNRTIs that are effective against both wild-type
and drug-resistant RTs. TBZ inhibits HART-L100I at con-
centrations at which Ty/ and HART-Y181C are unaffected.
This inhibition is dose-dependent, with 50% inhibition at ~12
uM TBZ. Analysis of TBZ activity against virus containing the
L100I mutation in a viral propagation assay did not reveal an
activity against this drug-resistant variant (37, 39). Although it
is possible that the p66/p66 homodimer present in the HART
assay interacts differently with TBZ than does the p66/p51
heterodimer present in HI V-1, there is no indication that other
NNRTIs interact differently with p66,/66 versus p66,/p51. One
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of the strengths of the HART assay is the ease of running
multiple replicates; hence, it may detect subtle differences in
activity more readily than conventional in vivo HI'V-1 repli-
cation assays. Compounds like TBZ are candidates for ther-
apeutics that inhibit wild-type HIV-1 and also suppress the
emergence of drug-resistant variants (42).

We view the HART assay as a complement to biochemical
and viral propagation assays for monitoring drug sensitivities.
The strength of this assay lies in the ease and speed with which
it can be performed and the absence of a requirement for the
biocontainment necessary for live-virus studies. We recognize
that some potential HIV-1 RT inhibitors will be missed
because of permeability problems with yeast, differences in the
metabolism of compounds in yeast and humans, or aspects of
reverse transcription (e.g., priming) that are not components
of this assay. We have, however, had initial success using this
assay as a primary screen of new NNRTIs (D.N. & C.
Michejda, unpublished data).

Other Uses of the HART Assay. HART elements carrying
a library of variant HIV-1 RT sequences would be helpful in
identifying mutations that confer drug resistance. Such librar-
ies are easy to construct in yeast because of the efficiency of
DNA gap repair. Cotransformation of linearized HART plas-
mids carrying a partial deletion of HIV-1 RT DNA sequences
and RT-domain DNA results in the regeneration of plasmid-
borne HART elements by homologous recombination. RT-
domain DNA can be obtained by PCR of virus present in any
viral pool, including patient blood. The activity profile and
inhibitor-resistance profile of the RTs present in the original
pool can be established by looking at the frequency of histidine
prototrophy in the presence and absence of inhibitor. Starting
with a mixed pool of HIV-1 RT domains, we have constructed
HART RT libraries that are representative of the starting RTs
(D.V.N,, unpublished data). This approach can also be used to
mutagenize the RT domain of HIV-1 and generate a pool of
HART variants that can be analyzed for RT activity, the
fidelity of reverse transcription, and the generation of novel
drug-resistant variants.

The role of RNase H in reverse transcription is well estab-
lished, and this requirement is relatively unexplored as a target
for inhibition of HIV-1 reverse transcription. The HART assay
offers an attractive system for screening potential RNase H
inhibitors because activity is also dependent on RNase H (6)
and inhibition of HIV-1 RNase H will result in a loss of HART
activity. Just as it has for RT polymerase inhibitors, the HART
assay can be used to look for RNase H inhibitors, to mu-
tagenize the RNase H domain, and to characterize RNase H
variants.

In summary, the ability to characterize the activity of
exogenous RTs in yeast facilitates the analysis of HIV-1
reverse transcription in an in vivo assay. The HART assay
responds appropriately to established inhibitors, can be used to
look for novel RT inhibitors, and can be used to characterize
the RTs present in a viral population.
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