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Two benzodiazepine compounds, [7-chloro-5-(2-pyrryl)-3H-1,4 benzodiazapin-2-(H)-one] (Ro05-3335) and
[7-chloro-5-(1H-pyrrol-2-yl)-3H-benzo[e] [1, 4] diazepin-2-yl]-methylamine (R024-7429), inhibit human im-
munodeficiency virus type 1 (HIV-1) replication via a specific effect on the function of the transactivator
protein, Tat. To gain further insight into the mechanism of action of these compounds, we have tested their
effects in an alternative assay for Tat activation in Xenopus oocytes. In this system, translation of
trans-activation response element (TAR)-containing RNA is activated by Tat. Both compounds specifically
blocked activation of translation in a dose-dependent fashion, with Ro24-7429 showing the greater potency. In
the Xenopus oocyte system, as in mammalian cells, mutation of the TAR loop sequences abolishes Tat action.
However, it is possible to obtain TAR-specific, Tat-dependent activation of a target RNA with a mutation in the
loop provided that this target is in large excess. This result has been interpreted as indicating that a negative
factor has been titrated (M. Braddock, R. Powell, A. D. Blanchard, A. J. Kingsman, and S. M. Kingsman,
FASEB J. 7:214-222, 1993). Interestingly Ro024-7429 was unable to inhibit the TAR-specific but loop
sequence-independent mode of translational activation. This finding suggests that a specific loop-binding
cellular factor may mediate the effects of this inhibitor of Tat action. Consistent with this notion, we could not

detect any effect of Ro24-7429 on the efficiency of specific Tat binding to TAR in vitro.

Efficient replication of human immunodeficiency virus
(HIV) is critically dependent on the virally encoded transacti-
vator protein, Tat. Tat stimulates transcription by interacting
with a specific sequence, the frans-activation response element
(TAR). TAR is a stable RNA structure located at the 5’ end of
all HIV mRNAs (12, 37) and comprises a partially base-paired
stem, a tripyrimidine bulge, and a hexanucleotide loop (17, 32).
In vitro binding studies have shown that Tat binds to TAR at
the bulge (16, 48, 47) via an arginine-rich sequence in Tat (10,
11, 13, 36). The loop sequence in TAR is not important for Tat
binding in vitro; however, many in vivo studies have indicated
that mutations in the TAR loop sequence abolish Tat activa-
tion (e.g., reference 18). This is widely interpreted as suggest-
ing that TAR-binding cellular factors are required in addition
to Tat to achieve activation. Several cellular proteins that bind
specifically to the loop in vitro have now been described; these
are p68 (30), p185 (50), and TRP1 (probably the same as p185)
(43). Several other TAR-binding proteins have been identified.
These are a family of 70- to 110-kDa proteins (TRP2 family)
that bind to the bulge region (43), a 37-kDa protein (TRBP1)
that requires the upper stem but not the loop or the bulge for
binding (19), a 38-kDa protein (bulge-binding protein) that
requires the bulge and residue G-26 but not A-27 for maximal
binding (31a), the DAI kinase, which binds to the lower stem
(21), and stem-binding protein, which also binds to the lower
stem, the bulge, and A-27 of the upper stem (39). There is also
evidence for additional factors, but these are as yet poorly
characterized (31). A number of Tat-binding proteins have
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also been identified (14, 33, 34). All of these observations
suggest that Tat activation in vivo may require not only Tat
binding to TAR but also the interactions of cellular factors
with TAR and with Tat.

Although the predominant mode of action of Tat is to
stimulate transcription, we have observed that Tat can specif-
ically activate the translation of TAR-containing RNAs after
they have been injected into Xenopus oocytes. This activation
requires nuclear factors and shows the same specificity with
respect to loop, bulge, and upper stem sequences as does
transcriptional activation in mammalian systems (5-9, 13, 18,
27). Although the loop sequence is important, it is possible to
establish loop sequence-independent activation in the oocyte
system. A TAR RNA target with a mutation in the loop can be
activated by Tat provided that the target is present at very high
intracellular concentrations. This activation is abolished by
second-site mutations in the bulge, indicating that it is still
dependent on the specific Tat-TAR binding interaction (7).
We have suggested that under these conditions, a negative
factor has been titrated, and we proposed that the loop
sequences are critical only in the presence of this putative
negative factor. This contrasts with other suggestions that the
loop sequence is essential to recruit a coactivator protein (28,
29). Irrespective of the explanation for the role of the TAR
loop, our data show that it is possible to assay a specific facet
of Tat action in an in vivo system in which the loop sequences
and, by inference, loop sequence-binding cellular factors do
not play a role.

The pivotal importance of Tat activation to ensure efficient
productive viral replication has stimulated the search for
specific inhibitors of this process. Recently a class of benzodi-
azepines that inhibit HIV replication and which also specifi-
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cally block Tat activation of transcription from HIV promoter-
reporter plasmids has been identified (23, 24, 41, 49). To date,
there are few insights into the mechanism whereby these
compounds inhibit Tat activation. Clearly, they could function
to directly block Tat binding, they could antagonize positive
cellular factors which might bind to either TAR or Tat, or they
could stimulate inhibitory factors. Recently it has been shown
that prolonged passage of virus in the presence of these
compounds does not select for drug-resistant viruses, suggest-
ing that the target for these compounds could be cellular
factors (23). In this report, we provide more information about
the antiviral activity of Ro24-7429. In addition, we use the
Xenopus oocyte assay system to probe for possible interactions
between these drugs and cellular factors. Our data show that
the compounds block Tat-specific activation of translation but
that their effect is dependent on the integrity of the TAR loop
sequence. These data suggest that these benzodiazepines in-
teract with loop-binding cellular factors.

MATERIALS AND METHODS

Plasmids and in vitro transcription. Plasmid constructions
have been previously described (7). Derivatives of pSP65 that
generated wild-type (pPE38) and loop mutant (pPE43) chlor-
amphenicol acetyltransferase (CAT) reporter RNAs, referred
to as 38 RNA and 43 RNA, respectively, were constructed.
Short competitor RNAs (CTARs) were produced by runoff at
the unique Nhel site as described previously (7). Plasmids,
transcripts, and TAR sequences are shown in Fig. 1. In vitro
transcription was performed as described previously (8), and
all procedures were carried out as recommended by the
supplier (Promega, Madison, Wis.). All RNAs were capped as
previously described (8). A nonspecific competitor RNA was
produced as described previously (7).

RNA and protein analysis. RNA was extracted from oocytes
and analyzed by quantitative primer extension as previously
described (7, 9), using a primer located in the CAT reporter
RNA (5). Primers were end labelled with [y-*’P]JATP, and
extension products were visualized on 8% denaturing polyacryl-
amide gels (5). CAT assays were done as described previously
(7), using typically 50 pg of protein for a 1-h CAT assay. CAT
assays and primer extension analyses were quantitated by
Phosphorlmager (Molecular Dynamics, Sunnyvale, Calif.)
analysis without file conversion (25). In all experiments, oocyte
extracts were prepared for RNA and protein analysis 16 to 18
h after injection.

Xenopus oocyte microinjection. Xenopus oocytes were iso-
lated and maintained in Barth X medium as described previ-
ously (7). Tat activation conditions used 3 ng of reporter RNA
and 20 pg of Tat injected per oocyte. Typically 30 oocytes were
used to generate ecach datum point, and each observation was
confirmed in at least three independent experiments using
different batches of oocytes. In competition experiments, re-
porter RNA was premixed with Tat and competitor RNA as
previously described (7).

Compounds. Ro5-3335 and Ro024-7429 were synthesized as
described previously (3). 9-Chloro TIBO was purchased from
Pharmatech Inc., N.J. All compounds were dissolved in 100%
dimethyl sulfoxide (DMSO) to 7.4 mM. For antiviral studies,
the compounds were added to tissue culture medium to give
the final stated concentrations. For Xenopus oocyte studies, the
compounds were added to Barth X buffer, and they were
coinjected into oocytes and maintained in the medium at the
stated concentrations. In dose titrations, the final concentra-
tion of DMSO was constant across the dilution range. In
control experiments in both mammalian and Xenopus studies,
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DMSO was present in the medium at the same concentration
as used in the drug experiments; no effects of DMSO at these
concentrations were observed.

Antiviral assays. HIV-1 virus stocks were prepared by
DEAE-dextran transfection of H9 cells with the proviral clone
WI3 (26) as described previously (1). Supernatants were
harvested at 9 days posttransfection, filtered, and assayed for
infectivity by a 50% tissue culture infectious dose assay on
C8166 cells (1). For acute infections, 10" H9 cells were
incubated with 10® 50% tissue culture infectious doses of
HIV-1 virus in 1 ml of medium for 1 h at 37°C and then washed
and resuspended in fresh medium at 10° cells per ml. TIBO
was added to the cells at a final concentration of 1 uM.
R024-7429 was added to the cells at a final concentration of 0.1
or 0.2 uM, as stated. An equivalent volume of DMSO was
added to the control population. Samples of the culture
supernatant were taken when the cells were passaged and then
assayed for reverse transcriptase activity as described previ-
ously (1). H9 cells chronically infected with HIV-1 were
established 20 days after the initial infection with WI3, when
reverse transcriptase activity had reached a steady level. Then
10° cells were plated in 5 ml of fresh medium, and Ro24-7429
was added to give a final concentration of 0.1 or 0.2 pM; a
control population had an equivalent amount of DMSO
added. Three days later, the supernatants were assayed for
reverse transcriptase activity and the number of viable cells in
each sample was calculated by trypan blue exclusion.

Tat binding. Tat was produced as an N-terminal hexahisti-
dine-tagged protein as described previously (20). Tat was
bound to TAR for 15 min at 23°C in Tat-binding buffer (10
mM Tris-HCI [pH 7.5], 1 mM EDTA, 50 mM NaCl, 0.5 U of
RNasin per ml, 0.04 g of bovine serum albumin per ml, 0.05%
glycerol) in a final volume of 20 pl. TAR RNAs were prepared
by in vitro transcriptions (7). Short +17-to-+43 TAR RNAs
were constructed by subcloning an oligonucleotide containing
the wild-type HIV-1 TAR sequence 5'-ATTCCAGATCTGAG
CCTGGGAGCTCTCTGGA-3' or the corresponding mutant
sequences into the EcoRI and HindIll sites of pGEM3Zf+
(Promega). Short TAR RNA sequences were flanked by the
polylinker sequence 5'-CTTATGAGTTCGAA-TAR-G-3'. To
confirm the specificity of Tat binding to TAR RNA, a triple-
base substitution in the bulge, UCU to CUC, and a triple-base
substitution in the loop, CUGGGA to AGGGUA, were also
used in binding assays. The identity of the plasmids was
confirmed by dideoxy sequencing (40). RNA from wild-type
and mutant constructs was prepared from HindIlI-linearized
templates by using T7 polymerase (Bethesda Research Labo-
ratories). All labelled and nonlabelled RNAs were synthesized
as specified in the Promega manual. The labelled RNAs were
purified from a denaturing 6% polyacrylamide gel, eluted
overnight into 0.5 M sodium acetate (pH 7.0)-1 mM EDTA-
0.5% sodium dodecyl sulfate, and precipitated with 0.3 M NaCl
and 2.5 volumes of ethanol.

R024-7429 was added to the binding reactions at concentra-
tions stated in the text. The compounds were preincubated
with Tat in Tat-binding buffer for 8 min prior to addition of the
TAR RNA probes. Addition of Ro24-7429 after the Tat-TAR
binding reaction was established or preincubation of the
compound with the TAR RNA probe did not alter the
outcome (data not shown).

RESULTS

Ro24-7429 inhibits replication of HIV-1 in acute and
chronic infections of H9 cells. The potency of R024-7429 was
tested by examining its effect on the levels of reverse tran-



VoL. 68, 1994 R024-7429 INHIBITS HIV-1 Tat ACTIVATION OF TRANSLATION

a).

I TAR |

— Nh

bulge loop
TAR+ RNA sps —— +—L1 car

Competitor RNA @ {82 nt

Reporter RNA @-

— B
TAR less RNA | sPe CAT |
Reporter RNA @ |
b) G 6 ¢ @
u G Y] v
[ A A
c—a T e—a A
G—cC G—C
A—uU aA—u
uG—c
c uUG—C
Ya—uy Cupy
N G—C
A—U A—U
c—G c—G
c—a c—a
Ae—c As—c
A—U A—U
u—A u—A
u—a U—A
G—C G—C
Ge U Ge U
U—A u—A
c=6 c—G
u-aG UG
Cc—a c—G
u—a U—a
u=a Cu—a
G—C G—C
G—c 80 G
oS +I M —C +8'0

mGpppG  ACUGCUUAAGCCUCAAUAAAG mGpppG  ACUGCUUAAGCCUCAAUAAAG

38 RNA 43 RNA & CTAR2

751 nt

{ 1650 nt

U—A
G—C
G—C

+1—G—C
mGpppG  ACUGCUUAAGCCUCAAUAAAG

C-TAR4

27

+80
]

FIG. 1. Structures of synthetic reporter and competitor RNAs. (a) General structures of the SP6 templates used to produce TAR-plus or
TAR-less reporter RNAs. Reporter RNAs were run off at the unique BamHI site. SP6, SP6 promoter; CAT, bacterial CAT coding region; I, simian
virus 40 small-t intron; B, BamHI; Nh, Nhel; nt, nucleotides. TAR domains are indicated. Inverted arrows, stem; line, bulge; open box, loop. (b)
Structures of the TAR sequence in reporter and competitor RNAs. Competitor RNAs CTAR2 and CTAR4 were run off at the unique Nhel site
in plasmids pPE43 and pPE705 (7). For reference, the sequence of the TAR region in pPE38 is also shown. A nonspecific competitor derived from

plasmid pSP72 was prepared as described previously (7).
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FIG. 2. Effect of R024-7429 on HIV-1 replication in acutely in-
fected H9 cells. The graph show the levels of reverse transcriptase
activity measured at various times after infection of H9 cells with
HIV-1 and continuously treated with either Ro24-7429 or 9-chloro
TIBO.

scriptase produced by acutely infected or chronically infected
HO cells. In the acute assays, the benzodiazepine derivative
9-chloro TIBO was used as a control for virus inhibition. This
benzodiazepine compound has potent antiviral activity, but it
functions as an inhibitor of reverse transcriptase rather than as
an anti-Tat compound (35). In keeping with one other report
(49), we were unable to rigorously test the antiviral activity of
R05-3335 because of the extreme toxicity of this compound for
all cells that we tested such that a dose that was antiviral but
not cytotoxic could not be achieved. In the case of R024-7429,
preliminary titrations showed no toxicity up to a concentration
of 0.5 uM, and therefore antiviral activity was tested at
concentrations below this. As shown in Fig. 2, in acute
infections, R024-7429 was inhibitory at 0.1 and 0.2 uM when
assayed at early times after initial infection. However, despite
maintenance of the drug at this concentration by replenish-
ment with fresh medium, by 10 days after infection significant
viral replication was evident, and by 14 days it had reached
control levels. Breakthrough replication was slightly delayed at
the higher drug concentrations, indicating a dose-dependent
effect. In contrast, no viral replication was detected during the
course of the experiment using 9-chloro TIBO. In chronic
infections, Ro24-7429 reduced reverse transcriptase levels to
48% of untreated levels at 0.1 pM and to 35% of untreated
levels at 0.2 wM. These data indicate that Ro24-7429 has
potent antiviral activity in the initial stages of infection but that
virus escape occurs. Because of the short duration of the
experiment, this result is highly unlikely to reflect the selection
of resistant viruses but suggests that it is difficult to achieve
complete inhibition of Tat activation with this compound.
Ro024-7429 and Ro5-3335 specifically inhibit Tat activation
of translation. The ability of Ro5-3335 and Ro24-7429 to
inhibit Tat activation of a long terminal repeat reporter
plasmid has been documented (23, 24, 49). We have also
shown that Ro024-7429 reduces the levels of Tat-activated
transcription to a greater extent than it affects basal HIV
transcription or general transcription (10a). However, in keep-
ing with other observations with Ro5-3335 (49), we noted that
with R024-7429, the specificity index was low. In our hands, in
H9 and Hela cells, it was about threefold. It was also not
possible to completely abolish Tat activation at doses that were
not cytotoxic. To explore the anti-Tat properties of these
compounds further, we therefore decided to test the ability of
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these compounds to inhibit Tat-mediated activation of trans-
lation in the Xenopus oocyte system.

To demonstrate Tat activation of translation, it is necessary
to coinject Tat and the TAR RNA target into the nucleus (6).
RNA synthesized in vitro which contains TAR fused to a CAT
reporter coding sequence (38 RNA; Fig. 1) was injected into
the nucleus of Xenopus oocytes with Tat and with Tat plus 0.37
or 37 uM Ro05-3335 and R024-7429. As shown in Fig. 3a, in the
absence of any drug, the typical high level of activation by Tat
was observed (lanes 1 and 2). However, activation was reduced
about fivefold (lane 3) in the presence of 0.37 uM Ro5-3335
and was abolished at 37 pM (lane 5). Ro24-7429 abolished
activation at both concentrations (lanes 4 and 6). In a control
experiment, the compounds had no effect on the translation of
a TAR-minus CAT reporter (151 RNA) in a conventional
translation assay (lanes 7 to 11).

To characterize these anti-Tat effects further, we carried out
a dose-response analysis of the effect of Ro24-7429. Transla-
tional activation of TAR-RNA by Tat was progressively inhib-
ited by an increasing concentration of Ro24-7429 until com-
plete inhibition was observed at a dose of 3.7 uM (Fig. 3b,
lanes 1 to 6). From these and similar data, the concentration
required to inhibit activation by 50% was about 0.03 uM (Fig.
3d). This was somewhat lower than the value in antiviral assays,
which has been reported as 0.1 to 1 uM (19) for Ro5-3335 and
is about 0.2 to 0.3 pM for Ro24-7429 when measured at day 6
in an acute infectivity assay as described above (Fig. 2a and
unpublished data). It is likely that the greater potency of these
compounds in Xenopus oocytes simply reflects the ability to
deliver a higher effective dose to the nucleus via direct
injection. Ro24-7429 did not inhibit the translation of the
control RNA (151 RNA) at any dose point (Fig. 3a, lanes 11 to
17). Primer extension analysis of extracted RNA excluded the
possibility of the drug influencing RNA stability, as the lack of
expression did not reflect a lack of RNA (Fig. 3c). In contrast
to Ro24-7429, the benzodiazepine derivative 9-chloro TIBO
(35) did not inhibit translational activation by Tat in this
system (compare lanes 9 and 10 in Fig. 3b; see also Fig. 5b, lane
4). These data suggest, therefore, that the inhibition of Tat
activation of translation observed with R024-7429 is specific to
the Tat-TAR interaction and to this particular class of benzo-
diazepine compounds.

R024-7429 fails to inhibit Tat-mediated translational acti-
vation of a loop-defective TAR RNA. To gain further insight
into the mechanism of action of R024-7429, we decided to test
its effect in two genetic assays that we have recently developed
in Xenopus oocytes for TAR-specific activation in the absence
of potential specific loop-binding factors. These assays and
their interpretation have been presented and discussed in
detail by Braddock et al. (7) and are briefly outlined below and
in Fig. 4.

If the loop sequence in TAR is mutated, then translational
activation by Tat is abolished (6) [Fig. 4A(i)]. However, we
have shown that the requirement for the TAR loop sequence
in this type of assay is conditional and not absolute (7). This
was most simply demonstrated by showing that a TAR loop
mutant reporter RNA (43 RNA) could be activated by Tat in
the presence of a large excess of a short TAR loop mutant
competitor RNA (CTAR2; Fig. 1b). A TAR RNA with
mutations in the loop and the bulge did not allow activation of
the loop mutant reporter RNA. A TAR reporter with a
mutation in the loop and the bulge could not be activated by
Tat in the presence of excess CTAR2, indicating that the
activation of a loop-mutated TAR element was still dependent
upon Tat interacting with the bulge sequence. We have devised
a simple model that explains these observations. We propose
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FIG. 3. Effects of benzodiazepines on Tat-mediated activation of
translation in Xenopus oocytes. (a) CAT assays to show the effects of
R05-3335 and R024-7429 on translation of TAR-plus RNA (38 RNA;
lanes 1 to 8) and TAR-less RNA (151 RNA; lanes 7 to 12). (b) CAT
assays to show a dose-dependent inhibition of Tat activation by
R024-7429 (lanes 1 to 8) and to show that TIBO has no inhibitory
effects (lane 10). Lanes 11 to 17 show the lack of inhibition of control
RNA. Activation by Tat in the absence of drugs is shown in lane 9. (c)
Analysis of RNA samples corresponding to the CAT assay samples in
panel b. Sizes of primer extension products are indicated in nucleoti-
des. (d) Graphical representation of the data in panel b.
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A. Activation of a TAR loop mutant reporter
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FIG. 4. Assay systems for TAR-specific but loop-independent ac-
tivation by Tat. Protein interactions with TAR RNA under different
conditions are indicated. These interactions have been deduced from
in vivo genetic analyses (7). The arrowheads indicate sites of mutation
in TAR; these are shown in the sequences in Fig. 1b. The proteins are
Tat, a loop-binding protein (LBP), and a bulge-binding protein (BBP).
Assay A shows a loop mutant reporter, 43 RNA, activated by Tat. In
panel (i), the normal interactions with this reporter are shown; these
result in no activation by Tat. In panel (ii), the interactions in the
presence of excess competitor RNA, CTAR2, are shown. This config-
uration allows Tat activation. Assay B shows a wild-type reporter, 38
RNA, activated by Tat in the presence of competitor TAR RNA that
removes the loop-binding protein. In panel (i), the normal interactions
are shown whereby a competitor, CTAR4, blocks Tat activation by
virtue of removing loop-binding proteins. In panel (ii), the interactions
are shown in the presence of the competitor, CTAR4, and the counter
competitor, CTAR2. This configuration allows Tat activation.

that there is a negative factor that binds specifically to the Tat
binding site at the bulge and that this was being removed by
binding to the loop mutant competitor TAR RNA [Fig.
4A(ii)]. The role of the loop therefore becomes one of
protecting TAR RNA from this negative factor; once the
factor is removed, the loop sequence is redundant.

A second type of assay also leads to the conclusion that the
activation of wild-type TAR RNA can occur in the absence of
the loop sequences. Tat activation of a wild-type TAR RNA
can be abolished by competition with excess of a TAR RNA
with a mutation in the bulge region (CTAR4). Given that a
TAR RNA with this structure does not bind Tat (13, 16, 17),
this finding suggests that an essential cellular factor is being
removed, and this factor is likely to be a loop-binding pro-
tein(s) [Fig. 4B(i)]. In contrast, a TAR RNA with a mutation
in the loop (CTAR?2) has no function as a competitor, implying
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that it binds neither to Tat nor to any positive cellular factors.
If, however, the two competitors (CTAR2 plus CTAR4) are
used together, then the ability of the bulge mutant competitor
(CTAR4) to reduce Tat activation is abolished and Tat-
dependent activation is observed. The loop mutant competitor
(CTAR?Y2) is therefore reversing a negative phenotype and
must therefore be removing a negative factor [Fig. 4B(ii)].
Although these simple two factor models are appealing, there
are a number of different TAR RNA-binding proteins that
have been identified that may need to be incorporated into any
model. Furthermore, the model as it stands requires us to
propose that the interaction of Tat with its target that results in
activation is transient. This proposal is in fact supported by
observations that Tat works only on nascent RNA (4) and that
Tat derivatives with enhanced RNA binding affinities are less
active than wild-type Tat (42). A transient interaction would
explain why CTAR?2 can function to remove a negative cellular
factor and so permit Tat activation yet it does not function as
an inhibitor of activation by virtue of binding to Tat (this issue
is discussed in detail in reference 7). Consistent with this
interperetation, a candidate protein that binds specifically to
the TAR bulge region has been identified in gel shift assays in
both Xenopus oocyte and HeLa cell nuclear extracts (31a), and
in in vitro binding assays, it has a far higher affinity for the
bulge than Tat does. Irrespective of the details of the model, it
is clear that in oocytes there are two independent conditions in
which TAR-specific activation by Tat occurs independently of
the loop. We could therefore use these assays to test whether
inhibition by R024-7429 was dependent on the normal func-
tions of the TAR loop sequences.

As shown in Figure 5a, Ro24-7429 at a concentration of 0.37
pM was inhibitory to Tat activation of a wild-type TAR
reporter (38 RNA) (lanes 4 and 5), but it had little effect on
activation of a loop mutant reporter (43 RNA) in the presence
of excess CTAR2 competitor (lanes 2 and 3). This observation
is independently repeated in Fig. 5b (lanes 5 and 6). Similarly,
as shown in Fig. 5b, whereas wild-type TAR RNA is again
completely inhibited by R024-7429 (lane 3 compared with lane
2), the drug had no effect on activation of the same reporter in
the presence of excess CTAR2 and CTAR4 (compare lanes 10
and 13). The independent effects of these competitors arc
shown in lanes 8 and 9 to confirm that CTAR2 does not
compete (lane 8) and CTAR4 does compete (lane 9) for Tat
activation. In assay A (Fig. 4 and 5a), Tat activation must be
independent of the classical loop-binding factors because of
the nature of the mutation in the reporter. In assay B (Fig. 4
and 5b), it is likely from the arguments presented above that
Tat activation is also occurring in the absence of the loop-
binding proteins. Clearly, the ability of the drug to inhibit the
specific Tat-TAR interaction is conditional. The simplest ex-
planation based on these observations is that it is conditional
upon the requirement for loop-binding proteins for Tat acti-
vation. One possibility is that the drug inhibits the binding of a
loop-binding protein to TAR; however, one set of observations
is inconsistent with this hypothesis. In lane 11 of Fig. 5b, we
tested the effect of the drug on a wild-type TAR RNA in the
presence of excess CTAR2. This competitor normally has no
effect on Tat activation (lane 8), and the drug completely
abolished activation. However, if CTAR2 has removed all of
the putative negative factor as we have argued above, then Tat
activation should be independent of any loop-binding proteins
and would be resistant to the effects of any agent that blocked
the binding of a protein to the loop. This is clearly not the case.
We therefore suggest that Ro24-7429 functions by interacting
with a loop-binding protein but that it exerts its effect on this
protein only once the protein is bound to TAR.
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FIG. 5. Effect of R024-7429 on loop-independent Tat activation.
(a) CAT assays to show the effect of 0.37 uM Ro24-7429 on Tat
activation of a TAR loop mutant reporter RNA (43 RNA) in the
presence of the competitor CTAR2 (lanes 1 to 3). This is the
configuration shown in Fig. 4A(ii). The inhibitory effect on wild-type
RNA (38 RNA) is also shown (lanes 4 and 5). (b) CAT assays to show
the effect of 0.37 uM Ro024-7429 on Tat activation of a wild-type
reporter RNA (38 RNA) in the presence of the competitors CTAR2
and CTARA. This is the configuration shown in Fig. 4B(ii). CTAR2/NS
and CTAR4/NS indicate an equal mix of the TAR-specific competitor
and the nonspecific competitor; CTAR2/4 indicates an equal mix of
CTAR2 and CTAR4. The specific competitors were present at a
125-fold molar excess. The effects of the single and double competitors
on Tat activation are shown in lanes 8 to 10, and the effects of
R024-7429 under these configurations are shown in lanes 11 to 13. The
normal effects of benzodiazepines (R024-7429 and TIBO) on Tat
activation of 38 RNA are shown for comparison (lanes 1 to 4). The
effect of the drug in assay type A is also repeated (lanes 5 to 7).

R024-7429 does not abolish Tat binding to TAR RNA in
vitro. Our data suggested strongly that Ro24-7429 was func-
tioning by inhibiting the activity of TAR-binding cellular
factors and not by blocking Tat binding to TAR. To confirm
this, we tested the effect of Ro24-7429 on Tat binding in an in
vitro binding assay. An in vitro Tat binding assay was estab-
lished to give a Tat protein to probe ratio at which Tat was
limiting and the binding was specific. As shown in Fig. 6, a
mobility shift of TAR RNA was seen in the presence of Tat
(compare lane 1 with lane 11). This shift was not observed with
a TAR RNA probe that had a three-base substitution in the
bulge sequence (lanc 2), but a three-base substitution in the
loop sequence had no effect (lane 3) on the mobility shift.
Increasing concentrations of Ro24-7429 from 0.37 to 37 uM
had no effect on Tat binding (lanes 7 to 9). The DMSO diluant
also had no effect (lanes 4 to 6). These data show that
R024-7429 does not affect the Tat-TAR interaction in vitro.
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FIG. 6. Effect of R024-7429 on Tat binding to TAR in vitro. Tat
was bound to radiolabelled TAR RNAs in vitro in the presence or
absence of R024-7429, and the products were analyzed by gel mobility
shift assay. WT, wild-type TAR RNA; BS, TAR RNA with substitution
mutations in the bulge; LM, TAR RNA with substitution mutations in
the loop. The TAR RNA probe and the retarded Tat-TAR complex
are indicated.

This finding confirms recently reported unpublished data
(cited in reference 23) and suggests that the in vivo mechanism
of action of R0o24-7429 is not likely to be via a direct effect on
Tat binding to TAR.

DISCUSSION

We have further characterized the antiviral activity of the
benzodiazepine R024-7429. We have shown that although this
compound has potent antiviral activity when measured early
after infection, there is significant breakthrough of viral repli-
cation, and by 2 weeks, virus titers are as high as in untreated
controls. The compound therefore appears to be only partially
inhibitory for virus replication. Similar conclusions have been
reached for the related compound Ro05-3335 in one analysis
(49), although greater potency has also been reported for both
compounds (23, 24). It appears that the potency of these drugs
may be very dependent on the nature of the assay and the cell
type that is used. Both compounds have a specific effect on
TAR-dependent activation by Tat, although two groups (this
report and reference 49) have indicated that the specificity
index can be very low. A delay in viral replication has recently
been reported for a virus that was specifically mutated to lack
the Tat gene (15). This finding suggests that even if the drugs
completely inhibited Tat action, their effects might be limited
to delaying replication rather than to blocking it completely.

We have now demonstrated a marked effect of these com-
pounds on a specific Tat-TAR interaction that leads to trans-
lational activation in Xenopus oocytes. In this system, the drugs
are inhibitory in a dose-dependent fashion, and complete
inhibition is observed at concentrations at which no general
perturbation of translation is detectable. The simplest expla-
nation for the fact that these compounds have an effect in two
very different assays would be that they are interfering with Tat
binding to TAR rather than with any effector mechanisms.
However, we have provided genetic evidence that in Xenopus
oocytes, this does not seem to be the case. Rather, it appears
that the drugs function to inhibit the activity of a cellular factor
that binds to the TAR loop sequence. This conclusion is based
on the finding that in two separate assays for TAR-dependent,
Tat-dependent activation in the absence of cellular loop-
binding factors, the drug had no effect. Furthermore, in
keeping with the conclusions of the genetic analysis, we were
unable to detect any effect of Ro24-7429 on Tat binding to
TAR in a specific in vitro binding biochemical assay.

At present, the precise role of loop-binding proteins is not
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known, but our study in oocytes indicates that they are not
obligatory for Tat activation. This is also the finding in human
cells, in which Tat activation can occur in the absence of TAR
if Tat is located in the vicinity of the promoter either via a
heterologous RNA-binding protein (42, 44) or via a DNA
binding site (45). It has also been noted that TAR-dependent
Tat activation in some rodent cells can occur independently of
the loop sequences (22). It is possible, as we have argued for
the Xenopus system (7), that a major function of the loop-
binding factors is to facilitate access to TAR by Tat by
preventing negative factors masking the Tat binding site. A
significant control of the Tat activation process might then be
achieved via the relative balance of the levels or activity of
positive and negative cellular factors. Such an imbalance of
cellular TAR-binding factors has been invoked to explain the
inefficiency of Tat activation in some rodent cells (2).

We do not know how closely events in the oocyte parallel
events in mammalian cells, although many of the molecular
features of the Tat-TAR interaction in the two systems are the
same (27). In the absence of a full biochemical characterization
of TAR-binding factors, we cannot exclude the possibility that
there are more complex interactions between Tat, TAR, and
cellular factors in mammalian cells compared with Xenopus
oocytes. It has, for example, been recently suggested that Tat
binds to TAR only as a preformed complex with loop-binding
cellular factors (28, 29), which is not easily reconciled with the
data presented here for Xenopus oocytes. Our observations
that Ro24-7429 and Ro5-3335 inhibit Tat activation in oocytes
further strengthens the notion that there are at least some
common mechanistic features, although it is formally possible
that the drugs have entirely different modes of action in the
different cell types.
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