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lntegrase is essential for human immunodeficiency virus-type 1 (HIV-1) rep- 
lication; however, potent inhibition of the isolated enzyme in  biochemical 
assays has not readily translated into antiviral activity in a manner consistent 
with inhibition of integration. In this report, we describe diketo acid inhibitors 
of HIV-1 integrase that manifest antiviral activity as a consequence of their 
effect on integration. The antiviral activity of these compounds is due exclu- 
sively t o  inhibition of one of the two  catalytic functions of integrase, strand 
transfer. 

The development of chemotherapeutic agents 
for the treatment of HIV-1 infection has fo- 
cused primarily on two viral enzymes: re-
verse transcriptase and protease. Although 
regimens including agents directed at each of 
these blochemica1 targets are effective in re- 
ducing viral load and morbidity and mortali- 
ty, the long-lived nature of the infection and 
the genetic plasticity of the virus have made it 
apparent that new antiretroviral agents are 
required to deal with the appearance and 
spread of resistance (I). HIV-1 integrase cat- 
alyzes the insertion of the viral DNA into the 
genome of the host cell. Integration is essen- 
tial for viral replication and is thus an attrac- 
tive target for novel chemotherapy (2, 3). 
Many inhibitors of HIV-1 integrase have 
been identified; however, their in vitro activ- 
ity has not translated into antiviral activity in 
cells (4). 

lntegration is a multistep process that oc- 
curs in discrete biochemical stages: (i) assem- 
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bly of a stable complex with specific DNA 
sequences at the end of the HIV-1 long ter- 
minal repeat (LTR) regions, (ii) endonucleo- 
lytic processing of the viral DNA to remove 
the terminal dinucleotide from each 3' end, 
and (iii) strand transfer in which the viral 
DNA 3' ends are covalently linked to the 
cellular (target) DNA (Fig. 1) (4). Each of the 
catalytic reactions (3' processing and strand 
transfer) requires integrase to be appropriate- 
ly assembled on a specific viral DNA (or 
donor) substrate (5). In general, compounds 
identified in assays with purified, recombi- 
nant integrase interfere with assembly in vitro 
(6, 7). Because assembly is a prerequisite for 
catalysis, such compounds may appear to 
inhibit 3' processing and strand transfer, but 
they have no effect on either reaction when 
assayed subsequent to assembly on HIV-I- 
specific oligonucleotides ( 6 ) .  These com-
pounds are also ineffective in assays wherein 
viral preintegration complexes isolated from 
HIV-1-infected cells are used (8) .  

To identify inhibitors of catalysis, we biased 
the strand transfer reaction by means of preas- 
sembling recombinant integrase on immobi-
lized oligon~~cleotides as a surrogate for prein- 
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tegration complexes (6) (Fig. 1). In a random 
screen of more than 250,000 samples, a variety 
of inhibitors was identified; however, the most 
potent and specific compounds each contained 
a distinct diketo acid moiety, and thus these 
inhibitors segregate into a single structural class 
(Fig. 1). The diketo acid functionality is an 
intrinsic feature of these inhibitors but is not 
sufficient for activity, as structural analogs ex- 
hibit a range of inhibitory potency. For most 
analogs, the activity observed in strand transfer 
assays with recombinant integrase correlated 
with their relative activity in assays using 
HIV-1 preintegration complexes (9). Analogs 
that were more potent in these biochemical 
assays also inhibited HIV-1 replication in cell 
culture. 

L-731,988 and L-708,906 were two of the 
most active diketo acids in strand transfer as- 
says with recombinant integrase. With 50% 
inhibitory concentrations (IC,,)'s) of 80 and 150 
nM, respectively, L-73 1,988 and L-708,906 are 
also the most potent inhibitors of preintegration 
complexes described to date. In a single-cycle 
assay for acute infection (IO), L-731,988 and 
L-708,906 inhibited HIV-1 replication with 
IC,,'s of 1 to 2 FM; higher concentrations 
prevented the spread of HIV-I in cell culture 
for several weeks (Fig. 2). L-73 1,988 and 
L-708,906 were comparably active against both 
macrophage- and T cell line-tropic strains of 
HIV-I, clinical isolates, and variants resistant to 
reverse transcriptase and protease inhibitors 
(11). Consistent with the effect of an early stage 
inhibitor, the compounds did not affect virus 
production from persistently infected cells (up 
to 50 FM) (11). 

To validate integrase as the molecular target 
responsible for the antiviral effect, we selected 
HIV-1 variants resistant to L-708,906 and 
L-73 1,988. At concentrations of inhibitor suffi- 
cient to block replication of the wild-type virus 
(20 pM), the resistant variants replicated nearly 
as well as the wild-type (or resistant) virus in 
the absence of inhibitor (Fig. 2). Sequencing of 
the cDNA derived from four resistant popula- 
tions consistently identified specific mutations 
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within the integrase coding region (Table 1). 
MetIs4 -+Ile'54 (M1541) was detected in 18 
clones from three populations selected indepen- 
dently for L-731,988 resistance. Although the 
L-708,906 population was more heterogeneous, 
M154I was identified in a subset of these vari- 
ants. Ser"' -z Tyrfi3 (S153Y) and Thr66 -t 
Ile66 (T66I) were also routinely observed in the 
L-708,906-resistant population; T66I was 
identified in all but one sequence and was near- 
ly always accompanied by either S153Y or 
M154I. Other changes in integrase were detect- 
ed; however, only T661, S153Y, and M154I 
were observed consistently, and every clone 
contained one or more of these mutations. The 
observation that Thrhh, Ser'53, and Met'54 are 
conserved and proximal to the active site resi- 
dues AspM and GlulS2 (12) suggests that these 
inhibitors bind at or near the enzyme active site. 
No changes were detected in either the U5 or 
U3 LTR. 

To demonstrate that the mutations ob-
served in integrase were necessary and suffi- 
cient for resistance, we engineered each of 
the substitutions into an otherwise isogenic 
recombinant virus and into the recombinant 
integrase protein and evaluated susceptibility 
to L-708.906 and L-731,988. Each mutation 
conferred some degree of resistance to one or 

both inhibitors (Table 1). M154I engendered 
modest resistance (two- to fivefold) to both 
compounds, whereas S153Y affected the rel- 
ative susceptibility to L-708,906 but was not 
sufficient to confer resistance to L-731,988. 
These results are consistent with the observa- 
tion that only M154I was present in the 
L-73 1,988-resistant population. The data 
also suggest that the two inhibitors differ 
subtly in their interaction with the enzyme. 

At best, individual mutations in integrase 
conferred a six- to sevenfold loss of suscep- 
tibility to either L-708,906 or L-731,988; 
however, increased resistance was achieved 

when the mutations were combined pairwise, 
as observed in the L-708,906-selected pop-
ulation. In a single-cycle HIV-1 infection 
assay ( l o ) ,  the combination of T66I and 
S153Y produced the largest effect with the 
IC,, for L-708,906 shifted by more than 20- 
fold, as compared with two- to threefold for 
either mutation alone (Table 1). The mutant 
viruses remained sensitive to inhibitors of 
protease and reverse transcriptase, e.g., 
L-697,661 (Table 1) (13).Although individ- 
ual mutations did not appear to impair cata- 
lytic activity or infectivity, double mutants 
displayed decreased enzymatic activity and 

Table 1. Mutations in HIV-1 integrase confer resistance t o  diketo acid inhibitors. ND, not determined; 
Und., undetermined. 

Strand transfer (IC,,, (*M) HIV-1 infectivity (IC,,, yM)
Constructed 
mutations 

L-708,906 L-731,988 L-708,906 L-731,988 L-697,661* 

W T  HXB2 0.1 0.1 2.5 1 .O 0.03 
T661 0.6 0.6 8.0 7.0 N D 
S153Y 0.6 0.2 10 1.o N D 
M1541 0.5 0.5 5.0 4.0 N D 
T661lSI 53Y Und.t Und.+ >50 10.0 0.04 
T6611M1541 1 .O 1.5 16.0 12.0 0.05 

*Nonnucleoside inhibitor of HIV-1 reverse transcriptase (13). tActivity against the T66115153Y mutant could not be 
determined because of poor activity of the purified protein. 

Complexes Assembled on Immobilized DNA Complexes from Infected Cells 

lntegrase 
HIV-1 PIC 

1. Assembly bPckT 
2. 3' End  processing 

3' Biotin 
-
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-
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p 
-
-
-
-
-
-----3' Biotin 4 

Target Substrate Target DNA -P l ~ ~ ~ ~ ~ p 

I I 
13. Strand transfer I + 

Strand Transfer Product Integration Product 
(15.1) 

Compound Strand Tranfer (recombinant integrase) HIV-1 Preintegration Complexes HIV-1 Infectivity 
L-731,988 0.05 0.08 I.O 

Fig. 1. Activity (IC,,, in  p,M) o f  diketo acid inhibitors. PIC, preintegration complex. 
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altered replication kinetics (14). The T66Y IC,,'s could not be determined. 
S153Y enzyme exhibited less than 5% of the To define the mechanism by which these 
activity of wild-type integrase; therefore, compounds inhibit integrase and HIV-1 rep- 

Fig. 2. Effect of L-708,906 and L-731,988 120 
on the replication of wild-type (WT) 
HIV-1 and diketo acid-resistant variants. 100 
Viral replication in H9 T-lymphoid cells 
was assayed by immunofluorescent stain-, 
ing for HIV-l-specific antigens (79). Cul- 

80 

tures were incubated (A) in the absence 60 
of inhibitor or in the presence of (6) 20 
p M  L-708,906 or (C) 20 pM L-731,988. 
For each condition, the replication of 40 
wild-type HIV-1 lllB and virus populations 
selected for resistance to L-708,906 and 20 
L-731,988 (20) was evaluated. a 0 

lication, we evaluated the activity of 
L-731,988 in relation to each of the discrete 
steps required for integration. In biochemical 
assays, the concentrations of L-731,988 re- 
quired to inhibit 3' processing were 70 times 
higher than the concentrations required to 
inhibit strand transfer (6 pM versus 80 nM, 
respectively) (Fig. 3). Disparate potency was 
also observed for disintegration (15), where 
the IC,, for L-731,988 was -20 pM with 
either the core domain (amino acids 50 
through 212) or the full-length enzyme (16). 

The concentration of L-731,988 required 
to inhibit 3' processing (or disintegration) 
was greater than that required to inhibit acute 
infection (6 pM versus 1 pM)  Therefore, to 
assess the effect on integrase activity in the 
context of HIV-1 replication, we analyzed 
preintegration complexes extracted at various 
times after infection. The kinetics of reverse 
transcription and 3' processing of the U5 
LTR (and U3 LTR) by integrase were iden- 
tical in cells infected in the presence or ab- 
sence of L-731,988. (Fig. 4A) (1 7). In con- 

+ L-708,906 R * 
trast, preintegration complexes isolated from 

+ L-731,988 R cells infected in the presence of L-731,988 
were not competent to integrate when tested 
in vitro (Fig. 4B). The observation that 
L-73 1,988 and related inhibitors (e.g., 
L-708,906) affect integration activity without 

100 affecting synthesis or processing of the viral 
DNA is consistent with the selective profile 

80 that the compounds manifest toward strand 
transfer in biochemical assays. L-73 1,988 in- 

60 hibits the final catalyhc step in integration, 
and this specific effect on integrase is suffi- 

40 cient to account for the antiviral properties of 

20 the inhibitor. 
To assess the outcome of this effect in 

infected cells, we investigated the nature of 
'4 8 12 16 20 24 the HIV-1 DNA produced as a consequence 

Days post infection of L-73 1,988 inhibition. Cells infected with 
wild-type HIV-1 contain both linear and cir- 

Fig. 3. Inhibition of 3' 
processing and strand 3 

F 
transfer by L-731,988. o, 

(A) lntegrase 3' pro- L-731,988 
cessing and (6) strand 
transfer activities are A & 
shown. HIV-1 HXEl-2 
integrase (1 FM) was 
incubated with 50 nM 
of a 32P-labeled oligo- 3 Pmcessing + 1 
nucleotide representing .. 
the last 20 nudeo- 
tides of the HIV-1 US 
end. Reactions induded 
varying levels of L- B Strand 
731,988 (threefold dilu- 
tions from 100 pMi 
lane 12, to 5 X 10- 
pM, lane 1). Reactions 
were performed for 1 1 2  3 4 5 6 7 8 91011121314 hour at 3PC and ana- 
lyzed as described (78). 

L-731,988 (pM) 

The fraction of substrate converted to the specific 3' processed product (18- DMSO control (lane 13); the IC,'s determined for inhibition of 3' processing 
nudeotide digomer) or to strand transfer products (>20 nucleotides) was (circles) and strand transfer (squares) (6 and 0.08 FM, respectively) are repre- 
determined by Phosphorlmager analysis. (C) Percent inhibition in relation to the sentative of multiple experimental determinations. 
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Fig. 4. Effects of 
L-731,988 on HIV-1 A 

B e* 
Inhlbltor (10pM) ,\? 

DNA in acutely infected Present During +oeO +$ 
cells. (A) Kinetics of re- 

0 3 4 5 
nnnn Infection 

verse 'tianscription and I s % %  Target: - + - + 
3' processing. Molt IIIB/ o! o? % a? 

f ; ;  g z  e ; ;  g z  
Sup TI cocultures were Infection ( 1 0 p ~ )  g 5 g 3 g 5 g 'j 
established, and cyto- 
plasmic extracts were . . .- Integration Product 
made at various times p r o k  Detects 
after infection (8, 27). US (+) Stand 

r +Strong Stop 
-4 .- Unlntegrated cDNA 

Where appropriate, Sup 
TI cells were preincu- 4Unprocessed 
bated with L-731,988 -processed 
or L-708,906 for 1 hour 
before coculture. Analy- 
sis of the U5 3' DNA 
end was done by indi- 
rect end-labeling of re- 
striction digest frag- 
ments (27). Positions of 
the unprocessed (blunt) U5 ends, the 3' C 
processed U5 ends, and the plus strand 

D 
strong-stop DNA (reverse transcription L-731,988 (10pM) 

During Infection: - + - + 
intermediate) are indicated. (B) In vitro 

V) 
400 

activity of preintegration complexes 
-9.4) 5 350- from.cells infected for 5 hours in the 

presence or absence of L-731,988. Pre- 2-LTR Circle A 4 8 . 6 )  2 300- 0 
integration complexes were isolated [as 

I-LTR Circle + - 4 4 . 4  Internal in (A)] and then incubated with (+) or 
without (-) 9x174 target DNA; reac- Lhear (Right LTR) 7 h Fragment 

tions were analyzed by Southern blot- 
ting (22). (C) HIV-1 DNA forms in in- 
fected cells in the presence or absence < 2.3 > 
of L-731.988. After coculture for 24 4 2 . 0 )  

hours [as in (A)], low-molecular-weight 
DNA was prepared. The DNA was di- (LeR LTR) + - 0 50 100 150 200 
gested with Sal I and Pst I and analyzed 
by Southern blottingwith an HIV-1 LTR Hours Post Infection 
probe to detect all products or an in- 
temal probe. (27). Positions of Linear 
and circular HIV-1 DNA forms are indi- 
cated. (D) Sup TI cells were infected 
with wild-type and integrase-defective 
NL4-3 (78). DNA5 were prepared and Probe: LTR Internal 

analyzed by Southern blotting [as in (C)] and by a quantitative TaqMan assay for HIV-1 two-LTR circular DNA Diamonds, wild-type NL4-3 control; squares, wild-type 
NL4-3 with 10 pM L-731.988; and triangles, NL4-3 with the integrase D l  16N mutation (78). 

cular viral DNA products (3). Circular forms 
of HIV-I DNA are the products of cellular 
enzymes in the nucleus and are not competent 
for integration. With integrase-deficient vi- 
ruses, circular DNA forms accumulate (3). In 
cells acutely infected with wild-type HIV-I, 
the presence of L-731,988 also led to an 
accumulation of circular products and a con- 
comitant decrease in integration-competent 
linear viral DNA (Fig. 4C). The effect of 
L-731,988 on HIV-I infection was indistin- 
guishable from an integration-defective mu- 
tation [integrase Asp1 l 6  + AsnIl6 (Dl 16N)l 
(18); in both infections, two LTR circles 
peaked within 24 hours at a level -10 times 
the level observed in the absence of inhibitor 
(Fig. 4D). Similar results were obtained for 
L-708,906 and other active diketo acids (1 7). 
By altering the kinetics of the strand transfer, 
the diketo acids bias the formation of repli- 
cation-defective products and inhibit HIV-I 
replication. 

We have presented L-731,988 and the 

diketo acids as the archetype of a new class of 
integrase inhibitors and novel antiretroviral 
agents. The compounds are specific inhibi- 
tors of integration, which exert their antiviral 
effect on HIV- I solely as a consequence of 
their ability to inhibit the strand transfer ac- 
tivity of integrase. The compounds exhibit a 
preference for the strand transfer reaction in 
vitro and inhibit integration without affecting 
synthesis or processing of the HIV-I DNA in 
infected cells. Mutations proximal to the in- 
tegrase active site residues engender resis- 
tance to the virus and the isolated enzyme, 
establishing the diketo acids as the first bio- 
logically validated inhibitors of integration. 
Although the same active site residues are 
required for 3' processing and strand transfer 
(12), the ability of the diketo acids to discrim- 
inate between the two catalytic functions of 
integrase implies that a unique conformation 
of the enzyme may mediate strand transfer. 
The association of integrase with LTR se- 
quences results in the formation of a stable, 

active strand transfer complex (5). We have 
noted that HIV-I LTR sequences stimulate 
high-affinity binding of L-73 1,988 and relat- 
ed compounds to integrase, suggesting that 
integrase may adopt a distinct conformation 
subsequent to assembly (16). Together with 
the results presented, these observations pro- 
vide biochemical and physical evidence dis- 
sociating the two catalytic functions of inte- 
grase and suggest that the diketo acids may 
be useful tools to probe the enzymatically 
active structure of integrase and to investigate 
the complexities of this reaction. 
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A Tale of Two Futures: HIV and 

Antiretroviral Therapy in San 


Francisco 

S. M. Blower.'* H. 8. Gershengorn,' R. M. Grant2 

The effect of antiretroviral therapy (ART) in preventing human immunodefi- 
ciency virus (HIV) infections and averting acquired immunodeficiency syn- 
drome (AIDS) deaths in the San Francisco gay community overthe next 10years 
was predicted. A transmission model was coupled wi th  a statistical approach 
that enabled inclusion of a high degree of uncertainty in  the potential treatment 
effects of ART (in terms of infectivity and survival), increase in  risky behavior, 
and rate of emergence of drug resistance. Increasing the usage of ART in  San 
Francisco would decrease the AIDS death rate and could substantially reduce 
the incidence rate. 

Currently. 30% of the San Francisco gay 
community are HIV-infected (I).  About 50% 
of these HIV-infected men are taking combi- 
nation ART (2); these three or more drug 
regimens include recently developed protease 
inhibitors. nonnucleoside reverse transcrip-
tase inhibitors, or both. Part of the recent 
decrease in the San Francisco AIDS death 
rate (3) could be attributable to the effect of 
ART, as ART decreases disease progression 
rates (4). However, because treated individ- 
uals are likely to retain some degree of infec- 
tivity. it is possible that ART could lead to an 
increase in the infection rate (5). Further-
more, drug-resistant HIV strains (that are less 
responsive to therapy) have emerged ( 6 ) ,and 
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risky behavior has begun to increase in San 
Francisco ( 7 ) .  Therefore, whether the epi- 
demic-level effects of ART will be beneficial 
or detrimental is unclear. 

To predict (with a degree of uncertainty) 
the effectiveness of ART in the San Francisco 
gay community, we developed and analyzed 
a mathematical model. Our model includes 
the potential effects of ART on the transmis- 
sion dynamics of both drug-sensitive and 
drug-resistant HIV strains. It is specified by 
five ordinary differential equations (8) (Fig. 
1) and allows for drug-resistant strains (that 
differ in their infectivity and disease progres- 
sion rates from drug-sensitive strains) to 
emerge during treatment and to be sexually 
transmitted (6). Acquired resistance develops 
because of a variety of factors (8);we model 
the aggregate effect of all these factors by a 
single parameter I.. We model the potential 
treatment effects of ART by assuming that 
ART [by reducing viral load (Y)] increases 
average survival time and reduces infectivity, 
and that drug-resistant strains will be less 
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responsive to therapy than drug-sensitive 
strains (6). Treatment (in our model) has 
three outcomes. A patient can respond to 
ART and remain as a nonprogressor for a 
specified amount of time, experience clinical 
failure and death without developing drug 
resistance (Y), or virologically fail treatment 
and develop drug resistance (10). Individuals 
can go on and off ART, and drug-resistant 
infections can revert to drug-sensitive infec- 
tions if the selective pressure of treatment is 
removed (11) (Fig. I ) .  

We predicted the effectiveness of a high 
usage of ART over the next 10 years in the San 
Francisco gay community by analyzing our 
model with time-dependent uncertainty analy- 
ses (12, 13). Effectiveness was predicted in 
terms of the cumulative number of HIV infec- 
tions prevented and the cumulative number of 
AIDS deaths averted (14). The San Francisco 
epidemic has been well studied, and the values 
of several of the parameters necessary for pre- 
diction are known (IS); however, the values of 
other parameters are less certain. Hence, we 
conducted two uncertainty analyses (an opti- 
mistic and a pessimistic analysis) on the basis 
of different assumptions regarding the rate of 
increase in risky behavior and the rate of emer- 
gence of drug resistance. Both analyses includ- 
ed a high degree of uncertainty in the potential 
treatment effects of ART (on increasing surviv- 
al and reducing infectivity). For the optimistic 
analysis we assumed that the rate of emergence 
of resistance would remain at a constant, fairly 
low value [only 10% of cases would acquire 
resistance per year (16)l. and that risk behavior 
would not increase. For the pessimistic analysis 
we assumed that the rate of emergence of re- 
sistance could substantially increase [I 0 to 60% 
of cases could acquire resistance per year ( I  711, 
and that risk behavior could increase from al- 
most no increase to a doubling (17). 

For each uncertainty analysis we used our 
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