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SUMMARY

Integration of a cDNA copy of the human immunodeficiency
virus (HIV) genome is mediated by an HIV-1-encoded enzyme,
integrase (IN), and is required for productive infection of CD4+
lymphocytes. It had been shown that 3,5-dicaffeoylquinic acid
and two analogues were potent and selective inhibitors of
HIV-1 IN in vitro. To determine whether the inhibition of IN by
dicaffeoylquinic acids was limited to the 3,5 substitution, 3,4-,
4,5-, and 1,5-dicaffeoylquinic acids were tested for inhibition of
HIV-1 replication in tissue culture and inhibition of HIV-1 IN in
vitro. All of the dicaffeoylquinic acids were found to inhibit HIV-1
replication at concentrations ranging from 1 to 6 um in T cell

lines, whereas their toxic concentrations in the same cell lines
were >120 upMm. In addition, the compounds inhibited HIV-1 IN
in vitro at submicromolar concentrations. Molecular modeling
of these ligands with the core catalytic domain of IN indicated
an energetically favorable reaction, with the most potent inhib-
itors filling a groove within the predicted catalytic site of IN. The
calculated change in internal free energy of the ligand/IN com-
plex correlated with the ability of the compounds to inhibit
HIV-1 IN in vitro. These results indicate that the dicaffeoylquinic
acids as a class are potent and selective inhibitors of HIV-1 IN
and form important lead compounds for HIV drug discovery.

HIV-1 has been demonstrated to be the causative agent in
AIDS. Like other retroviruses, HIV-1 requires integration
into a host cell chromosome for productive infection (1-6).
The integration reaction is catalyzed by a preintegration
complex that contains the viral DNA in a stable nucleopro-
tein complex that includes the retroviral protein IN (7-9).

The amino acid sequences of retroviral integrases share
common structural motifs. In the central, protease-resistant
core, there is a D,D(35)E domain consisting of the motif
DXj9_ssDX55E, in which X is any amino acid. The domain is
found in integrases of retroviruses and retrotransposons as
well as in the transposases of some prokaryotic transposons
(10, 11). The D,D(35)E domain alone can mediate disintegra-
tion (see below) (12, 13) and is believed to be the active site
for all IN catalytic activities (14). Mutations of either the
conserved aspartates or glutamate in the D,D(35)E domain
abolish all catalytic activities of IN (15-17). In contrast to the
D,D(35)E domain, the functional roles of the amino and car-
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boxyl termini of IN are not well defined. The amino terminus
has an HHCC domain, named for its zinc finger-like motif
HX, ;HX,; ;,CX,C found in many DNA binding proteins
(18). The HHCC domain seems to recognize features of the
viral DNA (19) and may play a role in the formation of a
stable complex between IN and viral DNA ends (20). The
carboxyl terminus of IN, the least-conserved region among
integrases, has DNA-binding activity and is presumed to be
the target DNA-binding domain because the DNA binding
does not show any specificity for viral LTR sequences (17, 21,
22).

Three separate IN activities can be measured in vitro, and
the first two are likely to occur in a concerted reaction in vivo
(for a review, see Ref. 23). HIV-1 IN first removes two nucle-
otides from the 3’ end of each LTR. This process, called 3’ end
processing, results in a viral DNA that is reduced in size by
two nucleotides at each 3’ end. In the second step, 3' end
joining or strand transfer, the processed 3’ end of one LTR is
transferred to a 5’-phosphate via nucleophilic attack on the
phosphodiester bond of the host chromosomal DNA. The final

ABBREVIATIONS: IN, integrase; HIV, human immunodeficiency virus; HIV-1, human immunodeficiency virus type 1; AIDS, acquired immune
deficiency syndrome; LTR, long terminal repeat; DCQA, dicaffeoylquinic acid; 1-MO-3,5-DCQA, 1-methoxyoxalyl-3,5-DCQA; MCQA, monocaf-
feoylquinic acid; DCaRA, dicaffeoyl-a-resorcylic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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reaction that can be measured, disintegration, is the reverse
of the strand transfer reaction. This latter reaction is unique
in that it can be mediated by the core catalytic domain of HIV
IN and does not require the full-length IN molecule, whereas
the 3’ end processing and strand transfer reactions require
the core catalytic domain and both the carboxyl and amino
termini of the IN protein.

Structural analysis of retroviral IN has been hampered by
its poor solubility and biophysical properties (24). Recently,
the crystal structure of the central core domain (residues
50-212) of HIV-1 IN was determined at 2.5 A resolution (13).
To improve solubility, the core domain was modified through
substitution of a lysine for a phenylalanine residue at posi-
tion 185 (F185K); this substitution resulted in a protein with
a markedly improved solubility. The structure of the F185K
core domain is a 5-stranded B sheet flanked by helical re-
gions. The overall topology shows a striking similarity to a
family of polynucleotidyl transferases, including the Holliday
junction resolving enzyme RuvC, the MuA transposase, and
RNase H (13).

The crystallographic information on HIV-1 IN has stimu-
lated intense interest in the synthesis of inhibitors of HIV-1
IN. To date, most of these inhibitors of IN have been highly
effective in preventing the integration reaction in biochemi-
cal assays but have been ineffective at preventing virus rep-
lication in tissue culture (25-29), possibly due to an inability
of the compounds to enter cells. Unfortunately, none of these
compounds has yielded cocrystals with HIV-1 IN. Recently,
however, a new class of IN inhibitors, the 3,5-DCQAs, has
been reported that inhibits HIV replication in tissue culture
(30).

We report the anti-HIV-1 activities of several structural
isomers of 3,5-DCQA. These compounds, 1,5-DCQA, 3,4-
DCQA, and 4,5-DCQA, are abundant (31). Like 3,5-DCQA
and 1-MO-3,5-DCQA, these compounds inhibit both the full-
length and the core catalytic domain of HIV-1 IN in vitro and
HIV-1 replication in vivo. In addition, because cocrystals of
drug and either full-length or truncated IN have been unsuc-
cessful to date, molecular modeling of several IN inhibitors
with the F185K point mutant of the core catalytic domain of
HIV-1 IN was used to identify seven conserved amino acids
likely to be important for inhibitor activity and HIV-1 inte-
gration.

Materials and Methods

Cells and Virus

All cell lines were cultivated in RPMI-1640 containing 25 mM
HEPES (Mediatech, Herndon, VA) and supplemented with L-glu-
tamine and 12% fetal bovine serum (Irvine Scientific, Santa Ana,
CA) (growth medium). MT-2 cells are a T lymphoblastoid cell line
that is highly susceptible for HIV infection and are lysed completely
by HIV (32). HIVy,; was obtained from the National Institutes of
Health AIDS Reagent Repository and was propagated in H9 cells.

Cell Toxicity and Anti-HIV Assays

Cell toxicity and antiviral assays were performed as reported
previously (32). Briefly, DCQAs were diluted 1:1 in growth medium,
filter sterilized, then serially diluted 2-fold from 1:8 to 1:1280 in
triplicate wells of a microtiter plate. To each 50 ul of diluted drug, 50
wul of growth medium was added, followed by 100 ul of MT-2 cell
suspension (2 X 10° cells). Cells were incubated with drug for 48 hr
at 37° and then harvested for cell viability in a neutral red dye assay
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as described previously (32). The lethal dose was defined as 50%
inhibition of MT-2 cell growth in 48 hr (LD;,). Most of the compounds
were not available in sufficient quantity or demonstrated a solubility
profile that precluded determination of a true LDg,. For these com-
pounds, cell toxicity is defined as greater than the maximum con-
centration of compound tested.

Anti-HIV assays were performed as described previously (32).
Based on cell toxicity data, DCQAs were diluted in growth medium
so that a final 1:4 dilution of the sample would result in a concen-
tration of sample that inhibited MT-2 cells by 5% (LDg). The LD
falls within 1 SD of controls treated only with solvent and is there-
fore defined as a nontoxic concentration. The drugs were then seri-
ally diluted 2-fold in triplicate. To each 50 ul of diluted compound, 50
wul of HIV, ,; was added, and the virus/drug mixture was incubated
for 1 hr at 37°. Next, 100 ul of MT-2 cell suspension (2 X 10° cells)
was added to each well, and cells were incubated for 72 hr at 37°. The
final multiplicity of infection was 1-5. Cells were harvested to quan-
tify cytopathic effect using a neutral red dye assay as described
previously (32). The antiviral concentration reported is the concen-
tration of sample necessary to protect MT-2 cells from 50% viral-
induced cell death; this is referred to as the 50% effective dose
(EDgo).

Isolation and synthesis of DCQAs. Caffeic acid, quinic acid,
and chlorogenic acid were purchased from Aldrich Chemical (Mil-
waukee, WI). The DCQAs were obtained as follows: 1,5-DCQA was
isolated from Achyrocline alata, 4,5-DCQA was isolated from Bac-
charis genistelloides, 3,5-DCQA was obtained from B. genistelloides
as described previously (33), and 3,4-DCQA was synthesized as de-
scribed previously (34). Compounds were pure by 'H NMR analysis.
All compounds were layered with argon and stored at —80° as sterile-
filtered aqueous solutions until tested for cell toxicity and anti-HIV
activity.

IN reactions. The 3' end processing, strand transfer, and disin-
tegration activities of IN in the presence and absence of inhibitors
was assayed in vitro as modified from Chow et al. (19) and Vincent et
al. (35). The following oligonucleotides (Operon Technologies, Alam-
eda, CA) were used as DNA substrates: T1 (16 mer), 5'-CAGCAACG-
CAAGCTTG-3'; T3 (30 mer), 5'-GTCGACCTGCAGCCCAAGCTT-
GCGTTGCTG-3'; V2 (21 mer), 5'-ACTGCTAGAGATTTTCCACAT-
3'; VU/T2 (33 mer) 5'-ATGTGGAAAATCTCTAGCAGGCTGCAG
GTCGAC-3'; C220 (21 mer), 5'-ATGTGGAAAATCTCTAGCAGT-3';
and B2-1 (19 mer), 5'-ATGTGGAAAATCTCTAGCA-3'. The oligonu-
cleotides were purified by electrophoresis through a 15% denaturing
polyacrylamide gel. Oligonucleotides T1, C220, and B2-1 were la-
beled at the 5’ end using T4 polynucleotide kinase and [y-3?P]JATP
(6000 Ci/mmol; Amersham). The substrate for 3’ end processing and
strand transfer reactions, which corresponds to the terminal 21
nucleotides of the U5 end of viral DNA, was prepared by annealing
the labeled C220 strand with its complementary oligonucleotide, V2.
The preprocessed substrate, which resembles the viral U5 end after
3’ end processing and was used to assay only strand transfer activity,
was prepared by annealing the labeled B2-1 strand with the V2
strand. The substrate for assaying disintegration activity, the Y
oligomer, was prepared by annealing the labeled T1 strand with
oligonucleotides T3, V2, and V1/T2 (35). In a 20-ul volume, the DNA
substrate (0.1 pmol) was incubated with recombinant IN for 30 min
at 37° in a buffer containing a final concentration of 20 mm HEPES,
pH 7.5, 10 mM dithiothreitol, 0.05% Nonidet P-40, and 10 mm MnCl,,
For assays of inhibitor activity, 1 ul of inhibitor at various concen-
trations in solvent or solvent alone was added to 19 ul of each
reaction mixture containing buffers, labeled-oligonucleotides, and
enzyme. The reaction was stopped by the addition of EDTA to a final
18 mM concentration. Reaction products were heated at 90° for 3 min
before analysis by electrophoresis on a 15% polyacrylamide gel with
7 M urea in Tris/borate/EDTA buffer (1xX = 89 mMm Tris, 89 mM boric
acid, 2 mM EDTA, pH 8.0). All reactions using the full-length IN were
performed at enzyme excess, and reactions were stopped within the
linear range of the reaction (19). For experiments using the core
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domain, disintegration reactions were allowed to proceed to comple-
tion (60 min). IC;, analysis was performed on logarithmic dilutions
of inhibitor, and the IC;, value was determined from a minimum of
three experiments. The log IC;, for each reaction were obtained
using the logistic curve model of nonlinear regression according to
the following formula:

100
conc.
o [ ICao ]
where conc. is the concentration of the compound and » is the Hill
slope.

Molecular modeling. Atomic Coordinates of HIV IN. The crys-
tallographic structure for the F185K-mutated IN catalytic core at 2.5
A resolution contains several amorphous individual amino acid R
groups (D55, E138, E170, K188, and 1191) and a 13-residue segment
(I1141-P-Y-N-P-Q-S-Q-G-V-I-E-S135) in which both the atomic coor-
dinates for the R groups and the peptide backbone have not been
resolved (13). This unresolved segment of IN occurs spatially be-
tween the functionally essential amino acids D65 and E159, making
analysis of ligand docking to the catalytic site of IN impractical. To
provide a suitable structure for ligand docking, the individual amor-
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Fig. 1. The DCQAs and several
analogues: 1,5-DCQA (A), molec-
ular weight = 516; 4,5-DCQA (B),
molecular weight = 516; 3,4-
DCQA(C), molecular weight =
516; L-chicoric acid (D), molecular
weight = 474; chlorogenic acid
(E), molecular weight = 353;
DCaRA (F), molecular weight =
478; 3,5-DCQA (G), molecular
weight = 516; 1-MO-3,5-DCQA
(H), molecular weight = 602.

phous side chains were minimized by substituting the CB (alanine) of
the amorphous amino acid with the correct R group and minimizing
to convergence, allowing movement only of atoms distal to the Ca of
the peptide backbone. The missing 13-residue segment was con-
structed with a commercial software peptide builder, minimized by
molecular dynamics/conjugate gradients to convergence using the
Dreiding II force field, and inserted into the missing region (BioGraf
Software, Molecular Simulations, Waltham, MA). The intact IN core
was then subjected to 449 psec of quenched dynamics (0.1 psec at
0.002-psec intervals with limited relief of strain using 200 deepest
descent energy minimization steps) allowing movement of only the
atoms of the inserted segment until energy convergence was
achieved (Root-Mean-Square force = <0.01 keal/mol/A). The entire
structure was then further minimized by the method of conjugate
gradients (<200 steps) to final convergence. This structure, as well
as a F185K-to-F back mutation, was used for all ligand docking,
visualization, and internal free energy (E) calculations.

Ligand Docking. Each inhibitor was modeled according to the
following protocol: 1) the potential energy of the ligand was mini-
mized to convergence using the Dreiding II force field and the
method of conjugate gradients (36). 2) The lowest free energy con-
former was manually docked into the IN active site by approximat-
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{ng one of the phenyl rings of the ligand into the cavity in which D64
forms the base and E92 and K59 participate in the walls (13). 3) The
energy of the resulting complex (E ) Was then minimized to
convergence, allowing movement of only the ligand atoms. 4) The
interaction potential, AE,, for the ligand was then calculated. This
was accomplished by calculating the potential energy of the ligand in
the absence of IN (Ej;g.nq) and the energy of IN in the absence of
ligand (Er). The interaction potential was calculated as AE; =
E omplex — (Exn + Eygana):

The magnitude of AE; was then correlated with the log ICy, as
described previously (37). Deviations from linearity are believed
to be entropic differences. The solvent-accessible surface and sur-
face charge density were visualized with Grasp software (Anthony
Nichols, Columbia University, New York, NY).

Results

Cell toxicity and anti-HIV activity of inhibitors. Five
DCQAs, one MCQA, and two synthetic analogues, L-chicoric
acid and DCaRA, were tested for cell toxicity and anti-HIV-1
activity in a tissue culture system. The eight compounds
tested are illustrated in Fig. 1. The cell toxicity and anti-
HIV-1 activity of 1-MO-3,5-DCQA, 3,5-DCQA, L-chicoric acid,
and the MCQA, chlorogenic acid, have been described previ-
ously (30). The cell toxicity and antiviral results of one of the
active compounds (L-chicoric acid, Fig. 2D) and one of the
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Fig. 2. Activity of DCQAs and their analogues in vivo. The cell toxicity
of each compound @ in MT-2 cells and the anti-HIV B activity of each
compound are illustrated. A, 1,5-DCQA. B, 4,5-DCQA. C, 3,4-DCQA. D,
L-Chicoric acid. E, Chlorogenic acid. F, DCaRA.
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inactive compounds (chlorogenic acid, Fig. 2E) are illustrated
in Fig. 2 for comparison with the activities of the newly
described DCQAs. The LDy, values for all of the active com-
pounds were >120 ug/ml against MT-2 cells (Table 1). The
EDjg, values for these compounds ranged from 1 pug/ml for the
most active compound to 6 pg/ml for the least active com-
pound (Table 1). The dose-response curves for each of the
compounds are illustrated in Fig. 2.

DCQAs inhibit HIV-1 IN in vitro. All of the DCQAs
inhibited HIV-1 replication at nontoxic concentrations. As
the previous studies on 3,5-DCQA, 1-MO-3,5-DCQA, and L-
chicoric acid demonstrated, these compounds inhibited
HIV-1 IN in vitro. The activity of the other sterecisomers of
DCQA were tested for inhibitory activity against HIV-1 IN.
As illustrated in Fig. 3, three separate functions of HIV-1 IN
can be measured in vitro. HIV-1 IN first removes two nucle-
otides from the 3’ end of each LTR. This process, called 3’ end
processing, results in a DNA that is reduced in size by two
nucleotides from each 3’ end. For in vitro reactions using
oligonucleotides in place of the viral LTR, the resulting pro-
cessed oligonucleotide can be visualized after separation on a
denaturing polyacrylamide gel. In the second process, 3’ end
joining or strand transfer, the processed 3’ end of one LTR is
transferred to another oligonucleotide. The resulting inte-
grated DNAs are all larger than the starting materials and
can be visualized after separation of the oligonucleotides via
denaturing polyacrylamide gel electrophoresis. The final re-
action that can be measured, disintegration, is the reverse of
the 3’ end joining step. This reaction is unique in that it can
be mediated by the core catalytic domain of HIV IN and does
not require the full-length IN molecule. Therefore, com-
pounds that inhibit the disintegration reaction likely act at
the catalytic core.

As shown in Fig. 4A, all of the DCQAs as well as the
L-chicoric acid inhibited both the 3’ end processing and 3’ end
joining (strand transfer) reactions (Fig. 4A) at concentrations
of 1 ug/ml. As illustrated in Fig. 4B, all of the DCQAs and
L-chicoric acid also inhibited the disintegration reaction. The
MCQA, chlorogenic acid, weakly inhibited these reactions
but only at concentrations significantly higher than those of
the DCQAs. DCaRA was unique in that it inhibited all three
reactions at concentrations nearly 1 log greater than the
weakest DCQA. It was much more effective at blocking the 3’
end processing reaction (Fig. 5A) than either the 3' end
joining reaction (Fig. 5B) or the disintegration reaction (Fig.
5C). The IC;, values for each of the compounds in each
reaction are summarized in Table 1. Dose-response curves for
the three reactions are illustrated in Fig. 5. All of the reac-
tions were studied at enzyme excess in the linear portion of
the curve. Results are mean + 1 SD for three to five separate
reactions. For all reactions, the mean percent conversion of
substrate into products in solvent-treated control reactions
was ~25% (range, 5.8% to 35.8%).

Because the highly conserved, core catalytic domain was
used to determine the crystallographic coordinates of HIV-1
IN and because these compounds inhibited the disintegration
reaction using the whole recombinant IN molecule, the ac-
tivities of several of the DCQAs against the truncated
polypeptide, amino acids 50-212 of HIV-1 IN, were studied.
As illustrated in Fig. 6, the DCQAs inhibited the disintegra-
tion reaction catalyzed by HIV-1 IN at concentrations of 5
ug/ml. The IC;, values for these reactions were not deter-
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TABLE 1
ICs of IN inhibitors in biochemical assays

Robinson et al.

For specific assay conditions see Materials and Methods. A schematic representation of each assay is illustrated in Fig. 3.

HIV replication in vivo Integration assays in vitro
Compound
LDso EDsq 3’ End processing 3’ End joining Disintegration
ng/ml
Chlorogenic acid >350 >176 >50 >50 >50
Caffeic acid >250 >250 >50 >50 >50
L-Chicoric acid 333 2 0.07 = 0.01 0.06 = 0.04 0.15 + 0.07
1,5-DCQA >150 2 0.35 + 0.04 0.56 = 0.14 0.84 + 0.08
4,5-DCQA >150 2 0.13 = 0.02 0.24 = 0.08 0.30 + 0.03
3,4-DCQA >120 6 0.41 = 0.09 0.28 *+ 0.09 0.71 = 0.31
3,5-DCQA >150 1 0.33 £ 0.12 0.34 = 0.22 0.66 + 0.24
1-MO-3,5-DCQA >350 4 0.27 = 0.08 0.26 + 0.08 0.47 = 0.28
DCaRA 100 >75 0.66 = 0.10 2.25 + 0.46 6.92 + 1.79
' . . . . . .
A. 3'-End Processing B. 3'-End Joining C. Disintegration Fig. 3. In vitro measurements of
IN activity. As shown, three differ-
oy ent measures of HIV-1 IN can be
CA= 19 33 Substrates measured in vitro. These include
21 + the removal of two nucleotides
L16 from the 3’ end of each oligonu-
CRT - cleotide representing the HIV LTR
19 30 (3’ end processing), the nucleo-
philic attack of processed oligonu-
W C A VY cleotides on the phosphodiester
19 — Products bonds of another oligonucleotide
(3’ end joining or strand transfer)
+ 19+n n ¥4 and the reversal of the strand trans-
-« = * fer reaction measured using a Y
30 substrate (disintegration).

mined. However, at that concentration, the activities of the
compounds were similar to those obtained using the full-
length IN protein (Figs. 4 and 5 and Table 1).

Molecular modeling of a truncated HIV-1 IN mutant
and selected IN inhibitors. Because the X-ray crystallo-
graphic coordinates of the core catalytic domain containing
the F185K mutation have been published (13), it was possible
to accurately model the HIV-1 IN protein. Using BioGraf
software, the HIV-1 IN protein was modeled, and the amor-
phous, nonvisualized amino acids within the core catalytic
domain (amino acids 141-153) were reconstructed. Both the
F185K mutant and a backmutant (F185K-to-F) were mod-
eled. Once the coordinates were entered into the software,
each IN inhibitor was modeled and allowed to achieve a
minimum free energy state. The IN and ligand were then
allowed to dock, and the change in internal free energy be-
tween the ligand and the ligand/IN complex was computed as
described previously (38). As illustrated in Fig. 7, A-F, each
of the compounds docked within the core domain of HIV-1 IN.
Indeed, the compounds interacted with a region containing
several amino acids described by others as important in the
integration reaction. These amino acids and their predicted
interatomic distances to key constituents of the L-chicoric
acid are summarized in Table 2.

Once the modeling was completed, the change in internal
free energy in kcal/mol was plotted versus the natural log of
the IC;, value of each integration reaction. The plot for all
three reactions demonstrated a relatively linear relationship,
as illustrated in Fig. 8. Linear regression for each line using
only the raw data resulted in an R? of 0.919 for the 3' end

processing reaction (p < 0.001), 0.66 for the strand transfer
reaction (p = 0.026), and 0.675 for the disintegration reaction
(p = 0.023).

Discussion

Integration of HIV-1 into the host chromosome is abso-
lutely necessary for productive infection of the host cell. Since
the X-ray crystallographic coordinates of the HIV-1 IN core
domain were published, there has been a significant effort
placed on synthesis of HIV-1 IN inhibitors. Several groups
have described compounds that inhibit HIV-1 IN in vitro, yet
none of these compounds have been reported to inhibit HIV-1
replication in vivo. Recently, 3,5-DCQA, 1-MO-3,5-DCQA,
and L-chicoric acid were reported to inhibit full-length HIV-1
IN in vitro and HIV-1 replication in vivo. To determine
whether such activity was reserved for the 3,5 substitution or
whether DCQASs could inhibit HIV-1 replication in vivo re-
gardless of the substitution pattern around the quinic acid
ring, 1,5-DCQA, 3,4-DCQA, and 4,5-DCQA were isolated or
synthesized. All of these stereoisomers were potent inhibitors
of HIV-1 IN in vitro, and all inhibited HIV-1 replication at
concentrations similar to the parent compounds described
previously (Table 1 and Figs. 2, 4, and 5). Thus, activity
against the full-length HIV-1 IN, like the anti-HIV activity of
these compounds in tissue culture, was dependent not on the
substitution pattern but, instead, on the presence of two
caffeic groups rather than one. Each of the DCQAs was also
active against the highly conserved core catalytic domain of
HIV-1 (Fig. 6).
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A. 3-End Processing and Joining
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Fig. 4. Activity of the DCQAs against HIV-1 IN. Each compound was
tested for the ability to block HIV-1 IN in three separate assays. A, The
3’ end processing and 3’ end joining reactions. Open arrowhead,
products of the 3’ end processing reaction are two nucleotides smaller
than the substrate; closed arrowhead, position of the labeled substrate;
s.t.p., strand transfer products (3’ end joining products), which are
larger than the substrate. B, The disintegration reaction. Open arrow-
head, disintegration reaction products are larger than the substrate;
closed arrowhead, position of the labeled substrate. Lane 1, H,O sol-
vent; lane 2, 10% ethanol solvent (EtOH, 10%); /ane 3, chlorogenic acid
(CGA); lane 4, L-chicoric acid (L-CCA); lane 5, 3,4-DCQA; lane 6, 4,5-
DCQA,; /ane 7, 1,5-DCQA,; lane 8, DCaRA.

To date, no cacrystals between HIV IN and any HIV IN
inhibitor have been described. Likewise, because of the diffi-
culties associated with crystallization of IN, cocrystals may
not be achieved. Thus, to determine whether molecular mod-
eling of the HIV-1 IN and IN inhibitors could be used to
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Fig. 5. Inhibition of full-length HIV-1 IN by DCQAs in vitro. Dose-
response curves used to calculate ICs, values for five of the com-
pounds. A, The 3' end processing reaction. B, The 3’ end joining or
strand transfer reaction. C, The disintegration reaction. Compounds
tested in each reaction were chlorogenic acid (@), DCaRA (W), 3,5-
DCQA (4), 1-MO-3,5-DCQA (V), and L-chicoric acid (#). Note that the
range for the disintegration reaction was 0.05-50 ug/ml (C) compared
with 0.005-5.0 ug/ml for the other reactions (A and B).
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Fig. 6. Inhibition of HIV-1 IN core catalytic domain by DCQAs. The
core catalytic domain of HIV-1 IN (amino acids 50-212) was expressed
in Escherichia coli and purified. Disintegration catalyzed by this protein
fragment was assessed in the presence of each DCQA or analog at a
final concentration of 5 ug/ml. The compounds tested were /ane 1,
substrate without enzyme (—IN); /ane 2, H,0 solvent; /lane 3, 3,5-DCQA;
lane 4, 1-MO-3,5-DCQA,; /ane 5, L-chicoric acid (L-CCA); lane 6, 3,4-
DCQA; and /ane 7, chlorogenic acid (CGA). < products; <4 labeled
substrate.

TABLE 2

Molecular interactions between amino acids 50-212 of the HIV-1
F186K mutant IN and L-chicoric acid

HIV-1 IN was modeled into BioGraf and Cerius |l software based on the published
X-ray crystallographic coordinates. The amorphous core domain was recon-
structed, and the ligand was allowed to dock by computational docking as
described in Materials and Methods. The predicted intermolecular distance be-
tween L-chicoric acid moleties and specific amino acids of the HIV-1 IN were
determined.

L-Chicoric acid moiety Amino acid Predicted intermolecular distance
Carbonyl group Asp64 7.8A
Phenol group His67 3.0A
Phenol group His67 8.0A
Phenol group Glug2 6.22A
Carbonyl group Asp116 69A
Phenol group Asn117 46A
Carboxylic acid Gin148 59A
Carboxylic acid Lys159 7.15A
Phenol group Lys159 526 A

design better inhibitors of HIV-1 IN, the IN protein was
modeled with several of the inhibitors. Docking of IN inhib-
itors at the active site of the enzyme was made possible by
molecular modeling of the amorphous regions within the
crystallographic structure. The lowest free energy conformer
of each inhibitor was manually docked into the groove de-
fined by the D,D(35)E domain of the active site. Because the
X-ray structure is devoid of water at the catalytic site of IN,
no solvation terms were used in these molecular modeling
procedures. Using repetitive cycles of molecular dynamics
and energy minimization, each inhibitor was allowed to con-

form to the fixed, desolvated macromolecule until energy
convergence and lowest internal free energy of the ligand/
protein complex were achieved. As illustrated in Fig. 7, one
could predict which compounds best blocked HIV-1 IN based
on the ability of the compounds to interact with a cleft region
of high negative potential, identified in part by amino acids
His67, Glu92, Asp116, Asnl117, GIn148, Lys159, and Asp64
(at the base of the cleft). L-Chicoric acid, the most potent
HIV-1 IN inhibitor, interacted with amino acids within this
domain (Table 2). When L-chicoric acid, dicaffeoyl-a-resor-
cylic acid, and 1-MO-3,5-DCQA were modeled into the IN,
only the compounds that filled a groove visualized along the
IN protein potently inhibited HIV-1 IN (Fig. 7). The com-
pounds that filled the groove are ranked from best to worst:
L-chicoric acid > 1-MO-3,5-DCQA > DCaRA > chlorogenic acid.

In addition to direct visualization of the predicted binding
of the DCQAs to HIV-1 IN, the change in internal free energy
of the complex versus the sum of their component energies
(i.e., AE)) plotted against the natural log of the IC;, value for
each integration reaction resulted in a linear relationship
(Fig. 8). This same linear correlation has been reported for
compounds that block gp120 binding to CD4 if the docking
reaction measured is the interaction between each ligand and
HIV-1 gp120(38a). The calculated correlation coefficient be-
tween IC,, and AE, suggests that modeling of HIV-1 IN could
be used to design better inhibitors of HIV-1 IN. It should be
noted, however, that it is unknown whether the lack of ac-
tivity of the DCaRA against HIV ,; in vivo was due to an
energetically unfavorable reaction (AEi of —13 kcal/mol) with
IN or whether the compound failed to enter the cell; however,
because the LDy, of the DCaRA was greater than that of the
other compounds tested, this latter interpretation of the data
is unlikely. Thus, modeling of new compounds that leads to
more significant changes in internal free energy than that
observed for the most active compound, L-chicoric acid, may
lead to more active anti-HIV compounds.

The interactions of L-chicoric acid with Asp64, His67,
Glu92, Aspl116, Asnl17, GIn148, and Lys159 predicted by
molecular modeling are consistent with the functional roles
of those amino acids. Previous work by others has indicated
that mutation of several amino acids within the HIV-1 or
HIV-2 IN affects the ability of HIV-1 to both productively
infect CD4+ lymphocyte cell lines and function in in vitro
integration assays (3, 15-17, 39). Mutations of Asp64 and
Aspl16, two components of the D,D(35)E domain, are asso-
ciated with nonviable HIV-1 that cannot mediate in vitro
integration. Mutation of Asn117 is associated with defective
replication as indicated by delayed replication kinetics (3)
and a partial loss of IN function in vitro (39). Mutation of
Lys159 had no effect on viral replication, although van Gent
et al. (39) described a partial loss of IN activity. Mutation of
Gln148 has been shown to lead to a partial loss of IN activity
in vitro (39). It should be stressed that mutations described
by van Gent et al. were made in the HIV-2 IN rather than the
HIV-1 IN described by others. Mutations of His67 and Glu92
have not been described to date. Thus, the amino acids iden-
tified as interacting with the L-chicoric acid by molecular
modeling are also, for the most part, important in IN activity
and viral replication. In addition, the use of HIV-1 IN inhib-
itors coupled with molecular modeling of IN/ligand interac-
tions has indicated at least two additional amino acids that
could be important in HIV-1 IN function that have not been
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Fig. 7. Modeling of several DCQAs and
their analogs with amino acids 50-212
of an F185K mutant of HIV-1 IN. Four
ligands were modeled into the HIV-1 IN
using computational docking (see Mate-
rials and Methods). Top, modeled F185K
HIV-1 IN. Green box, area shown below
each IN molecule. The compounds mod-
eled included L-chicoric acid (A and B),
1-M0O-3,5-DCQA (C and D), and DCaRA
(E and F), The docking stations illus-
trated are station O (frontal view of com-
pound docked into the cleft; A, C, and E)
and docking station 1 (clockwise rota-
tion of the IN/ligand complex 45° along
the y-axis to illustrate ligands within a
cleft in IN (B, D, and F). Green, IN was
modeled using a solvent-accessible sur-
face model with each compound. Red,
regions with a calculated high net nega-
tive charge. Blue, regions with a calcu-
lated high net positive charge.
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Fig. 8. Correlation between anti-HIV-1 IN activity and AE,. Top, 3' end
processing reaction. Middle, 3' end joining reaction. Bottom, disinte-
gration reaction. The change in free energy (AE) for each ligand/IN
product was plotted versus the natural log of the ICs, of each com-
pound in each of the three separate IN reactions. Solid lines, linear
regression analysis for each compound. @, Observed ICs, values.
Curved, dashed lines, 95% confidence intervals for each line. Data are
for the F185K-to-F back-mutation; similar results were obtained using
the F185K mutant.

identified through other methods. Mutation of these residues
may lead to further information on amino acids that are
important for HIV-1 IN activity. Although molecular model-
ing has limitations, the strong correlation between the mod-
eling and the observed inhibition of IN (Fig. 8), combined
with the significance of the amino acids identified to interact
with the inhibitors (Table 2), makes the model, in the ab-
sence of cocrystals, a potentially important tool for designing
better inhibitors of HIV IN.

Despite the critical role played by IN in the retroviral life
cycle, there is little information concerning chemical com-
pounds that show selective inhibition against the catalytic
activities of IN. Other than the DCQAs, the major classes of
IN inhibitors that have been reported to date include aurin-
tricarboxylic acid (27) and cosalene analogues (28), caffeic
acid phenylethyl ester (25, 26), DNA binding agents (25, 26),
topoisomerase inhibitors (25), and bis-catechols (29). A ma-
jority of the compounds reported thus far are not selective for
IN. Aurintricarboxylic acid and related compounds also in-
hibit reverse transcriptase and other phosphoryltransferases
(28). Inhibition of IN by DNA binding agents and topoisom-
erase inhibitors is relatively weak and nonselective. The
DCQAs reported in the current study have been tested for
activity against a variety of HIV enzymes, including gp120/
CD4 binding and reverse transcriptase. To date, these com-
pounds are inactive or weakly active against all viral en-
zymes tested, demonstrating a remarkable degree of
selectivity for HIV-1 IN.! Perhaps more importantly, most of
the information on previously reported IN inhibitors is de-
rived from in vitro experiments using purified IN, and a
protective effect of IN inhibitors against HIV infection in
tissue culture is either undetectable (29) or has not been
examined. Furthermore, the mechanisms of action for any of
these compounds in inhibiting IN have not been studied. The
DCQAs, as described previously and demonstrated in the
current study, are active not only against HIV-1 IN in bio-
chemical reactions but also against HIV in tissue culture.
These data suggest that IN can serve as a target for anti-HIV
therapeutics and that the development of more potent and
selective anti-HIV IN inhibitors could add to our armamen-
tarium of anti-HIV agents.

The current data support the interpretation that the DC-
QAs and L-chicoric acid block HIV-1 replication directly
through inhibition of HIV-1 IN. The results for DCaRA sug-
gest that inhibition of 3’ end processing does not correlate
with an in vivo effect but that inhibition of disintegration and
3’ end joining reactions can predict in vivo activity against
HIV-1. In addition, effective IN inhibitors had an IC4, value
against HIV-1 IN of <500 nM. Most of the other IN inhibitors
reported in the literature have been significantly less potent.
These results suggest that in the absence of complete crys-
tallographic information, a combination of molecular model-
ing and in vitro assays may be used to both identify amino
acids critical for IN activity and design more potent anti-IN
compounds, which may ultimately prove to be useful in the
treatment of HIV infection and AIDS.
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