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Abstract—The previously discovered salicylhydrazide class of compounds displayed potent HIV-1 integrase (IN) inhibitory activity.
The development of this class of compounds as antiretroviral agents was halted due to cytotoxicity in the nanomolar to sub-micro-
molar range. We identified a novel class of non-cytotoxic hydrazide IN inhibitors utilizing the minimally required salicylhydrazide
substructure as a template in a small-molecule database search. The novel hydrazides displayed low micromolar IN inhibitory activ-
ity and are several hundred-fold less cytotoxic than previously disclosed salicylhydrazide IN inhibitors.

© 2007 Elsevier Ltd. All rights reserved.

HIV-1 integrase (IN) is a critical enzyme for viral repli-
cation. The protein catalyzes the insertion of the reverse-
transcribed proviral cDNA into the host cell nuclear
genome, a prerequisite for virion production and prop-
agation. Although efficient integration in vivo is a com-
plex interplay between both cellular and viral proteins,
IN enzymatic activity consists of two DNA reaction
events that unfold in a ‘cut and paste’-like process. Ini-
tially, IN hydrolytically cleaves a GT dinucleotide from
each conserved CAGT 3’-terminal sequence of the
reverse-transcribed viral DNA. This catalytic step is
termed 3’-processing, occurs in the cytosol of the cell,
and results in two 3'-recessed hydroxyl groups, which
are then utilized for a nucleophilic attack in the second
step of the integration process. This is followed by
strand transfer, where the processed DNA product is
inserted within the cellular genome.! Host cell nuclear
enzymes presumably execute the removal of the two
unpaired nucleotides on the 5’-viral DNA ends, DNA
repair, gap filling, and ligation to complete the integra-
tion process. IN catalytic activities can be mimicked
in vitro using isolated systems that contain purified
IN, a DNA oligonucleotide substrate with ends corre-
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sponding to the U3 or U5 viral DNA termini, and
Mg>* or Mn?* as a cofactor.?

Great strides have been achieved in the design and dis-
covery of IN inhibitors as antiviral agents.® The devel-
opment of different IN inhibitors, which each display
strand transfer specific inhibition of the viral enzyme,
have emerged as the most promising to provide a genu-
ine FDA approved drug targeting IN. These include the
B-diketoacid, naphthyridine carboxamide, pyrimidi-
none, and quinolone carboxylic acid class of IN inhibi-
tors.* Indeed, two strand transfer specific inhibitors, the
pyrimidinone MK-0518%¢ and the quinolone carboxylic
acid GS-9137,7 have advanced to late-stage clinical
studies.

Although the success of specific strand transfer IN
inhibitors is a great achievement, the fact remains that
therapeutics targeting crucial enzymes of HIV-1, a path-
ogen characterized by a high mutational rate, will inev-
itably lead to the development of drug resistant viral
strains. The clinical use of first generation IN inhibitors
will undoubtedly warrant the need for second generation
IN inhibitors to treat patients harboring IN resistant
HIV strains. Additionally, HIV-1 strains that exhibit
cross-resistance to IN inhibitors belonging to different
strand transfer specific chemical classes have been docu-
mented in pre-clinical and clinical development studies.*
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Figure 1. HIV-1 integrase inhibitory activity and cytotoxicity of previously discovered hydrazides 1-3.

Viral strains displaying resistance to strand transfer spe-
cific inhibitors are expected to be susceptible to structur-
ally novel classes of IN inhibitors. One approach to this
problem is to revive previously identified IN inhibitor
chemical classes, which displayed potent IN inhibition,
but were developmentally halted due to unwanted
pharmacokinetic, pharmacodynamic, or toxicological
characteristics. Here we present a series of novel non-
cytotoxic salicylhydrazide-containing IN inhibitors.
The developmental progress of the salicylhydrazide class
of IN inhibitors was halted due to cytotoxicity issues.
The disclosed novel salicylhydrazides retained potent
IN inhibition in vitro, but are several hundred-fold less
toxic in cell culture as compared to previously discov-
ered salicylhydrazide IN inhibitors greatly enhancing
their therapeutic potential as antiretroviral agents.

The salicylhydrazine 1 (Fig. 1) was first discovered as
being the active component in a mixture of compounds
retrieved using three-dimensional pharmacophore
searches from the open compounds listed in the Na-
tional Cancer Institute (NCI) Drug Information System
(DIS) database. The three-dimensional pharmacophore
models were developed and utilized to identify potential
IN inhibitors from the NCI DIS database that did not
contain a catechol moiety.® Previously identified cate-
chol-containing IN inhibitors were highly cytotoxic
since this moiety was susceptible to oxidation to a qui-
none species, which has a propensity to cross-link with
cellular proteins.'® A thorough structure-activity rela-
tionship (SAR) study was carried out on the hydrazide
1. Structural modifications that abolished IN inhibitory
activity of 1 included the substitution of one or both
hydroxyl groups with amine groups, or deletion of the
hydroxyl(s) altogether.!' Addition of a second aryl ring
to phenol of the hydrazide 1 resulted in an unsymmetri-
cal naphthalenol/phenol hydrazide 2 (one aryl ring) and
a symmetrical naphthalenol hydrazide 3 (two aryl rings).
Interestingly, the unsymmetrical naphthalenol/phenol
hydrazide 2 showed similar IN inhibitory potency. Fur-
thermore, elimination of one salicyloyl moiety from
hydrazide 1 gave an IN inhibitor with reduced inhibi-
tory potency. The detailed SAR study around the
hydrazide 1 demonstrated that a salicyloylhydrazide
moiety is the minimally required substructure for IN
inhibitory potency of the compounds. In addition, the
salicylhydrazides are proposed to inhibit IN catalytic
activities through chelation of the active site Mg>*. Even
though the salicylhydrazides lacked the catechol moiety,

the majority of active compounds in this class exhibited
cytotoxicity in the nanomolar range.'? The most potent
salicylhydrazides, for example compounds 1 -2 (Fig. 1),
showed strong cytotoxicity in the cell-based assays, lim-
iting their therapeutic application as antiretroviral
agents.!>14

Considering the previously observed SAR and cytotox-
icity profiles of the salicylhydrazide class of IN inhibi-
tors, we designed an optimization program utilizing
the minimally required substructure (Fig. 2a) to use as
a two-dimensional search query to identify potent sali-
cylhydrazide IN inhibitors with diverse structural scaf-
folds. Potent salicylhydrazide IN inhibitors exhibiting
a wide therapeutic window without cytotoxic properties
would provide a diverse structural class of lead com-
pounds to develop antiretroviral drugs for the treatment
of HIV/AIDS. Using the minimally required salicylhyd-
razide substructure (Fig. 2a) as a search query, we re-
trieved a series of novel salicylhydrazides 4-20 from a
commercial database that contains over 300,000 small-
molecule compounds (Asinex Corp.). The IN inhibitory
activity and cellular toxicity of the salicylhydrazides 4-
20 are given in Table 1. IN inhibitory activity and cyto-
toxicity of each compound was determined as described
previously.!#13 Several of these compounds inhibited IN
catalytic activities in a similar range to the previously
discovered hydrazides 1-2, and are remarkably non-
cytotoxic. Except compounds 5 and 13, none of the no-
vel salicylhydrazides showed significant cellular toxicity
at a maximum tested concentration of 20 uM. Com-
pounds 5 and 13 displayed CCsy values of 20 and
15 uM in HCT116 (colon cancer cell-line) cells, respec-
tively. Compound 13 displayed a CCsq value of 20 uM
in MDA-MB-435 (breast cancer cell-line) cells. Overall,
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Figure 2. (a) Minimally required substructure for HIV-1 integrase
inhibitory activity of the salicylhydrazide class of compounds.
Replacement of one of the two phenol groups in the N,N’-bis-
salicylhydrazide 1 with a substituted heterocyclic moiety (b) rendered a
novel class of salicylhydrazide integrase inhibitors without
cytotoxicity.
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Table 1. Inhibition of HIV-1 integrase catalytic activities and cellular toxicity of a novel class of hydrazides

N-N O OH
R AL R
N .
ey m%
R 0
RZ

Compound R ICso (LM) CCso (uM)?
3’-processing Strand transfer HCT116 MDA-MB-435
4 2-OHPh 4-McPh 542 341 >20 (26%)°  >20 (12%)
5 2-OHPh 2OMePh 8+ 1 6+1 20 >20 (40%)
6 2-OHPh Bn 1543 942 >20 8%)  >20 (15%)
7 Ph Bn 2 t6 9+7 520 (34%)  >20 (22%)
8 Bn 3.CIPh 9+1 8 +4 >20 (11%)  >20 (5%)
9 Bn 4-OMcPh 18+ 1 1741 520 (0%)  >20 (10%)
10 Bn CeHym 2142 17+1 520 (11%)  >20 (5%)
1 4-CIPh Ph 11+3 541 >20 36%)  >20 (30%)
12 3.4-diOMePh Ph 0t 2 ¢1 >20 (24%)  >20 (13 %)
13 Ph 4-McPh  23+6 1248 15 20
14 4-Pyridine 4-FPh  49+1 3142 >20 (22%)  >20 (14%)
15 Ph Me 6444 5842 520 (39%)  >20 (32%)
—N
16 { )—s—CH, Ph 5145 2748 520 (0%)  >20 (3%)
N
—N
17 L )s-cH, Me >100 >100 >20 21%)  >20 (16%)
N
NN‘j\ y O OH
N.
18 N“ s HJ\©\ 68+3 61+6 >20 (15%)  >20 (3%)
o)
@ OH
N~ OH
N N~
19 = N8 ON >100 >100 >20 (40%)  >20 (44%)
j o)
O<_OH
@’4'“1 i
Cl WP
20 N SA[]/ N >100 >100 >20 (0%)  >20 (8%)

# Concentration of compound resulting in 50% cellular toxicity (cell death).
® Percent cytotoxicity at highest tested compound concentration of 20 pM.

these compounds are several hundred-fold less cytotoxic
as compared to the hydrazides 1-3. The replacement of
one of the two phenols in hydrazide 1 with an optimally
substituted heterocyclic group (Fig. 2b) rendered a novel
class of non-cytotoxic salicylhydrazides with low micro-
molar IN inhibitory activity (Table 1). SAR analysis on
the retrieved compounds illustrates that variation in the
substitution pattern on the 1, 2, 4 triazole core (Fig. 2b)
is well correlated with the IN inhibitory profile of the
compounds (Table 1). Compounds with a bulky substi-
tuted aromatic ring (a cyclohexyl ring in compound 10)
on N4 position of the triazole core showed moderate IN
inhibitory activity. On the other hand, compounds 15

and 17 with a methyl group on N4 position of the tria-
zole core showed decreased to no activity against both
the 3’-processing and strand transfer reactions of IN.
Interestingly, compounds 4-6 containing a 2-hydroxy
phenyl substitution on the 5th position of the triazole
core are moderately strong inhibitors with activity
against both the strand transfer as well as 3’-processing
reactions of IN. Similarly, compounds 8-10 containing a
benzyl substitution on the 5th position of the triazole
core also showed moderate inhibitory activity against
both 3’-processing and strand transfer activities of IN.
Compound 11 with a 4-chlorophenyl substitution on
the Sth position and a phenyl group at the N4 position
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of the triazole core inhibited both the 3’-processing and
strand transfer activities of IN with ICsy values of 11 £ 3
and 5% 1 uM, respectively. Compound 18, the only
compound containing a tetrazole core instead of the tri-
azole core (Table 1), displayed weak IN inhibitory activ-
ity. It inhibited both the 3’-processing and strand
transfer activities of IN with ICs, values of 68 * 3 and
61 £ 6 uM, respectively. We also tested compounds 19
and 20, without the salicyloyl carbonyl, to evaluate the
role of the salicyloyl group in conjunction with the heav-
ily substituted triazole core in this novel class of hydra-
zide IN inhibitors. Interestingly, compounds 19 and 20
showed no activity against both IN catalytic reactions
at a maximum tested concentration of 100 uM. This re-
sult reaffirms the importance of the salicyloyl group for
IN inhibitory activity of this novel class of hydrazides.

We additionally tested seven representative compounds
for antiviral activity against HIV-1 in the human MT-
4 T-cell line. Antiviral testing was conducted as de-
scribed previously.'®!” Compounds chosen for antiviral
activity testing include 5, 6, 8-11, and 13. Unfortu-
nately, none of the compounds displayed significant
antiviral activity. Optimization efforts are underway to
enhance the antiviral activity of this new class of
hydrazides.

In conclusion, we have identified a series of novel non-
cytotoxic salicylhydrazide IN inhibitors through sub-
structure database search methods. As compared to ear-
lier disclosed hydrazides, the retrieved compounds
displayed comparable IN inhibitory activity, but are sev-
eral hundred-fold less cytotoxic. Structurally, the
replacement of one of the two phenol (1-naphthalenol
in hydrazide 2) rings in hydrazide 1 with heavily substi-
tuted triazole groups affords novel hydrazide-containing
IN inhibitors with significantly improved cytotoxic pro-
files, greatly enhancing the therapeutic potential of this
chemical class of IN inhibitors.
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