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Molecular modeling studies and an updated highly predictive 3-D QSAR model led to the discovery of
exceptionally potent indolyl aryl sulfones (IASs) characterized by the presence of either a pyrrolidyn-2-one
nucleus at the indole-2-carboxamide or some substituents at the indole-2-carbohydrazide. Corfipounds
and9 were found active in the sub-nanomolar range of concentration in both MT-4 and C8166 cell-based
anti-HIV assays. These compounds, and in particular compound 9, also showed excellent inhibitory activity
against both HIV-112 and HIV-AB1 primary isolates in lymphocytes and against HIV WT in macrophages.
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Human immunodeficiency virus (HIV) is the causative agent
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of acquired immune deficiency syndrome (AIDS), an infection S NH/_<O 9 N
characterized by loss of helper T lymphocytes and heavy damage HN i \

to the lymphatic tissues. Global estimates by the World Health S0, SO,
Organization showed that this viral infection is widespread, with
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people by the end of 2005. 5C Hy HaC CHy

There are currently 20 approved anti-retroviral agents (source 1

FDA, May 2004), including some mixtures, falling in four

2 L-737,126 (3)
enfuvirtide? Highly active anti-retroviral therapy (HAART) S0,
based on combinations of these drugs allowed great progress /@\
cl
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HAART leads to the emergence of drug-resistant mutant strains.
NNRTIs have received a great amount of attention due to L-737,126 B)*? (Chart 1). These results supported our hypoth-
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side and nucleotide reverse transcriptase inhibitors (NRTI), NH NH

protease inhibitors (Pl), and the recently licensed fusion inhibitor HN i HN i

in the clinical management of AIDSNevertheless, HAART al

requires long-term or permanent treatments, because it cannot HsC

completely suppress viral multiplication. As a consequence,

low toxicity and favorable pharmacokinetics properties. The esis that intramolecular transposition or replacement of bio-
discovery of second-generation agents endowed with high isosteric groups would favor the remodeling of the inhibitor

potency and a broad spectrum of activity against drug resistantWith the non-nucleoside binding site (NNBS) residues. These

viral strains launched a new era for NNRTI. findings stimulated us to evaluate new substitutions at the indole-
Our extensive studies on sulfone NNRTIs led to the discovery 2-carboxamide function of compourd .

of potent anti-HIV classes, such as pyrrolo[hjpt,2,5]- Pr_ewou_sly, three-dlmensmn_al quantitative structemetivity

benzothiadiazepine 5,5-dioxides (PBTB®yrryl aryl sulfones ~ 'élationship (3-D QSAR) studies and docking simulations led

(PASS)’# and indolyl aryl sulfones (IASS). us to design noveN-(2-hydroxyethyl)carboxamide ard-(2-

hydroxyethyl)carbohydrazide derivatives. These experimental
inhibitory activities were found to be in good agreement with
the 3-D QSAR model predicted values. Notably, the new IASs
4 and5 were more potent than compouBdagainst the viral
mutant straind3-1%

“Towh p hould be add 4 RS ohaw0s Pursuing this research line, we used refined molecular
o e e e %, modeling studies and the application of an updated_highly
(molecular modeling): phone;39 06 4991 3937; fax+39 06 491 491;  predictive 3-D QSAR model to design new IASs characterized

Recently, we reported that hybrid IASeptide derivatives
bearing one to three glycine or alanine units as elongated
2-carboxamide chains (e.fj.and2) were more active against
some clinically relevant mutant straifid'than the parent indole

e-nTwaiI,_rino.'rggno@unir‘pmal.it._ i by either the presence of a pyrrolidyn-2-one nucleus at the
Universitadi Roma “La Sapienza’. indole-2-carboxamide (compounés7) or some substituents
* Universitadi Napoli “Federico I1”. . .
$ Universitadi Roma “Tor Vergata’. at the indole-2-carbohydrazide (compourgs13) (Table 1).
Ilstituto di Genetica MolecolareCNR. Experimental data revealed that the new products were excep-
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Table 1. Structures of the Designed Compouréis13 robust (compare?, g, SDER. in Table 5). Figure H in
(\o H Supporting Information shows thie-U scores plots for the first
Q ,N\« Q  N-v three PCs. From this plot, it is possible to have a clear idea of
HN ﬁ 0 HN ﬁ the correlation between th€s and theY's obtained in the model
\ \ for each PC. The first PCs plot is by far the most informative,
802 $02 containing the main relationship between activities (gisand
d | t g | : structural descriptors (field points). This information would be

completely lost by only looking at the “predicted vs experi-

X X mental” plot (Figure 1). The plot can be useful to identify
6.7 813 influential objects or clusters of objects (outliers). Usually these
compd X Y compd X Y objects do not correlate in the first component. Thus, the second
6 H _ 10 35-Me  c-Hex or third PC is made to fit them. They appear as some (or few)
7 35-Me - 11 3.5-Me  COMe objects completely distinct from the rest of the objects in the
8 35-Me  Me 12 35-Me  COOEt T—U scores plot in either PC. Accordingly, tie-U scores
9 3.5-Me,  i-Pr 13 3.5-Me  CONHNH,

plots show this behavior for nonsignificant components. As seen
from the T—U scores plots in Figure H (see Supporting
tionally potent against both WT and drug resistant mutants and Information), there is a nice correlation between the independent
gave us some insight for the development of a newer IAS variablesX scores () and the dependent variabtescores ().
generation. In addition, no outliers are visible, thus confirming that the
3-D QSAR Studies. A widened 3-D QSAR model was goodness of the 3-D QSAR model.
developed both to understand the role of substitution at the Regarding the predictive ability within an external test set,
2-carboxamido position of L-737,126 and to design new and the latest model generally had a higher predictive ability, even
hopefully more potent anti-HIV derivativés. though five out of the eight compounds in the test set had
A training set of 101 IASs derivatives was compiled by predicted plGes comparable to those of the old model (compare
adding to the previous training set (70 derivatives) test (eight predictions in Table 4 and SDE®values in Table 5). In fact,
N-benzenesulfonylindoles) and prediction (23 2-carboxamide/ using the old model, derivativesd 2and114were predicted as
2-carboxhydrazide derivatives) data sets (Table 2). As reférted false negative in the high micromolar range, while the new
the structures of the training set were modeled starting from model was able to predict them as active compounds in the
the closely structurally related diaryl sulfone 739Wkiracted  |ow or submicromolar range. Moreover, the new model correctly
from the corresponding complex with the HIV-1 RT (PDB entry predicted the overall activity trend of the TS, while the old
code 1jlg). The training set was receptor-based aligned by meansmodel did not. To have a clearer idea of the predictive ability,
of docking experiments into the NNBS extracted from the the size of the test set should be expanded. However, the aim
739W94/RT complex. The program GOLPE®was used 10 of the present research was not just to build a respectable 3-D
define the 3-D QSAR model using as a dependent variable the oSAR model but to evaluate the model itself as a tool to predict
inverse of the experimental anti-HIV-1 activities (p&€) new and untested derivatives (see the next section).

logarithm. One important feature of the 3-D QSAR studies is the

fAfter dat? pr]fetretatmelr}t (‘;’e(.e Fé(p?r'megli% Se?t'otr_') a Serlesgraphical representation of the model, which allows an easier
goﬁgnifggtgfeﬁz'%Tnf?;or:i detlessw'll%t(a FFI% Zeeligtl'gzzwgree interpretation. In the GOLPE software several options are
4 ! Nt ’ : WETe available to display the final model. Among these options, the

carried out until no further stafistical improvements were PLS pseudocoefficients, the activity contribution, and the present
Sields plots are very useful. The PLS pseudocoefficients plot
allows the visualization of the selected grid points at a
determined molecules/probe interaction energy level, indicating
the whole training set’s graphical information. However, in this

and leave half out (LH@,) cross-validation (CV) predictive plot the signs of the coefficients can induce errors. This occurs
correlation coefficients valuesfoo, tiso, and gwo) COr- due to the fact that the compounds produce positive or negative

responded to 0.79, 0.78, and 0.73. The LOO, L50, and LHO field vglues in gspecific area, causing the coe_fﬂcients to ha_lve
cross-validated standard deviation errors of prediction OPPOSite meanings. On the other hand, the activity contribution
(SDER:w-L00, SDERv_150, and SDERy-_10) values were _plof[ _makes_ it possible to display spatial regions that_ are
0.75, 0.77, and 0.86, respectively (Table 3). The group method individually important for the selected molecule. The activity
for the FFD selections was used, setting to five the number of ontribution plot, which is different for every molecule within
groups to be used. As with any 3-D QSAR model, an external the training set, is calculated by multiplying the values of the
validation should be compulsory. Thus, a test set (TS) of eight coefficients by the actual field values for every molecule. The
recent hybrid IAS-peptide derivativéd was used to evaluate ~ Present fields plot, which is also different for every molecule
the predictive ability of the model (Table 4). Such a test set Within the training set, allows the visualization of the actual
was particularly suitable to check our hypothesis. In fact, the GRID field coming out of interactions with the probe (OH2).
structures differ from those of the training set only in the Toanalyze a 3-D QSAR model, representative compounds were
substitution in the indole 2 position. The application of the final chosen from the highest and lowest active derivatives within
3-D QSAR model to the TS led to a small standard deviation the training set. Moreover, to better highlight the enhanced
error of prediction (SDER = 0.89), which was also comparable features of the updated model, representative compounds were
to the SDERy values. Although defined with three principal selected among IAS derivatives containing a substitution on the
components (PCs), the actual updated 3-D QSAR model, amido/hydrazido group at position 2 of the indole. Figure42
compared to the previous one, proved to be statistically more show the PLS coefficients, the activity contribution, and the

statistical indexes?, g, and SDEP were employed. The final
3-D QSAR model was achieved after five FFD selections. It
was characterized by a conventional correlation coefficient value
(rd of 0.90. The leave one out (LQY), five group (L5Qy),
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Table 2. Structures, ALOGpS Values, and Anti-HIV-1 Activities of Compounds53and 14-111, the Training Set Used for the 3-D QSARs

(0]
HN z g
\ ‘N
X <
X | A
wo [
Y
A B
compd structure X Y z w E€ (uM) ALOGpPS (mg/L)

3k A SO, H NH2 Cl 0.001 —5.6
142 A S H OEt H 14 —7.49
15 A S 2-NH, OEt H >200 —5.23
16 A S 2-NH-5-ClI OEt H =200 —5.85
17 A S 2-NH, OEt Cl 2.3 —4.93
18 A S 2-NH,-5-Cl OEt Cl 25 —4.45
1 A SO, H OEt H 3.7 —4.68
207 A SO, 2-NH; OEt Cl >200 —4.08
212 A SO, 2-NHy-5-Cl OEt H 25 -6.3
22 A SO, 2-NHx-5-Cl OEt Cl 1.9 —5.49
2& A S H NH> H 1.4 —5.06
242 A S 2-NH-5-ClI NH; H 9 —8.01
25 A S H NH> Cl 0.02 —6.1
260 A S 2-Me NH Cl 0.3 —5.07
2% A S 4-Me NH Cl >0.45 —5.71
28 A S 4-F NH Cl 14 —4.45
29 A S 4-Cl NH, Cl 3.1 —6.24
3¢ A S 44-Pr NH, Cl 1.9 —5.51
312 A S 44-Bu NH; Cl 8 —5.73
32 A S 3,5-Me NH> Cl 0.006 —7.32
33 A S 2,6-Cb NH2 Cl 1.2 —4.69
34 A S 2-NH-5-ClI NH> Cl 1.6 —6.17
35 A SO, H NH. H 0.18 —5.55
36° A SO, 2-NHx-5-Cl NH> H 0.3 —5.11
3r A SO, 2-Me NH, Cl 0.001 —5.31
3% A SO, 3-Me NH Cl 0.001 —5.59
3R A SO, 4-Me NH, Cl 0.003 —5.07
47 A SO, 4-F NH, Cl 0.014 —7.04
412 A SO, 4-Cl NH; Cl 0.011 —4.51
422 A SO, 4-i-Pr NH; Cl 0.08 —5.48
432 A SO, 4-+4-Bu NH> Cl 0.13 —6.31
44 A SO, 2,4-Me NH> Cl 0.004 —6.42
45 A SO, 3,5-Me NH2 Cl 0.004 —6.94
462 A SO, 2,6-Ch NH> Cl 0.1 —6.27
47 A SO, 2-NHx-5-Cl NH> Cl 0.04 —4.45
48 A SO, 3,5-Me NH2 Br 0.002 -5.11
4 A SO, 3,5-Me NH. COMe 0.015 —6.03
507 A SO, 3,5-Me NH2 CH(OH)Me 0.025 —5.86
512 A S H NHNH; Cl 0.55 —5.74
522 A S 4-Me NHNH Cl 15 —7.47
5& A S 4-F NHNH Cl 5 —7.14
542 A S 4-Cl NHNH, Cl 10 —6.35
55 A S 2-NHx-5-Cl NHNH; Cl >13 —7.25
56% A SO, H NHNH; H 0.53 —5.81
57 A SO, H NHNH Cl 0.01 —4.48
582 A SO, 4-Me NHNH, Cl 0.05 -7.17
5 A SO, 4-F NHNH, Cl 0.32 -7.12
607 A SO, 4-Cl NHNH; Cl 0.19 —6.72
612 A SO, 3,5-Me NHNH, Cl 0.13 —6.63
622 A SO, 2-NHx-5-Cl NHNH; Cl 0.3 —6.75
63 B SO H H H >150 —6.24
642 B SO 4-Cl COOEt H >100 —7.14
65 B SO 2-NO; COOEt H 18 —6.24
66* B SO 2-NOx-5-Cl COOEt H >100 —4.38
67 B SO 2-NHx-5-Cl COOEt H 1.8 —5.62
68 B SO H H 3-COOEt >32 —5.89
6 B SO H H 3-COO04-Pr >54 —5.63
TR B SO, H H 5-Cl >75 —5.42
712 B SO H COOEt 5-Cl >200 —5.54
s B SO 4-Me COOEt 5-Cl >200 —5.61
3 B SO 4-Cl COOEt 5-Cl >200 —7.44
T4 B SO 2-NO»-5-Cl COOEt 5-Cl >31 —5.56
= B SO 2-NHx-5-Cl COOEt 5-Cl 8.3 -7
76 B SG; H H 5-CI-3-COOEt >42 —4.71
s B SO H H 5-CI-3-COO4-Pr >200 —4.08
Is B SO H CONH, H 15 —4.96
TR B SO H CONHNH, H >200 —4.86
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compd structure X Y z w E6 (uM) ALOGPpS (mg/L)
8 B SO H CONH, 5-Cl 66.6 —5.52
812 B SO H H 3-CONH, >32 —4.68
82 B SO H H 5-CI-CONH >200 —5.28
83 B 2-NO; 5.30 —4.66
84p B 2-NH, 4.96 —4.85
85 B 2-NO,-5-Cl 5.40 —5.48
86° B 2-NHx-5-Cl 6.00 —4.22
87 B 2-NOx-4-Cl 4.80 —6.92
88 B 2-NHz-4-Cl 4.13 —5.74
8% B 2-CI-5-NG, 5.22 —5.66
90 B 2-CI-5-NH, 3.82 —4.91
91° A S H NHCH,CH,OH 5-Cl 0.04 —5.29
9 A S 2-Me NHCHCH,OH 5-Cl 0.05 —4.44
93 A S 3-Me NHCHCH,OH 5-Cl 0.08 —5.97
94 A S 4-Me NHCHCH,OH 5-Cl 0.12 —5.48
o5 A S 2,3-Me NHCH,CH,OH 5-Cl 0.10 —5.34
96° A S 3,5-Me NHCH,CH,OH 5-Cl 0.012 —4.44
97 A SO, H NHCH,CH,OH 5-Cl 0.001 —4.47
9&° A SO, 2-Me NHCHCH,OH 5-Cl 0.031 —6.13
9 A SO, 3-Me NHCHCH,OH 5-Cl 0.003 —4.24
100 A SO, 4-Me NHCH,CH,OH 5-Cl 0.043 —4.18
101 A SO, 2,4-Me, NHCH,CH,OH 5-Cl 0.008 —5.72
4° A SO, 3,5-Me NHCH,CH,OH 5-Cl 0.0008 —5.562
10 A S H NHNHCH,CH,OH 5-Cl 0.2 —4.49
103 A S 2-Me NHNHCHCH,OH 5-Cl 0.1 —4.44
104 A S 4-Me NHNHCHCH,OH 5-Cl 0.6 —6.07
109 A S 2,4-Me NHNHCH,CH,OH 5-Cl 1.2 —5.6
106 A S 3,5-Me NHNHCH,CH,OH 5-Cl 0.03 —4.35
107 A SO, H NHNHCH,CH,OH 5-Cl 0.01 —-6.07
108 A SO, 2-Me NHNHCH,CH,OH 5-Cl 0.05 —4.32
109 A SO, 3-Me NHNHCH,CH,OH 5-Cl 0.007 —5.56
110 A SO, 4-Me NHNHCH,CH,OH 5-Cl 0.04 -5.01
111 A SO, 2,4-Me, NHNHCH,CH,OH 5-Cl 0.08 —4.42
5 A SO, 3,5-Me NHNHCH,CH,OH 5-Cl 0.001 —5.31
Table 3. Statistical Values of the 3-D QSAR Model Table 4. Test Set Structures, ALOGpS Values, and gieRrediction
LOO 150 LHO Using the Updated 3-D QSAR Model (new pred) and, for Comparison
Purposes, the Prediction Using the Previous Model (old pred)
FFD Vars PC 12 > SDEP ¢ SDEP ¢* SDEP 0
0 3834 2 069 051 116 049 118 043 1.25 HN z
1 1690 2 0.77 066 0.96 065 097 0.60 1.05
2 1178 2 081 072 0.88 071 090 066 0.97 S0,
3 942 2 084 076 081 075 083 070 0.91
4 840 2 086 078 077 077 078 072 0.88
5 802 3 090 0.79 0.75 0.78 0.77 0.73 0.86 Cl
6 740 3 090 081 072 080 074 075 0.83 HsC CHg
7 729 3 090 081 0.72 080 0.74 075 0.83
PEGso
present fields plots for the subnanomolar active compotind  compd z A(%?Lp)s expl ng(vj ,;Ed
(being the docked conformation fully superimposabletpthe 1 NHCH,CONH, “472 8222 9093 7.584
nanomolar active derivativé could be used as well) and the 2 NHCH,CONHNH, —453 8.000 9.044 7.543
submicromolar active I1AD4. 112 NHCH,CONHCH,CONH, —4.69  9.155 7.897 4.082
: - 113 NHCH,CONHCH,CONHNH, —45  7.222 8.081 7.649
The cyan polyr_led!rons (negative PLS coeffm@nts) shc_>w areas |7y NHCH,CONHGH(Me)CONFINH %4 7097 5933 4875
where the activity increases after favorable interaction and 115 NHCH,CONHCH(Me)CONH 507 7.854 7.641 7.503
decreases after unfavorable interaction. On the contrary, the 116 NHCH,CONHCHCONHCHCONH, —4.69  6.921 7.346 6.388
117 NHCH,CONHCH,CONHCHCONHNH, —4.43  6.745 5.988 5.386

yellow polyhedrons (positive PLS coefficients) show areas

where the activity decreases after favorable interaction and
increases after unfavorable interaction. Figure 2 shows that theTable 5. Statistical Coefficients and Predictive Ability Comparison

cyan and yellow polyhedrons are properly arranged all aroun

d between Old and New 3-D QSAR Models

the structures of compoundsind94 and they correctly describe PC r2 %so  SDERv-is0  SDERg?
the main features of the two IAS representative molecules. old modet* 2 0.85 0.68 0.95 2.05
Focusing particularly on the molecular structures, the PLS- new model 3 090 0.78 0.77 0.89

coefficient polyhedrons can be divided into three main groups:
(i) a group surrounding the phenyl rings (top of Figure 2, blue
circle); (ii) a group around the spatial area of the 5-chloroindole
(left of Figure 2, magenta circle), and (iii) a group in the
proximity of the amido/hydrazido substituent (right of Figure
2, green circle). Comparing the PLS-coefficient plot (Figure 2)
with the present field plot (Figure 3A), the 3,5-dimethylbenzene
of compound4 makes favorable interactions with both methyl

2The same test set reported in Table 4 was used for either models.

groups (yellow polyhedrons in Figure 2) and the benzene ring
plane (cyan polyhedron in Figure 3A). On the other hand, the
4-methylphenyl ring of the weakly active compould is
slightly shifted and rotated (see Figure A of the Supporting
Information) with respect to that of. As a consequence, it
makes unfavorable interactions in proximity to the unsubstituted



3176 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 11 Ragno et al.

10

+ New Model
= Old Model

Predicted pECso
-3

4 5 6 7 8 9 10
TRP229 TYR1S1
Experimental pECy; L
Figure 1. Plot of test set predictions as obtained by the new and the

old 3-D QSAR models.

LYs103

Figure 3. Present fields plots. Polyhedrons in yellow are negative fields
(data level= —2.400); polyhedrons in cyan are positive fields (data
level = +5.000). The highly active representative compodris also
reported in A, while the less active compou®ddlis reported in B for

an easier interpretation (see the text). The molecules are displayed by
atom type.

Lys 103

Figure 2. PLS—coefficient plot. Polyhedrons in yellow are negative
coefficients (data leve —0.008); polyhedrons in cyan are positive
coefficients (data levet +0.008). The highly active representative
compound4 (yellow), the less active compour@if (red), and some B

relevant key residue are also reported for an easier interpretation (see e
the text).

benzene positions (see Figures 2 and 3B), thus highlighting the
lack of adequate ligand/receptor contacts (compare right sides
of Figures B-A and B-B of the Supporting Information). The
activity contribution plots in Figure 4 confirmed the above
observations. Three big yellow positive polyhedrons are visible
around the 3,5-dimethylphenyl group (Supporting Information
Figure C-A), while there is only one yellow polyhedron in $a
compoundd4 (Supporting Information Figure C-B). Regarding Figure 4. Activity contribution plots. Polyhedrons in yellow are
the 5-chloroindole moiety, no differences are observable negative contributions (data level —0.035); polyhedrons in cyan are
between compoundsand94: the two indole rings are perfectly ~ Positive contributions (data leve+ +0.035). The highly active
superimposable and this may be at least one of the reasons fofSPresentative compourdis also reported in A, while the less active

. L compound4is reported in B for an easier interpretation (see the text).
the s_ut_)mlcromolar activity 094. As a matter pf fact_, the PLS  11e molecules are displayed by atom type.
coefficient plots of the actual model substantially give the same
graphical information as the previously reported métlel Supporting Information). In this area, the 5-chloroindole makes
(compare the left sides of A and B with Figure D in the favorable interactions with both the chlorine atom and the indole




Novel Derivatives of Indole-2-carboxamide Journal of Medicinal Chemistry, 2006, Vol. 49, No31T7

Figure 6. Docked conformations of the designed 1A&s13 (6, violet;

7, light green;8, green;9, orange;10, blue; 11, gray; 12, dark green;

13, cyan). For comparison purposes, the conformation of reference
compounds3 and4 are also reported3( red; 4, yellow).

small methyl to the bulky cyclohexyl groups. The designed
compounds were structure-based aligned by docking, using the
ring (compare the PLS coefficient and activity contribution plots same protocol described for the training set (see the Experi-
of Figures 2 and 4). Regarding the third group of polyhedrons mental Section). Their antiviral activities were predicted using
(the green circle in Figure 2), the new model shows the greater the above-described 3-D QSAR model. Autodock binding modes
differences once compared to the previous!éie this area can give some insight on the potential anti-HIV-1 activities of
(see Figures BF of the Supporting Information). In the actual the compound$—13, prior to any quantitative model applica-
3-D QSAR model, a cloud of cyan polyhedrons borders the tion inspections. Surprisingly, compouBdalthough having a
hydroxyethyl groups of eithet or 94. Separate comparison of  similar active conformation, showed an alternative binding mode
the PLS coefficient, the present fields, and the activity contribu- from those obtained for either L-737,128) or 4.14 Compared
tion plots for the two representative compounds makes it evidentto 4, the indole ring in compounfl was rotated by about 180
that the orientation of the hydroxyl group is of crucial along a virtual axis (not shown) that expands from positions 6
importance. In fact, the hydroxyl group of the more active IAS to 3 of the indole (Figure 6). This different binding mode could
4's docked conformation makes a hydrogen bond with the highly lead to the loss of important favorable interactions, thus causing
conserved Leu234 (distance Olf+*O=Cleuzss = 2.862 A, a lower anti-HIV-1 activity than those of the reference com-
Figure 5). The importance of the 4-OH orientation is correctly pounds3 and4. As expected, the other seven designed IASs
predicted by the PLS present fields as selected from the FFDdisplayed a binding mode comparable to thaddfFigure 6),
procedure (see Figure F in the Supporting Information). On the showing substantial differences in the mode of interaction with
contrary, the hydroxyl group &4 does not make any hydrogen introduced modifications. Because of the unsubstituted benzene
bond. In addition, the hydroxyl group also points toward Pro225 ring,?! derivative6 might be less active thafi(the oxazolidinone
(not shown), making unfavorable interactions (see the small ring seemed to fulfill the hydrophobic pocket above-described,
yellow polyhedron preceding the big cyan one on the right side but no particular interactions were visible). The 3,5-dimethyl
of Figure F-B in the Supporting Information). Besides, a couple derivative7 roughly assumed the same binding modé;akus,
of small polyhedrons in the proximity of the sulfone bridge of this compound may exert some higher activity th&anThe
only compound confirmed our previous observations on the isopropyl, acetyl, and hydrazinocarbonyl groups of derivatives
activity contribution plot (not shown? 9, 11, and13, respectively, seemed to optimally fulfill the pocket
The New 3-D QSAR Model's Prediction Ability for formed by Vall106, Pro225, Phe227, Leu234, and Pro236 (not
Untested CompoundsThe widening of the training setto 101 shown) and a higher activity may be expected. Regarding the
IAS structures led us to obtain a new 3-D QSAR model designed compound) and12, the respective cyclohexyl and
endowed with a highly internal predictive capability (see carboxyethyl bulky groups made steric unfavorable interactions
statistical values in Tables 3 and 4). To ascertain whether thewith Pro225 (not shown). In particular to accommodate the
new model would be powerful enough to predict new potent COOEt group,12's indole ring is shifted away, thus causing
IAS derivatives, we designed a small series of compounds the disruption of some favorable interactions, such asithe
characterized by unreported structural modifications at the stacking interaction of the 3,5-dimethylbenzene with Tyr181
2-hydrazido group of compoun8& (Chart 1). Apart from and Tyr188 (not shown) and the hydrogen bond between the
validating the model itself, the new compounds were also indole NH and Lys101 (not shown). A similar shift, but to a
engineered to confirm the importance of the free hydroxyl lesser extent, was also observed for compol@d
groups of either compoundsor 5. Inspection of thel and5 The above qualitative interpretation of the binding modes of
binding modes (see above) indicated that the hydroxyethyl compound$—13was quantitatively confirmed by the applica-
moiety lay in a hydrophobic pocket mainly formed by the side tion of the final 3-D QSAR model. These compounds were
chains of Val106, Pro225, Phe227, Leu234, and Pro236 (Figurepredicted to have an average anti-HIV-1 activity of about 60
5). This observation suggested the introduction of less hydro- nM and thus deserved to be evaluated. In fact, after synthesis
philic substituents at the 2-hydrazido moiety ®f(Table 1). and assaying, the newly designed IASs proved to be effectively
Furthermore, taking into consideration the sterical interactions’ and highly active against acutely infected HIV-1 MT4 cells
contribution, the size of the substituents also varied from the (Table 6). The new derivatives were more active than originally

Figure 5. Binding mode of compound$ (cyan) and94 (red).
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Table 6. Structures, ALOGpS Values, and Predicted and Experimental
pEGses of Designed Compounds-13

Q ,NE‘(\O o Rv
N N
HN 1 H (¢) HN i H
SOz SO,
X X
cl | cl |
X X
6,7 8-13
ALOGPS PEGso
compd X Y (mg/L) pred expl
6 H - —4.45 7.446 7.824
7 3.5-Me, - —4.51 7.442 9.046
8 3.5-Me Me —4.97 6.540 7.699
9 3.5-Me i-Pr —4.31 8.455 9.155
10 3.5-Me, c-He —5.29 6.578 7.301
11 3.5-Me, COMe —4.79 8.139 8.301
12 3.5-Me COOEt —4.55 6.234 7.699
13 3.5-Me, CONHNH, —4.77 7.134 8.000

predicted, with an average pgf®f 8.12 (EGo about 10 nM).
Among them, two compound@ &nd9) showed sub-nanomolar
anti-HIV-1 activity (see the SAR section).

In Silico Evaluation of Pharmacokinetic Properties.Along
with the docking and 3-D QSAR studies, the aqueous solubility
of the training set, test set, and prediction set was evaluated
using the stand alone version of the ALOGPS 2.1 program
developed by Tetko et 8. Analyzing the solubility data, it was
interesting to note an increase of the compounds’ calculated
water solubility (ALOGpS values in Tables 2, 4, and 6
correspond to higher pEgvalues). This is particularly evident
in comparing similar compounds; for instance, a definite increase
of agueous solubility was observable between sulfur and sulfone
derivatives for the diverse IAS series to which a definite
augment of the pE&g values corresponded. In Table 2, this was
seen by comparing the carboxamide ALOGPpS values of sulfur
compound®5, 26, 27, and32 with those of sulfones§, 37, 39,

Scheme 1
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a Reagents and reaction conditions. (a) NHNHN3edr NHNH, (13),
EtOH, rt overnight; (b) acetoned) or cyclohexanonelQ), NaBH:CN,
THF—MeOH—HCI. 0 °C to rt overnight; (c) acetyl1(1) or ethyl chloro-

carbonate 12), rt, overnight.

and 45; the hydroxyethylcarboxamide ALOGpPS values of carboxamide®) (Scheme 1)N-(2-Oxazolidinone-3-yl)-3-[(3.5-
dimethylphenyl)sulfonyl]-5-chloroH-indole-2-carboxamidery

derivatives91, 92, 94, and96 with those 0f97, 98, 100, and4;
and the hydroxyethylcarbohydrazide ALOGpS valued @2,
103 104, and106with those 0fl07, 108, 110, and>5. It is also

(compare ALOGPS values of carboxamid®s37, 39, and45
with those of hydroxyethylcarboxamid83, 98, 100, and4 and
those of hydroxyethylcarbohydrazidé87, 108 110, andb5).
Nevertheless, the average pk®@alues were comparable for

involved in the overall inhibition equilibrium, such as cell

designed compound-13. Interestingly, the aqueous solubility

values of3, 4, 5, 37, and97 with those of6—13). These results

designed derivatives.
Chemistry. Reaction of 3-(phenylsulfonyl)-5-chloro-t
indole-2-carboxylic acid with 3-amino-2-oxazolidinone in the

N-(2-oxazolidin-3-yl)-3-(phenylsulfonyl)-5-chlorokkindole-2-

was prepared by reacting the corresponding acid with 3-amino-

2-oxazolidinone in the presence of BOP reagent and triethyl-
interesting to note that a general aqueous solubility enhacementamine. N'-Methyl-3-[(3.5-dimethylphenyl)sulfonyl]-5-chloro-
was observable starting from carboxamide derivatives going to 1H-indole-2-carboxyhydrazide8) was obtained by reacting
hydroxyethylcarboxamides and hydroxyethylcarbohydrazides methyl 3-[(3,5-dimethylphenyl)sulfonyl]-5-chlord-ttindole-2-
carboxylate with methylhydrazine at room temperature (Scheme

2).

Reaction of 3-[(3.5-dimethylphenyl)sulfonyl]-5-chlord41
indole-2-carboxyhydrazide with acetone or cyclohexanone in
these three series. These data suggested that to obtain highlghe presence of NaBJEN in acidic medium at room temper-
active NNRTI compounds a better water solubility profile is ature afforded derivativeN'-isopropyl- ©) or N'-cyclohexyl-
necessary. Even so, some other parameters are very likely3-[(3.5-dimethylphenyl)sulfonyl]-5-chloroH-indole-2-carbo-
hydrazide 10), respectively. Treatment of 3-[(3,5-dimethyl-
permeability. ALOGpS values were also calculated for the newly phenyl)sulfonyl]-5-chloro-#H-indole-2-carbohydrazide with acetyl
chloride or ethyl chlorocarbonate in anhydrous THF at room
values of the new IASs were comparable with those of the most temperature furnishel'-acetyl-3-[(3.5-dimethylphenyl)sulfo-
active IASs listed in Tables 2 and 4 (compare the ALOGpS nyl]-5-chloro-1H-indole-2-carbohydrazideld) or N'-ethoxy-
carbonyl-3-[(3.5-dimethylphenyl)sulfonyl]-5-chlord4iindole-
fully agreed with the above-reported quantitative prediction and 2-carbohydrazidel@), respectively. Transformation df2 to
also supported the synthesis and biological evaluation of the N'-hydrazinocarbonyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-
1H-indole-2-carbohydrazide B) was performed by treating with
hydrazine hydrate at room temperature.

Structure—Activity Relationship Studies of the New
presence of EDCI and DMAP at room temperature afforded designed IAS. Cytotoxicity and anti-retroviral activity of
derivativess—13were evaluated against HIV-1 WT and NNRTI
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Table 7. Cytotoxicities and Anti-HIV-1 Activities of Derivatives-613
and Reference Compounds-3 in MT-4 and C8166 Cells

MT-4 C8166
compd TQob ECSOC s TC5ob EO;,QC si
6 >100 0.015 >6666 >100 0.02 >5000
7 100 0.0009 1111112 >100 0.003 >33333
8 >100 0.02 >5000 >100 0.03 >3333
9 >100 0.0007 >142857 >100 0.003 >33333
10 >100 0.05 >2000 >100 0.08 >1250
11 >100 0.005 >20000 >100 0.007 >14285
12 100 0.02 5000 >100 0.05 >2000
13 >100 0.01 >10000 >100 0.008 >12500
1 45  0.01 4500 >100 0.02 >5000
2 >100 0.02 >5000 >100 0.02 >5000
3 84  0.002 42000 >100 0.003 >33333
4¢ 85  0.0008 106250 >100 0.002 >50000
5¢ 30 0.001 >30000 >100 0.004 >25000
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Table 9. Activity of Derivatives 6-13 and Reference Compounds 4
and 5 against the HIV-1 WT (llIB) and the Primary Isolates HIV-112
and HIV-AB1 in Lymphocyte3

EGCs® Sk

compd TGo IlIB 112 AB1 1B 112 AB1

6 >100 0.1 0.4 0.5 >1000 >250 >200
7 >100 0.01 0.03 0.02 >10000 >3333 >5000
8 >100 0.02 0.04 0.02 >5000 >2500 >5000
9 >100 0.008 0.006 0.008>12500 >16666 >12500
10 >100 0.8 1.0 0.9 >125 >100 >111
11 >100 0.01 0.008 0.01 >10000 >12500 >10000
12 >100 0.02 0.03 0.02 >5000 >3333 >5000
13 >100 0.03 0.05 0.04 >3333 >2000 >2500
4d >100 0.02 0.05 0.01 >5000 >2000 >10000
5d >100 0.06 0.055 0.070 >1666 >1818 >1428
NVP® >100 0.09 >20 >20 >1111 - -
EFf  >100 0.007 >20 >20 >14285 - -

aData are mean values of two experiments performed in triplicate.
b Cytotoxic concentratiory{M) required to reduce the viability (MT-4) or
to inhibit the proliferation (C8166) of mock-infected cells by 50% as
monitored by the MTT method. Compound concentratiom ) required
to inhibit virus induced cell death by 50% as monitored by the MTT method.
d Selectivity index: TGyECsp ratio. € Data taken from ref 12.

Table 8. Activity of Derivatives 6-13 and Reference Compounds 3,
Nevirapine, and Efavirenz against HIV-1 WT (l1IB) and the Y181C and
K103N-Y181C Resistant Strains

EGs®
compd WT (IlIB) Y181C K103N-Y181C
6 0.015 0.3 >20
7 0.001 0.01 0.9
8 0.05 0.13 >20
9 0.0007 0.04 8.6
10 0.1 1.2 >20
11 0.005 0.02 >20
12 0.02 0.04 9.2
13 0.04 0.02 5.7
1 0.01 0.05 1.2
2 0.02 0.06 2.6
3¢ 0.002 0.03 10
4¢ 0.0008 0.009 0.3
5¢ 0.001 0.04 3.2
NVPe 0.05 14 >20
EFVe 0.003 0.01 0.2

aData are mean values of two experiments performed in triplicate.
b Compound concentrationui) required to achieve 50% protection of
MT-4 cells from HIV-1 wild-type I1IB. Y181C and K103N-Y181C resistant
strains cytopathogenicity as monitored by MTT methbData taken from
ref 12.

resistant strains. Compounds-5, nevirapine, and efavirenz
were used as reference compounds. The activity of tested
compounds against HIV-1 WT (Egvalues) was determined

in MT-4 and C8166 cells by means of MTT assay (Table 7).
The activity against the resistant mutant strains Y181C and
K103N-Y181C (Table 8) was determined in MT-4 cells (MTT
assay, EGyvalues). The activity against the two primary isolates
HIV-112 and HIV-AB1 highly resistant to HAART carrying
K103N-V108I-M184V and L100I-V108l mutations, respec-
tively, was carried out in lymphocytes by means of p24 assay,
in parallel with the WT strain (E& values) (Table 4). The
activity in macrophages infected by HIV-1 WT [IB-. was
measured by means of a p24 assay{B@lues) (Table 5).

IAS derivatives 6—13 were highly active at nanomolar
concentration and selective against the HIV-1 WT strain. Three
compounds{, 9, and11) inhibited the HIV-1 WT multiplication
in low nanomolar range of concentration both in MT-4 and
C8166 cells. In MT-4 cells the Egvalues ranged from 0.05
uM (10) to 0.0007uM (7), and the selectivity indexes (Sls)
from >5000 (L0) to >142 857 Q). In C8166 cells the E&

aData are mean values of two experiments performed in triplicate.
b Compound concentratiomi/) required to reduce the amount of p24 by
50% in the indicated strain. HIV-p24 antigen production in control HIV-
1-infected lymphocytes was 118 900 pg/mL and 247 200 pg/mL in HIV-
112- and HIV-AB1l-infected lymphocytes, respectivelyselectivity index:
TCso/ECsp ratio. d Data taken from ref 12NVP, nevirapinef EFV,
efavirenz.

values ranged from 0.08M (10) to 0.003uM (7 and9), and

the Sls from>1250 (0) to >33 333 ¢ and9). Noteworthy,

all tested compounds were not found to be cytotoxic up to 100
UM.

Cyclization of the 2-hydroxyethylamino terminus &
produced N-(2-oxazolidone-3-yl)-3-[(3.5-dimethylphenyl)sul-
fonyl]-5-chloro-1H-indole-2-carboxyamide 7§ that retained
substantially the antiviral activity of the parent compound. Due
to its scarce cytotoxicity (C§ = 100uM) compound? showed
Sl values superior to those of the reference compodndsin
MT-4 cells.

Similarly, replacement of the 2-hydroxyethyl chainsodvith
isopropyl @) or acetyl ((1) moieties led to noncytotoxic
compounds active in the low nanomolar range of concentration.
Other substitutions§( 8, 10, 12, and13) caused reductions in
antiviral potency, but interestingly, these compounds were found
deprived of cytotoxicity.

Against the Y181C mutant strain derivativés9, and11—
13 showed inhibitory activities Efgs comparable to those of
the reference compounds-5 and efavirenz. In particulal-(2-
oxazolidinone-3-yl)-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-
1H-indole-2-carboxamider( EGso = 0.01uM), the most active
derivative against the Y181C strain, was 4 times more potent
than the parent compounBsnd as potent as efavirenz. Against
the K103N-Y181C mutant strain compounds9, 12, and13
showed interesting activities with B in the micromolar range.
Compound? (ECsp = 0.9uM) was 3.5 times superior t6 but,
respectively, 3 and 4.5 times less potent tHeend efavirenz.

The most potent derivatives were also evaluated in lympho-
cytes against HIV-1 WT (llIB) and the primary isolates HIV-
112 and HIV-AB1 obtained from two HIV-1-Ab seropositive
individuals who had experienced a therapeutic failure after
treatment with HAART regimens (Table 9). The 112 strain was
selected after treatment with NRTIs and NNRTIs and carried
mutations at K103N-V108I-M184YV positions. The AB1 strain
was selected after treatment with NRTIs, NNRTIs, and at least
one protease inhibitor and carried L100I-V108| mutations.

Tested compounds inhibited the 112 strain with concentrations
ranging from 1.Q«M (10) to 0.006uM (9) with S| values from
>100 (L0) to >16 666 Q) and inhibited the AB1 strain with
concentrations ranging from 0/M (10) to 0.08uM (9) with
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Table 10. Activity of Derivatives 6-13 and Refence Compounds 4 and  docking and the 3-D QSAR model quantitative estimation of

5 against the HIV-1 WT (llIBBa-L) in Macrophages the pEGo values proved to be highly effective and allowed the
compd TGy EGs® sk compd TGo EGCs® sl disclosure of new potent IAS derivatives.
6 >100 0.06 >1666 11 >100 0.008 >12500 Against the HIV-1 WT strain, compounds and 9 were
7  >100 0.002 >50000 12 >100 0.006 >16666 exceptionally potent in the sub-nanomolar range of concentration
8 >100 003 >3333 13  >100 0.009 >11111 in both MT-4 and C8166 cells. These compounds, in particular

9 >100 0.005 >20000 4d >100 0.01 >10000

10 >100 0.2 ~500 M -100 002  >5000 compound9, also showed excellent inhibitory activity against

the HIV-1 WT (llIB) and the primary isolates HIV-112 and
2Data are mean values of two experiments performed in triplicate. H\/-1-AB1 in limphocytes and against the HIV-1 WT (II§3-,)

b Compound concentratiomi) required to reduce the amount of p24 by . . . . :
50% in the HIV-1 (1lIBga-L) strain. HIV-p24 antigen production in control in macrophages. Efavirenz is a highly effective NNRT! used

HIV-1-infected macrophages was 83 400 pg/riBelectivity index: TGy as a first line drug in combination with two NRTIs in protease-
EGso ratio. 9 Data taken from ref 15. sparing regimen. However, the K103N mutation is selected in

Table 11. HIV-1 RT Inhibitorv Activity of G ds 7 and 9 agai the majority of patientsX90%) whose viral loads rebounded

Wil Tyos 3 nhibitory Activity of Compounds 7 and 9 against  4gar an initial response to the drug. Furthermore, additional
ild-Type and Mutant Enzymes Carrying Single Amino Acid .

Substitutions double mutations such as K103N-V108N and K103N-P225H

slowly emerge in many patient3.Compounds7 and 9 were

b
ECso Dso found to be more active than efavirenz against the viral RT
compd wT WT  KIOSN  visil  Liodl carrying the K103N mutation. Inspection of the binding modes
7 0.001 0.25 0.4 4 0.17 suggested that the indolyl aryl sulfone scaffold has a high
ﬁlvp 3-2(7’07 g-gl ?-8 3?-2 92-2 adaptability to the non-nucleoside binding site that makes many
EFV 0,004 008 25 0.4 d of the IASs capable of inhibiting not only the WT form of RT

- but also some of the most important mutant isoforms.
aData represent mean values of at least three separate experifiants.

MT-4 cells.® Compound dose (KuM) required to inhibit by 50% the RT quther mOIeCylar modeling, d_OCkIr_lg S|mulat|on,_3-D QSAR.
activity of the indicated strairf nd, no data. studies, synthesis efforts, and biological characterization are in

progress to search for other structural features that can help to
Sl values from>111 (10) to >12500 ). The isopropyl modulate the anti HIV-1 activity against both WT and mutant

carbohydrazid® was the most active against both 112 and AB1 Strains.

strains. Experimental Section

In macrophages, four out of seven compoundarfd 11— P _ ) . . .
13) inhibited the multiplication of 1llB,_ strain at nanomolar Chemistry. Melting points (mp) were determined on & @
concentration (Table 10). Compoun@s(ECs, = 0.002 M) 510 apparatus and are uncorrected. Infrared spectra (IR) were run

and (ECsp = 0.005,:M) were the most active and showed - 20 C0 T e on nilear
also the highest Sl values (S+ >10000 and>5000. magnetic resonancéH NMR) spectra were recorded on Bruker
respectively). o o AM-200 (200 MHz) and Bruker Avance 400 MHz FT spectrometers
The most potent derivatives and 9 showed a significant  in the indicated solvent. Chemical shifts are expressed umits

activity against RT WT and NNRTIs-resistant mutants. In (ppm) from tetramethylsilane. Column chromatographies were
particular, they were significantly superior to nevirapine in packed with alumina (Merck, 7230 mesh) and silica gel (Merck,
absolute terms against the Y181l mutant (9.0 and 4.4 times, 70—230 mesh). Aluminum oxide TLC cards (Fluka, aluminum
respectively), the K103N mutant (17.5 and 8.75 times), and the 0xide precoated aluminum cards with fluorescent indicator at 254
L100I mutant (52.9 and 4.1 times), respectively. Even more nm) and_snlca gel TLC c_ard_s (Fluka, silica gel precoated alumlnL_Jm
interesting was their resistance profile with respect to the K103N ¢ards with fluorescent indicator at 254 nm) were used for thin-
mutant, when compared to the second-generation NNRTI layer chromatography (TLC). Developed plates were visualized with

. ; . a Spectroline ENF 260C/F UV apparatus. Organic solutions were
efavirenz. The relative resistance valuessgbut/IDsowt) of dried over anhydrous sodium sulfate. Concentration and evaporation

the K103N mutant toward and 9 were 1.6- and 80-fold, ot the solvent after reaction or extraction was carried out on a rotary
respectively, whereas the same mutation showed a relativeeyaporator (Bohi Rotavapor) operating at reduced pressure.
resistance of300-fold toward efavirenz. In additio,and9 Elemental analyses were found withif0.4% of the theoretical
showed inhibition potencies of virus proliferation (gg®@alues) values. 3-(Phenylsulfonyl)-5-chlord-tindole-2-carboxylic acid,
even superior to that of efavirenz, confirming their potent anti- 3-[(3,5-dimethylphenyl)sulfonyl]-5-chloroH-indole-2-carboxyl-

HIV activity. ic acid, methyl 3-[(3,5-dimethylphenyl)sulfonyl]-5-chlord41in-
dole-2-carboxylate, and 3-[(3.5-dimethylphenyl)sulfonyl]-5-chloro-
Conclusions 1H-indole-2-carbohydrazide were reported by us previolisly.

) ) ) N-(2-Oxazolidinone-3-yl)-3-(phenylsulfonyl)-5-chloro-H-in-

In this study we describe the update of a previous 3-D QSAR dole-2-carboxamide (6, RS 15808-Amino-2-oxazolidinone (0.17
model. The increase of the training set composition from 70 to g, 0.0016 mol)N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
101 molecules expanded the model’'s application to a wider hydrochloride (EDCI, 0.31 g, 0.0016 mol), and 4-(dimethylamino)-
range of structures. This led to a higher predictive model and pyridine (DMAP, 0.2 g, 0.0016 mol) were added in sequence to a
the validation against an external test set of recently published solution of 5-chloro-3-(phenylsulfonyl)H-indole-2-carboxylic acid
hybrid IAS—peptide derivativesl( 2, 112—117). It also showed (Q.55 g, 0.0016 mol) in anhydrous THF (40 mL). The reaction was
a SDEP value of only 0.89, which was comparable to the cross- stirred at room temperature for 96 h, concentra;ed to a small volume,
validation standard deviation errors of prediction (Tables 3 and and extracted with ethyl acetate. The organic layer was washed

. . . with water and dried. Removal of the solvent gave a residue which
4). With the aim to both validate the new 3-D QSAR model was purified on silica gel column (ethyl acetate as eluent) to afford

and design new anti-HIV-1 compounds, we engineered a g .27 g, 40%). Mp:>250°C (from toluene-hexane)H NMR
prediction set of eight IASs by simply modifying the substituents (DMSO-dg): ¢ 3.93 (t,J = 7.6 Hz, 2H), 4.56 (t) = 7.6 Hz, 2H),
at the 2-hydrazide position of the reference compobn@he 7.44 (dd,J = 1.9 and 8.7 Hz, 1H), 7.587.75 (m, 4H), 8.00 (d)
combination of the structure-based alignment obtained by = 1.9 Hz, 1H), 8.12-8.22 (m, 2H), 11.28 (br s, 1H, disappeared
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on treatment with BO), 13.47 (br s, 1H, disappeared on treatment
with D;0). IR (Nujol): » 1650, 1770, 3240 cm. Anal. Calcd
(C1gH14CIN3OsS (419.83)) C, H, CI, N, S.
N-(2-Oxazolidinone-3-yl)-3-[(3,5-dimethylphenyl)sulfonyl]-5-
chloro-1H-indole-2-carboxamide (7, RS 1893)3-Amino-2-0x-
azolidinone (0.30 g, 0.0028 mol), triethylamine (0.42 g, 0.58 mL,

Journal of Medicinal Chemistry, 2006, Vol. 49, No31&1

1H), 10.40 (br s, 1H, disappeared on treatment wit®]) 10.82
(br s, 1H, disappeared on treatment withd), 13.10 (br s, 1H,
disappeared on treatment with@). Anal. Calcd (GeH1sCIN3O4S
(419.07)) C, H, CI, N, S.
N'-Ethoxycarbonyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-
1H-indole-2-carbohydrazide (12, RS 2033yas synthesized as

0.0041 mol), and BOP ragent (0.61 g, 0.0014 mol) were added in 11 using ethylchloroformate. Yield: 93%. Mp: 25257°C (from

sequence to a solution of 5-chloro-3-[(3.5-dimethylphenyl)sulfonyl]-
1H-indole-2-carboxylic acid (0.5 g, 0.0014 mol) in anhydrous DMF

DMF/H,0). IH NMR (DMSO-dg): 6 1.21 (t,J = 7.1 Hz, 3H),
1.28 (s, 6H), 4.11 (q) = 7.1 Hz, 2H), 7.21 (s, 1H), 7.33 (dd,=

(25 mL). The reaction mixture was stirred at room temperature for 1.9 and 8.8 Hz, 1H), 7.52 (d,= 8.8 Hz, 1H), 7.71 (s, 2H), 7.95
48 h. Water was added and then the suspension was filtered to(m, 1H), 9.70 (br s, 1H, disappeared on treatment wig®)»10.65

give 7 (0.31 g, 50%). Mp: 282284 °C (dec).'H NMR (DMSO-
dg): 6 2.26 (s, 6H), 3.80 (m, 2H), 4.43 (m, 2H), 7.20 (s, 1H), 7.32
(m, 1H), 7.48 (dJ = 8.7 Hz, 1H), 7.64 (s, 2H), 7.86 (d,= 2.1
Hz, 1H), 11.10 (br s, 1H, disappeared on treatment wih)D13.26
(br s, 1H, disappeared on treatment wits(D). IR (Nujol): v 1640,
1770, 3230 cm'. Anal. Calcd (GoH1sCIN3OsS (447.89)) C, H,
Cl, N, S.
N'-Methyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-1H-in-
dole-2-carboxyhydrazide (8, RS 1787)A mixture of methyl
5-chloro-3-[(3,5-dimethylphenyl)sulfonyl]H-indole-2-carboxy-
late (0.70 g, 0.0019 mol) and methylhydrazine (4.88 g, 5.58 mL,
0.10 mol) in ethanol (96°C, 5.58 mL) was stirred at room

(br s, 1H, disappeared on treatment witha), 13.10 (br s, 1H,
disappeared on treatment with®). IR (Nujol): v 1655, 1716, 3250
cmL. Anal. Calcd (GoH20CIN3OsS (449.91)) C, H, CI, N, S.
N’'-Hydrazinocarbonyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-
chloro-1H-indole-2-carbohydrazide (13, RS 2034yvas synthe-
sized as8 starting from hydrate hydrazine. Yield: 63%. Mp: 280
284 °C (from aqueous DMF)!H NMR (DMSO-dg): 6 2.28 (s,
6H), 4.78 (br s, 1H, disappeared on treatment wit®P 7.32 (s,
1H), 7.29 (ddJ = 1.9 and 8.8 Hz, 1H), 7.23 (d,= 8.8 Hz, 1H),
7.34 (s, 2H), 7.87 (d) = 1.9 Hz, 1H), 7.91 (br s, 1H, disappeared
on treatment with BO). 10.00 (br s, 1H, disappeared on treatment
with D;0), 13.12 (br s, 1H, disappeared on treatment wit®P

temperature overnight. The reaction mixture was poured on ice IR (Nujol): » 1652, 3214, 3306 cnt. Anal. Calcd (GgH1sCINsO,S

water and then the suspension was filtered to afé(@12 g, 17%).
Mp: 284—287°C (from aqueous DMF)}H NMR (DMSO-dg): o
2.33 (s, 6H), 3.98 (s, 3H), 7.28 (s, 1H), 7.44 (dd= 1.6 and 8.8
Hz, 1H), 7.55-7.67 (m, 3H), 8.25 (dJ = 1.6 Hz, 1H), 13.28 (br
s, 1H, disappeared on treatment with@). IR (Nujol): v 1645,
3150, 3250 cm!. Anal. Calcd (GgH1sCIN3O3S (391.87)) C, H,
CI, N, S.
N'-Isopropyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-1H-in-
dole-2-carboxyhydrazide (9, RS 1833)50dium cyanoborohydride

(435.88)) C, H, CI, N, S.

Cell-Based Antiviral Assay Procedures. CellsC8166 is a
CD4+ T-cell line containing an HTLV-1 genome of which only
the tat gene is expresseéd. Normal human lymphocytes and
macrophages were obtained as follows. Peripheral blood was
obtained as follows. Peripheral blood obtained from healthy HIV-
negative donors was enriched for peripheral blood mononuclear
cells (PBMC) by centrifugation over Ficoll Hypaque gradient.
PBMC were then further enriched for lymphocytes or monocytes

(0.196 g, 0.0031 mol) was added to an ice-cooled mixture of acetoneby elutriation?®

(0.15 g, 0.19 mL, 0.0026 mol) and 5-chloro-3-[(3,5-dimethyl-
phenyl)sulfonyl]-H-indole-2-carbohydrazide (0.98 g, 0.0026 mol)
in methanol/THF (1:1, 32.5 mL) contairgré N HCl/methanol (1:

Cells obtained by this method are90% pure as determined by
cytofluorimetric assay (FACS). Cells were grown at&7in 5%
CGO, atm in RPMI 1640 medium and supplemented with 10% fetal

1. 0.44 mL). The reaction was stirred at room temperature overnight. calf serum (FCS), 100 IU/mL penicillin G, and 100 mg/mL

The mixture was reduced to a small volume, diluted with water,

streptomycin. Cell cultures were checked periodically for the

and extracted with ethyl acetate. The organic layer was washedabsence of mycoplasma contamination with a MycoTect Kit
with brine and dried. Removal of the solvent gave a crude product (Gibco).

which was purified on silica gel column (chloroform/ethanol 95:5)
to give 9 (0.69 g, 63%). Mp: 248250°C (from ethanol)!H NMR
(DMSO-dg): ¢ 1.09 (d,J = 6.1 Hz, 6H), 2.34 (s, 6H), 3.15 (m,
1H), 5.19 (br s, 1H, disappeared on treatment wit®d] 7.25 (s,
1H), 7.33 (ddJ = 2.0 and 8.7 Hz, 1H), 7.53 (d,= 8.7 Hz, 1H),
7.67 (s, 2H), 7.89 (d) = 2.0 Hz, 1H), 10.25 (br s, 1H, disappeared
on treatment with BO), 13.05 (br s, 1H, disappeared on treatment
with D,0). IR (Nujol): v 1620, 3230, 3300 crm. Anal. Calcd
(Co0H22CIN3O5S (419.96)) C, H, CI, N, S.
N'-Cyclohexyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-H-
indole-2-carboxyhydrazide (10, RS 1967\as synthesized &
using cyclohexanone. Yield: 99%. Mp: 24850°C (from agueous
DMF). *H NMR (DMSO-dg): 6 0.95-2.00 (m, 10H), 2.31 (s, 6H),
2.73 (m, 1H), 4.53 (br s, 1H, disappeared on treatment with)D
7.24 (s, 1H), 7.33 (s, 1H), 7.53 (d,= 9.0 Hz, 1H), 7.66 (s, 2H),
7.90 (s, 1H), 10.26 (br s, 1H, disappeared on treatment wit) D
13.00 ppm (br s, 1H, disappeared on treatment witOD IR
(Nujol): v 1645, 3300 cmt. Anal. Calcd (G3H26CIN3O5S (459.52))
C,H, CI, N, S.
N'-Acetyl-3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-H-indole-
2-carboxyhydrazide (11, RS 2042)Acetyl chloride (0.04 g, 0.04
mL, 0.0005 mol) in anhydrous THF (1 mL) was added dropwise
to a suspension of 5-chloro-3-[(3,5-dimethylphenyl)sulfony-1

Viruses. A laboratory lymphocytetropic strain of HIV (HTLV-
11IB, also called HIV-IIIB) and two primary isolates (HIV-112 and
HIV-AB1) were used to infect MT-4, C8166, and lymphocytes. A
laboratory monocytetropic strain of HIV-1 (HTLV-IlI-Ba-L, also
called HIV-1Ba-L) was used to infect macrophages. Both the
laboratory strains are available through the AIDS Research and
Reference Reagent Program (NIH, Bethesda, MD). The primary
isolates of HIV-1 were obtained from two HIV-1-Ab seropositive
individuals who had experienced a virologic failure (plasma HIV
RNA levels>500 copies/mL on at least two consecutive measure-
ments) during HAART including zidovudine, lamivudine, efavirenz,
tenofovir, and at least one protease inhibitor. Isolation of these
strains from the plasma of infected individuals was performed in
PBMC cultures; the supernatants of these cultures were used as a
source of virus.

The Y181C and the K103N-Y181C mutant strains were obtained
from the AIDS Research and Reference Reagent Program (NIH,
Bethesda, MD). The Y181C mutant (HIV-1 119) was obtained from
CEM cells infected with AZT-sensitive HIV-1 patient isolate A018.
Resistance was selected for in vitro by culturing the AZT-sensitive
A018 isolate in the presence of nevirapine. The K103N-Y181C
mutant (HIV-1 [lIB A17) highly resistant to inhibition by RT non-
nucleoside inhibitors, including pyridinone derivatives, BI-RG-587,

indole-2-carbohydrazide (0.2 g, 0.0005 mol) in the same solvent and TIBO, was obtained by repeated passages in H9 cells.

(7.5 mL) while cooling at ®C. The reaction mixture was stirred

at room temperature overnight. After evaporation of the solvent,

water was added and then the suspension was filtered toldive
(0.20 g, 100%). Mp:>300°C (aqueous DMF)H NMR (DMSO-
ds): 0 1.96 (s, 3H), 2.27 (s, 6H), 7.21 (s, 1H), 7.32 (dd+ 1.9
and 8.7 Hz, 1H), 7.52 (d] = 8.7 Hz, 1H), 7.73 (s, 2H), 7.94 (s,

HIV Titration. Titration to determine the infectivity of laboratory
viral strains and the primary isolates was performed in C8166 cells
(HIV-IIIB), lymphocytes (HIV-112 and HIV-AB1), and macro-
phages (HIV-1Ba-L}827 The titer of virus stocks, expressed as
50% tissue culture infectious dose (TGHPwas determined as
previously describeé?
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Anti-HIV Assays. The activity of test compounds against
multiplication of HIV-1 in MT-4 and C8166 cells was based on
inhibition of virus-induced cytopathogenicity. Briefly, 150 mL of
culture medium containing 2 104 cells was added to each well
of flat-bottom microtiter trays containing 50 mL of culture medium
with or without various concentrations of test compounds. Then
50 mL of HIV suspension (100 TCHg was added. After 5 days
of incubation at 37°C, the viral activity of compounds was
evaluated by quantifying the HIV-induced cytopathogenicity by
means of the 3-(4,5-dimethylthiazol-1-yl)-2,5-diphenyltetrazolium
bromide (MTT) method?® Protection (%) from the viral-induced
cytopathogenicity in HIV-infected cells as measured by the MTT
assay was calculated as follows: [(ODT)HIV (ODC)HIV]/
[(ODC)mock — (ODC)HIV], where (ODT)HIV is the optical
density measured with a given concentration of cysteamine in HIV-
infected cells, (ODC)HIV is the optical density measured for the
control untreated HIV-infected cells, (ODC)mock is the optical

Ragno et al.

lows: a final volume of 25(L contained reaction buffer (50 mM
Tris-HCI pH 7.5, 1 mM DTT, 0.2 mg/mL BSA, 4% glycerol), 10
mM MgCl,, 0.5 ug of poly(rA)/oligo(dT) 10:1 (0.3uM 3'-OH
ends), 1quM [H]dTTP (1Ci/mmol), and 24 nM RT. Reactions
were incubated at 37C for the indicated time. Aliquots (20L)
were then spotted on glass fiber filters (GF/C) which were
immediately immersed in 5% ice-cold TCA. Filters were washed
twice in 5% ice-cold TCA and once in ethanol for 5 min and dried,
and acid-precipitable radioactivity was quantitated by scintillation
counting.

Inhibition Assays. Reactions were performed under the condi-
tions described for the HIV-1 RT RNA-dependent DNA polymerase
activity assay. Incorporation of radioactive dTTP into poly(rA)/
oligo(dT) at different substrate (nucleic acid or dTTP) concentra-
tions was monitored in the presence of increasing fixed amounts
of inhibitor. Data were then plotted according to Lineweav®urke
and Dixon. ForK; determination, an interval of inhibitor concentra-

density measured for the control untreated mock-infected cells. Thetions between 0.X; and 5K; was used.

optical density at 540/690 nm was measured using a plate reader.

For evaluation of antiviral activity in acutely infected lymphocytes,
PHA-stimulated lymphocytes were washed twice with PBS, counted,
distributed into 15-mL polyethylene tubes at a concentration of 6
x 108 cells/mL, and exposed to 100 TCgbf HIV in the presence

or the absence of antiviral compounds. Affeh of incubation in

5% CQ, at 37 °C, the cells were washed twice in PBS and
inoculated in each well of the 48-well plates (Costar, Cambridge,
MA) at a concentration of 106 cells/mL of complete medium
supplement with 10 units/mL of recombinant interleukin-2 (Col-
laborative Research Inc., Bedford, MA). The cells were subse-

Molecular Modeling. Docking Studies and 3-D QSAR.AIll
molecular modeling calculations and manipulations were performed
using the software packages Macromodet*ahd Autodock 3.033
running on IBM-compatible AMD Athlon 3.2 GHz workstations
with the Linux operating system SUSE 9.2. For the conformational
analysis and for any minimization, the all-atom anibésrce field

was adopted as implemented in the Macromodel package. The
crystal structure of 739W98extracted from the corresponding RT
complex filed in the Brookhaven Protein Data Béh{entry code
1jlg) was used as a template to model all the I1ASs derivatives
(training set, test set, and newly designed derivatives). The NNBS

quently cultured in the presence of the same concentrations of drugswas defined by selecting all the residues within 20 A from the
as before. Half the volume of supernatant in each well was replacedinhibitor.

every 3-4 days. The antiviral activity of the compounds was

assessed by measuring HIV-p24 antigen production in the super-

To obtain a 3-D QSAR model able to discriminate active versus
inactive derivatives, the latter being a source of important structural

natants of infected cultures as previously described by using ainformation, inactive compounds were thus included in the training

commercially available HIV-antigen kit (Abbott, Pomezia, Italy).
The assay to evaluate anti-HIV drug efficacy in acutely infected
mature macrophages has been previously descffbed.

Briefly, 10° macrophages were suspended in complete medium.

The cells were exposed to 100 TGH»f HIV in the presence or
in the absence of the compounds and incubated 4C3n a CQ

set, to which was arbitrarily assigned andg@alue equal to 50%
of the least active compouri§3®

For the receptor-based alignment, the docking procedure within
Autodock was used. For the docking a grid spacing of 0.375 A
and 60x 80 x 60 number of points were used. The grid was
centered on the mass center of the experimental bound 739W94

incubator. Two hours after the viral exposure, the macrophages werecoordinates. The GA-LS method was adopted using the default
extensively washed to remove excess virus and then cultured undesettings. Amber united atoms were assigned to the protein using
the same conditions and drug concentrations before. Cell werethe program ADT (Auto Dock Tools). Autodock generated 100

washed and fed every 7 days. The antiviral activity of the possible binding conformations grouped in clusters, the lowest
compounds was assessed by measuring HIV-p24 antigen productiorenergy conformation of the most populated cluster (Best Cluster

in the supernatants of infected cultures.

Cytotoxicity. The cytotoxicity of test compounds was evaluated
in parallel with their antiviral activity and was based on the viability
of mock-infected cells, as monitored by the MTT method. The 50%
effective dose (E&) and 50% cytotoxic dose (Tg) values were
calculated from pooled values in the effective dynamic range of
the antiviral activity and cytotoxicity assays-{95%) using the
median effect equation as previously describe@ihe selectivity
index (Sl) was calculated as the JfECs, ratio.

Enzymatic Assay Procedures. Chemicalg3H]dTTP (40 Ci/
mmol) was from Amersham and unlabeled dNTPs from Boehringer.
Whatman was the supplier of the GF/C filters. All other reagents
were of analytical grade and purchased from Merck or Fluka.

Nucleic Acid Substrates.The homopolymer poly(rA) (Phar-
macia) was mixed at weight ratios in nucleotides of 10:1 to the
oligomer oligo(dT)12-18 (Pharmacia) in 20 mM Tris-HCI (pH 8.0),
containing 20 mM KCl and 1 mM EDTA, heated at 86 for 5
min, and then slowly cooled at room temperature.

Expression and Purification of Recombinant HIV-1 RT
Forms. The coexpression vectors pUC12N/p66(His)/p51with the
wild-type or the mutant forms of HIV-1 RT p6&were kindly
provided by Dr. S. H. Hughes (NCI-Frederick Cancer Research
and Development Center). Proteins were expressésdherichia
coli and purified as described.

HIV-1 RT RNA-Dependent DNA Polymerase Activity Assay.
RNA-dependent DNA polymerase activity was assayed as fol-

conformation) was selected for the subsequent 3-D QSAR sfudy.
Attempts to use the first ranked docked conformation (Best Docked
conformation) led to less predictive modéts.

The starting conformations for all the docking studies were
obtained using a molecular dynamic run with simulated annealing
procedure as implemented in Macromodel version 7.1 and con-
ducted as previously reportéti*©

The interaction energies were calculated by using GRID (version
21)41 A grid spacing 61 A was used setting the grid dimensions
(A) t0 Xmin/Xmaxs 6.0/28.0;Ymin/Ymax, —46.0~14.0; andZmin/Zmas
—12.0/10.0, centered on the experimental bound conformation of
739W94. The water probe (OH2) was used to evaluate the
molecular interaction fields of the modeled molecules.

PLS models were calculated with GOLPE 4.872nning on a
02 SGI workstation equipped with the operating system 6.5.11.
The resulting probetarget interaction energies for each compound
were unfolded to produce one-dimensional vector variables for each
compound, which were assembled in the so-calethatrix. This
matrix was pretreated by first using a cutoff of 5 kcal/mol to produce
a more symmetrical distribution of energy values, zeroing small
(<0.01) variable values, and finally removing variables with small
standard deviation, using appropriate cutoffs. In addition, variables
taking only two distributions were also removed. The smart region
definition (SRD¥? algorithm as implemented in the GOLPE
program was also used. A number of seeds (1000) were selected
using a D-optimal design criterion in tiveeight spaceStructural
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differences between different molecules in the series will be
reflected in groups of variables, and therefore, groups were
generated around each seed in the 3D-space. Variables with a
distance of no more tma2 A to theseeds were included in the
groups. If two neighboring groups (with a distance smaller than
10 A) contained the same information, the groups were collapsed.
The groups were used in the variable selection procedure by
replacing the original variables. The effect of the groups on the
predictability was evaluated, and groups instead of individual
variables were removed from the data file. The effect of the grouped
variables on the predictability was evaluated using a fractional
factorial design (FFD) procedure. A number of reduced models
(twice the number of variables) were built by removing some of
the variables according to the FFD design. The effect of dummy
variables (20%) on the predictability was calculated, and only if a
variable had a positive effect on the predictability larger than the
effect of the average dummy variable was the variable included in
the final model. The FFD selection was repeated untilrthand

¢? value did not increase significantly. In the FFD selection the
cross-validation was conducted using five random groups 20 times
and a maximum of three principal components. The models were
validated using random groups. Molecules were assigned in a
random way to five groups of equal size. Reduced models were
built by keeping out one group at a time. The formation of the
groups was repeated 20 times using a maximum model dimen-
sionality of three components.

To ascertain the robustness of the model the cross-validation was
also carried out using the less restrictive leave one out method
(LOO) and the most restrictive leave half out method (LHO).

ALOGPS values were calculated using the standalone version
of the ALOGPS program running under the Linux operating system.
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