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Antiproliferative activity of 27 phenyl-substituted 4-aryl-4-oxo-2-butenoic acids (aroylacrylic acids)
toward Human cervix carcinoma (Hela), Human chronic myelogenous leukemia (K562) and Human
colon tumor (LS174) cell lines in vitro are reported. Compounds are active toward all examined cell lines.
The most active compounds bear two or three branched alkyl or cycloalkyl substituents on phenyl
moiety having potencies in low micromolar ranges. One of most potent derivatives arrests the cell cycle
at S phase in HeLa cells. The 3D QSAR study, using molecular interaction fields (MIF) and derived
alignment independent descriptors (GRIND-2), rationalize the structural characteristics correlated with
potency of compounds. Covalent chemistry, most possibly involved in the mode of action of reported
compounds, was quantitatively accounted using frontier molecular orbitals. Pharmacophoric pattern of
most potent compounds are used as a template for virtual screening, to find similar ones in database of
compounds screened against DTP-NCI 60 tumor cell lines. Potency of obtained hits is well predicted.

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

First synthesis of parent 4-phenyl-4-oxo-2-butenoic acid (1,
benzoylacrylic acid) has been reported 1882 [1]. Since then number
of congeners was synthesized, and they’re antibacterial activity and
2D QSAR was described [2]. It was shown that ketovinyl part of
molecule (—C(0)—C=C-) acts as Michel acceptor that covalently
bind reactive sulfhydryl (—SH) groups of biomolecules [3]. Cytem-
bena, 4-(4-methoxyphenyl)-4-oxo-3-bromo-butenoic acid (NSC
104801), structurally similar to aroylacrylic acids have been exten-
sively studied during late sixteen’s of the last century as cytostatic
agent [4], and was discontinued for further usage due to sever side-
effects. In previous article [5] we have reported antiproliferative
activity of nineteen aroylacrylic acids (1—6, 8—11,14, 20—26 as given
in Table 1, and 4—CH3C(O)NH- phenyl substituted derivative)
toward human cervix carcinoma cells (HeLa), after 42 h of exposure
to compounds. The 2D QSAR study shown that potency of
compounds is well correlated with estimated lipophilicity. Even
Michael acceptor comprising molecules are commonly flagged as
less than optimal leads, due to its potential promiscuity and
consequent toxicity, accumulated examples, reported recently [6],
of using ketovinyl moiety as a warhead for directed and selective
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covalent inhibition of diverse pharmacological targets trigger our
interest to further evaluate previous findings. Recently reported
suicide inhibitor [7] that selectively target proteosome of HIV
infected cells, bear ketovinyl moiety as covalent warhead. Covalent
inhibitors of epidermal growth factor receptor (EGFR), as Neratinib
[8] and Pelitinib [9], incorporates ketovinyl moiety that target
conserved cystein residue in the ATP binding site, overcoming in this
way resistance to previous generation of non-covalent inhibitors.
Along with this, integrated bioinformatic analysis of National Cancer
Institute inhibition profile for the database [10] of compounds
screened across a panel of tumor cells (NCI60) [11] as possible
targets for ketovinyl containing compounds propose gluthathione
S-transferase, acting in cellular detoxification, as well as NF«B
(nuclear factor kappa-light-chain-enhancer of activated B cells)
involved in cellular response to stress. It should be noted that
number of chalcones and derivatives (suberones and similar),
structurally related to 4-aryl-4-oxo-2-butenoic acids, exert signifi-
cant antiproliferative potency. Majority of compounds within this
class bear HBD/HBA, or polar substituents on phenyl rings (MeO—,
OH—, —NO,;, —OCH;0—, or halogen) [12]. Within our set, alkyl
substituted compounds are most potent.

2. Results and discussion

In this article we report the synthesis, antiprolferative activity of
twenty-seven (E)-4-aryl-4-oxo-2-butenoic acid (1-27) toward
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Table 1
Structures and ICso (uM) values of antiproliferative potency for compounds 1-27,
determined under exactly same conditions.

(o}
= | = OH
R A (0]
Compound R- ICsp (uM)?
No Hela LS174 K562
1 H- 30.64 (+4.14) 4553 (£6.59) 30.19 (+£0.77)
2 4-Me- 7.62 (£3.08) 28.42 (+2.32) 9.17 (+2.40)
3 4-Et- 27.79 (+£3.25) 21.04 (+491) 5.3 (£0.95)
4 4-i-Pr- 490 (£1.32) 25.65 (£2.55) 5.56 (+0.53)
5 4-n-Bu- 478 (£1.45) 6.74 (£2.00)  4.95 (+£0.59)
6 4-tert-Bu- 510 (+£0.82) 8.74 (+1.57)  4.33 (+£0.45)
7 4-n-dodecyl- 582 (+0.66) 7.85(+1.15)  4.01 (+0.56)
8 2,4-di-Me- 6.06 (£1.18) 7.08 (+2.30)  5.35 (+£0.29)
9 2,5-di-Me- 7.86 (+£0.84) 21.98 (£1.90) 5.90 (+£0.28)
10 3,4-di-Me- 728 (+137) 12.11(+5.74) 5.62 (+0.49)
11 S-tetralinyl- 7.01 (+£0.90) 17.58 (£2.59) 5.60 (+£0.51)
12 2-Et-5-i-Pr- 4.89 (£0.46) 594 (0.594)  1.36 (+0.59)
13 2,4-di-i-Pr- 4.06 (+£0.97) 5.36 (+0.56) 4,68 (+1.61)
14 2,5-di-i-Pr- 475 (+0.51) 623 (+£033)  3.28 (+1.18)
15 2,4,6-tri-Et- 6.53 (£1.55) 7.28 (+1.77)  4.01 (+0.89)
16 2,4,6-tri-i-Pr- 6.10 (+1.40) 8.28 (+1.54) 4.67 (+0.09)
17 2-Et-35-di-i-Pr-  7.61 (+1.87) 12.35 (+4.88) 5.10 (+0.14)
18 4-Ch-2,5-di-Me-  2.38 (+£0.65) 6.64 (+1.20)  4.24 (+£0.23)
19 2,5-di-Ch- 1.26 (+0.02) 4.28 (+0.60)  3.32 (+0.63)
20 2-Cl-4-Me- 7.60 (£1.73) 27.69 (£6.99) 14.59 (+£6.52)
21 4F- 28.41 (+5.29) 33.78 (+3.37) 16.90 (+5.12)
22 4-Cl- 25.42 (£2.43) 28.65 (£6.12) 21.66 (+4.36)
23 4-Br- 18.68 (£4.20) 27.12 (£4.14) 11.19 (£2.15)
24 2,4-di-Cl- 62.94 (+£5.50) >100 58.47 (+12.23)
25 3,4-di-Cl- 2830 (£3.66) 3233 (£3.65) 23.15 (+£9.67)
26 4-MeO- 27.36 (£7.15) 34.74 (£11.41) 1232 (+£9.21)
27 2,3,4-tri-MeO- 96.18 (+2.16) > 100 > 100

4 Mean of three measurements, each performed in triplicate.

three human tumor cell lines, and 3D QSAR, aimed to rationalize
structural characteristics needed for significant potency.
Compounds were obtained by Friedel-Crafts acylation of aromatic
substrates with maleic acid anhydride in good yields (Scheme 1).

Structures of compounds 1—-27 are given in Table 1. Even known
from literature data, stereochemistry on ketovinyl double bond is
proved by single crystal x-ray structure data for compound 1 [13],
and 13 [14] (Figure S1 in Supplementary material), as well as from
the coupling constants of (keto)vinyl protons in 'H NMR spectra for
all derivatives. Vinyl protons of derivatives having E-stereochem-
istry show coupling constants of ~16 Hz [15].

Antiproliferative activity of compounds was assessed toward
Human cervix carcinoma (HeLa), Human chronic myelogenous
leukemia (K562) and Human colon tumor (LS174) cell lines in vitro.
The majority of compounds exert potency toward all tested cell
lines in two-digit to low micromolar concentrations (Table 1).

Brief structure-activity for potency of 1-27 is as follows:
Halogen- and methoxy- substituted compounds are less potent than
alkyl-substituted congeners. Within group of alkyl-substituted
compounds, those having two, or three branched alkyl (or

Scheme 1. Syntheses of 1-27, R is as given in Table 1.

cycloalkyl, as in 18 and 19) substituents are more potent than the
rest. It should be noted that increases in the number of alkyl
substituents did not progressively contribute to potency. Overall,
within the subset of most potent compounds (12—19), those having
two substituents are more potent than the rest having three
substituents, and most potent compounds have substituents in
positions 2 and 5.

According to in vivo tests, reported by NCI-DTP, compound 9
(NSC 329366) is well tolerated in P388 Leukemia model in CD2F1
(CDF1) mice, by intraperitoneal administration, in concentration up
to 50 mg/kg; while compound 1 (NSC 143) is well tolerated in L1210
Leukemia model in CD2F1 (CDF1) mice by intraperitoneal admin-
istration in concentration up to 25 mg/kg.!

Cell cycle on HelLa cells was monitored after 24 h,48 hand 72 h
treatment of cells with compound 19. Results are given in Fig. 1 and
Table S1 in Supplementary material. Compound 19 arrests the cell
cycle at S phase, as can be seen from data obtained after 24 and
48 h. After 72 h, compound caused extensive damage of cells, as can
be seen from high subG1 band in (Fig. 1c). It is known that resis-
tance and sensitivity of cells toward radiation correlates with the
level of sulfhydryl compounds in the cell. Nonprotein sulfhydryls
(NPS), are natural radioprotector, as well as powerful antioxidative
protector, and tend to be at highest level in S phase of the cell cycle.
Because of that cells exert lowest sensitivity to radiation in this
phase. Ketovinyl containing compounds are powerful thiol
“quenchers”, so this fact is often used as possible explanation for
the potency of such compounds toward malignant cells; ketovinyl
containing compounds bind NPS, and make cells more sensitive to
oxidative stress [16]. Even such scenario coincide with our results,
in the light of knowledge of protein targets, spanning the range
from long time known gluthathione S-transferase to widespread
kinases in last decades, which are prompt to covalent inhibition by
ketovinyl derivatives, we can speculate that quenching of NPS can
only partially explain the mode of action of our compounds.

To obtain deeper insight in structural features that govern
differences in potency, we performed 3D quantitative structure-
activity relationships (3D QSAR). For the 3D QSAR, molecular
interaction fields (MIF) obtained by GRID programme were calcu-
lated using hydrogen bond acceptor (carbonyl oxygen O), hydrogen
bond donor (neutral flat amine, N1), hydrophobic (DRY), and shape
(TIP) [17] probes. Alignment independent descriptors (GRIND-2)
[18], derived from obtained MIF, are subsequently processed by
partial least square analysis (PLS), as applied in Pentacle software
[19], for details see experimental part.

All obtained models have a good statistics (Table 2). In PCA
models, five principal components explain 56—60% variance
(Table S2 in Supplementary material). Antiproliferative potency of
1—27 toward HelLa and LS174 cell lines were explained by 3 latent
variables (LV) models. For the action of compounds toward K562,
4LV model was used.

Three LV PLS coefficient plots for potency of compounds toward
Hela and LS174 cells are given on Figs. 2a and 2b. Four LV PLS
coefficient plot for potency of compounds toward K562 cells is
given on (Fig. 2c). Associations of variables with compounds are
given in Tables S3—5 in Supplementary material. Experimental vs.
calculated p(ICsp) values are given in Table S6 in Supplementary
material.

! In NCI-DTP database (http://dtp.nci.nih.gov/dtpstandard/dwindex/index.jsp)
compounds 1 (NSC 143), 7 (NSC 30659), 8 (NSC 31589), 9 (NSC 329366), 22 (NSC
32875), 23 (NSC 39971), and 26 (NSC 25331) were recorded. NCI60 cell line
screening data were not performed for those compounds. Only yeast screening
data, and in vivo screening data for 1 and 9 exists.
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Fig. 1. Effect of 19 on cell cycle distribution in HeLa cells, after a) 24 h, b) 48 h, and c) 72 h treatment of cells with compound.

As can be seen from Table 1, the order of potency of 1-27 toward
tested cell lines are similar, but not the same, so appearance of
common variables having high positive or negative impact on
models, within all three PLS coefficient plots, are briefly outlined to
explain how structural variation govern differences of potency
among compounds.

e Compounds most potent toward all cell lines tested have
branched alkyl substituents in positions 2 and 5 of the phenyl
ring. Variables DRY-DRY 36, 37 and 39, for K562, LS174, and
Hela model, respectively, positively correlated with the
potency, even haven’t highest impact on overall models, nicely
distinguishes most potent compounds from less potent ones.
Those variables connect nodes of the DRY field interacting with
the ketovinyl —C=C—, and with the 5 alkyl (or cycloalkyl)
substituent (spatial distance of DRY nodes are 11.50—12.80 A),
as illustrated on Fig. 3a, for compound 13, HeLa model.
Variable TIP-TIP 311 in K562 and HeLa model, is expressed for
all compounds, except for 4-n-dodecyl derivative (7), dis-
tinguishing in this way compound that have a significantly
longer 4-alkyl substituent.

Variables TIP-TIP 319 and 320, for K562 and HelLa model,
respectively, negatively correlated with potency are expressed
for majority of compounds having 4-alkyl substituent. This
emphasize that 2,5-di-alkyl substituted compounds are more
potent than those that bear substituent in position 4, yet this is
bulky alkyl substituent. Variable connect nodes of TYP probe on
distance 16.00—17.28 A, associated with the carboxyl group and

Table 2
3LV PLS models for the potency of compounds toward HeLa and LS174 cells, and 4LV
PLS models for the potency of compounds toward K562 cells.

Component SSX SSX, SDEC SDEP R*> RZ, Q2Z.L00 Q2. LTO Q%.RG
HeLa PLS model

1 23.95 23.95 027 034 0.61 0.61 0.41 0.41 039

2 25.58 49.53 0.18 0.29 022 0.83 0.56 0.56 0.54

3 8.12 57.65 0.13 028 0.08 0.91 0.61 0.61 0.59
LS174 PLS model

1 29.80 29.80 020 0.23 0.59 0.59 0.53 0.52 0.49

2 27.66 57.46 0.13 0.18 023 0.82 0.68 0.68 0.68

3 8.07 65.53 0.10 0.18 0.08 0.90 0.66 0.66 0.67
K562 PLS model

1 30.34 3034 025 0.29 0.48 0.48 0.36 0.36 031

2 2217 5251 0.17 024 027 0.74 0.53 0.52 0.51

3 7.11 59.62 0.13 024 0.12 0.86 0.56 0.55 0.51

4 4.03 63.66 0.08 024 0.08 0.95 0.55 0.55 0.52

SSX - Percentage of the X sum of squares; SSX,cc - accumulative percentage of the X
sum of squares; SDEP - standard deviation of error of the predictions; R? - coefficient
of determination; R2.. - accumulative coefficient of determination; Q2. - accu-
mulative squared predictive correlation coefficient; LOO - leave one out, LTO - leave
two out; RG - random groups (three random group of approximately same size were
used).

with the bulkier substituent in position 3- or 4- of the phenyl
ring, as is illustrated on Fig. 3b for compound 18, K562 model.
¢ In HeLa model, variable DRY-O 403, positively correlated with
potency, gives almost clear-cut between more potent alkyl
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Fig. 2. 3LV PLS coefficient plots for the model for potency of compounds toward HeLa
a), and LS174 b) cells, and 4LV PLS coefficient plots for the model for potency
compounds toward K562 cells, c).
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Fig. 3. Examples of variables associated with compounds, as described in the text. a) Variable DRY-DRY 39 for compound 13, HeLa model. b) Variable TIP-TIP 320 for compound 18,
K562 model. c) Variable DRY-O 403 for compound 14, HeLa model. d) Variable DRY-N1 454 for compound 15, HeLa model. e) Variable DRY-TIP 586 for compound 19, LS174 model.
f) Variable O-TIP 768 for compound 18, HeLa model.

substituted compounds, bearing bulkier substituents, from
other, less potent. Node of O probe is always associated with
carboxyl —OH, while DRY probe nodes, on distance
13.76—14.08 A, are associated with meta or para substituents.
This is illustrated on Fig. 3c, for compound 14, HeLa model. In
K562 model similar variable, DRY-O 404, appear.

Variable DRY-N1 454, and 459, for HelLa and LS174 models,
respectively, has highest positive impact on model. Variable
connect nodes of the hydrophobic DRY probe above phenyl ring
and nodes of hydrogen bond donor probe (N1) interacting with
aroyl oxygen, on short distance of 1.28—2.24 A, as is illustrated
on Fig. 3d, for compound 15, HeLa model. Variable is expressed
for most potent compounds, that have bulky alkyl substituents
in ortho position. Such substituents cause significant torsion
between phenyl moiety and aroyl keto group. Similarly, long
time ago in literature have been emphasized that aroylacrylic
acids and derivatives bearing ortho alkyl substituents are more

potent antibacterial agents than those which have different
substitution pattern on the phenyl ring [2b].

Next variables positively correlated with potency, in all models,
are DRY-TIP 583, 585 and 586 for HeLa, K562 and LS174 models,
respectively. Those variables well separate more potent
compounds from less potent ones. TIP node is associated
with —COOH group, common for all compounds, while DRY
nodes, on distance 13.76—15.04 A, are associated with bulkier
substituents in positions 2, 3 or 4. This is illustrated on Fig. 3e,
for compound 19, LS174 model.

Variables O-TIP 766 and 768, for K562 and HelLa models,
respectively, negatively correlated with potency, similar as
TIP-TIP 320, in majority are not expressed for compounds
having unsubstituted position 4. Variable is illustrated on
Fig. 3f, for compound 18, HeLa model. In HeLa model variable
O-TIP 766 distinguish 2,5-disubstituted derivatives having
medium-size alkyl substituents (9 and 12) from the rest of



B.J. Drakuli¢ et al. / European Journal of Medicinal Chemistry 46 (2011) 3265—3273 3269

compounds. O node is associated with —COOH group, while TIP
nodes, at distance 14.40—15.36 A, are associated with substit-
uents in positions 3- or 4-.

Other variables having significant impact on models (those
having significant positive or negative intensity on Fig. 2a, b and c,
but not assigned by numbers) were not commented, because those
variables are expressed for all compounds, or only distinguish
compound 7 from the rest, as is exemplified with the variable
TIP-TIP 311 in K562 and HeLa model.

In the next step we try to find out whether 3D-dependent whole
molecular descriptors show correlation with the potency of
compounds. Therefore, we calculated virtual logP [20], molecular
surfaces (solvent accessible, polar, apolar), volume, as well as iso-
surfaces obtained by GRID DRY, OH2 and H probe on visually
chosen isoenergetic values (Table S7 in Supplementary material).
The best correlation for potency of compounds toward all three cell
lines are obtained between p(ICsp) values and ratio of apolar to total
surface area (r = 0.74 (Hela), 0.77 (K562); 0.86 (LS174)). Other
linear correlations that include up to 3 descriptors (MLR), yield
significantly inferior statistical results.

We speculate that our compounds exert biological activity by
Michael-type addition of thiol and amino group of enzymes amino
acid side chains. On the ground of literature data and experiments
performed in our laboratory [21], aroylacrylic acids and derivatives
make stable, non-reversible adducts with relatively simple thiols
and amines, acting exclusively as unsaturated ketones, not as
unsaturated acids. All descriptors described so far do not account
for “covalent chemistry”, most probably involved in the mode of
biological action, so we extracted highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies from MOPAC output files (Table S8 in Supplementary
material), in attempt to include those data in our correlations. By
using whole-molecular 3D descriptors (as described in previous
paragraph), and HOMO and LUMO energies, fair, statistically
significant correlations, that include ASA/SA ratio and energy of
LUMO orbitals, appear for the potency of compounds toward HeLa
and K562 cells:

P(IC50)pera = — 3.064(+£1.21)(ASA/SA) + 2.034(£1.95)LUMO
+12.74(+3.30) (1)

(n =27, r = 0.789; s = 0.282; F = 19.755; Q2 = 0.529;
spress = 0.315)

Exclusion of compound 27 gives something better statistics
(r = 0.835; sd = 0.230; F = 26.537; Q% = 0.595).

P(ICs0)ks6y = — 2.509(+0.89)(ASA/SA) + 1.727(41.44)LUMO
+11.56(x2.45) )

(n = 26; r = 0.825; s = 0.208; F = 24.560; Q> = 0.574;
spress = 0.240)

Exclusion of compounds 12 and 24 gives something better
statistics (r = 0.905; sd = 0.124; F = 47.291; Q* = 0.746). For LS174
cells similar correlation could be obtained, but such correlation lack
statistical significance.

Even ASA/SA term in Equations (1) and (2) lack in-dept struc-
ture-activity trends, as were obtained by Pentacle models (obvious
that, within set of most potent 12—19, molecules having two
branched substituents exert better potency than those with three
such substituents, so potency was not collinear with increase of the
ratio between apolar and total surface area), it should be noted that
both equations include LUMO energies, which are often associated
with the susceptibility of molecules to nucleophilic attack. Along
with this, for each molecule LUMO orbital is associated with

ketovinyl moiety — target of nucleophilic attack in molecules, as is
exemplified on Fig. 4 for compound 13.

13C Chemical shifts of the carbon atom 2 of butenoic moiety, that
should be target of nucleophilic attack, or other carbons of keto-
vinyl moiety, extracted from HSQC spectra of most potent 12—19
did not show any correlation with potency data. This is not
surprising because compounds act on whole cells, involving
permeation in cell interior, reaching the potential intracellular
target(s), and interaction with those targets. It should be noted that
even on model system, introduction of ortho substituents in series
of compounds structurally related to 1-27, significantly deviate
regularity of the change of electron density on carbon atom that act
as a target for nucleophile attack, in respect to other compounds
having para substituents, and for which good structure-activity
relationship can be obtained using phenyl-substituents effect
only [22]. Cited example describe variation of substituents bearing
heteroatoms directly connected to phenyl ring, so having much
stronger resonance effect than alkyl groups in our compounds.

In the next step we search NCI-DTP database for compounds
active toward K562 cells that comprise ketovinyl moiety. Molecular
mass of hits is limited to 400 (about 20% higher than mass of largest
19), and chalcones and dibenzalacetones are excluded to preclude
appearance of trivial results in virtual screening. Sixty-three
compounds were collected in this way (Table S9 in Supplemen-
tary material), and database was made in Pentacle virtual screening
(VS) mode, 19 principal components (PC) explain 85% of variance.
Three compounds (13, 14 and 19) were used as templates for VS.
Database was “contaminated” with compound 14, to test which
method give best results for similarity search. Minimum distance
was found as most suitable method, this is in accordance with data
found in original article that describes Pentacle VS module [23]. To
all PC’s are ascribed same weights and VS were done with all 19
PC’s. First three compounds that are identified as most similar to
templates are: 1. NSC 145150 (CAS 70857-52-2, NCI 60 cell lines
mean pGlsp = 4.99, K562 pGls5g = 5.0); 2. NSC 672120 (NCI 60 cell
lines mean pGlsg = 5.90, K562 pGlsp = 6.8); and 3. NSC 321477 (CAS
28644-86-2, Zexbrevin, NCI 60 cell lines mean pGlsg = 5.24, K562
pGlso = 5.4). Structures of these compounds are shown on Fig. 5.

All compounds are proved as active toward all NCI60 cell lines,
Along with the antiproliferative activity, NSC 145150 is described as
antibiotic [24]; while NSC 321477 is sesquiterpene lactone isolated
from Zexmenia brevifolia and also exerts antibacterial and antifungal
activity. As instant version of Pentacle does not offer visualization of
variables most important for obtained similarity, we rebuilt whole
model in Pentacle standard mode, to obtain 19 principal compo-
nents PCA model. Such model explains same variance as in VS mode,
so should be considered as valid. Compounds 13, 14 and 19 were
added to this set, and variables common to both NSC 145150, NSC

Fig. 4. The LUMO of compound 13, —1.68 eV.
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Fig. 5. Structures of a) NSC 145150, b) NSC 672120, and c) NSC 321477.

321477, NSC 672120, and 13, 14 and 19 were found manually,
searching regions of variables space near the variables which have
highest impact on K562 model for 1-27, as described above. In this
way four variables, which reflects similarity among compounds,
were chosen:? TIP-TIP covering distance 13.20—13.60 A, illustrated
on Figure S2a and b in Supplementary material, comparable with
TIP-TIP 311 (13.12—-13.44 A); DRY-N1 covering distance
10.80—11.20 A, illustrated on Figure S3a and b in Supplementary
material, comparable with DRY-N1 495 (14.40—14.72 A); DRY-TIP
covering distance 11.20—11.60 A, illustrated on Figure S4a and b in
Supplementary material, comparable with DRY-TIP (14.40—14.72 A);
as well as DRY-DRY covering distance 4.80—5.20 A, which cannot be
found in models for potency of 1-27 toward studied cell lines, but
nicely show fields associated with both activated double bond and
proximal hydrophobic region of molecules, common to all mole-
cules compared. This variable is illustrated on Figure S5a and b in
Supplementary material. To illustrate similarity between MIF's of
hits and template molecule, hot spots, as obtained by Pentacle, for
14, NSC 145150, NSC 321477, and NSC 672120 are given in Supple-
mentary as 3D files. Finally, we projected hits of our similarity search
(NSC 145150, NSC 321477, NSC 672120) on the K562 model, using
pGlsy® values to describe potency for NSC compounds. Good
prediction were obtained with 4LV (% = 0.937, SDEP = 0.05), for NSC
145150 (experimental 5.00, predicted 5.004), and NSC 321477
(experimental 5.40, predicted 5.33); while prediction failed for NSC
672120, for which pGlsg lay out of the potency range of 1-27.

3. Conclusion

(E)-4-Aryl-4-oxo-2-butenoic acids exert antiproliferative activity
against human malignant cells in vitro. Twenty-seven congeners
tested toward Human cervix carcinma (HeLa), Human chronic
myelogenous leukemia (K562) and Human colon tumor (LS174) cells
are potent in two-digit micromolar to low micromolar concentra-
tions. Representative compound arrests cell in the S phase of the cell
cycle. Most potent compounds bear branched alkyl substituents in
positions 2 and 5 of the phenyl ring. 3D structure-activity analysis
rationalizes structural requirements for the significant potency.

2 Please be aware that models for potency of 1-27 were made using grid reso-
lution of 0.4 A, while VS was done using grid resolution of 0.5 A.

3 NCI-DTP pGlso was obtained after 48 h exposure of target cells to compounds,
while pICso was obtained after 72 h exposure of target cells to compounds. For
other differences see experimental, and http://dtp.nci.nih.gov/branches/btb/ivclsp.
html.

Simple MLR, that include LUMO energies indicate “covalent chem-
istry” involved in the mode of action of compounds, as is expected for
ketovinyl containing derivatives. Similarity search performed by
pharmacophore pattern comparison, using molecular interaction
fields and derived GRIND-2 descriptors, identify similar compounds
in NCI-DTP database, that contain ketovinyl moiety and exert
potency toward K562 cells. The model obtained for 1-27 very well
predicted potency of two of those compounds.

4. Experimental
4.1. Chemistry

All chemicals were purchased from Aldrich, Fluka or Merck,
having >98% purity and were used as received. For synthesis of
1—-27 the dry methylene-chloride was stored over molecular sieves.
Separation of 12 was done on ICN 12—26, 60 A silica gel, using two
Biichi C-601 pumps supplied with C-615 pump manager. Melting
points were determinate on Biichi apparatus in open capillary
tubes and are uncorrected. The IR spectra are recorded on Thermo
Nicollet 6700 FT-IR spectrophotometer (KBr pallet or ATR). 'H and
13C NMR spectra are recorded on Varian Gemini 200 spectrometer
on 200/50 MHz, or Bruker AVANCE on 500/125 MHz in CDCls, or
DMSO-dg, using tetramethylsilane (TMS) as internal standard.
HSQC (Heteronuclear Correlation spectra), of 12—19 were recorded
on Bruker AVANCE spectrometer. All chemical shifts are reported in
ppm downfield from TMS. The high-resolution mass spectra are
recorded on Agilent 6200 LC/ESI-MS TOF instrument in methanol,
with cone voltage of 70 V.

4.1.1. Synthesis

Compounds (1—27) are synthesized as described in literature
[25], by Friedel-Crafts acylation of substituted benzenes with
maleic acid anhydride using anhydrous AlCl3 as the catalyst in dry
CH,Cl,. The 6.125 g (62.5 mmol) of maleic acid anhydride, 16.5 g
(125 mmol) of anhydrous AlCl3 and 62.5 mmol of aromatic
substrates were used. After 4—6 h of stirring on room temperature
the reaction mixture was captured with ice/conc. HCL. The solvent
was removed by steam distillation. The residuals was filtered on
vacuum, or extracted by appropriate solvent. In this way obtained
solids or oily substances are processed by solution of Na,CO3 to pH
8.5, filtered to remove traces of Al from catalyst, neutralized by
dropwise addition of conc. HCl, filtered, than washed thoroughly by
water, dried and crystallized from appropriate solvent. Yields of
pure products were from 40 to 92%. The aromatic hydrocarbons for
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synthesis of 12 and 17 were obtained as follows: Acylation of
commercially available alkyl-substituted benzenes by acetyl chlo-
ride gives ketones that were purified by distillation under reduced
pressure, and characterized by NMR spectroscopy. Pure ketones
were reduced by Huang-Minlon procedure [26], purified by distil-
lation, characterized by NMR spectroscopy and acylated as
described above. Synthesis of 12 and 17 were started from 30 mmol
of aromatic precursors. Compound 17 was isolated as a pure
product. Compound 12 was obtained as the mixture of ~20% of 2-i-
Pr-5-Et- derivative and ~ 80% 2-Et-5-i-Pr- derivative (estimated by
the ratio under 'H NMR signals) which is purified by medium
pressure column chromatography using hexanes/AcOEt/AcOH 4: 1:
0.2 until 2-Et-5-i-Pr- derivative gives clear NMR spectra (~45%
yield calculated on initial mixture). The minor derivative was dis-
carded. 1,4-di-Me-2-cyclohexylbenzene was prepared according to
described procedure [27], starting with 50 mmol of DCC. The pure
product was isolated after vacuum distillation in 65% yield. Acyla-
tion, as described above gives pure 18. Full characterization data of
compounds (1—-27) are given in Supplementary material.

4.2. Biological procedures

Stock solutions of 1-27 were made in dimethylsulfoxide (Fluka
Chemie AG Buchs, Switzerland) at a concentration of 10 mM,
filtered through Millipore filter (0.22 uM), before use, and after-
wards diluted to various working concentrations with RPMI-1640
nutrient medium (Sigma Chemical Co. St Louis, MO) supple-
mented with 3 mmol/L r-glutamine, 100 pg/mL streptomycin,
100 IU/mL penicillin, 10% heat inactivated fetal bovine serum (FBS -
Sigma Chemical Co.), and 25 mM Hepes, adjusted to pH 7.2 by
bicarbonate solution.

4.2.1. Treatment of HeLa, LS174 and K562 cells

HeLa and LS174 cells were seeded into 96-well microtiter plates
(2000 and 5000 cells, respectively, in 0.1 mL of nutrient medium per
well); K562 cells were maintained as suspension culture. After 20 h,
to wells with HeLa and LS174 cells, five different concentrations of
1-27 were applied, except to the control wells, the wells with cells
grown in a nutrient medium only. To K562 cells (3000 cells per
well), investigated compounds were added 2 h after the cell seeding.
All concentrations were set up in triplicate. Nutrient medium with
corresponding concentrations of investigated compounds, but
without cells, was used as a blank, also in triplicate.

4.2.2. Determination of cell survival

HelLa, LS174 and K562 cell survival, was determined by MTT test,
according to Mosmann [28], with modification by Ohno and Abe
[29], 72 h upon addition of the compound. Briefly, 20 uL of MTT
solution (5 mg/mL PBS) were added to each well. Samples were
incubated for further 4 h at 37 °C in 5% CO, and humidified air
atmosphere. Then, 100 pL of 10% SDS were added to the wells.
Absorbance at 570 nm was measured the next day. To get cell
survival (%), absorbance of a sample with cells grown in the pres-
ence of various concentration of 1-27 was divided by the control
absorbance (the absorbance of sample with cells grown in nutrient
medium only), and multiplied by 100. It was implied that absor-
bance of blank was always subtracted from absorbance of a corre-
sponding sample with target cells. ICsg concentration was given as
the concentration of agent that inhibits cell survival by 50%,
compared with vehicle-treated control. All ICs¢’s were reported as
a mean of three measurements, each done in triplicate.

4.2.3. Cell cycle determination
Cell cycle determination was done on Hela cells. Aliquots of
5 x 10° control cells, or cells treated with compound 19, during

24 h, 48 h and 72 h (in concentration of two ICsq values, where ICsq
was as obtained after 72 h of incubation with compound, as
described above), were fixed in 70% ethanol on ice for the one week,
and then centrifuged. The pellet was treated with RNase A
(100 ug/mL) at 37 °C for 30 min, and then incubated with 40 ug/mL
of propidium iodide (PI) for at least 30 min. Cells were analyzed
using a FACSCalibur flow cytometer (BD Biosciences Franklin Lakes,
NJ, USA), equipped with a 15 mW, air-cooled 488 nm argon ion laser
for excitation of PI. The PI fluorescence (FL2) was collected after
passing a 585/42-nm band pass filter. FACSCalibur flow cytometer
equipped with an FL2 upgraded doublet discrimination module
(DDM), allows screening, and then excluding possible occurrence of
cell doublets, clumps and debris, by plotting FL2-area versus FL2-
width signals [30]. PI fluorescence data was collected using linear
amplification. For the each sample 20,000 events was collected.
Finally, data were analyzed using CELLQuest 3.2.1.f1 software (BD
Biosciences).

4.3. Modeling

For modeling purposes ICsp, in molar concentrations, were
converted to corresponding negative decade logarithms, p(ICsp).
The SMILES notation of 1-27 were converted to 3D by OMEGA [31],
using MM94FF [32], and further optimized by MOPAC 2009 to root-
mean square gradient of 0.001 kcal mol~! A=, by semiempirical
MO PM6 method [33], using implicit solvation in water (COSMO)
[34]. During optimization constraint is imposed on ketovinyl
moiety. VegaZZ [35] was used as GUI. All optimized structures were
saved in mol2 format and submitted to Pentacle software for an
alignment-free 3D QSAR analysis. Molecular interaction fields are
computed using built-in GRID program [36], with grid resolution of
0.4 A. AMANDA algorithm were used for extraction of hot spots
(nodes) from obtained MIFs’ (discretization); distances and relative
position of nodes were described by CLAC algorithm (encoding),
suitable for examination of the group of congeneric compounds.
Five principal components/latent variables were initially used for
both principal component analysis (PCA) and partial least square
(PLS) model. Final PLS models were reported with three latent
variables (LV) for the potency of compounds toward HeLa and LS174
cells, and with 4LV for potency of compounds toward K562 cells.

Compounds extracted from NCI-DTP database were saved in
SMILES format (including stereochemistry assignation), converted
to 3D by OMEGA, and optimized on semiempirical MO level, using
same settings as for 1-27. Database were built in Pentacle virtual
screening mode (VS), using default settings: grid resolution 0.5 A,
DRY, O, N1 and TIP probes, AMANDA algorithm for extraction of the
hot spots, and MACC algorithm for encoding.

The 3D dependent whole molecular properties, molecular
surfaces (solvent accessible, polar, apolar), volume and virtual logP
are calculated by VegaZZ 2.4.0 [35]. BICUBE [37] was used to extract
isosurfaces from molecular interaction fields, obtained by GRID
hydrophobic (DRY), hydrogen bond donor/hydrogen bond acceptor
(OH2), and H probes. The last probe is used to characterize
molecular shape, while DRY and OH2 probes are chosen to char-
acterize hydrophobic and polar part of molecules, respectively.
HOMO and LUMO energies were extracted from MOPAC output
files, and orbitals are visualized by Jmol [38]. Multiple linear
regression (MLR) analysis was performed by BILIN program [39]. All
calculations were done on AMD dual core x64 processor (5 GHz) in
Windows or Linux environments.

4.3.1. GRIND methodology

Program Pentacle uses alignment independent descriptors
derived from GRID molecular interaction fields (MIF). More
negative value of GRID MIF for any used probe corresponds to
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more favorable interaction between a probe (e.g. hydrogen bond
donor, hydrogen bond acceptor, hydrophobic) and a molecule for
which the GRID MIF is calculated. By calculating MIFs for
different GRID probes around a molecule and extracting most
relevant regions one can obtain a fingerprint of a receptor to
which small molecule could fit well. These regions show favor-
able energy of interaction and represent positions where groups
of a potential receptor would interact favorably with a ligand.
Such MIF pattern can be described as the virtual receptor site
(VRS). The each GRIND descriptor consists of two nodes extracted
from MIFs and encodes their energy product and the spatial
distance. GRIND variables represent geometrical relationships
between relevant pharmacophoric points around studied mole-
cules, which are entirely invariable to position of molecule(s) in
space and alignment of molecules. Derivation of GRIND
descriptors includes next steps: (i) computing a set of MIF around
studied molecules, (ii) filtering the MIF, to extract the most
relevant regions that define the VRS, and (iii) encoding the VRS
into the GRIND variables. In our models the CLAC algorithm,
suitable for examination of the set of congeneric compounds, is
used. GRIND variables can be used for comparison of molecules
and their classification within sets of structurally diverse entities,
and Pentacle program use principal component analysis (PCA) for
this type of analysis. A dependent variable (such is biological
activity of a certain type) can be correlated to GRIND descriptors
(as independent variables), obtained on a set of molecules, by
partial least square analysis (PLS). Most intensive bars in the PLS
plots have the highest impact on a model. Bars having positive
values on y scale represent variables positively correlated with
activity, while those having negative values on y scale are
negatively correlated with activity. Within the each block (auto-
or cross-correlograms, that correspond to pairs of nodes of
a same or a different probe, respectively) variables are arranged
from left to right on the x scale of the plot, according to
ascending distance between their nodes. In addition to the
spatial arrangement of molecules and nodes encoded in GRIND
variables, each node of each variable exert specific energy of
interaction with a target molecule. Therefore, the strength of
interaction between respective GRID probe in particular node
and molecules are accounted in addition to the spatial positions
of VRS regions. Pentacle use GRIND-2, the second generation of
GRID-based alignment independent descriptors. For more infor-
mation see reference [18b] and http://cadd.imim.es/grib-cadd/
projects/pentacle.
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