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Abstract—We screened the National Cancer Institute Diversity Set compound collection for small molecules that affect mammalian
cell migration and identified NSC 295642 as an inhibitor of cell motility with nanomolar potency. We found by LC-MS and X-ray
crystallography that NSC 295642, a Cu(Il) complex of the Schiff base product of condensation of S-benzyl dithiocarbazate and 2-
acetylpyridine, has a bridged dimeric Cu,Cl,(L), structure with distorted square pyramidal geometry. Each of the two copper atoms
is five-coordinated to one of the two tridentate chelating ligands and both bridging chlorine atoms. To define structure—activity rela-
tionships, we investigated the bioactivity of related metal-ligand complexes derived from different metal(II) atoms and different
ligands. Complexation of the NSC 295642 ligand with Zn(IT) or Ni(II), delivered as metal(II) chloride salts under conditions iden-
tical to those used for preparation of the original Cu(Il) complex, instead results in distorted octahedral bis-chelate structures, where
a single metal atom is six-coordinated to two ligands. The Zn(L), complex possesses a potency similar to that of the Cu,Cl,(L),
complex, while the Ni(L), has no antimigratory activity at all. We carried out density functional theory calculations to obtain
the electronic ground state geometry of the complexes, both in vacuum and implicit water solvent. The X-ray crystal and
energy-minimized structures are very similar and exhibit a transoid orientation of the S-benzyl groups relative to the central
metal-coordinated rings for both of the bioactive Cu,Cly(L), and Zn(L), complexes, despite their different coordination geometries.
In contrast, the biologically inactive Ni(L), complex adopts a cisoid conformation. Varying the ligand structure, we found that
hydrophobic S-alkylaryl groups are required for activity. Complexes with a simple S-methyl group, S-benzyl groups with polar sub-
stitutions or a carboxylated pyridine ring exhibit dramatically reduced activity. We tested the most potent metal-ligand complex in a
number of cancer cell lines and found cell-type selectivity in its effect on cell motility. Collectively, these results suggest that a two-
ligand structure with bulky nonpolar S-substituents in a transoid conformation is important for the antimigratory activity of these
metal-ligand complexes.

© 2008 Published by Elsevier Ltd.

Complexes of metals and organic ligands are becoming
recognized as useful probes for biological research and
as potential therapeutic agents.! Certain metal-ligand
complexes can form structures that resemble traditional
drug-like organic molecules. In these complexes, the me-
tal serves to coordinate the organic ligand, thus poten-
tially generating an organic pharmacophore whose
structure is determined by the structure imposed upon
the ligand through chelation of the metal. A number
of biologically active metal-ligand complexes of this
kind have been identified.!
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Cell migration is a basic biological process involved in
a range of normal and pathological events, including
wound healing, embryonic and tissue development,
immune function and inflammation, angiogenesis and
tumor metastasis. We screened the National Cancer
Institute (NCI) Diversity Set collection of compounds
in a cell migration assay based on the closure of
scratch wounds by Madin—Darby canine kidney
(MDCK) epithelial cell sheets in culture, a system
we have previously used to identify new agents with
antimigratory activity.>* Here we report that NSC
295642 (Fig. 1), a Cu(Il) complex of the Schiff base
product of condensation of S-benzyl dithiocarbazate
and 2-acetylpyridine, is a potent inhibitor of cell
motility with an ICsq of 93 nM (Table 1). This com-
pound has also been reported to weakly inhibit the
dual specificity phosphatase Cdc25.5 Other complexes
of the same ligand have antifungal® and antiamoebic
activities.”8


mailto:gabriel.fenteany@uconn.edu

A. B. Beshir et al. | Bioorg. Med. Chem. Lett. 18 (2008) 498-504 499

S___N.

voNT /| S\(/N\N/ Z
S—Cu—N\ s | N |
ci ¢l ~,

X I NI\
| N—Cu S | >N | S S
= /N s ¥ /N‘N/J\S _N /\@
CuzCla(L"), © Zn(LY), b Ni(L"),
S._N.
g DAl
s—Cu—Ny s | n
cl cl >Zn< |
SN—COT— X
| N (Pu S | N | )S\ SYN\N/ = |
¥ /N\N/ s = /N\N/ IS S—(IDU—N\
Cl
Cu,Cly(L?), O Zn(L?), | CuCI(L3)
MeOQ |:
SYN N/ = /
S—Cu—N\ S—Cu—N\ | (0]
cl CI S
| \N_CU—S | \N_Cu_ NZ = | OH
=z /N N IS PZ /N N S—CU—N\

CuCh(LY, K(:LOMe

s Cl
CusClo(L5), KQF CuClI(LS)

Figure 1. Metal(Il)-ligand complexes synthesized and tested for antimigratory activity.

Table 1. Antimigratory activity of NSC 295642 and its analogs

Compound ICso* (nM) MIC® (nM) % of control® MLC! (nM)
Cu,Cly(LY), 93 75 34 2000
Zn(L"), 238 50 56 1000
Ni(LY), NA® NA NA 1000
Cu,Cly(L?), 58 30 29 1000
Zn(L?), 181 100 44 1000
CuCI(L?) NA NA NA 3000
Cu,Cly(L%), T T — 500
Cup,Cly(L3), T T — 500
CuCl(L) NA NA NA 2000

# Concentration for half-maximal inhibition of wound closure at 24-h post-wounding.
® Minimum inhibitory concentration (lowest concentration that showed statistically significant inhibition of wound closure at 24-h post-wounding,

based on unpaired two-tailed Student’s z-test with p < 0.05).

“Degree of inhibition of wound closure at 24-h post-wounding expressed as a function of percent of parallel controls at maximal subtoxic
concentrations. The smaller the value, the more bioactive the compound is.
9 Minimum lethal concentration (as determined by the Trypan blue dye exclusion assay).

¢No activity; not significantly different from control.
f Cytotoxic without any subtoxic antimigratory activity.

We prepared NSC 295642 and found the compound
synthesized in our laboratory to have biological activity
that was indistinguishable from the sample from NCI.
This molecule and the other complexes described below

were prepared by synthesis of the different ligands and
complexation with metal(Il), delivered as CuCl,, ZnCl,
or NiCl,, as shown in Schemes 1 and 2.°°'3 Although
NSC 295642 is depicted as a single-ligand structure of
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Scheme 2. Synthesis of CuCI(L®) complex.

basic formula CuCl(L") in the NCI’s Developmental
Therapeutics Program database, both the NCI sample
and the material we prepared are dimers. The complex
has a basic formula of Cu,Cly(L'), and is composed of
two five-coordinate copper atoms each chelated by one
of the tridentate ligands and bridged by the two chlorine
atoms (Fig. 1), based on LC-MS!* and X-ray
crystallography. '

We synthesized related molecules to define structure—
activity relationships, varying both the chelated metal
and structure of the ligand (Schemes 1 and 2).°"'3 Com-
plexation of the NSC 295642 ligand with Zn(II) also re-
sulted in a two-ligand complex (Fig. 1). However, the

S-benzyl dithiocarbazate,

EtOH, reflux
CUCI2 @ H (0]
-
EtOH, reflux S\H/N‘N N | OH
S Na

ligands form a bis-chelate structure with a single six-
coordinate zinc atom, a complex with a basic formula
of Zn(L'),, as determined by LC-MS'3 and X-ray crys-
tallography.'* Since Zn(II) is diamagnetic, unlike the
paramagnetic Cu(Il), we acquired 'H and '*C NMR
spectra for the Zn(LIPZ complex.!* The NMR data also
suggest a stable Zn(L"), structure, with diastereotopic S-
benzyl methylene protons, and are not consistent with a
mixture of dissociated single-ligand Zn(L') complex and
free ligand; furthermore, the free ligand displays a dis-
tinct NMR profile.!* In addition, a complex of Zn(II)
with an almost identical ligand that simply lacks the
L' methyl group (nor-L') also has a two-ligand struc-
ture, with the same (N,N,S), donor set and basic coordi-
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nation geometry as Zn(L'),, and does not dissociate in
DMSO, based on conductivity measurements.'>

Despite 1ts difference in coordmdtwn geometry from the
Cu,Cly(L"), complex, the Zn(L'), complex is nonethe-
less also highly potent as an inhibitor of cell migration,
with an ICsq of 238 nM (Table 1). Complexation of the
NSC 295642 ligand with Ni(II) also y1elded a six-coordi-
nate complex with the basic formula Ni(L'),, as revealed
by LC-MS'3 and X-ray crystallography.'4 In contrast to
the other NSC 295642 ligand-based complexes, how-
ever, Ni(L"), is completely devoid of any subtoxic activ-
ity in our wound closure experiments, although it does
become cytotoxic at =1 pM.

The bioactivity of the Cu(Il)-ligand or Zn(II)-ligand
complexes appears to depend on an intact structure that
is already formed upon treatment of the cells. Treatment
with non-complexed ligand alone (5 M), on the one
hand, or CuCl, or ZnCl, (or NiCl,) alone (50 pM), on
the other, has no effect on cells (data not shown). There-
fore, the bioactivity cannot be attributed to the products
of possible complete dissociation of the bioactive com-
plexes. We cannot deﬁn1t1vely rule out, however, that
the Cu,Cly(L'), and Zn(L'), complexes could dissociate
under the conditions of cell culture into single-ligand
complexes that might possess bioactivity, for example
two single-ligand complexes in the case of Cu,Cly(L! )2
and a single- l1gand complex and inactive free l1$and in
the case of Zn(L'),. However, the Cu,Cly(L"), and
Zn(L"), complexes appear stable under different analyt-
IC.I:lll 5conc11t1ons 13.14 a5 does the Zn(II) complex of nor-
L.

We generated analogs where the original S-benzyl group
of NSC 295642 was substituted with other groups. An
S-naphthalen-2-ylmethyl group in the ligand resulted
in slightly better b1oact1v1ty for the Cu(II) and Zn(II)
complexes [Cu,Cly(L?), and Zn(L?),], with ICs, values
of 58 and 181 nM, respectively. Fig. 2a shows the pro-
gress of wound closure in MDCK cell monolayers in
the presence of the most %)otent of the metal-ligand
complexes tested, Cu,Cly(L?),. In contrast, an S-methyl
substituent y1elded a complex W1th a single-ligand struc-
ture [CuCl(L?)] and no subtoxic activity. Ligands with
more polar substitutents, S-4-methoxybenzyl and S- 4—
fluorobenzyl, also resulted in complexes, Cu,Cly(L%),
and Cu,Cly(L°),, respectively, that were devoid of sub-
toxic activity. Fmally, an analog was generated with a
carboxyl group in the para position of the pyridine ring
[CuCI(L®)]. The complex has a single-ligand structure, as
with ligand L?, and has no subtoxic activity. While we
cannot rule out that single-ligand structures derived
from different ligands could also potentially be bioac-
tive, among the compounds examined, all of the bioac-
tive molecules have a two-ligand structure.

Since Cu,Clo(L?), was the most potent inhibitor of cell
migration (Table 1), we evaluated its biological activity
in a number of cancer cell lines as well, specifically hu-
man breast carcinoma (T47D and BT20) and human
colorectal carcinoma (HCT116) cell lines. We employed
scratch-wound assays similar to that used with MDCK
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Figure 2. Progress of wound closure in different cell monolayers as a
function of concentration of CuZClz(Lz)z. Cell lines: (a) MDCK
epithelial cells; (b) T47D human breast carcinoma cells; (c) BT20
human breast carcinoma cells; (d) HCT116 human colorectal carci-
noma cells.

cell monolayers. MDCK cells are clearly the most sensi-
tive of the cell lines to the Cu,Cly(L?), (F1g 2a). The
compound displays antimigratory activity in T47D cells
(Fig. 2b), less in BT20 cells (Fig. 2¢), and very little in
HCT116 cells (Fig. 2d). The compound thus appears
selective for certain cell lines.

Finally, we sought to understand why NSC 295642
[Cu2Clz(L )] and the corresponding Zn(II) complex
[Zn(L"),] were bioactive, while the corresponding Ni(II)
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complex [Ni(L'),] was not. We therefore compared the pyramidal coordination geometry, while both the bioac-
X-ray crystal structures of these three complexes.!'* tive Zn(L"), complex and inactive Ni(L'), complex have
The bioactive Cu,Cly(L'), possesses a distorted square distorted octahedral coordination geometries (Fig. 3).
a
y
Cu,Cl,(L"),
b
Zn(L"),
Cc
TR
Ni(L'),

Figure 3. X-ray crystal and energy-minimized structures of metal(Il)-ligand complexes. X-ray crystal structures are shown, on the left, as thermal
ellipsoid plots (at 50% probability level) and, on the right, as capped stick models superimposed over wire models of structures derived from DFT

energy-minimization calculations for Cu,Cly(LY),, Zn(L'),, and Ni(L'), complexes.
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Clearly, differences in coordination geometry cannot ex-
plain the differences in bioactivity between the
complexes.

The Cu,Cly(L"), and Zn(L'), complexes do, however,
share a common conformational feature. Both these
bioactive complexes exhibit a transoid orientation of
the sulfides with respect to the central metal-coordinated
rings; note the S—C bonds of the two S-benzyl groups
relative to the S-C bonds of the coordinated rings
(Fig. 3a and b). The Zn(II) complex of nor-L' also
adopts a transmd conformatron 15 The S-benzyl groups
of the Cu,Cl(L'), and Zn(L'), complexes point in
opposite directions, despite the difference in metal stoi-
chiometry and coordlnatlon geometry. In contrast, the
biologically inactive Ni(L'), complex possesses a cisoid
orientation of the sulfides relative to the Ni(II)-coordi-
nated rings, with the S-benzyl groups in closer proximity
to one another (Fig. 3c).

Energy minimization via density functional theory
(DFT) calculations,'®!7 both in vacuum and implicit
water solvent, resulted in structures that were substan-
tially similar to the X-ray crystal structures (Fig. 3).
The DFT calculations thus suggest that the conforma-
tions the complexes assume as crystals are likely to be
close to the lowest-energy conformations they would
adopt in solution. We calculated that the transoid con-
formation of Cu,Cl,(L"),, for example, would be
7.6 kcal/mol more stable than the cisoid conformation.
Interestingly, there is an even stronger preference in sil-
ico for a tramsoid conforrnatron when the S-benzyl
groups of Cu,Cly(L'), are replaced with O-benzyl
groups, with transoid favored over cisoid by 12.3 kcal/
mol.

The data presented here imply that the pharmacophore
of NSC 295642 and related metal-ligand complexes is
at least in part formed by hydrophobic S-alkylaryl
groups that adopt a transoid orientation relative to
the central metal-coordinating rings, which affects the
way the hydrophobic moieties project from the core
structures. It is possible that each hydrophobic group
fits into a hydrophobic pocket on a target protein when
the groups are projected far enough away from one an-
other, as in the transoid Cu,Cly(L"), and Zn(L' )2 com-
plexes. In contrast the two S-benzyl groups in the
cisoid Ni(L"), complex are closer together, and so steric
hindrance may prevent a target protein from binding
either group.
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ESIMS was performed in methanol.
L' ligand. "H NMR (400 MHz, CDCl;) 6 9.97 (br s, 1H,
NH), 8.76 (dd, J=1.6 Hz, 4.0 Hz, 1H, Py-H), 8.62 (d,
J=52Hz, 1H, Py-H), 8.18 (d, J= 8.8 Hz, 1H, Py-H),
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200.05, 199.36, 153.80, 147.99, 137.83, 137.38, 135.74,
129.50 (2C), 129.46, 129.21, 128.67 (2C), 128.54, 127.61,
127.31, 124.47, 124.07, 121.42, 39.68, 38.92, 22.11, 11.43.
Zn(L"); complex. "H NMR (400 MHz, CDCls) 6 7.90-7.92
(m, 1H, Py-H), 7.80 (dt, J=1.6 Hz, 6.3 Hz, 1H, Py-H),
7.68-7.69 (d, J = 6.4 Hz, 1H, Py-H), 7.42-7.44 (m, 2H, Ph-
H and Py-H), 7.21-7.31 (m, 4H, Ph-H), 4.58 (d,
=10.7 Hz, 1H, CH,), 4.47 (d, J=10.7 Hz, 1H, CH,),
2.72 (s, 3H, CH3). *C NMR(100 MHz, CDCl5) 6 191.50,
152.84, 149.52, 147.07, 138.70, 137.98, 129.17 (2C), 128.29
(2C), 126.77, 125.55, 122.30, 36.72, 14.34.
Ni(L"), complex. "H NMR (400 MHz, CDCl3) d 8.66 (d,
J=5.6Hz, 1H, Py-H) 7.88-7.92 (m, 2H, Py-H), 7.29-7.42
(m, 6H, Ph-H and Py-H), 4.36 (s, 2H, CH,), 2.30 (s, 3H, CH3).
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ESIMS for L' complexes. Cu,Cly(LY)y: caled 760.9
[M—CI]*, found 760.7. Zn(L"),: caled 687.0 [M+Na]*;
found: 686.8. Ni(L'),: calcd 681.0 [M+Na]*; found: 680.9.
I7? ligand. "H NMR (400 MHz, CDCl5) 6 9.94 (br s, 1H,
NH), 8.75 (d, J=4.0 Hz, 1H, Py-H), 8.56 (d, J=4.0 Hz,
1H, Py-H), 8.11 (d, J = 8.0 Hz, 1H, naphthyl-H), 7.75-7.89
(m, 6H, naphthyl-H and Py-H), 7.63 (dt,J = 1.8 Hz, 6.2 Hz,
1H, Py-H), 7.25-7.57 (m, 5H, naphthyl-H and Py-H), 4.72
(s, 2H, CHy), 2.42 (d, J = 20 Hz, 3H, CH3,).

ESIMS for r complexes. Cu,Cly(L?)y: caled 860.9
[M—CI]*; found: 860.9. Zn(L?),: caled 765.1 [M+H]";
found: 764.9.

I? ligand. "H NMR (400 MHz, CDCl;) § 10.04 (br s, 1H,
NH), 8.70 (dt, J=1.6 Hz, 4.8 Hz, 1H, Py-H), 8.57 (dt,
J=1.6Hz, 4.8 Hz, 1H, Py-H), 8.16 (d, J = 8.0 Hz, 1H, Py-
H), 7.90 (t, J = 8.0 Hz, 1H, Py-H), 7.69 (dd, J = 1.6 Hz, 8.0
Hz, 1H, Py-H), 7.57 (d, J = 8.0 Hz, 1H, Py-H), 7.33-7.36
(m, 1H, Py-H), 7.26-7.29 (m, 1H, Py-H), 2.64 (d,
J=10.6 Hz, 3H, CH3), 2.42 (d, J = 6.5 Hz, 3H, CH3).
ESIMS for L? complex. CuCl(L*): calcd 608.8 [M]"; found:
608.8.

L* ligand. "H NMR (400 MHz, DMSO-dg) 5 12.58 (s, 1H,
NH), 8.62 (d, J=4.1 Hz, 1H, Py-H), 8.01 (d, J=8.1 Hz,
1H, Py-H), 7.85(dt,J = 1.8 Hz, 6.0 Hz, 1H, Py-H), 7.44 (dt,
J=1.1Hz, 4.8 Hz, 1H, Py-H), 7.35 (d, J = 8.7 Hz, 2H, Ph-
H), 6.90 (d, J = 8.7 Hz, 2H, Ph-H), 4.44 (d, 2H, CH,), 3.75
(s, 3H, OCH3), 3.32 (s, 3H, CH3).

ESIMS for L* complex. CuyCly(L*),: caled 820.9 [M—CI];
found: 820.8.

L’ ligand. "H NMR (400 MHz, DMSO-dq) 6 12.66 (s, 1H,
NH), 8.62 (d, J = 4.88 Hz, 1H, Py-H), 8.03 (d, J = 6.64 Hz,
1H, Py-H), 7.88 (dt, J/ = 4.6 Hz, 10.9 Hz, 1H, Py-H), 7.45-
7.50 (m, 3H, Ph-H and Py-H), 7.14-7.19 (m, 2H, Ph-H), 4.50
(s, 2H, CH,), 2.33 (s, 3H, CHj).

ESIMS for L’ complex. CuyCly(L%),: caled 796.8 [M—CI]~;
found: 796.9.
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