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and Cross-Link Formation

Moses Lee," Mary C. Roldan, Margaret K. Haskell, Simon R. McAdam,! and John A. Hartley'

Department of Chemistry, Furman University, Greenville, South Carolina 29613, and Department of Oncology,
University College London Medical School, London, UK. WIP 8BT

Received August 20, 1993®

The synthesis, DNA binding and in vitro photoinduced cytotoxic properties of a number of minor
groove and sequence-directed psoralen and coumarin conjugates of pyrrole- and imidazole-containing
distamycin analogues 2-5 are described. Results from an ethidium displacement assay on calf
thymus and T4 DNA suggest that like distamycin these agents bind strongly to the minor groove
of DNA. The data show that these conjugates exhibit a lower AT preference than distamycin and
the decrease is significantly greater for the imidazole-containing compounds. All of the compounds
along with 8-methoxypsoralen, 1, were relatively noncytotoxic in the dark with only the imidazole—
psoralen compound 3 giving an ICs; value below 100 uM. Following UV activation, all compounds
showed an increased potency with photoinduced dose modifications in the human chronic myeloid
leukemia K562 cells of >333, 12, >1.3, and >2.5 for compounds 2-5, respectively, under the UV
irradiation conditions employed. The psoralen—pyrrole analogue 2 was over 300 times more active
following UV activation than agent 1, 250 times more potent than the corresponding coumarin
conjugate 4, and 15-fold more potent than its imidazole analogue 3. Data from CD dilution (with
DMF) studies show that upon irradiation with light at 366 nm, compounds 2-5 bind irreversibly
to DNA. Furthermore, upon irradiation compound 2 produced interstrand cross-linked DNA in
quantitative yield, with isolated DNA, at >300- and >3000-fold lower drug concentrations than
the imidazole analogue 3 and 8-methoxypsoralen, respectively. As expected coumarin conjugates
4 and 5 did not produce any cross-linked DNA under any conditions. Since the psoralen conjugates
are more phototoxic than their coumarin analogues, these results suggest that DNA interstrand
cross-link formation may be an important mechanism by which they exert their biological activity
in cells. In addition, the enhanced photocytotoxic potency of conjugate 2 over 3 may be related
toits larger binding constant, more efficient DNA cross-linking ability, and possibly to its preference

for AT-rich sequences.

Psoralens, such as 8-methoxypsoralen, 1, are used as
photoactive drugs for the treatment of psoriasis! and
cutaneous T-cell lymphoma? and as probes for nucleic acid
structure and function.3* These molecules are planar
bifunctional photoactivatable agents that are capable of
intercalating into double stranded DNA. Upon irradiation
with UVA, the 3,4 or 4/,5" double bond of the pyrone or
furan groups of 8-methoxypsoralen, respectively, can
undergoa [2+ 2] cycloaddition reaction with the 5,6 double
bond of thymine residues forming monoadducts.5% If the
psoralen has intercalated into a suitable site, e.g., 5’-TpA-
3’, the furan-side monoadduct can undergo a further
cycloaddition reaction with the other strand of the DNA
duplex to prodice an interstrand cross-link. Structural
analysis of the photoadducts formed by 8-methoxypsoralen
with DNA showed that the 8-methoxy group is located in
the minor groove.” The photochemical cross-link forma-
tion mechanism has been attributed to the mode of action
of psoralens in cells.®? However, the ability of these
compounds to recognize long, unique DNA sequences is
limited. Therefore, there is aninterest in the development
of agents that can deliver psoralen molecules to specific
DNA sequences with the intention of increasing their
therapeutic value.10:11

To achieve this goal, psoralen has been attached to
oligonucleotides using either the antisense!!2—~ or triple
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helix!1d# approach to recognize specific DNA sequences.
However, the use of oligonucleotides suffers from a number
of problems, such as their poor cellular penetration,
susceptibility to nuclease degradation, and syntheses as
mixtures of diastereomers.!? Therefore, a new mechanism
for the delivery of psoralen to specific DNA sequences is
sought.

The minor groove of DNA has proven to be a viable
target for the interaction of a number of anticancer agents!3
such as the AT sequence selective benzoyl mustard
derivative of distamycin FCE-24517,14 CC1065,15 and the
GC site-selective agent, mitomycin C.18 Therefore, we
reason that the attachment of an 8-(alkyloxy)psoralen
group to a minor groove vector may selectively deliver the
photoreactive agent to the minor groove of unique DNA
sequences. In this paper, we will demonstrate that the
bifunctional and photoactivatable psoralen can be targeted
to specific AT- and GC-rich sequences by attaching a
psoralen derivative to a pyrrole-1317 and imidazole-
containing!”18 analogue of distamycin, respectively. GC-
rich DNA sequences are of interest because they are
commonly found in the genomes of mammals, and a
functional role is suggested by their frequent occurrence
in genes associated with proliferation, including a number
of oncogenes.® The DNA sequence selectivity, photoin-
duced cross-link formation, and cytotoxicity of these
compounds against the growth of K562 leukemia cells in
culture are reported. In order to study the importance of
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DNA cross-link formation for photoinduced cytotoxicity
by the psoralen compounds 2 and 3, the corresponding
coumarin conjugates 4 and 5, which can only form
monoadducts, were also studied.

Results and Discussion

Synthesis. Thetarget conjugates 2—5 were synthesized
by condensation of the photoactivatable moieties, as their
acid chlorides, with the amino function of the pyrrole-
and imidazole-containing analogues of distamycin. Inthe
synthesis of 8-substituted psoralen acid chloride 9 as
depicted in Scheme 1, 8-hydroxypsoralen 62° was reacted
with ethyl 5-bromovalerate in the presence of KoCOj3 to
give ether 7 in 48% yield. Hydrolysis of the ester group
of 7 followed by reaction of acid 8 with thionyl chloride
afforded the desired acid chloride 9 in quantitative yield.
The synthesis of 7-substituted coumarin acid chloride 13
followed a similar approach, except 7-hydroxycoumarin
10 was the starting material (see Scheme 1). Ether 11,
prepared in 78 % yield from 10, was hydrolyzed to acid 12,
which was converted to acid chloride 13 in good yield.

The syntheses of the pyrrole—psoralen and coumarin
conjugates 2 and 4 are shown in Scheme 2. Pyrrole acid
chloride 142! was coupled with N,N-dimethylethylene-
diamine to give amide 15 in 83% yield. Reduction of the
nitrogroup of 15 followed by condensation of the resulting
amine with 14 gave the dipeptide 16 in 39% yield. The
nitro function of 16 was reduced by catalytic hydrogen-
ation, and then coupling with psoralen acid chloride 9 or
coumarin acid chloride 13 gave the desired conjugates 2
and 4 in 28 and 19% yield, respectively. In preparation
of the imidazole conjugates as shown in Scheme 3, the
above acid chlorides were coupled with amine 17.22 The
bifunctional psoralen conjugate 3 was obtained in 42%
yield and the coumarin conjugate 5 was prepared in 30%
yield. The syntheses of compounds 2-5 were conducted
in dim conditions to avoid decomposition of the products.

DNA Sequence and Groove Selectivity. The abilities
of these compounds to bind to calf thymus and coliphage
T4 DNAs were determined using an ethidium displace-
ment assay.?? The results given in Table 1 show that the
pyrrole analogues 2 and 4 generally bind more strongly to
the DNAs than their imidazole counterparts. The larger
binding constants of compounds 2 and 3 to the DNAs
than 8-MOP 1 suggest that both the oligopeptide and
psoralen moieties are interacting with DNA. These data
showthat conjugates 2-5 exhibitlower AT preference than
distamycin, and the decrease is significantly greater for
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Table 1. Apparent Binding Constants (£0.2 + 105 M-1) of
Compounds 2-5 Determined by an Ethidium Displacement Assay

calf thymus poly(dG-dC) poly(dA-dT)

compound T4

8-MOP, 1 0.14+£0.02 0.48+0.02 0.25+0.02 0.17 £ 0.02
2 6.6 £0.2 55+0.1 09+0.1 29+ 04

3 2.7+£0.1 0401 2.1+04 0.9£0.2

4 1.2£0.2 1.7+0.3 1.1+0.3 35+5

5 1.0£ 0.2 1.0 0.5 1401 1.1+0.2
distamycin!® 6.5 7.9 2.0 348

the imidazole-containing compounds. Since these com-
pounds bind to T4 DNA as strongly as distamycin, .it
suggests that they interact in the minor groove because
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Table 2. Photoinduced DNA Cross-Link Formation on Isolated
DNA and In Vitro Photocytotoxicity by Compounds 2-5

cytotoxicity ICso (uM)
XLge? photoinduced
compound (uM) dark irradiated®* dose modification
1 18 >100 100 >1
2t 0.005 >100 0.3 >333
3 1.6 55 4.5 12
4 ¢ >100 75 >1.3
5 ¢ >100 40 >2.5

@ Dose to produce 50 + 5% cross-linked DN A following irradiation
at 366 nm. ® Irradiation at 366 nm. ¢ No DNA cross-links were
observed under any conditions.

the major groove of this nucleic acid is blocked by
a-glycosylation of the hydroxymethyl group of cytidine
residues.24

The DNA sequence selectivity of compounds 2 and 3 on
the BamHI-sall fragment of pBR322 DNA and binding
of 2 to d(ATGCAT), were also determined by MPE-Fe-
(II) footprinting and 'H-NMR studies, respectively, and
the results are reported elsewhere.?

In Vitro Photoinduced Cytotoxicity. The cytotoxic
properties of compounds 1-5 against human chronic
myeloid leukemia cells grown in culture were determined
under “dark” and “irradiated” (ca. 366 nm) conditions,
and the ICs, values are given in Table 2. Under dark
conditions only compound 3 showed any significant
cytotoxicity, while the others were relatively nontoxic with
ICs values of >100 uM. Following UV illumination, all
compounds showed an increased cytotoxicity, which was
particularly striking for the psoralen-containing com-
pounds 2 and 3 which gave photoinduced dose modifi-
cations of >333 and 12, respectively. Under the conditions
employed, the UV exposure was completely nontoxic in
the absence of drug. The psoralen—pyrrole conjugate 2 is
significantly more photocytotoxic than 8-methoxypsoralen
(1) by a factor of over 300. Compounds 2 and 3 are also
significantly more potent following activation than the
corresponding coumarin-containing analogues 4 and 5, with
agent 2 being 250 times more potentthan 4. The evidence
of photoinduced cytotoxicity indicates that the biological
activities of these compounds may be due to covalent
interactions between the psoralen and coumarin groups
in their excited states with the C5-C6 double bond of
thymine residues.

DNA Monoadduct and Cross-Link Formation. The
ability of these compounds to form covalent adducts with
calf thymus DNA was determined by the reduction in the
DNA-induced ligand CD band at ~290 nm of the
preirradiated drug-DNA complex upon dilution with
DMF.!4¢ The DNA-induced ligand bands observed in
these studies are presumably due to the n — #* UV
absorption band of the drug. Since the drugs do not
produce any CD spectra by themselves, these results
unambiguously confirm their binding to calf thymus
DNA.22 The CD alkylation experiment works on the
premise that covalently bound ligands cannot be removed
from DNA upon dilution with DMF; thus, the induced
ligand band would persist. Upon irradiation of compounds
2-5 at 366 nm for 6-8 min the ellipticities of the induced
ligand bands were close to half the original value before
dilution. Thissuggeststhat (>95 = 5)% of the compounds
were irreversibly bound to the DNA, presumably by
forming adducts with thymine residues. Under dark
conditions only [(26-34) + 51% of irreversibly bound
ligands were observed.

Lee et al.

The DNA interstrand cross-linking ability of the com-
pounds were determined by an agarose cross-link gel
assay.Z” The data given in Table 2 show that, upon UV
activation, conjugate 2 was highly efficient at producing
DNA cross-links with (50 £ 5)% cross-linking occurring
at 0.005 uM. Atthisdrug concentration, and based on the
Kapp value of 2 with calf thymus DNA and concentration
of the DNA used in the cross-link assay of 3.1 X 10" M
bp, the percent of 2 bound reversibly to the DNA was
calculated to be 17%. Upon UV irradiation the drugs
that were bound to DNA would produce interstrand cross-
links which, under our conditions, drove the overall
reaction to produce 50% cross-linked DNA. Thus, the
value of XLg for 2 is reasonable for the Kgp, values
observed for this compound. The cross-link assay is
extremely sensitive in that the DNA substrate (4363 base
pairs) will run as double stranded when containing a single
cross-link, i.e., one lesion per 4363 base pairs. The XLs
is therefore a measure of the dose required for half the
DNA molecules to contain one or more cross-links. Under
identical conditions, the XLso values for 8-methoxypso-
ralen (1) and conjugate 3 were 18 and 1.6 uM, respectively.
Without UV activation, none of these compounds produced
any DNA cross-links even at 1 mM drug concentration
(data not shown), and no DNA damage was observed in
the absence of drug. Furthermore, as expected, the
coumarin-containing compounds did not produce any
cross-links under any conditions. Since conjugates 2 and
3, which can form interstrand cross-links, are more
photocytotoxic than 4 and 5 upon irradiation at 366 nm,
these data suggest that interstrand cross-link formation
may be responsible for the increased cytotoxicity. It is
also worthy to note that the photocytotoxicity of the
pyrrole conjugate 2 is significantly higher than that for
the imidazole analogue 3 which may be related toits larger
DNA binding constant, enhanced efficiency to produce
DNA interstrand cross-links, and possibly to its increased
AT sequence selectivity.

Experimental Section

The general experimental section is similar to that previously
reported?! with the following exceptions. The irradiation ex-
periments were performed with either a Rayonet photoreactor
or a clamped 366-nm UV lamp. The 'H-NMR spectra of
compounds 2-5 are given in the supplementary material.

Ethyl 5-(8-Psoralenyloxy)pentanoate (7). A solution of
8-hydroxypsoralen 6% (1.2 g, 6.0 mmol) in dry 2-butanone (175
mL) was combined with ethyl bromovalerate (0.97 mL, 6.1 mmol)
and pulverized anhydrous K,CO; (0.95 g, 6.9 mmol), and the
mixture was heated to reflux under a drying tube overnight (17
h). The mixture was filtered and then concentrated on a
Kugelrohr apparatus, yielding an oily residue which was purified
by column chromatography using a stepwise gradient of 5% ethyl
acetate in hexane as eluent (5% increment of ethyl acetate every
100mL). The product was concentrated under reduced pressure
to give 7 as an oil (2.81 g, 48%): TLC (7% CH3;OH/CHCl,) R,
0.50; 'TH NMR (300 MHz CDCls) ¢ 1.26 (t, 6.0, 3H), 1.92 (s br,
4H), 2.43 (m,2H), 4.12 (q, 6.0, 2H), 4.51 (m, 2H), 6.42 (d, 9.9, 1H),
6.83 (d, 2.4, 1H), 7.36 (s, LH), 7.68 (d, 2.4, 1H), 7.78 (d, 9.9, 1H);
IR (neat) » 2958, 1731, 1623, 1583, 1436, 1402, 1328, 1243, 1152,
1096, 1027, 988 cm1; MS (EI) m/z (rel intensity) 330 (M*, 3), 285
(M+ - OCHzCHs, 7), 202 (26), 129 (100) Anal (C]sH]sOe) C, H.

5-(8-Psoralenyloxy)pentanoic Acid (8). Asolutionofester
7 (2.7 g, 8.1 mmol) in dry THF (5 mL), water (10 mL), and 2 M
NaOH (4.5 mL) was heated to reflux for 25 min. After TLC
analysis indicated that the reaction was complete, the solvent
was removed under reduced pressure and the aqueous layer was
washed with CHCl; (40 mL, twice). The aqueous layer was
acidified with 2 M HCI (pH <3) and extracted with CHCl; (100
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mL, twice). The organic layer was washed with brine and then
dried with anhydrous Na;SO,. The product was concentrated
in vacuo at room temperature to give 8 as an oil which crystallized
to a tan solid upon standing in the freezer (2.66 g, 100%): mp
93-95 °C; 'H NMR (CDCly) 4 1.83 (s br, 4H), 2.41 (m, 2H), 4.41
(m, 2H), 6.27 (d, 9.8, 1H), 6.72 (s, 1H), 7.15 (s, 1H), 7.60 (s, 1H),
7.68 (d, 9.8, 1H), 12.00 (s, 1H); IR (CHCl;, cast) » 3019, 2398,
2385, 1714, 1589, 1523, 1420, 1218, 924 cm-L.

5-(8-Psoralenyloxy)pentanoyl Chloride (9). To asolution
of acid 8 (0.170 g, 0.600 mmol) in dry THF (1.5 mL) was added
a solution of oxalyl chloride (1.5 mL) in dry THF (1.5 mL). The
reaction mixture was heated to reflux under a drying tube for 1
h. The reaction mixture was then concentrated under vacuum
and coevaporated with dry CH:Cl; (10 mL, twice) to give an oily
residue which was used directly.

5-(7-Coumarinyloxy)pentanoyl Chloride (13). 13 was
prepared in a similar three-step procedure used in the preparation
of acid chloride 9. Ester 11 was obtained as an off-white solid
(6.54 g, 72.7%): mp 62-64 °C; TLC (20% CHz;OH/CHCly) Ry
0.60; TH NMR (CDCl;) 4 1.26 (t, 6.0, 3H), 1.85 (m, 4H), 2.50 (m,
2H), 4.05 (m, 2H), 4.14 (q, 6.0, 2H), 6.25 (d, 9.0, 1 H), 6.82 (m, 2H),
7.35 (d, 8.7, 1H), 7.65 (d, 9.0, 1H); IR (CHCls, cast) » 3022, 1723,
1610, 1507, 1216, 1124, 925, 768 cm-1; MS (EI) m/z (rel intensity)
290 (M*, 9), 129 (100). Anal. (CgH1s0¢) C, H. Acid 12 was
obtained as a pale yellow solid (6.29 g, 54.1%): mp 112-120 °C;
IH NMR (CDCl3) 4 1.65 (m, 2H), 1.75 (m, 2H), 2.25 (m, 2H), 4.07
(m, 2H), 6.28 (d, 10.2, 1H), 6.96 (m, 2H), 7.62 (d, 8.4, 1H), 8.00
(d, 10.2, 1H); IR (CHCl;, cast) » 3007, 1729, 1605, 1403, 1355,
1280, 1211, 1131 cm™.

N-[2-(Dimethylamino)ethyl]-1-methyl-4-nitropyrrole-2-
carboxamide (15). A suspension of 1-methyl-4-nitropyrrole-
2-carboxylic acid?! (3.00 g, 17.6 mmol) and thionyl chloride (6.0
mL) was heated to reflux under a drying tube for 5 min. The
excess thionyl chloride was removed under pressure, and the
residue was coevaporated twice with dry CH;Cl2 (30 mL each),
yielding acid chloride 14! as a yellow powder.

To a cooled (-20 °C) and stirring solution of N,N-dimethyl-
ethylenediamine (4.8 mL, 45 mmol), dry triethylamine (6.3 mL,
45 mmol), and dry CH,Cl; (30 mL) was added a solution of the
above acid chloride dissolved in dry CH2Cl; (30 mL). The mixture
was kept at —-20 °C for an additional 15 min and then warmed
up to room temperature and stirred under a drying tube (2 h).
Water (40 mL) was added and the product extracted with CHCl;
(80 mL). The aqueous layer was extracted three more times
with CHCl; (70 mL each). The organic layers were combined,
dried (Na;SO,), and then concentrated under reduced pressure
to give 15 an off white powder (3.52 g, 83%): mp 126-128 °C;
TLC (5% CH30H/CHCl3) R;0.25; '"H NMR (5:1 CDCly-DMSO-
de) 6 2.66 (s, 6H), 2.49 (t, 6.0, 2H), 3.43 (q, 6.0, 2H), 3.99 (s, 3H),
6.65 (t br, 6.0, 1H), 7.09 (d, 2.1, 1H), 7.55 (d, 2.1, 1H); IR (Nujol)
v 3273, 2980, 1657, 1557, 1310 cm!; MS (EI) m/z (rel intensity)
240 (M+, 6), 197 (M - (CH;);N(CHj)z, 100). Anal. (CyoHgsN4Os)
C, H.

N-[2-(Dimethylamino)ethyl]-1-methyl-4-(1-methyl-4-ni-
tropyrrole-2-carboxamido)pyrrole-2-carboxamide (16). A
solution of 15 (1.00 g, 4.16 mmol) in methanol (30 mL) was
hydrogenated over 5% Pd on carbon (250 mg) at room temper-
ature and atmospheric pressure for 2.5 h. The catalyst was
removed by filtration. The filtrate was concentrated, and the
residue was coevaporated with dry CH,Cl; (15 mL, twice) to give
the amine intermediate as a yellow oil, which was unstable and
used directly in the next step.

To a cooled (-20 °C) and stirred solution of the above amine
and dry triethylamine (0.60 mL, 4.3 mmol) in dry CH,Cl, (25
mL) was added acid chloride 14 [prepared from 1-methyl-4-
nitropyrrole-2-carboxylic acid (779 mg, 4.58 mmol) with 8.0 mL
of thionyl chloride] in dry CH;Cl; (16 mL). The mixture was
kept at -20 °C for an additional 5 min and then allowed to warm
to room temperature overnight (17 h). The reaction mixture
was concentrated under reduced pressure to a solid which was
dissolved in CHCl; (100 mL) and washed with 1 M NaOH (10
mL). Concentration of the organic layer gave a crude product
which was purified by column chromatography using 5% CHjs-
OH in CHCl; as eluent. The product was precipitated from CH,-
Cly/hexane, and the yellow powder was dried in vacuo at room
temperature (0.510 g, 33.1%): mp 120-122 °C; TLC (10% CHj;-
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OH/CHCl,) R;0.32; 'H NMR (CDCly) & 2.33 (s, 6H), 2.55 (t, 5.4,
2H), 3.48 (q, 5.4, 2H), 3.90 (s, 3H), 4.05 (s, 3H), 6.70 (s br, 1H),
6.75 (d, 0.5, 1H), 7.22 (d, 0.5, 1H), 7.60 (d, 0.5, 1H), 7.65 (d, 0.5,
1H), 9.80 (s, 1H); IR (Nujol) » 3398, 3020, 1623, 1302, 1216, 12186,
1046 cm-1; MS (EI) m/z (rel intensity) 362 (M*, 9). Anal.
(C16H2:NgOy) C, H.

N-[2-(Dimethylamino)ethyl]-1-methyl-4-[1-methyl-4-[[5-
(8-psoralenyloxy)pentanoyl]amino]pyrrole-2-carboxamido]-
pyrrole-2-carboxamide (2). A solution of 16 (200 mg, 0.55
mmol) in methanol (35 mL) was hydrogenated over 5% Pd on
carbon (100 mg) at room temperature and atmospheric pressure
(3h). The catalyst was removed by filtration over Celite. The
filtrate was concentrated, and the residue was coevaporated with
dry CH.Cl; (10 mL, twice) to give a yellow oil which was dissolved
in dry CHCl; (20 mL) with dry triethylamine (0.11 mL, 0.70
mmol) and then chilled (0 °C).

A solution of 5-(8-psoralenyloxy)pentanoyl chloride (9) (150
mg, 0.50 mmol) in dry CH;Cl; (10 mL) was added dropwise to
the above chilled solution of the amine. After 15 min at0°C the
mixture was allowed to stir at room temperature overnight (17
h) and then concentrated under pressure. The tan solid was
suspended in water (10 mL) and extracted in CHCl; (50 mL, 3
times). The organic layers were combined, dried (Na;SOQ,), and
concentrated, and the resulting residue was purified by column
chromatography (silica gel) with a stepwise gradient of 1% CHj-
OH in CHCI; that increased by 1% of CHsOH every 100 mL of
eluent. The desired fractions were concentrated and dried in
vacuo at room temperature to give 2 as an off-white foam (150
mg,28.1%): mp 115-120°C; TLC (10% CH;OH-CHCl,) R,0.35;
H NMR (CDCly) é 2.00 (qn, 6.6, 2H), 2.15 (qn, 6.6, 2H), 2.32 (s,
6H), 2.54 (t, 6.3, 2H), 2.75 (t, 8.4, 2H), 3.48 (q, 6.3, 2H), 3.92 (s,
3H), 3.94 (s, 3H), 4.51 (t, 5.4, 2H), 6.49 (d, 9.3, 2H), 6.59 (t br,
1H), 6.63 (d, 1.8, 1H), 6.83 (d, 1.8, 1H), 6.85 (d, 2.4, 1H), 7.18 (d,
1.8, 1H), 7.27 (d, 1.8, 1H), 7.44 (s, 1H), 7.69 (s br, 1H), 7.72 (,
2.1,1H), 7.88 (d, 9.3, 1H), 8.80 (s br, LH); IR (CHCls, cast) » 3324,
2954, 1709, 1638, 1584, 1540, 1436, 1398, 1262, 1153 cm; UV
(H30) Amax 298 nm (€ 4.52 X 10% cm-! M-1); MS (FAB, NBA) m/z
(rel intensity) 617 (M + H*,5). HRMS (FAB, NBA) m/z617.2727
(032H37N307 requires 6172726)

N-[2-(Dimethylamino)ethyl]-1-methyl-4-[ 1-methyl-4-[[5-
(7-coumarinyloxy)pentanoyl]amino]pyrrole-2-carboxami-
do]pyrrole-2-carboxamide (4). Compound 4 was prepared
using a similar procedure to that for 2 except acid chloride 13 was
used. The compound was obtained as an off-white foam (150
mg, 19%): mp 96-98 °C; TLC (7% CHsOH-CHCl) R;0.15; 'H
NMR (CDCly) é 1.81 (m, 4H), 2.22 (s, 6H), 2.35 (m, 2H), 2.47 (4,
5.0, 2H), 3.40 (q, 5.0, 2H), 3.78 (s, 3H), 3.80 (s, 3H), 3.95 (m, 2H),
6.15 (d, 9.6, 1H), 6.47 (s, 1H), 6.55 (d, 1.5, 1H), 6.68 (m, 1H), 6.72
(dd, 2.4, 8.4, 1H), 6.78 (s br, 1H), 7.06 (d, 9.0, 1H), 7.10 (s, 1H),
7.26 (d, 8.4, 1H), 7.55 (d, 9.0, 1H), 7.76 (s br, 1H), 8.15 (s br, 1H);
IR (Nujol) » 3391, 2397, 2354, 1729, 1659, 1520, 1424, 1210 cm!;
MS (FAB, NBA) m/z (rel intensity) 577 (M + H+, 8); HRMS
(FAB, NBA) m/z 577.2777 (C3H3;N¢Og requires 577.2777).

N-[2-(Dimethylamino)ethyl]-1-methyl-4-[ 1-methyl-4-[[5-
(8-psoralenyloxy)pentanoyl]laminolimidazole-2-carboxam-
idolimidazole-2-carboxamide (3). A solution of amine 1718
(239 mg, 0.71 mmol) was dissolved in dry CH,Cl; (20 mL) with
dry triethylamine (0.1 mL, 0.70 mmol) and chilled (0 °C). Then
a solution of acid chloride 9 (184 mg, 0.66 mmol) in dry CH,Cl,
(10 mL) was added dropwise. After 15 min at 0 °C the reaction
mixture was allowed to stir at room temperature overnight (17
h). The reaction mixture was concentrated under pressure
yielding a tan solid. The solid was then suspended in 2% NH,-
OH (aqueous) (10 mL) and extracted in CHCl; (50 mL, three
times). The organic layers were combined, dried (NazSO,), and
concentrated to give 3. The resulting compound was purified by
column chromatography (silica gel) with a stepwise gradient of
1% CH30H in CHCI; that increased by 1% CH3;0H every 100
mL of eluent. The desired fractions were concentrated and dried
in vacuo at room temperature to give 3 as an off-white foam (154
mg, 42.2%): mp 74-75 °C; TLC (7% CH3O0H-CHCl,) Ry 0.25;
IH NMR (CDCl;) é 1.87 (qn, 5.7, 2H), 1.95 (qn, 5.7, 2H), 2.18 (s,
6H), 2.41 (t, 6.0, 2H), 2.52 (t, 7.2, 2H), 3.36 (q, 7.2, 2H), 3.92 (s,
6H), 4.40 (t, 5.7, 2H), 6.30 (d, 7.8, 1H), 6.74 (d, 1.7, 1H), 7.29 (s,
1H), 7.30 (s, 1H), 7.34 (s, 1H), 7.56 (t br, 1H), 7.60 (d, 1.7, 1H),
7.73 (d, 7.8, 1H), 9.24 (s, 1H), 9.34 (s, 1H); IR (CHC];, cast) »
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3022, 2397, 1729, 1654, 1526, 1216, 1034 cm™1; UV (10% ethanol-
H20) Amar 248 (€ 2.26 X 103 cm-! M-1), 302 (¢ 3.47 X 103 cm™! M-1);
MS (FAB, NBA/TFA) m/z (rel intensity) 619 (M + H*, 11), 419
(10); HRMS (FAB, NBA/TFA) m/z 619.2631 (C3H3sNs0,
requires 619.2632).

N-[2-(Dimethylamino)ethyl]-1-methyl-4-[1-methyl-4-[[5-
(7-coumarinyloxy)pentanoyl]amino]imidazole-2-carboxa-
mido]imidazole-2-carboxamide (5). The synthesis of 5 fol-
lowed the procedure employed for the 3 except acid chloride 13
was used. The compound was isolated as an off-white foam (162
mg, 30.1%): mp 80-83 °C; TLC (10% CH3;0H-CHCls) R;0.32;
IH NMR (CDCly) 6 1.95 (m, 4H), 2.45 (s, 6H), 2.52 (t, 5.5, 4H),
3.50 (t, 5.7, 2H), 4.02 (s, 6H), 4.12 (m, 2H), 6.25 (d, 9.3, 1H), 6.83
(m, 2H), 7.36 (d, 8.4, 1H), 7.40 (s, 1H), 7.42 (s, 1H), 7.63 (d, 9.3,
1H), 7.74 (s, 1H), 8.07 (s, 1H), 9.25 (s, 1H); IR (CHCI;, cast) »
3370,2942,1734,165,1617,1536,1472,1125,1018 cm™1; UV (H20)
Amar 218 (¢ 721 cm~! M-1) 314 (¢ 100 cm! M-1); MS (FAB, NBA/
TFA) m/z (rel intensity) 579 (M + H+, 60); HRMS (FAB, NBA/
TFA) m/z 579.2683 (Cy3H35Ng06 requires 579.2683).

Ethidium Displacement Assay. See ref 22.

CD Alkylation Studies.!* Intoa 1-mm cell were added 2A4g,
DNA (140 uL, 1.4 X 10# M bp final concentration) in 10 mM
sodium phosphate, 0.25 mM EDTA at pH 7.2, and 1 mM drug
solution (8 uL, 5.4 X 10 M final concentration). The control
sample was stored in the dark. The test sample was irradiated
at 366 nm, 6-8 min. The CD spectra of both samples were
recorded from 200-400 nm. Then 70 uL of each of the DNA-
drug solutions was removed, replaced with DMF (70 uL), agitated,
and the CD spectrum recorded. The percentage alkylated drug
was calculated from the equation given below:

% alkylation = 24*/A X 100

where A is the starting ellipticity of the DNA-induced ligand
band and A* is the ellipticity after dilution with DMF.

Agarose Gel Cross-Link Assay. pBR322 plasmid DNA was
linearized by digestion with Hind III and dephosphorylated by
treatment with bacterial alkaline phosphatase. The DNA was
5’-end-labeled using T4 polynucleotide kinase and [y-32P]ATP
(5000Ci/mmol, Amersham). Following precipitation and removal
of unincorporated ATP, the DNA was resuspended in sterile
double-distilled water at 1 ug/uL. Approximately 10ng of labeled
DNA was used for each experimental point.

Reactions with drug were performed in 25 mM triethanolamine,
1 mM EDTA, pH 7.2, at 37 °C for 2 h in the dark, in a final
volume of 50 uL. The final concentration of the DNA was 3.1
X 10" M bp. In these reactions, aliquots of stock solutions of
the drugs (10 or 1.0 or 0.1 mM in DMSOQ) were added to the
reaction mixture to produce final drug concentrations of 0.0001-
100 uM. Where appropriate the reactions were irradiated for 2
min with 366-nm UV light. The reactions were terminated by
addition of an equal volume of stop solution (0.6 M sodium acetate,
20mMEDTA, 100 ug/mLtRNA), and the DNA was precipitated
by the addition of 3 vol of 95% ethanol. Following centrifugation
and removal of supernatant, the DNA pellet was dried by
lyophilization.

Samples were dissolved in 10 uL of strand separation buffer
(30% dimethyl sulfoxide,1 mM EDTA, 0.04% bromphenol blue,
0.04% xylene cyanol), heated at 90 °C for 2 min, and chilled
immediately in an ice-water bath prior to loading. Control
undenatured samples were dissolved in 10 uL of 6% sucrose,
0.04% bromphenol blue, and loaded directly. Electrophoresis
was performed on 20-cm-long 0.8 % submerged horizontal agarose
gelsat 40V for 16 h. The gel and running buffer was 40 mM Tris,
20 mM acetic acid, 2 mM EDTA, pH 8.1.

Gels were dried at 80 °C onto one layer of Whatman 3 MM
and one layer of DE8I filter papers on a Bio-Rad Model 583 gel
dried connected to a vacuum. Autoradiography was performed
with Hyperfilm MP (Amersham) for 4 hat-70 °C usinga DuPont-
Cronex Lightening-plus intensifying screen. Sharper images were
obtained by overnight exposure without the intensifying screen.
The percentage cross-linked (double-stranded) DNA was de-
termined by microdensitometry using an Ultrascan XL enhanced
laser densitometer (LKB Instruments).

A representative copy of a crosslink gel for compound 2 and
8-MOP (1) is given in the supplementary material.

Lee et al.

Cytotoxicity Studies. The K562 human chronic myeloid
leukemia cells were maintained in RPM1 1640 medium supple-
mented with 10% fetal calf serum and 2 mM glutamine at 37 °C
in a humidified atmosphere containing 5% CO; and were
incubated with a specified dose of drug for 1 h at 37 °C in the
dark. Drug-containing medium was removed by centrifugation
and the cell pellet washed once in fresh medium. Where
appropriate, cells were resuspended in phosphate buffer saline
and irradiated for 2 min with a 366-nm lamp (UVP Inc., San
Gabriel, CA, 50 Hz, 420 uW/cm?) that was clamped 5 cm from
the open Petri dishes (35-mm diameter) that contained 2 mL of
solution. In these experiments no additional filters were used.
Following centrifugation, the cells were resuspended in fresh
medium.

Following the appropriate drug treatment, the cells were
transferred to 96-well microtitre plates, 104 cells per well, 8 wells
per sample. In these experiments, aliquots of stock solutions of
the drugs (10 or 1.0 or 0.1 mM in DMSO) were added to the
culture medium to give final drug concentrations of 0.01-100
uM. Plates were then kept in the dark at 37 °C in a humidified
atmosphere containing 5% CO,. Theassay is based on the ability
of viable cells to reduce a yellow soluble tetrazolium salt, 3-(4,5-
dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT, Sig-
ma Chemical Co.) to an insoluble purple formazan precipitate.2?
Following incubation of the plates of 4-5 days (to allow control
cells to increase in the number by 10-fold), 20 uL of a 5 mg/mL
solution of MTT in phosphate-buffered saline was added to each
well and the plates further incubated for 5 h. The plates were
then centrifuged for 5 min at 300g and the bulk of the medium
was pipetted from thecell pellet, leaving 10-20 uL per well. DMSO
(200 L) was added to each well, and the samples were agitated
to ensure complete mixing. The optical density was then read
at a wavelength of 550 nm on a Titertek Multiscan ELISA plate
reader and the dose-response curve constructed. For each curve,
an ICs value was read as the dose required to reduce the final
optical density to 50% of the control value.
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