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ABSTRACT

Ar-Deformyl-A44-/V-/V,/V-bis(2-chloroethylamino)benzoyl)distamycin

A (FCE 24517) is a novel cytotoxic and antitumor agent shortly to be
investigated in phase I clinical trials. It was equally effective in inhibiting
the growth of the murine I.I 21(1 line and of a subline (L1210/PAM)
resistant to nitrogen mustards, whereas distamycin A was virtually inac
tive. The cellular uptake and retention of FCE 24517 and distamycin A
were similar, thus excluding the possibility that this marked variation in
cytotoxic activity was due to different intracellular concentrations of the
two compounds. FCE 24517 did not appear to act as an inhibitor of
macromolecule synthesis. As shown by radioactive!) labeled precursor
incorporation only 24 h after drug treatment a significant inhibition of
DNA synthesis was observed in LI 210 or in L1210/PAM, when a marked
proportion of cells was arrested in premitotic phase. FCE 24517 did not
cause DNA breaks, DNA interstrand cross-links, or DNA-protein cross
links in LI210 cells exposed to active drug concentrations. A very low
amount of radioactivity was found to be bound irreversibly to DNA in
L1210 cells exposed for l h to |14C|FCE 24517. Using plasmid pBr322

DNA fragments in a modified version of the Maxam and Gilbert DNA
sequencing technique we found no detectable binding of FCE 24517 to
N-7-guanine (the major site of alkylation for classical alkylating agents),
whereas some alkylations to adenine (presumably to N-3-adenine) were
demonstrated. Thus it appears that FCE 24517 is a novel antitumor
agent with a mode of action different from that of the drugs currently
used in the clinic. In summary it is suggested that FCE 24517 acts by
causing a few selective alkylations to adenines in the minor groove of
DNA, although the precise base sequence necessary has yet to be
elucidated.

INTRODUCTION

Distamycin A is an antibiotic originally isolated from Strep-
tomyces distallicus (1) and subsequently obtained by total syn
thesis (2). Distamycin A forms a strong reversible complex with
double helical B-DNA with high selectivity for aden:ne-thymine
(AT) rich sequences (3). Distamycin A possesses antiviral activ
ity (4) but is not active as an antitumoral agent. Some recently
synthesized distamycin derivatives with alkylating moieties
have been shown to be highly cytotoxic against several cancer
cell lines growing in vitro (5, 6) and also have a remarkable
antitumor activity in rodent tumors and in some human tumors
transplanted in nude mice (6, 7). In particular, FCE 245171

(Fig. 1) has shown very promising preclinical antitumor activity
(5, 7) and it was therefore selected for clinical development. In
this paper we report a series of studies including aspects of
cellular and molecular pharmacology aimed at elucidating the
mechanism of action of this novel antitumor agent.
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MATERIALS AND METHODS

Drugs

Distamycin A and FCE 24517 (5) were dissolved in sterile water
immediately before use and the concentrations were checked spectro-
photometrically following dilution of aliquots of the drug solution in
ethanol. Distamycin A Xmâ€žat 305 nm, Â£,â€ž;= 674 (in ethanol); FCE
24517 Xma,= 314 nm, Â£15i744.09 (in ethanol).

[14C]Distamycin A (specific activity, 11.9 ^Ci/mg) was from Farmi
talia Carlo Erba, Milan, Italy; [I4C]FCE 24517 (specific activity, 76

Â¿iCi/rng)was purchased from the Radiochemical Centre, Amersham,
England.

Growth Inhibition

The growth inhibitory activity of FCE 24517 in comparison with
distamycin A was carried out in the murine lymphocytic leukemia cell
line L1210 and in a subline with 10-fold resistance to L-PAM (L12IO/
PAM).

RPMI 1640 (Grand Island Biological Co., Grand Island, NY), sup
plemented with 10% fetal calf serum (PAA Laborgesellschaft, Gallenk
uchen, Austria), 2 mM L-glutamine (Gibco Europe, Glasgow, Scotland),
and 1% 2-mercaptoethanol was used as culture medium.

Cells (3 x 10") were treated with 4 different concentrations of
distamycin A and FCE 24517, incubated at 37Â°Cand 5% CO2 for 1 h,

and then centrifuged at 2500 rpm for 10 min, washed with PBS, and
resuspended in fresh complete medium. After 48 h of incubation at
37Â°Cand 5% CO2, cells were counted in a model ZBI Coulter Counter

(Kontron). The 50% inhibitory concentration was calculated on the
derived concentration-response curve.

Macromolecule Synthesis

DNA, RNA, and protein synthesis was determined by adding radio
active precursors [methyl-}H]thymidine (specific activity, 70-90 Ci/
mmol), [5-'H]uridine (specific activity, 25-30 Ci/mmol), and L-[4,5'H]
leucine (specific activity, 120-190 Ci/mmol), respectively. These radio
active precursors obtained from Amersham (Buckinghamshire, Eng
land) were added to a final concentrations of 1 ^Ci/ini for 1 h. At the
end of radioisotope incubation cells were washed once with cold PBS
and cell suspension (2 ml) was mixed with 2 ml of cold 10% (v/v) TCA.
The precipitate was collected on a 2.5-cm-diameter glass microfiber
filter (Whatman GF/C) and washed 3 times with 2 ml cold 5% TCA
and twice with 2 ml ethanol. After drying, the filters were transferred
to scintillation vials with 10 ml of Lipoluma (Lumac) Soluene (Packard)
solution (10:1) and radioactivity was determined by a LS 5800 ÃŸ-
counter (Beckman Instrument, Irvine, CA). Each point represents the
average of six to eight replications.

Flow Cytometry

PI Monoparametric Analysis. The effects of 1 h treatment of FCE
24517, distamycin A, and melphalan on cell cycle phase distribution of
L1210 and L1210/PAM cell lines were evaluated after recovery times
of 24, 48, and 72 h. One ml of cell suspension was centrifuged and
directly stained with 2 ml of PI solution (Calbiochem Behring) contain
ing 50 Mg/ml of PI in 0.1 % sodium citrate and 25 n\ RNase (Calbiochem
Behring), l mg/ml in water, for 30 min at room temperature in the
dark. The fluorescence pulse was detected in a spectral range between
580 and 750 nm. The coefficient of variation of the G, peak of the cells
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Fig. 1. Chemical structures of distamycin and FCE 24517.

was 3%. Each cytometric analysis was performed on the FACSStar
Plus (Becton Dickinson) on 2-3 x 10" cells, and the percentage of the

cell cycle phases was evaluated by the method described previously (8).
Mithramycin/Forward Light Scatter Biparametric Analysis. To dis

criminate, by flow cytometric analysis, the mitotic fraction from the G2
cells after FCE 24517 treatment, a biparametric analysis mithramycin/
forward light scatter described previously was used (9). After formal
dehyde fixation of the cells at room temperature and at neutral pH. the
mitotic nuclei appear stained differently from the G? nuclei by mithra
mycin and the G,, S, G2, and M fraction cells can be specifically
discriminated. Briefly, formaldehyde nuclei suspensions were directly
stained with a solution of mithramycin (Sigma) 20 Mg/ml in 25 mivi
MgCl2 for at least 30 min at room temperature. The fluorescence at
>470 nm and the forward light scatter was analyzed in a FACSStar
Plus with an excitation at 457 nm.

BrdUrd/PI Biparametric Analysis. Exponentially growing LI210
cells were treated for l h with different concentrations of FCE 24517;
during the last 20 min of treatment lO^M BrdUrd was added to control
and treated cells. At the end of BrdUrd exposure the cells were centri-
fuged, washed with PBS, and resuspended in drug free medium. At 4,
12, and 24 h of recovery time from FCE 24517 treatment the control
and treated cells were centrifuged and fixed in 70% ethanol at 4Â°Cfor

at least 12 h and processed for BrdUrd PI analysis. One ml containing
2-3 x 10*fixed cells was centrifuged at 1200 rpm for 5 min and washed

with PBS, and the DNA was denatured by adding 2 ml of 3 N HCI for
20 min at room temperature. The denaturation was stopped by washing
the cells with 5 ml of sodium tetraborate, pH 8.5, for 5 min.

The cells were centrifuged and 50 >i\of Tween 20 0.5% in PBS. 50
pi of 1% bovine serum albumin, and 20 ^1 of anti-BrdUrd fluorescein
isothiocyanate (Becton Dickinson) were added. The cells were then left
for 30 min at room temperature in the dark. At the end of incubation
the cells were washed with PBS and stained with a solution of 1 ng/ml
of PI in PBS for at least l h at room temperature in the dark.

For two color fluorescence analysis a FACSStar Plus equipped with
a band pass filter 530/30 and 620/35 in combination with a dichroic
mirror 570 was used (10).

Intracellular Drug Uptake and Retention

Intracellular drug content was investigated in LI 210 cells at different
time intervals during drug treatment with 1 Mg/ml of [l4C]distamycin
A or [I4C)FCE 24517 and up to l h following drug treatment.

LI210 cells were suspended in fresh medium (final cell density, 10
x IO6cells/ml), prcincubated at 37Â°Cfor 10 min before the addition of

the drug. To estimate drug efflux cells were washed after treatment
with cold medium and resuspended in fresh medium at 37Â°C.Aliquots

of the cell suspension of 200 ^1 were added to 1 ml of cold 0.9% NaCl

solution in Eppendorf tubes and centrifuged at 13,000 rpm for 4 min.
Cells were solubilized in 3 ml of Insta-Gel (Packard). The radioactivity
was determined by using a Beckman Model LS 1701 liquid scintillation
/J-counter.

Binding to DNA

L1210 cells (5 x IO7)were treated for l h with [MC]FCE 24517 or
["Cjdistamycin A. At the end of treatment cell pellets were redissolved
in 15 ml of 2% SDS and incubated for 2 h at 37Â°Cwith RNase (100
Mg/ml) followed by a 2-h incubation at 50Â°Cwith proteinase K (l mg/

ml). DNA was extracted three times with phenol:chloroform:isoamyl
alcohol (25:24:1) and three times with chloroform:isoamyl alcohol
(24:1) and precipitated three times in ethanol followed by two additional
washes in 70% ethanol. Dry pellets were resuspended in 1 ml of 10 HIM
Tris 1 mM EDTA and counted in a ÃŸcounter.

Alkaline Elution Assays

Cells were labeled for 24 h using a medium supplemented with 0.05-
0.1 ÃÃCi/ml[3H]thymidine (specific activity. 20 Ci/mmol; Amersham)
and 10~6 M unlabeled thymidine. Postlabeling 16-18 h chasing in
medium without ['Hjthymidine was done before drug treatment. Al

kaline elution assays were carried out as previously described (11). For
assays of DNA interstrand cross-links cells were irradiated at ice
temperature with 450 rads of X-rays. For assays of DNA-protein cross
links cells were irradiated at ice temperature with 3000 rads of X-rays
to produce short DNA fragments which are retained on filters only if
linked to proteins. For assays of single strand breaks and DNA intras-
trand cross-links cells were deposited on 0.8-^m-pore size, 25-mm-
diameter polycarbonate filters (Nucleopore) and lysed with 5 ml of 2%
sodium dodecyl sulfate 0.02 M disodium EDTA-0.1 M glycine, pH 10.
After connection of the outlet of the filter holders to the pumping
system, 2 ml of proteinase K dissolved in the lysis solution (0.5 mg/
ml) were added to a reservoir over the polycarbonate filters and pumped
for approximately 2 ml/h. DNA was eluted from the filter by pumping
the elution buffer (0.02 M EDTA-1% SDS solution adjusted to pH 12.1
with tetrapropylammonium hydroxide (Fluka, West Germany)). The
assays for DNA-protein cross-links were carried out using 2-Mm-pore
size Polyvinylchloride filters (Gelman. Ann Arbor, MI). Cells were
lysed with 5 ml of a solution containing 0.2% AMauroylsarcolysine-2 M
NaCl-0.04 M disodium EDTA, pH 10; the lysis solution was rinsed
with 0.02 M disodium EDTA, pH 10; and no proteinase K was added.

For assays of DNA-protein cross-links the elution buffer (pH 12.1)
was the same as used for the other assays except that it did not contain
SDS. The elution was carried out at a flow rate of 2 ml/h for 15 h.
Fractions were collected at 3-h intervals with fractions and filters
processed as previously described (11).

Sequence Specificity of Guanine-N7 Alkylation

Plasmid pBR322 was digested with Hind\\\. dephosphorylated with
calf intestinal phosphatase (Boheringer) and 5'-end labeled with T4
polynucleotide kinase and (-/-"PjATP (12). A second digestion with

Â£coRIproduced two fragments with only one end labeled.
Labeled DNA was reacted with different concentrations of FCE

24517 and melphalan in 25 mM triethanolamine-1 mM EDTA, pH 7.2,
at room temperature for 1 h. After precipitation and washing the DNA
was treated with l M piperidine for 15 min at 90Â°Cto produce breaks

specifically at sites of N-7-guanine alkylation (13). DNA fragments
were separated on 0.4-mm. 6% polyacrylamide gels containing 7 M
urea and a tris-borie acid-EDTA buffer system.

Alkylation of N-3-Adenine

A 651-base pair EcoRl-Sal\ fragment of pBR322 5'-end labeled at

the Â£roRIsite was incubated with 250 MMFCE 24517 or distamycin A
for 5 h at room temperature in 0.1 x standard saline-citrate (1 x
standard saline-citrate is 15 m,\i NaCl-1.5 mM sodium citrate). After
removal of unbound drug by two sequential ethanol precipitations,
samples were resuspended in 50 n\ of 0.1 x standard saline-citrate,
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heated at 90Â°Cfor 30 min, and ethanol precipitated (14). DNA frag

ments were resolved on 6% denaturing polyacrylamide gels.

RESULTS

Growth Inhibition and Macromolecule Synthesis. Table 1
shows the effect of distamycin A, FCE 24517, or L-PAM on
the growth of LI210 and of a subline partially resistant to L-
PAM and cross-resistant to chlorambucil or nitrogen mustard
(L1210/PAM). Distamycin A was inactive even at concentra
tions as high as 300 pg/ml. FCE 24517 was equally effective
on LI210 and L1210/PAM with 50% inhibitory concentration
of approximately 0.7 ng/m\. Drug-induced cell cycle perturba
tions were evaluated at different time intervals after l h treat
ment in LI210 (Fig. 2) and in L1210/PAM (Fig. 3). Both
LI210 and L1210/PAM cells, exposed to FCE 24517, were
arrested in late S-G2-M phase of the cell cycle. This block was
already apparent 24 h after treatment, becoming clearer at 48
h and not reversed at 72 h. In contrast L-PAM induced a much
more pronounced and persisting late S-G2-M block in L1210
line compared to that seen in L1210/PAM. Distamycin A did
not cause any detectable perturbation of the cell cycle.

In order to evaluate whether FCE 24517 was blocking the
cells in late S-G2 or in M we conducted studies to determine
whether the percentage of mitotic cells was increased after FCE
24517 treatment. Because by uniparametric analysis with PI it
is not possible to distinguish cells in late S-G2 from those in M
we used a biparametric mithramycin/forward scatter analysis
using etoposide and Colcemid treated cells as positive controls
of cells arrested in late S-G2 and in M, respectively. As can be
seen in Fig. 4 LI210 cells exposed to FCE 24517 were blocked
before M (Fig. 4B) by comparison with those treated with
etoposide (Fig. 4Q, whereas Colcemid, as expected, blocked
the cells in M (Fig. 4D). The same results were obtained by the
morphological examination of the number of mitosis.

Exposing LI210 or L1210/PAM cells for l h to FCE 24517
at concentrations ranging between 0.25 and 1.4 ÃŸg/m\resulted
in no significant change in DNA synthesis up to 12 h after drug
treatment, whereas a significant increase in RNA synthesis and
protein synthesis were observed. Only at 24 h when cells were
already arrested in premitotic phase, a significant reduction in
thymidine incorporation into DNA was found. At higher con
centrations some inhibition of DNA and RNA synthesis was
detected at the end of l h exposure. For example, in L1210
cells exposed to 10 Me/ml FCE 24517 for the l h thymidine
and uridine incorporation in TCA precipitable fraction were 62
and 54% of controls, respectively.

In further experiments BrdUrd incorporation and DNA con
tent were measured simultaneously by biparametric flow cytom-
etry. In the experiment shown in Fig. 5, cells were exposed to
BrdUrd during the last 20 min of l h FCE 24517 treatment

Table ! Growth inhibition ofL12IO and L12IO/PAM hy distamycin A, FCE
24517, and L-PAM

Cells were incubated for I h with at least 4 concentrations of each drug,
washed, and counted after 48 h of recovery in drug free medium. Four samples
for each concentration were used and the IC^ calculated on concentration-
response curves. IC!0 values (50rr inhibitory concentration) represent the mean

of two values obtained in two independent experiments. The variations of the two
ICjo values obtained in the two experiments was within 10'V.

24 h 48h

1CÂ«,<â€žg/ml)Distamvcin

A
FCE 24517
L-PAML1210>.100

0.75 (0.70-0.80)
1.10(0.95-1.25)LI2IO/PAM>300

0.61 (0.65-0.58)
10(9.4-10.7)
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Fig. 2. DNA distribution of L1210 cells 24. 48, and 72 h after drug treatment
in which cells were maintained in drug free medium. A, untreated control; B and
C 1 h treatment with FCE 24517 at 0.35 and 1.4 jig/ml, respectively; D. l h
treatment with distamycin A at a concentration of 100 Mg/ml: Â£'and F. l h

treatment with L-PAM at concentrations of I.I and 4.4 Â»ig/ml,respectively. For
further details on the flow cytometric methods, see "Materials and Methods."

and subsequently followed for 24 h recovery time. In controls
BrdUrd positive cells (i.e., those cells which were in S phase
during BrdUrd exposure) progressed in the G2 phase and after
12 h they were in G, phase of the successive cell cycle. FCE
24517 did not reduce the number of BrdUrd positive cells. The
BrdUrd positive cells progressed toward G2 phase but were
mostly arrested in G2 just after 12 h and were still blocked at
24 h.

Drug Uptake. Fig. 6 shows a representative experiment of
the intracellular concentrations of [I4C]FCE 24517 or [14C]

distamycin A during treatment and up to 1 h after drug removal.
The intracellular levels of FCE 24517 were higher than those
of distamycin A, but the difference was not very marked.
However, the difference in the intracellular drug concentrations
cannot justify the different cytotoxic potency of the two drugs.

DNA Damage. By using alkaline elution assays we evaluated
the ability of FCE 24517 at concentrations of 0.35, 1.4, 5, or
10 Mg/ml to cause DNA single strand breaks, DNA interstrand
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Fig. 3. DNA distribution of L1210/PAM cells 24, 48, and 72 h after drug
treatment. For details, see Fig. 2.

cross-links, or DNA-protein cross-links in LI210 cells. None
of these types of DNA damage were detected.

The total covalent binding of FCE 24517 to DNA was
evaluated by incubating L1210 cells with [I4C]FCE 24517.

Table 2 shows that a small amount of FCE 24517 was irrevers
ibly bound to DNA, whereas no covalent binding of distamycin
A to DNA was found.

Most of the available alkylating agents which are used in
cancer therapy bind covalently to guanine-N7 position and some

degree of DNA sequence specificity of their binding has been
described recently (13, 15) by using a modification of Maxam
and Gilbert technique. FCE 24517 does not bind at a detectable
level to any N-7-guanine present in the DNA fragment used in
these studies, whereas as expected L-PAM binds to all guanines
and particularly to those located in a run of three guanines
(data not shown). The lack of binding of FCE 24517 to N-7-
guanine could be anticipated on the basis of the previous data
obtained by using footprinting assays, which indicated a binding
of this compound in AT rich sites of DNA (16). In order to
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Fig. 4. Biparametric mithramycin/forward scatter analysis. A, untreated con
trol: B. 24 h after l h treatment with 1.4 Mg/ml FCE 24517; C. 24 h after l h
treatment with 10 n%/m\ etoposide; D, 24 h after exposure with 0.05 ng/ml
Colcemid.
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Fig. 5. Flow cytometric biparametric analysis of DNA content and BrdUrd
incorporation into DNA in LI 210 at 4, 12, or 24 h after exposure to FCE 24517
for 1 h. Cells were pulse labeled for 20 min with 10 nM BrdUrd. For further
details, see "Materials and Methods." A, control cells; B, cells treated with 0.35

Mg/ml FCE 24517; C, cells treated with 1.4 ng/ml FCE 24517. An exemplification
of BrdUrd PI biparametric analysis, where the G,-S and the G2-M cell fractions
are clearly identified, is shown on the right. Each point represents a cell with a
given DNA content (.Vaxis) and BrdUrd content ( Y axis).

evaluate whether FCE 24517 binds covalently to N-3-adenine
in DNA sequences containing AT rich sites, we performed an
assay which has previously enabled the isolation of alkylations
to N-3-adenine in a determined DNA sequence (14).

Fig. 7 shows that FCE 24517 produced a few detectable
alkylation on adenine in a pBR322 plasmid DNA fragment.
The two main sites of alkylation are indicated with arrows. In
contrast distamycin A did not produce any alkylation on ade
nine.

DISCUSSION

Distamycin A shows activity as an antiviral agent but appears
to have no tumoricidal activity. In contrast the bis-2-chloroe-
thylaminobenzoyl derivative FCE 24517 has broad spectrum
activity in a variety of murine and human tumor models (5-7).
The present study showed that the antiproliferative activity of

202

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/199/2443921/cr0510010199.pdf by guest on 19 M

ay 2023



MODE OF ACTION OF NEW DISTAMYC1N DERIVATIVE FCE 24517

60'E

Fig. 6. Intracellular concentration of [I4C]FCE 24517 (â€¢)or [14C]distamycin

A (O) in LI210 exposed for l h at 1 Mg/ml. The cell uptake was determined at
15, 30, and 60 min during drug treatment. An estimate of drug efflux (E) was
obtained by determining the cellular drug retention 15. 30. and 60 min after drug
washing. The values represent the average of three independent experiments.
Each experiment was done in triplicate. Bars, SE: Â»henbars were not drawn they
were smaller than the size of the symbol.

Table 2 f'CJFCE 24517 and f'CJdistamycin covalent binding to DNA

L1210 cells were treated for l h at the indicated concentrations of the
compounds. Each value represents the mean Â±SE of 4 replicates. The lower limit
of detection in these experimental conditions was 10 fmol/>ig DNA.

CompoundFCE24517

FCE24517
DistamycinDose/ig/ml1.4

10.0
10.0MM1.7

12.4
20.8fmol/Vg

DNA
(mean Â±SE)34.3

Â±8.8
248.5 Â±58.4

(<10fmol/KgDNA)

FCE 24517 is similar in the LI210 parental cell line and in the
L1210/PAM cell line with acquired resistance to L-PAM and
nitrogen mustard. This may be taken as prima facie evidence
that FCE 24517 does not behave like a classical alkylating
agent. It has been proposed that netropsin, which bears close
structural resemblance to distamycin A, only exerts a cytotoxic
effect if the cell membrane is permeabilized (17). On this basis
the marked difference between the cytotoxic potencies of dis
tamycin A and FCE 24517 could simply be due to differences
in cellular uptake and accumulation. However, the present study
has demonstrated that similar intracellular concentrations of
both compounds are achieved during and after treatment. It
appears unlikely, therefore, that the cytotoxic potency of FCE
24517 is greater than that of distamycin because of better
cellular penetration and accumulation.

FCE 24517 did not appear to act as an inhibitor of DNA,
RNA, or protein synthesis or as an antimitotic agent. In fact, a
few h after treatment, FCE 24517 caused a small increase in
RNA and protein synthesis, possibly related to the accumula
tion of cells in the G2 phase of the cell cycle. The inhibition of
DNA synthesis in both LI210 and L1210/PAM cell lines was
a delayed effect corresponding to an arrest in G2 phase and a
failure to progress through the cell cycle.

The blockage of cells in the G2 phase has already been
described for antitumoral agents which cause DNA damage,
such as alkylating agents, bleomycin, intercalating agents (18,
19), and topoisomerase II inhibitors (20. 21). In marked con
trast to these groups of cytotoxic compounds, treatment of
L1210 cells with FCE 24517 did not result in detectable DNA
strand breaks, DNA interstrand cross-links, or DNA-protein
cross-links. These data, therefore, strongly suggest that the
mode of cytotoxic action for FCE 24517 is different from that
of any of the available anticancer agents known to interact with
DNA.

12345

â€¢III!

I

101 G

T
A
A
C
A

â€”Â»â€¢A

T

C
T

â€”> A

A
A

Fig. 7. N-3-Adenine binding of FCE 24517 to a region of pBR322. A 651-
base pair EcoRl-Sall fragment 5'-end labeled at the EcoRl site has been subjected

either to sequencing reaction or to treatment with FCE 24517 or distamycin A.
Lanes 1 and 2. guanine and purine "Maxam and Gilbert" sequencing reactions,

respectively; Lane 3. DNA treated with 250 /JM FCE 24517 for 5 h at room
temperature and then analyzed for N-3-adenine binding. Lane 4, same as Lane 3
but treatment was with 250 ^M distamycin A. iMne 5. untreated DNA.

In spite of the presence of nitrogen mustard moiety, FCE
24517 appears to have limited capacity for DNA alkylation.
Unlike all the available nitrogen mustard, FCE 24517 was
unable to alkylate the N-7 position on guanine, which further
emphasizes its atypical character for an alkylating agent.

Experiments using circular dichroism showed that the bind
ing of FCE 24517 to DNA was reversed on raising the salt
concentration, indicative of an electrostatic mode of binding
(5). The incubation of LI210 cells with MC-labeled FCE 24517

indicated that covalent binding to DNA was almost negligible.
However, we could pinpoint a few sites of alkylation on isolated
plasmid DNA after incubation with FCE 24517, corresponding
to adenine residues.

The resulting drug-DNA adduct is presumed to be N-3-
adenine by analogy with that already reported for the antitumor
antibiotic CC-1065 which shares some structural similarities
with FCE 24517 (14).

We have shown previously that both distamycin A and FCE
24517 inhibit the in vitro binding of/raws-activating factors for
which the recognition sequence in DNA is rich in adenine and
thymine residues (16). While distamycin A is known to bind
reversibly to DNA the binding for FCE 24517 is presumably
covalent, albeit for only a small number of sites on DNA.

It could be speculated that the pyrrole rings within the
structure of FCE 24517 are located in the minor groove of
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DNA through hydrogen bonding, and, as for distamycin A, this
factor confers specificity for AT containing regions. The alkyl-
ating moiety of FCE 24517 will then be suitably located to
interact with susceptible sites on nucleotide residues in the
minor groove, i.e., N-3 of adenine. It was remarkable that in
spite of a relatively high number of AT-rich regions very few
alkylation sites were found for any given DNA fragment stud
ied. This implies that only when the alkylating group of FCE
24517 is in a favorable position will it form an adduct with
DNA, thus providing the basis for its high level of sequence
specificity. In view of the present results, further experimental
work is now in course with particular attention to the AT rich
regulatory regions of genes which may represent the cytotoxic
target for FCE 24517 and selected agents.

The similarities and differences between FCE 24517 and CC-
1065 remain to be investigated. Findings thus far suggest that
there are far fewer alkylation sites for FCE 24517 than for CC-
1065 and that the precise sequence selectivity is not a feature
shared by the two compounds.
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