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ABSTRACT. SJG-136 8) is a novel pyrrolobenzodiazepine (PBD) dimer that is predicted from molecular models to bind

in the minor groove of DNA and to form sequence-selective interstrand cross-link®atGATC-Py-3 (Pu= purine; Py

= pyrimidine) sites through covalent bonding between each PBD unit and guanines on opposing strands. Footprinting
studies have confirmed that high-affinity adducts do form'aB85ATC-C-3 sequences and that these can inhibit RNA
polymerase in a sequence-selective manner. At higher concentrations of SJG-136, bands that migrate more slowly than one
of the 83-G-GATC-C-3 footprint sites show significantly reduced intensity, concomitant with the appearance of higher
molecular weight material near the gel origin. This phenomenon is attributed to interstrand cross-linking 'aGthe 5
GATC-C-3 site and is the first report of DNA footprinting being used to detect interstrand cross-linked adducts. The
control dimer GD1134), of similar structure to SJG-136 but unable to cross-link DNA due to its CHlilage rather

than C8/C8linkage, neither produces footprints with the same DNA sequence nor blocks transcription at comparable
concentrations. In addition to the two high-affinityG-GATC-C-3 footprints on the MS2 DNA sequence, other SJIG-136
adducts of lower affinity are observed that can still block transcription but with lower efficiency. All these sites contain the
5'-GXXC-3 motif (where XX includes AG, TA, GC, CT, TT, GG, and TC) and represent less-favored cross-link sites. In
time-course experiments, SJG-136 blocks transcription if incubated with a double-stranded DNA template before the
transcription components are added; addition after transcription is initiated fails to elicit blockage. Single-strand ligation
PCR studies on a sequence from thgit-gene show that SJG-136 binds te GAAC-3'/5'-GTTC-3 (preferred) or 5
GAGC-3/5'-GCTC-3 sequences. Significantly, adducts are obtained at the same sequences following extraction of DNA
from drug-treated K562 cells, confirming that the agent reaches the cellular genome and interacts with the DNA in a
sequence-selective fashion. Finally, SJG-136 efficiently inhibits the action of restriction endonug#igsshich has a
5'-A-GATC-T-3' motif at its cleavage site.

Pyrrolo[2,1€][1,4]benzodiazepine (PBDYlimers are syn-  cross-linking agents developed from the monomeric anthra-
thetic sequence-selective interstrand DNA minor-groove mycin family of naturally occurring antitumor agents).(
The tricyclic PBD subunit incorporates a chiral center at
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Ficure 1: Structures of a PBD monomerl, ( DC-81), the
homologous C8/C8inked synthetic DSB-120 PBD dimer series
(2a—d), the C2-exo-methylene PBD dimer SJG-13), and the
control C7/C7-linked PBD dimer GD1134).

the Clla position and a DNA-reactive imine moiety at
N10—-C11 [e.g., DC-811) in Figure 1]. The molecules adopt
the appropriate 3-D shape to fit into the minor groove of
double-stranded (duplex) DNA, such that the imine can effect
subsequent alkylation at the exocyclic N2-position of a
guanine base. PBD monomers typically spadbase pairs
(bp) of DNA with an alkylating preference for-AGA-3'

sequences. Furthermore, PBD monomers have been show

to inhibit both endonucleas@)(and RNA polymerase (i.e.,
transcription) 8) enzymes in a sequence-dependent man-
ner. A number of versatile synthetic routes to PBDs have
been developed4( 5), and their structureactivity rela-
tionships (SARs) are now well-understoof—8). Such
agents are currently being used as part of a gene-targetin
program designed to exploit their inherent reactivity toward
embedded G-containing DNA sequences of biological sig-
nificance 9).

The first C8/C8linked PBD dimer (DSB-1202a in
Figure 1) was reported in 1992 and represents two mono-
meric DC-81 subunits joined through the C8-positions of
their aromatic A-rings through an inert propyldioxy (i.e.,
-O-(CH,)3-O- diether) linker 10). Dimeric homologues
2b—d (-O-(CH,)-O-, wheren = 4—6) were later synthesized
(11), and their relative cytotoxic potencies and DNA cross-
linking efficiencies were reportedL®), together with their
cellular pharmacology1@d). Extensive dynamic molecular
modeling and an NMR structural study showed that PBD
dimer 2a spans a~6 bp tract in a targeted DNA duplex
(Figure 2; Z= H,H; X = purine, Y = pyrimidine), with a
cross-linking reactivity preference fof-Bu-GATC-Py-3
sequencesl@d—16). However, while2a shows potent cyto-
toxicity toward a panel of human cancer cell lines in vitro
(10, 12), it was found to lack significant antitumor activity
in vivo (17). Derivatives with either different C2/C2
substitution and/or unsaturation in the pyrrolidine C-rings
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Ficure 2: Proposed mechanism for the interstrand cross-linking
of DNA by the PBD dimersZa (DSB-120: Z= H,) or 3 (SJG-
136: Z = CHy)]. Sequence selectivity is due in part to (i) covalent
bonds between the C11/Clfiositions of the PBD moieties and
the exocyclic N2 groups of guanines on opposite strands (shown
as~) and (ii) hydrogen bonds (shows a- -) formed between

the N10/N10 protons of the PBD moieties and the ring nitrogen
N3 acceptors of the adenines adjacent to the covalently modified
guanines. X and Y denote flanking bases £Xpurine and Y=
pyrimidine preferred).

SAR has been established8]. From these studies, a
C2/C2 exo-unsaturated analogue SJG-13% \ith ann =

3 diether linkage was identified that has significant activity
both in vitro (19—23) and in vivo @4), and this compound
is presently being evaluated in clinical trials.

One possible explanation for the biological activity of PBD
dimers is that they bind sequence-selectively to critical
genomic regions containing an over-abundance of relevant
binding sites 25, 26), thereby blocking transcription of key
genes essential for tumor growth and/or inhibiting DNA
replication. This concept has been used to explain the activity
of other sequence-selective DNA-binding ager2g—-29).
hAn alternative explanation is that, compared to normal cells,
tumor cells have an inherently reduced ability to re-
pair such stable and complex interstrand cross-linked
adducts across the entire genome and so enter an apoptotic
pathway.

We now describe experiments that probe the sequence-
elective binding of SJG-136 to both naked and cellular DNA
sing footprinting and enzyme inhibition techniques. Quan-

titative methods have been used to reveal both high-affinity
preferred sites for DNA interstrand cross-linking and a
population of lower-affinity sites. Furthermore, single-strand
ligation PCR studies show that SJG-136 can reach the
nucleus of cells and interact with genomic DNA with a
similar sequence-selectivity to that occurring with naked
DNA in vitro.

MATERIALS AND METHODS

PBD Compounds and Solutions.

SJG-136 ) was synthesized as described previoudh (
20). The structurally related PBD dimer control molecule,
GD113 @), was obtained from Spirogen Ltd. Drug solutions
were prepared in HPLC-grade @BPH prior to use; the
CH30H concentration in working DNAdrug mixtures was
<0.5% viv.

Footprinting.
MS2-forward (5-CAGGAAACAGCTATGAC-3) or MS2-

have since been evaluated, and a firm basis for the observedeverse (5GTAAAACGACGGCCAGT-3) primer was

1 Abbreviations: bp, base pair; PBD, pyrrolo[2][1,4]benzodiazepine;
SAR, structure-activity relationship; Pu, purine; Py, pyrimidine.

5'-end-labeled with3?P using T4 polynucleotide kinase.
Briefly, the labeling mixture contained the DNA primer (5
pmol; Sigma-Genosys), 10x kinase bufferdl; Promega),



Sequence-Selective Interaction of SJG-136 with DNA Biochemistry, Vol. 44, No. 11, 200%137

(y-32P)-ATP (2uL of 10 uCi/uL, 6000 Ci/mmol, Perkin-  In Vitro Stop Assay.

Elmer Life Sciences), and T4 polynucleotide kinase (10 U; -
Promega) in a 1@L final volume. The labeling mixture was AN €xtended 282 bp DNA fragment, containing the 262

incubated at 37C for 30 min followed by inactivation of _?‘; sequence used in ﬂl].? fg(?tprintir?g'assszayls atta_ghbedgcc):s 5
the kinase at 70C for 10 min. A 262 bp DNA fragment promoter, was amplified from the plasmid by

(MS2F or MS2R) was amplified from the MS2 plasmid using #ig%\g‘ggé%gé&ﬂgf Gpgr_:_]zfrgﬁé‘gp‘ceﬁch-rcagé
PCR with either a labeled forward or a reverse primer and -3) and the )

the unlabeled primer as required. Reactions were compriseoreverse primer. The 282-mer product was purified by phenol-

of a labeled primer mixture (10L), 10x PCR buffer (5iL; CHCI; extraction and EtOH precipitation before being re-
Sigma), dNTPs (5uL: 2.5 mM e,ach of A C. G and ,T suspended in nuclease-free water to a fixed concentration
Amersham), unlabeled primer (5 pmol) as required, MS2 < ”g/“L)j ) )
plasmid template DNA (10 ng), and Taq DNA polymerase A solution pf thg 282-mer (kL) was m_cubated overnight

(5 U; Sigma) in a 5Q.L final volume. Radiolabeled 262- (16—18 h) with either 1.25% drug solution or water (as a

P ; ; trol) (4uL). The transcription mix [SuL volume: 5x
mer was purified by non-denaturing polyacrylamide gel controi) (£ .
electrophoresis, elution, filtration, and EtOH precipitation and transcription buffer (2L), RNasin (0.25uL, 40 UjuL), T7

. : : RNA polymerase (0.2mxL, 20 UfuL), 100 mM DTT (0.25
was then resuspended in a solution of Tris-HCI (10 mM) """ s
pH 7.4/NaCl (10 mM) to yield an activity of 200 counts/s L r?” fpxrcgaéed frdo$ Zromega), NTZES (CQ'T'IED %52""{'
per 5uL when held up, in a pipet tip, to a capped Morgan €3¢ 0! A, &, L, and 1, Amers a'.m)l'f )-CTP (0.2%
series 900 minimonitor. The same protocol was used to ©f 10#Ci/uL, 3000 Ci/mmol, Perkin-Elmer Life Sciences),

.~ and nuclease-free water (1.2h) was added, and synthesis
produce a 320 bp DNA fragment from the pGL3-C plasmid .
(Promega). This fragment, chosen to allow footprinting of crg.rFf'\'i\'?‘téﬁﬂzca::jpﬁ.gvr?iﬁgggid ij gr(oce)eds:rtn‘zTefSr %?e
the plasmid multiple cloning site (MCS), was produced with n. ” . ng dy 1), AMples w
a labeled forward primer GL3-forward (BGTGCAGGT- heated to 94C for 4 min, briefly cooled on ice, and then

0, i -
GCCAGAACATTTC-3) and unlabeled reverse primer GL3- g)ri? deedgoerl]tcljzﬁegtrr%gii[riii%gsfpiﬁo?%neﬁggrgopg%a& >(')I 5
reverse (STTTTGGCGTCTTCCATGGTG-3. TBE buffer at 60 W (20062250 V), then gel blotted onto

For DNase | footprinting, the radiolabeled DNA solution  \whatmann 3MM paper and dried under vacuum a0
(2uL) was incubated overnight (618 h) with either adrug  for 45 min. Exposure to phosphor storage screens and image
solution (388ul) or an aqueous drug-free buffer [HEPES  collection was performed as described for the footprinting
(20 mM) pH 7.9, NaCl (50 mM), MgGl(1 mM), DTT (5 gels.

mM), 10% g_lycerol] for Contrc_>l. reactions. Enzymatic .cleav- For the temperature-dependence assays, DNA and drug
age was initiated by the addition of a DNase I solution (10 gqjytions were cooled or heated to the appropriate temper-
uL of 0.05 U/mL; Sigma) in aqueous NaCl (200 mM), MgCl 41re pefore being mixed and then maintained at that
(20 mM), and MnCj (20 mM) and halted with stop solution  {emperature after being mixed for the overnight period of
[40 uL of NaCl (2.25 M) and EDTA (150 mM) pH 8.0 jycybation. In the assessment of time-dependence, DNA and
containing glycogen (0.5ig/uL; Roche), and poly(dl-dC)  the drug were incubated for the indicated time period prior
poly(di-dC) DNA (19.3 ngiL Amersham Pharmacia)]. From g addition of transcription mix (positive time), after addition
this mixture, digested fragments were prepared for electro- of the mix (negative time), or when DNA was added to a
phoresis using the protocol of Trauger and Den&) @nd  combination of transcription mix and drug (i.e., time 0).
loaded on to a preheated 8% denaturing polyacrylamide gel.  \jarker lanes were created by restriction endonuclease
Electrophoresis in 1x TBE buffer was allowed to proceed gigestion of the 282-mer. Ten different restriction endonu-
for 100 min at 70 W (16082000 V). The gel was then fixed  (jeases, each with a single cutting site present in the selected
in acetic acid (10% v/v) and methanol (10% v/v) for 15 min, »go5_mer sequence, were employed to cleave the template
followed by being blotted onto Whatmann 3MM paper and 28> mer DNA in separate reactions according to the manu-
vacuum-dried at 80C for 45 min. facturer’s guidelines. Digested DNA was pooled and purified

Dried gels were stored at room temperature in phosphorby phenol-CHCJ extraction and EtOH precipitation. The
storage screens (Molecular Dynamics) for a minimum period DNA was re-suspended in nuclease-free water to a fixed
of 12 h. Gel images were collected from exposed screensconcentration (kg/uL). Marker DNA solution (1uL) was
using a Molecular Dynamics 425E phosphorimager and used as a template for transcription as described previously,
transferred to ImageQuant v1.2 software (Molecular Dynam- yielding an RNA ladder corresponding to transcription
ics) for analysis. Data were expressed as the differential termination at the 10 enzyme cutting sites. The lengths of
cleavage between control and sample lanes &ek and attenuated transcripts produced in the presence of drug were
SlI-4, Supporting Information). Peaks were integrated, and calculated by a graphical method. The electrophoresed
differential cleavage was calculated adn¢ In(fc), where distance of each marker band was accurately measured, and
fq andf. are the fractional cleavage at any particular bond in a plot of transcript length against this distance was curve-
the presence and absence (control) of a drug, respectivelyfitted. The electrophoresed distance of the attenuated tran-
(31). The G+ A markers prepared according to the usual scripts was then used to estimate their approximate length
protocol B2) were run alongside the samples to allow and thus determine the position of transcription stop sites
sequence identification. Estimates of the apparent binding (T-stops) on the DNA template.
affinity (Kapp of SIG-136 toward specific sites were calcu-  An analysis of the intensity of each T-stop was carried
lated from gel images as the inverse of the concentration out by first measuring the raw intensity of each band using
where DNase | digestion is half-maxim&q). ImageQuant v1.2 §1-2, Supporting Information). Then,
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assuming a 100% efficiency of incorporation of radiolabeled a 5-3?P-end-labeled primer J(Y)-3. The samples were then
cytidine into each fragment, normalized intensities were run on polyacrylamide sequencing gels and visualized by
obtained by dividing the raw intensities of each band by the autoradiography.

number of cytidine residues in the corresponding transcript DNA SequencingDi-deoxy sequencing was carried out

(taken from the sequence). using the T7 Sequenase version 2.0 kit (Amersham, UK)
. o using %2P labeled primers. DNA fragments for sequencing
Single Strand Ligation PCR Assay. were generated by amplifying undamaged DNA. The se-

Cell Culture. The K562 human myeloid leukaemic cell guencing products were resolved in para!lel to th(=T damage.d
line was grown in RPMI-1640 medium, supplemented with DNA processed by the PCR-based technique outlined previ-

10% foetal bovine serum and glutamine (2 mM), in a ously to determine the sites of nucleotide damage. The se-
humidified incubator with 5% C@at 37 °C. ' guencing products run 27 nucleotides faster than the corre-

sponding PCR products due to the addition of three guanines

li leotidesThe ol leoti i ifi . . .
OligonucleotidesThe oligonucleotide primer sets specific and the use of a linker in the damage detection assay.

for the human qun promoter are as follows: J(Y)-1.B,
5'-biotin-CCCCCGACGGTCTCTC-3 J(Y)-2, B-TTC-

AAAATGTTTGCAACTGCTGCGTTAG-3; and J(Y)-3,

5'-CTGCGTTAGCATGAGTTGGCACCC-3

All oligonucleotides were synthesized by MWG, Ebers-  Bglll Inhibition Assay.SJG-136 was incubated overnight
berg, Germany for use in these studies. The double-strandedvith pGL3-C (20 ng, Promega) at a range of concentrations.
oligonucleotide linkery was as described previous|g3) The plasmid DNA was then linearized witglll or Mlul
and was comprised of complementary upper and lower (Roche) according to the manufacturer’s guidelines, and the
oligonucleotide strands where three additional cytosines aredigestion products were separated by 0.7% agarose gel
included at the 3terminus for the upper oligonucleotide. electrophoresis. The ethidium bromide-stained gel was
The lower oligonucleotide strand had &anine and a  imaged under UV light, and the band intensities for linear
5'-phosphate group. products were calculated using NIHimage (NIH) software.

Drug Treatment of Isolated DNAGenomic DNA was Intensities were normalized as a percentage of control bands,
isolated as follows. Aliquots (8g) were incubated at 37TC and KaleidaGraph (Synergy Software, Reading, PA) was
with or without SJG-136 fol h in aqueous TEOA buffer used to fit the results to a sigmoidal curve and to determine
[triethanolamine (25 mM) and EDTA (1 mM) pH 7.2] ina  values for both 1€ and the Hill slope.
total volume of 50uL. DNA was ethanol precipitated with Footprinting on the MCS Region of pGL3-£.320 base
0.1 volumes of aqueous NaOAc (3 M) and 3 volumes of pair fragment of 5end-labeled®P DNA (MCS and
EtOH, washed twice with 70% v/v EtOH, then dried and SV40 promoter region of pGL3-C) was incubated overnight
finally re-suspended in water (14L) before immunopre-  (16—18 h) at room temperature with increasing concentra-
cipitation. tions of SJG-136 (0.01, 0.03, 0.1, 1.0, 3.0, and 14M)

Drug Treatment of CellCells in serum-free RPMI (& before being footprinted with DNase | (Figure 9B). The
10° cells in 1.5 mL) were added to 6-well tissue culture resulting products were separated by denaturing polyacryl-
plates. An equal volume of RPMI containing the PBD dimer amide gel electrophoresis as described for MS2 DNA in
was then added to the cell suspension to give a final volumethe previous section. The DNA fragment was produced by
of 3 mL containing SJG-136 (0.08M). The drug-treated ~PCR from pGL3-C using?P 5-end-labeled forward
cells were finally incubated at 37C for 2 h. primer DKGL3F (B-AGTGCAGGTGCCAGAACATTTC-

DNA Isolation from CellsDNA was isolated using the ~ 3) and cold reverse primer DKGL3R'(3TTTGGCGTCT-
Wizard Genomic DNA Purification Kit (Promega). Restric- TCCATGGTG-3). The DNA fragment, around 320 bp in
tion enzymes (40 U in a 126L volume of 1x buffer at 37 length, was labeled on the Watson strand to give resolution
°C for 18 h) were used to cut the DNA at sites both Of footprints in the MCS region.
immediately 3and 206-400 bases'"5of the primer binding
sites for each region studied. The DNA was then precipitated RESULTS
and dissolved in water, and the concentration determined with
a fluorimeter (Perkin-Elmer, LS-2B) using Hoechst 33258
dye (Sigma-Aldrich) 84). The DNA was re-suspended in The 262-bp sequence amplified from the MS2 plasmid
sterile water to an adjusted final concentration of 0.3 was developed as a tool for footprinting studies as this DNA
ugluL and then stored at20 °C. duplex contains all of the possible combinations of tetra-

Measurement of Sequence Specificity of&@lent Adduct nucleotide sequence8). This sequence was analyzed for
Formation. The methodology used has recently been de- occurrence of the SJG-136 preferred cross-linking site
scribed 85). Briefly, linear PCR was performed on extracted (5'-Pu-GATC-Py-3) as predicted by molecular modeling
DNA samples using biotinylated primer J(Y)-1.B. The studies 19) (see Figure 2) and also for regions containing
biotinylated PCR products were captured and purified using the tetranucleotide'85XXC-3" motif (X = any base) that
streptavidin M-280 Dynabeads (Dynal). Terminal deoxy- may provide less-favored binding sites. Figure 3 shows
nucleotidyl transferase was used to add a ribo-tail to the that the 262-mer contains two preferred sequences at
3'-ends of the PCR products. DNA ligase was then used to 5-**GGATCC®-3' and 3-2%%GGATCC'3-3' (indicated by
add an oligonucleotide DNA linker to the tailed end. A double underlining), together with 17 othel-GXXC-3'
second round of exponential PCR was carried out using core motifs (indicated by single underlining). The site at
primer J(Y)-2, followed by a third round of linear PCR using 5'-**GGTACC*-3' resembles the preferre¢6GATCC-3

Bglll Inhibition Assay and Footprinting on the Multiple
Cloning Site (MCS) Region of pGL3-C.

MS2 Sequence Analysis.
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10 20 30 &0
5 -CAGEARACAG CTATGACCAT GATTACGAAT TCGAGCTCCEG TACCCGGEGA TCCATATECG
3" -GTCCTTTGTC GATACTGGTA CTAATGCTTA AGCTCGAGCC ATGGGCCCCT AGGTATACGC

PO #GOEHEE

70 :1] 20 100 110 120
GCAATACACA TGGECCGATTT CCAACTGCAC TAGTCGTAGC GCGATCARGG TTAAGCTCCC
CGTTATGTGT ACCGGCTAAA GGTTGACGTG ATCAGCATCG CGCTAGTTCC AATTCGAGGG

***** 130 140 160 170 180
GTTCTATCCT GGTATAGCAR TTAGEGCGTG AAGAGTTATG TAAAGTACGT CCGGETGEGGET

CAAGRTAGGA CCATATOGTT AATCCCECAC TTCTCAATAC ATTTCATGCA GGCCACCCCA

150 200 210%w 220 230 240
CTGTTTTGTC ATCTCAGCCT CGRATGCGGA TCCTCTAGAG TCGACCTGCA GGCATGCARG
GACARRAACAG TRGAGTCGGEA GUTTACGCLT AGGRGATCTC AGCTGGACGT CCOGTACGTTC

250 260

CTTGECACTE GOCGTCGTTT TA-3°

GRACCGTGAC CGGUAGCAAR AT-5'
Ficure 3: Analysis of the MS2 T7 sequence showing potential
SJG-136 cross-linked binding sites and the results of the foot-
printing and in vitro stop assays: Single underlineall potential
5'-GXXC-3 cross-linking sites where X is any base; double
underline= preferred cross-linking sites'FPu-GATC-Py-3 based
on molecular modeling; red basesobserved footprint sites; and
overhead blue asterisks observed T-stops.

Table 1: Analysis of the Observed Distribution of Footprints and
T-Stops for the Interaction of SJG-138) (with the MS2 T7
Sequence (See Figure*3)

5'-X-GXXC-X-3' site Footprint T-stop
5'-39G-GTAC-C* not visible yes
5-4%G-GATC-C3 5'-%8GGATCCATATG*®-3 yes
(highest intensity)

not preserst 5-TTATTTCCA®-3' no
5-14A-GCTC-CH® 5-115GCTCH8 no
5-120C-GTTC-T** 5'-124CTATC?8 yes
5-143A-GGGC-G*8 5-MITTAGGGCH8-3 yes
5-17G-GGTC-T82 5-1GTCTGTT® no
not preserst 5'-19CTCGAXS3 no
5'-20§G-GATC-C*3 5'-25TGCGGATCCTC:-3" yes

aColumn 1 indicates the potentidt8-GXXC-X-3'" interstrand cross-
linking sites associated with the corresponding footprints (column 2)
and T-stops (column 3¥.Two additional very low intensity T-stops
were observed at the potential cross-linking site§'5-GGCC-G%-3'
and B-8T-GCAC-T°-3 in the time-dependence experiment (see Figure
6). ¢ Apparent affinity= 1.6 x 10° M~L. ¢ Footprint could be due to
mono-adduct formation at 8°TCC®%-3 (5-GGA lower strand)¢ Foot-
print could be due to mono-adduct formation &2BCGA2%-3' (or
5-202CGA%0-3 |ower strand)! Apparent affinity= 6.4 x 10* ML,

motif but differs in that the two central AT base pairs are

Biochemistry, Vol. 44, No. 11, 200%1139

full analysis of the binding profile in terms of association
and dissociation kinetics, which is not possible from the
results of this assay, would be required to obtain the
equilibrium binding constants.

Figures 4 shows that SJG-136 binds to several sites on
both MS2F and MS2R in the low micromolar range. A
summary of the distribution of footprints is given in Table
1 (column 2), together with the closestGXXC-3' cross-
linking site likely to be responsible for each footprint (column
1). The footprints observed are also highlighted in red in
Figure 3. It is noteworthy that the two predicted most
energetically-favored binding sites3GGATCC*-3' and
5'-208GGATCC13-3, are footprinted with high magnitude as
indicated by the differential cleavage pl&l{1, Supporting
Information). The sequenc&8GGATCC33 (the strongest
site) has an apparent affinity of 1:610° M~* for SJIG-136,
whereas the second preferred sité® GGATCC'%3' has
an affinity of 6.4x 10* M~ (Table 1). Four of the six other
footprints appear to be associated with sites containing the
5'-GXXC-3' tetranucleotide core sequence, although the
footprinting assay is unable to distinguish directly between
cross-linked or mono-alkylated sites. Some of these lower-
affinity sites contain either's6GG-3 or 5-GGA-3 triplets
(on either the top or bottom strands) in close proximity to
the proposed '5GXXC-3' cross-linking sequence. On this
basis, it is not possible to eliminate the formation of co-
valent mono-adducts at these sites where only one-half of
the SJG-136 molecule might have interacted covalently
with the second PBD residue unreacted. The footprints at
5-TTATTTCCA®-3 and 3-1°CTCGA:-3 do not appear
to be associated with a'-&XXC-3' cross-linking motif
and may be due to monomeric PBD binding sites at
5'-80TCC®-3' (i.e., B-82GGA®-3' on lower strand), or
5'-201CGA%%3.3' (top strand), or 5202CGA%-3' (lower
strand), respectively.

In a control experiment, the PBD dimer GD118),(a
C7/C7-linked analogue of DSB-12Q§), which does not
have the correct 3-D shape to allow interstrand DNA cross-
linking, was footprinted on the MS2 sequence (data not
shown). As anticipated, no footprints were visible on any

reversed. The bases corresponding to observed footprint sitegart of the sequence at concentrations up to 4RO
and T-stops (see Table 1) have been highlighted in red and

blue (above the bases as blue asterisks), respectively.

DNase | Footprinting.

SJG-136 ) was assessed for sequence-selective DNA
binding by DNase | footprinting followed by subsequent data
analysis using a computational method. Both forward-

In Vitro Transcription (T-Stop) Assay.

The 282-mer DNA (20-bp T7 promoter and 262-bp MS2
sequence) was used as a template for in vitro transcription
in the presence or absence of SJG-136. The dependence of
the DNA—drug interaction on concentration, temperature,
and time factors was examined.

(MS2F) and reverse-(MS2R) labeled 262-mers (MS2F and Concentration-Dependencalterations in the concentra-
MS2R, respectively) were used to allow complete coverage tion of SIG-136 revealed the presence of significant tran-
of the internal 200 bp sequence. Apparent binding constantsscriptional stop sites (T-stops) considered to be associated

for each site on the host DNA were calculated using the
method of Dervan and co-worker37) by direct comparison

with the potential 53 GGTACC*-3, 5-%GGATCC*3, 5-
2ACGTTCT?3, 5-3AGGGCG4-3 and 3-2%GGATCC**

of quantitative experimental data. It should be stressed that3' cross-linking sites (Figure 5). The findings are summarized

covalent binding of a PBD can be reversible for a monoalky-
lation event, but cross-linking by a PBD dimer requires
synchronization of two distinct alkylation events. Cross-
linked sites of low affinity are inherently less stable than
their high-affinity counterparts, and this will be manifest in

in Table 1 (columns 1 and 3) and are correlated with the
corresponding footprints (column 2). Further weak concen-
tration-dependent T-stops are also evident in Figure 5 (e.g.,
between markers 727). Other T-stops are found at the

origin of the gel but are not properly resolved (e.g., just below

a lower apparent binding constant in this assay. Furthermore the 222/210 marker).
the assay method used revealed a time- and concentration- The overall pattern of appearance for the T-stops appears

dependent behavior for the covalent DNA modifications. A

to mirror the process of single-hit kinetics in that as stop
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sites near the start of the sequence develop and becom®& nM (Figure 8A). All of the binding sites observed corres-
more prominent, then production of longer transcripts pond to potential 53GXXC-3' interstrand cross-linking sites

(including full-length product) becomes increasingly blocked.

for SJG-136. Although there are no preferrédGRATC-3

For example, as the preferred cross-linked adduct atsequences within this fragment of thgurr gene, the three

5'-4%8GGATCC®:-3 develops, longer transcripts are gradually
inhibited until the full-length transcript at the origin disap-
pears by 1uM drug dose. T-stops at' 8BS GGATCC*-3,
5-120CGTTCT?>3, and 3-°AGGGCG*&3 are clearly
present at the lowest concentration tested (@.05. Con-
versely, the T-stop at 5°GGTACC*-3' does not reach full
intensity until~2 uM.

With the exception of 53 GGTACC*-3, all of the T-stops
coincide convincingly with footprints (see Table 1). How-
ever, as Figure 5 makes clear, th&3%GTACC*-3

sequence must be one of the lower affinity sites as the T-stop
does not appear to reach maximum intensity until an elevateddi

drug dose of~2 uM is reached, and the adduct formed
appears insufficiently stable to provide a significant footprint.
Conversely, the B8GGATCC*3' sequence, which gives
rise to a T-stop at the lowest concentration (0/09),
provides the strongest footprint.
Time-Dependencdncreases in drugDNA incubation
time for more than 15 min prior to initiating transcription

most intense sites correspond teGAAC-3/5-GTTC-3.

The other two weaker sites observed correspond to
5'-GAGC-3/5'-GCTC-3 sequences. This pattern of binding
observed in naked genomic DNA was compared with that
obtained in intact cells after treatment with SJG-136 (Figure
8B). The binding in cells was found to be similar to naked
DNA in that the 5-GAAC-3'/5-GTTC-3 preference was
preserved.

Restriction Endonuclease Inhibition.

SJG-136 ) was found to impair restriction endonuclease
gestion of the plasmid pGL3-C MCS in a sequence-
selective manner. Inhibition of cleavage at tBglll site
occurred at a lower concentration-10-fold less) than at
theMlul site (~3 vs 30uM). A plot of quantified intensities

of digestion products is shown in Figure 9A. DNase |
footprinting of pGL3-C MCS after treatment with SJG-136
(Figure 9B) confirmed that a high-affinity adduct forms at
the B-3%AGATCT*®-3' motif found at theBglll cleavage site,

have no effect on the intensity of the T-stops produced (see\yhereas no significant SJG-136 binding is observed at the
Figure 6). This behavior was seen in independent experimentsyjy site 3-“TGCGCAL-3 (see analysis of footprinting gel

at three different SJG-136 concentrations of 0.25 and 0.5j gj-4, Supporting Information). Interestingly, the foot-
#M (data not shown) and M. However, addition of drug  printing gel (Figure 9B) shows similar features to that for
at eithert = 0_ or after transcription initiation (i.ef = SJG-136-treated MS2 (Figure 4) in that, at SJG-136 con-
—30 or —60 min) produced no T-stops and had no effect centrations of 1uM and above, high molecular weight

on the production of full-length transcript. In these ex- material appears in a concentration-dependent manner near
periments, two additional weak T-stops became apparentihe origin of the gel accompanied by a concentration-depen-
that may correspond to potential cross-linking sites at gent decrease in intensity of all bands of higher molecular

5-"TGGCCG®3 and 3-8TGCACT®-3' (not included in
Table 1).

Temperature-Dependencat 1 uM SJG-136 concentra-
tion, the T-stop produced at-5GGTACC*-3' increases in

weight at positions beyond the preferréd®ATC-3 binding
site. This is interpreted as the formation of an interstrand
cross-link at the energetically favoredGATC-3 site with
subsequent formation of duplex DNA. There are less-fav-

intensity in a temperature-dependent manner (Figure 7). Atored potential interstrand cross-linking sequences such as
4 °C, it represents the least intense T-stop, whereas at 375-AGCTCT-3 and 3-CGTGCT-3 flanking theMlul site,
°C, it becomes the most prominent such that production of which might be responsible for the observed inhibition

full-length transcript is completely blocked. The intensities
of all other T-stops, and synthesis of full-length product,
diminish as the temperature is raised.
Concentration-Dependence of GD1 53 identical method
was adopted to assess the ability of GD14Bt6 inhibit
transcription by T7 RNA polymerase (s&&3, Supporting
Information). Between the-550 uM concentration levels,

GD113 produced a concentration-dependent T-stop at

5'-127TCC*?%-3 (i.e., B-GGA-3 on the opposite strand) with
a weaker T-stop at'89%TCT%43' (i.e., 3-AGA-3' on the
opposite strand) at the 50M drug level. It is noteworthy
that significant T-stops are not seen below M, a

concentration at least 300-fold higher than that required for

transcription attenuation by SJG-138).(

Single Strand Ligation PCR Assay.

of this enzyme. The other footprints observed in Figure
9B are most likely due to the formation of mono adducts
at sites such as "B\GA-3'/5-TCT-3 (—11 to —9),
5-TGA-3/5'-TCA-3' (59-61), or B-AGT-3/5-ACT-3
(57—-59) (seeSl-4, Supporting Information).

DISCUSSION

DNase | Footprinting. The footprinting experiments
performed here corroborate the results of dynamic computer
modeling studies of covalent interactions between SJG-136
(3) and DNA duplexes of defined sequend®,(38). This
also demonstrates, for the first time, the usefulness of DNA
footprinting assays to study sequence-selective cross-linking
agents. As anticipated, two of the highest affinity binding
sites present in the footprinted 262-mer sequence contain
5'-GGATCC-3 motifs. However, the data reveal that SJIG-

The sequence selectivity of binding of SJG-136 to human 136 binds to a number of lower affinity sites as well. With
genomic DNA has been evaluated using a single-strandthe exception of the footprints at-YATTTCCA?®3-3' and

ligation PCR (sslig-PCR/TD-PCR) combined technigB®) (

5'-19CTCGA%3-3', which may represent mono-adduct for-

Several binding sites within a region of the non-transcribed mation, these sites contain-6XXC-3' motifs where the

strand of the human g gene were observed following
treatment of naked genomic DNA with SJG-138 foh at

spanned central XX doublets are TA, GC, CT, TT, GG, or
GT rather than the 'BAT-3' predicted to be the most
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Ficure 4: Footprinting gels for the interaction of SJIG-13) ith the MS2 sequence shown in Figure 3 at drug concentrations of 0.1, 1,

3, 10, 30, and 10(M (left panel = top strand [MS2-F]; right panet bottom strand [MS2-R]). The labels to the right of each gel
correspond to the potential cross-linking sites listed in column 1 of Table 1 with the exceptidrf%GIC&S2-3 (left-hand gel) and
5'-20ICGA203-3 (right-hand gel) (asterisked), which are thought to be mono-covalent binding sites (see footnotes d and e in Table 1). An
analysis of footprint intensities for the 3, 10, and @@ dose levels is provided in Supporting Informatic®i-1).

energetically favored based on models. This contradicts apossible explanation is that these are not strictly cross-
previously held belief that a guanine (and opposing cytosine) linking sites but may reflect either mono-alkylation events
residue might not be well-tolerated between the cross-linked at these sites (i.e., where only a single PBD unit from one
guanines due to the bulky nature of the C2-exocyclic amino end of the dimer is attached) or possibly adducts generated
group of a guanine projecting into the minor groove. One as a result of non-covalent processes. For example, the
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footprints relating to the 'B"AGGGCG*:-3 and SJG-136 (uM)

5-114AGCTCCH-3 potential cross-linking sites (see Figure

3 and Table 1) all contain known PBD monomeric binding

sites (i.e., 5Pu-G-Pu-3 on the top and bottom strands,

respectively [indicated by underlining]B): 266 —
It is worth noting that the gels shown in Figures 4 and 9B = ~"CeATCC 2" —

illustrate a novel feature of the DNase footprinting of SJG-

136. At concentrations of AM and above, high molecular

weight material appears at the top of the gel and increases®’ ~*ceTrer-3'— EEESE

in intensity in a concentration-dependent manner. This is '

accompanied by a corresponding loss of intensity for all »m— 9

bands migrating slower than the footprint site thought to

correspond to an interstrand cross-link. The higher molecular

weight material is thought to represent duplex DNA species

that cannot melt to single strands before and/or during «. _.ggarces-a— .

electrophoresis due to the presence of one or more SJG-

136-induced interstrand cross-links and is thus retarded in s -:ceraccs-3— EsSa=

the gel appearing as a smear. A useful consequence of this

is that interstrand DNA cross-link positions can be identified

by noting the footprint site from which the band wipe-out

extends. This phenomenon is visible in the footprinting

gels shown in both Figures 4 and 9B and in the latter case

clearly identifies the strong interstrand cross-link atBug| .

site. . o Ficure 5. T-stop assay showing the effect of SJG-1& (
In Vitro Transcription.Table 1 reveals that four of the  concentration on the inhibition of T7 RNA polymerase at concen-
five major T-stops coincide with accompanying footprints. trations ranging from 0.05 to 5/M. Stop sites, including the most-

Furthermore, all the T-stops appear to be associated withfavored interstrand cross-link sit¢ (SGGATCC=-3), can be seen
5-GXXC-3 sequences, although the assay is unable to:Jlevelopl_ng at the lowest concentration studied (@.B§. Marker

. : : . . . abels (right of gel) refer to the length of transcript produced and
cﬁfferenﬂate _between interstrand cross-linked (i.e., blfgnc- not the corresponding base positions as depicted in Figure 3. Thus,
tional alkylation) or mono-alkylated adducts. However, itis all markers contain an extra fout-Bucleotides transcribed from
generally accepted that covalently bound adducts are requiredhe T7 promoter (e.g., marker 56 refers to a T-stop at position 52).
to produce significant T-stops in this ass&y, @nd so non-
covalent adducts can probably be excluded. Interestingly, the It is known that T7 RNA polymerase produces RNA
T-stop produced at'8°GGTACC*-3' did not produce a  transcripts at a rate of 2660 nucleotides per second9).
significant footprint under the conditions of the experiment. Thus, in the experiments leading to Figure 6, each full-length
This may be attributable to the relatively low affinity of SIG- transcript (266 nt) should be synthesized 13 s. It follows
136 for this site as indicated by the elevated concentrationsthat formation of the covalent bonds between SJG-136 and
required to achieve a T-stop. DNA required to block the transcribing enzyme must re-

It might be anticipated that cross-linked duplex sites should quire longer than this time period to form. It is likely that
provide the most stable blockage to transcription whereasSJG-136 is initially held in the minor groove by nonco-
mono-alkylated species may provide adequate but less ro-valent interactions that are fully reversible. During these
bust inhibition. On first inspection of the gel in Figure 5, it early stages of adduct formation, the molecule may either
appears that the T-stops at-8BCGTTCT?-3 and dissociate from the DNA if the local sequence is unfavorable
5-143AGGGCG4E-3 are similar in intensity to that produced ~ or be expelled from the groove by the advancing polymerase
at 5-GGATCC-3, which is one of the proposed inter- as the duplex unwinds. Presumably, it is only when SJG-
strand cross-linked sites. However, when band intensity is 136 finds itself in an energetically favored sequence (i.e.,
normalized to radiolabel content (i.e., longer RNA tran- 5-Pu-GXXC-Py-3, and preferably, SPu-GATC-Py-3) that
scripts contain more radiolabeled bases), then the T-stop a@ covalent adduct forms capable of blocking transcription.
5-4%GGATCC?3' is some 60% more intense than other This kinetic control process presumably requires-13 s
T-stops (se&I-2, Supporting Information), suggesting that for demonstrable efficiency.
5'-48GGATCC3-3' may be the principal cross-linking site. Effects of Temperatur&he effect of temperature on the
In support of the previous assignment, this T-stop also inhibition of transcription (Figure 7) provides an insight into
corresponds to the strongest footprint. the energetics of covalent binding to each DNA reaction

Kinetic Behaior. The time-scale for interaction between site. It is clear that an input of heat energy is able to in-
SJG-136 and DNA duplex can be estimated from the kinetic crease the probability of drug binding at all sites. This
data shown in Figure 6. At the concentrations of SJG-136 behavior confirms the bimolecular nature of the covalent
and DNA used, it appears that incubation for only 15 min is drug—DNA interaction and the inherent requirement for
required to obtain the full spectrum and intensity of activation processes. It is likely that each sequence motif
transcription blocks. However, when transcription is initiated targeted by SJG-136 is associated with a specific activa-
before addition of SJG-136 (or simultaneously), then no tion energy for covalent bond formation. At the preferred
inhibition occurs, suggesting that the adducts need to be fully 5'-Pu-GATC-Py-3 site (i.e., 5%8G-GATC-C=-3)), this ac-
formed before they can block transcription. tivation energy must be sufficiently low that even at@

246
222,210
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134
117
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FiGure 6: T-stop assay showing the effect of incubation time on )

the ability of SJG-1363) at 1.0xM to inhibit transcription. The ~ FIGURE 7: T-stop assay showing the effect of temperature on the
right-hand side of the panel shows that most stop sites are alreadyability of SJG-136 §) to inhibit transcription. For the preferred
visible after only 15 min incubation of drug and DNA duplex prior _interstrand cross-linked sequence-{8GATCC*3), a strong

to the addition of transcription buffer, and that there is littte Stop site is evident at #C with an intensity that is not
significant change up to 60 min incubation. The left-hand side of changed significantly at 12, 18, 24, 30, or 3Z. A stop for the

the panel shows that once transcription has statted(), there is less-favored cross-linked adduct’'f8GGTACC*-3) is much
little effect upon adding SJG-136 at either 30 or 60 min time points less intense at 4C but then increases in intensity proportionately
(labeled as-30 and—60 min, respectively). with temperature until by 37C it is similar in intensity to that of

the B-8GGATCC3-3 stop site at £C.

adduct formation is adequate enough to provide significant
attenuation of transcription. Conversely, binding must be and confirm the greater sensitivity of the in vitro transcription
negligible at the less-favored-8®GGTACC*-3' site at 4°C, assay as compared to DNase | footprinting as a biophysical
although the degree of binding increases significantly as thetool to study mono-alkylated PBD-DNA adducts.
temperature is raised. The argument of a larger activation Single-Strand Ligation PCR Assalyigure 8A indicates
energy being required for the-%G-GTAC-C*-3 sequence  the presence of five adducts on this 220-bp fragment of naked
as compared to'B8G-GATC-C%3-3' is consistent with the c-jun DNA treated with SJG-1363]. The three most intense
slower rate of reaction of SJG-136 at the former site as sites all occur at'SGAAC-3' sequences (or'8TTC-3 on
clearly shown in Figure 6. the lower strand) with two less intense ones'aG&TC-3

Control Molecule GD113The structure of GD1134j is (or 5-GAGC-3 on the lower strand). These sites co-
similar to that of DSB-1202a) and SJG-1363), although incide with the footprints and T-stops observed at
the two PBD units are connected through their A-ring 5-*CGTTCT'%-3 and 3-'AGCTCCH3', respectively,
C7/C7-positions rather than their C8/GBositions. Both on the MS2 DNA fragment (see Figures-4 and Table 1).
molecular modeling and physical studies suggest that PBDAlthough this cjun fragment does not contain a pre-
dimers with this configuration are unable to adopt the ferred 3-Pu-GATC-Py-3 sequence for SJG-136, the ob-
necessary isohelical three-dimensional shape to successfullygerved binding pattern supports the notion that it targets
form interstrand cross-links within the DNA minor groove 5-GXXC-3' sites.
(38, 40). T-stop data (se&l-3, Supporting Information) The data shown in Figure 8B demonstrate that, in cells
clearly demonstrate that transcription blockage by GD113 treated with SJG-136, the agent successfully traverses both
occurs only at concentrations of M and above, and only  the cellular and the nuclear membranes to interact with the
becomes significant at concentrations approaching0 same fragment of DNA at the genomic level with the same
The two transcription blocks observed-{&'TCC*%3" and degree of sequence selectivity.
5'-192TCT4.3") appear to correspond to mono-alkylation sites  Restriction Endonuclease Inhibitiofhe data from the
(i.e., B-GGA-3 and 3-AGA-3', respectively, on the opposite  DNase | footprinting, in vitro transcription, and single-strand
strand) rather than'85XXC-3' potential interstrand DNA  ligation PCR assays all concur that SJG-136 is capable of
cross-linking sites. These data are consistent with the lacksequence-selective interaction with linea50-bp DNA
of footprints for GD113 at concentrations of up to 100 fragments both in naked DNA and (in the case of the latter



4144 Biochemistry, Vol. 44, No. 11, 2005 Martin et al.

A: B: g
- - m

C_l) —

3 o

I%%' =

=~ v= c Q

[ORO] 80’)

35 « %

Vg IR B zZ S

+1723 E s =

T =z Z

o m @

0 =Z 0

g ” - 5 GAACS
& GAGC 3 {g

GTTC
5 GCTC 3
GCTC
5 GAAC T
:] 5 GAAC T
GAGC
GTTC
5 GAAC T
:I GTTC
+1943

Ficure 8: Detection of SIG-1363} adducts on the non-transcribed strand of the humjam gene using the sslig-PCR/TD-PCR combined
technique: (A) human genomic DNA extracted from K562 cells treated with SJG-136 at 3 nM for 1 h. Numbers on the left of the gel
indicate the nucleotide positions relative to the major transcription start site. The main drug binding sites are labeled on the left-hand side
of the gel, and di-deoxy sequencing ladders are indicated as G, A, T, and C on the right. The bands in the sequencing lanes are 27 nucleotides
shorter than the corresponding sslig-PCR/TD-PCR generated products. (B) Comparison of the sequence-specific binding of SJG-136 to
naked DNA (treated at 3 nM for 1 h) with DNA extracted from K562 cells treated with SJG-136 at 30 nM for 2 h. The two major
5'-GAAC-3 binding sites are indicated.

assay) within cells. The restriction endonuclease inhibi- binding of SJG-136 to neighboring lower affinity sites. For
tion study demonstrates that the same sequence-selectivexample, there are less-favored potential cross-linking se-
interactions occur with circular plasmid DNA of5 kb guences such asBGCTCT-3 and 3-CGTGCT-3 flanking

in length. TheBglll restriction site contains a preferred theMIlul site, along with some potential mono-covalent sites,
5'-AGATCT-3 cross-linking site for SJG-136, and an adduct although none of these are of sufficiently high affinity to
can be shown to form here by DNA footprinting (Figure 9B become apparent by footprinting.

and SlI-4 in Supporting Information), which presumably

blocks access to the restriction endonuclease. Access is noEONCLUSIONS

blocked to the same degree at Mkl site, and a significant The results of the DNase | footprinting, in vitro transcrip-
degree of cutting still occurs. However, the small reduction tion, and endonuclease restriction experiments reported here
in cutting at this site compared to control could reflect confirm that, as predicted from molecular modeling studies,
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A SJG-136 = — SJG-136 forms high-affinity adducts at interstrand cross-
‘ —o e I IC50| 24247e-06| 1.1812¢-05 linking 5'-Pu-GATC-Py-3sites. However, these data, along
- fisope] 193] 1214 with the single-strand ligation PCR assay results, demonstrate

o that SJG-136 also binds to a number of otheGXXC-3'

potential interstrand cross-linking sites of lower affinity.

There is also evidence that it forms lower-affinity mono-

covalent adducts at sequences such 'aBusG-Pu-3 or

. 5'-Pu-G-Py-3. Of the other nine possible’-&XXC-3'

combinations (i.e.,'8SAG-3'/5'-CT-3, AC/GT, AA/TT, TG/

] CA, TC/IGA, TAITA, GGICC, CG/CG, and GC/GC), six of

] these (TA/ITA, GC/IGC, TCIGA, AA/ITT, GG/CC, and AC/

GT) are represented in the gel-based data (i.e., footprints or

T-stops, or both), but three (TG/CA, TC/GA, and CG/CG)

are not. Significantly, two of the latter sites'{bG/5-CA

and 3-CG/5-CG) contain the least preferred pyrimidine

bases in their first'sX positions on both the top and bottom

strands, and the other has a pyrimidine (T) in one of the

5'-X positions. With one exception, all of the bound sites

have at least one and sometimes both of th#tahking X

B positions (top and bottom strands) occupied by a purine (and
SIG-136 M) preferably adenine) according to the footprinting data. The

one exception is the'85TAC-3 sequence, which has a

80 -

60 -

20 -

ct 10 107 10° 10*
SJG-136 (M)

0.0001 0.001

uncut

4 Duplex DNA

thymine at each of the'X positions. However, this ad-
duct gave some of the weakest footprints and T-stops
observed. Therefore, the overall conclusion is that the

5'-Pu-GATC-Py-3motif provides the highest affinity binding
site for SJG-136, which is likely to be the most biologically

“!". relevant. Furthermore, the single-strand ligation PCR experi-
LLF ment in cells demonstrates that SIG-136 is able to cross both
nalif | |
= !3 H the cellular and nuclear membranes to reach its genomic
=) E !!‘ A = target.
:§ E = It has been hypothesized that the remarkable cytotoxicity
bl | =g= of SJG-136 across a humber of in vitro cell lin@&2)( as
o E§§§§ -s8 . well as its broad-spectrum antitumor activity in numer-
o Ssmss==-= == ous human tumor xenograft modeld4), may be due to
.- ';::: .= ;i o the formation of high-affinity interstrand cross-links at
. fi ssEasaed :} ’ ,,K,E.E”k‘ 5'-Pu-GATC-Py-3 sequences as suggested by the results

reported here. Such lesions are presumably difficult for tumor
cells to repair, thereby leading to apoptosis. However, the
data reported here also raise the possibility that a number of

- - - — - . A
| '— 5" =MTGCGCAN-3
- _—_AEEeE e - Miul restriction

10- ass=ssss enzyme site other lower-affinity interstrand cross-linked and mono-
P | covalent sites may play a role in the mechanism of action
e a-=1 of this agent.

+1- i--------‘

The knowledge gained from these studies will inform the
design of next-generation agents aimed at producing lethal
non-repairable interstrand cross-links in longer DNA targets.
This strategy differs from previous small-molecule ap-
proaches to gene targeting and DNA recognition (e.g., hairpin

site-specific restriction endonucleagsill and Miul by SJG-136  Polyamides or information-reading lexitropsins) that rely
(3). The plasmid was linearized wiglll and Mlul after incubation upon non-covalent interaction with DNA, and offers the
with |n(t:raabsmc?%?ncentratlonsl olf StJG I%36 andtthe %mdtl;\dsthméjere potential to modulate gene expression by blocking transcrip-
separated by 6 agarose gel electrophoresis, stained with ethidiu

bromide, and then viewed under UV light. Band intensities of "tion in the coding regiong).
linearized products were measured and plotted against SJG-136

concentration. (B) Footprinting gel showing the binding sites of ACKNOWLEDGMENTS

SJG-136 on a 320 base pair fragment Géad-labeled?P DNA

(MCS and SV40 promoter region of pGL3-C) after incubation Drs. Gyoung-Dong Kang, Stephen J. Gregson, and Philip

overnight (16-18 h) at room temperature with increasing concen- . Howard of Spirogen Ltd. are acknowledged for synthe-

trations of SJG-136 (0.01, 0.03, 0.1, 1.0, 3.0, and 10A) before
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Ficure 9: (A) Inhibition of cleavage of the pGL3-C plasmid by
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SUPPORTING INFORMATION AVAILABLE

Further information is available relating to the analysis of
intensities of footprints in Figure 45(-1), the method of
analysis of the intensity of T-stops in Figures B (SI-2),

the results (gel) of a T-stop assay showing the concentration-

dependent effect of GD1134) on the inhibition of T7
polymerase at concentrations ranging from 0.5 touB0
(SI-3), and an analysis of intensities of footprints in Figure
9B (SI-4). This material is available free of charge via the
Internet at http://pubs.acs.org.
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