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ABSTRACT. The topoisomerasedl promoter is regulated through transcription factor interactions with
five inverted CCAAT boxes (ICBs). In confluent cancer cells, binding of nuclear factor Y to ICB2 represses
the expression of this gene, contributing to resistance to topoisomerase Il poisons. The ICB sites within
the topoisomerased! promoter are, therefore, potential targets for the design of anticancer drugs and
gene control agents. The synthesis and DNA binding properties of a hairpin polyamide malet3ié) (

that targets 5TTGGT-3 found in ICB2 and ICB3 sites are described. Gel shift and DNase | footprinting
studies on the topoisomeraset [promoter showedH-37 to preferentially bind to ICB2,3 and ICB1
sites. The largeATy values for ICB2,3 (89 °C) over ICB1,4,5 (45 °C) indicated a preference of
JH-37 for ICB2,3. CD titration studies confirmed the binding fl-37 to the minor groove, with a 1:1
binding stoichiometry. Results from SPR studies shodlgeB7 to bind most strongly to ICB2{ = 3 x

10 M~1), followed by ICB1, the non-ICB sequence (TGCA), and finally the ICB mutant (ICB2m). The
improved binding to ICB2 is largely due to a lower dissociation rate of the compound at the preferred
site. To our knowledge, this is the first example on the use of SPR for studying the interactions of hairpin
polyamides with DNA. Binding oflH-37 to ICB2 was corroborated by ITC studies, in which th&®

of binding is driven by both enthalpy and entropy. With knowledge of the fundamental thermodynamic
and kinetic properties that govern the molecular recognition of polyamides with DNA, we are poised to
systematically edit the structure dH-37 in order to further enhance its binding affinity and selectivity

for ICB2,3. Our strategy for designing molecules that control gene expression is to target shorter, but
multiple, binding sites that are in close array within the promoter. BindinHs87 to multiple ICB sites

in the topoisomerased| promoter is an ideal test for this strategy. This approach is in contrast to the
traditional strategy of targeting 8.6 base pairs, which has not been successful in actual biological
systems due to poor cell uptake and distribution.

The expression of topoisomerasen I(topolla)?! is a associated DNA double strand breaks leading to the onset
determinant of response to chemotherapeutic agents includingof apoptosis 4, 5).

etoposide and doxorubicirl); Confluent cells may down- The topolbx promoter from human cells has been se-

regulate expression of the topallgene, and this may  qenced and characterizety.(Several consensus elements

contribute to resistance to these ageritsJ). The topoll  r6 found in the promoter, including two GC boxes (potential
poisons etoposide and doxorubicin interact with the Cleavablesp1 binding sites) and five inverted CCAAT boxes (ICB).

ternary enzyme/DNA complex with formation of protein-  pagits from molecular cloning, mutation, and reporter assay
studies identified the critical control element in confluence-
' This work was supported by the NSF (REU), The Henry and induced downregulation as ICB2, located betwedd4 and

Camille Dreyfus Foundation, and the Research Corporation. _ ; R
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294-3368; fax, (864) 294-3559; e-mail, Moses.Lee@furman.edu. discovered that NF-Y, a nuclear protein, binds to this ICB

W.D.W.: tel, (404) 651-3903; e-mail, chewdw@panther.gsu.edu. site and bends the DNA by 658° (6).
* Furman University. . .
§ Georgia State University. On the basis of the NF-Y/ICB model for downregulating

"Royal Free and University College Medical School. the expression of the topaellgene in confluent cells, Tolner

* Abbreviations: ICB, inverted CCAAT box; SPR, surface plasmon - anq co-workers suggested that confluence-arrested cancer
resonance; ITC, isothermal titration calorimetry; CD, circular dichroism;

NF-Y, nuclear factor Y; RU, response unit; ODN, oligodeoxyribo- cells _COL."d be resensitized to top@ldrugs b}’ inhibiti-ng
nucleotide; topold, topoisomerase di. the binding of NF-Y to ICB2 2). Using a series of minor
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Ficure 1: (A) Structure of Hoechst 33342. (B, C) Structure and model for recognitiaiHe87 for the 3-TTGGT-3 sequence. The

stacked heterocyclic system recogniz&$/T)GG sequences.

groove and sequence-specific binding agents, the researchersnidazole- and pyrrole-containing polyamides were found
found that Hoechst 33342 (Figure 1A), which binds to AT- to form stacked side-by-side dimers in an antiparallel fashion,
rich sequences including binding to ICB1 and ICB2, was and they interacted tightly within the minor groove. It is well-

able to upregulate the transcription of topoih confluent

established that a stacked pyrrole/pyrrole pair binds to an

cells. These upregulated cells were found to be sensitive toA-T or T-A, a pyrrole/imidazole pair binds preferentially to

the cytotoxic action of topoél drugs, such as etoposida (

C-G, a imidazole/pyrrole pair binds selectively to@ and

The findings suggested that ICB sequences within the an imidazole/imidazole pair binds to-G or CG. Dervan’s
promoter could be a potential target for sequence-specific group has also demonstrated that conjugates of polyamides
minor groove agents able to inhibit NF-Y binding. Even that contain g-aminobutyrate linker are capable of folding
though Hoechst 33342 was able to sensitize confluent cellsand forming hairpin structures. In the hairpin conformation,

to etoposide, it is not clinically useful due to its multiple

the polyamides could essentially form intramolecular stacked

modes of action and lack of sequence specificity. Conse- dimers and exhibit high DNA binding affinity and sequence
quently, to overcome the resistance of confluent cancer cellsselectivity. Using the rules of DNA sequence recognition
to topolla. acting drugs, there could be therapeutic use for for polyamides, our laboratories have developed a novel

molecules that exhibit specificity for binding to ICB2.

In addition to controlling the expression of the topoll
promoter, ICB sites are found in many gene promot@ys (
including the humamndrlgene 8, 9). Binding of NF-Y to
the ICB site within thendrlpromoter upregulates transcrip-

y-hairpin,JH-37 (Figure 1B), for binding to the'3flanking
sequence (5TTGGT-3) of ICB2 and ICB3 sites. Models
for the binding ofJH-37 to this sequence are depicted in
Figure 1B,C.

This paper describes the synthesislef-37, as well as

tion of the gene and elevates the level of P-glycoprotein in jig ability to selectively bind to ICB2 and ICB3. The DNA

multidrug-resistant cancer cellsq). Inhibition of the binding

binding properties were characterized by molecular biology

of NF-Y'in MDR cancer cells could, therefore, sensitize cells (g|ectrophoretic mobility shift assay, or EMSA, and DNase
to chemotherapy. Consequently, the ability to control the | footprinting) and biophysical experiments [DNA melting,

contexts (1).

Our strategy for designing compounds capable of binding

to ICB2, which has the sequenceASTTGGT-3 (1), is based

on a class of polyamide hairpins that are analogues of

distamycin, a minor groove and-A sequence selective
binding agent. In recent years, Dervan and co-work&?s (
13), Lown and co-workers1{), and Lee and co-workers

titration calorimetry (ITC)].

EXPERIMENTAL PROCEDURES

Synthesis aJH-37. A solution of N-(N',N'-dimethylamino-
propyl)-1-methyl-4-[1-methyl-4-(1-methylpyrrole-2-carbox-
amido)pyrrole-2-carboxamido]imidazole-2-carboxami@e (

(15—-17) have systematically investigated the DNA se- (139 mg, 0.279 mmol) in cold methanol (30 mL) was
quence specific recognition of polyamide analogues. Thesehydrogentated over 5% Pd on carbon (70 mg) at room
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temperature and atmospheric pressure for 3 h, at which time DNA Denaturation Experiment$he synthetic oligonucleo-
TLC analysis indicated complete reduction of starting tides used in these studies were obtained from Qiagen, and
material. The catalyst was removed by filtration. The filtrate they are as follows: ODN 1, ICB1' 8lank, 5-CAG GGA
was concentrated, and the residue was coevaporated withf TG GCC TTTTT GGC CAA TCC CTG; ODN 2, ICB1
dry CH,CI, (10 mL, twice) to give an amine produci, 3'-flank, 5-GGATTG GCT GGC TTTTT GCC AGC CAA
which was unstable and thus kept under high vacuum until TCC; ODN 3, ICB2 5flank, 5-CTA CGA TTG GTC
used directly in the next step. TTTTT GAC CAA TCG TAG; ODN 4, ICB2 3flank, 5-
A mixture of carboxylic acid5 (153 mg, 0.335 mmol) CGATTG GTT CTC TTTTT GAG AAC CAA TCG; ODN
and PyBOP (175 mg, 0.335 mmol) was suspended in freshly® 1CB3 S-flank, S-ACC TGA TTG GTC TTTTT GAC
distilled and dry CHCI, (100 mL). A solution of the amine ~ CAA TCA GGT; ODN 6, ICB3 3-flank, S-GGA TTG GTT
from the above reduction reaction in dry @, (15 mL) T,AC TTTTT GTA AAC CAATCC; ODN 7, ICB4 S-flank,
was added to the suspension. The reaction mixture was stired® "GTC TCA TTG GCC TTTTT GGC CAA TGA GAC;
for 10 min, at which time dryN,N-diisopropylethylamine ~ OPN 8, ICB4 3-flank, S-GCA TTG GCC AGC TTTTT
(0.122 mL, 0.698 mmol) was added. The color of the reaction €T GGC CAATGC; ODN 9, ICBS 5flank, 5-GAT AGA
solution turned from a cloudy yellow to clear yellow. The T,TG GCC TTTTT GGC CAA TCT ATC; ODN 10, ICBS
reaction solution was allowed to stir at room temperature 3-flank, 5-GGATTG GCA GTC TTTTT GAC TGC CAA

: . .. TCC.
under N atmosphere for 2 days. TLC analysis at this point . . .
indicated that the reaction had proceeded very slowly. Thus, Melting experimental data were ob_tamed on a Cary 3
additional amounts of PyBOP (87.0 mg, 0.167 mmol) and spec;trophotometer. The experiments with the oligomers were
DIPEA (0.25 equiv, 0.061 mL, 0.349 mmol) were added to 'Un in Phos O buffer (10 mM sodium phosphate and 1.58
the reaction flask. The reaction was allowed to stir for an gquSEDTAI' ?HDI\?AZ()j atl a r?_tr']o fft2|'56| nmol fOf Ilghand tol
additional 2 h. The reaction solution was then basified using .as d'?Teod (t)o 1.00 mllj_p e')t(ﬁ th:P%gs\é)obqugrOS?rﬁ lzzm%;
3 M sodium hydroxide until the pH level was greater than was diiu e Wi utier. ples w
10. The organic layer was extracted with Cki@hd EtOAC, beated above their melting temperature (l_JsuaIIy around 95
individually. The organic layers collected were combined, C) and allowed to slowly cool to the starting temperature.

dried with NaSQ,, gravity filtered, and concentrated to yield The Cary_3 spe_ctropho_tometer collects absorbance vaI_ues
) ) : . o as a function of increasing temperature, and the data points
a light brown oil which was purified on a silica gel column

(eluent: 5-45% MeOH/ CHCY). The desired fractions were are then stored and analyzed at the. conclusion of the
. . experiment. Averaged absorbance readings are taken every
collected and concentrated to give the desired product as

yellow solid (93.6 mg, 0.103 mmol, 37%), mp 15262°C. %.5 °C for each sample. Once all of the data points were

TLC (15% MeOH/CHGCY) R; 0.075. IR (neat): 3389, 2963, Comkp"e"’ }t<he| q;%""ef ir;]a'yzedl by 2 Sta“sg'ca' software

2910, 2857, 2359, 1652, 1536, 1470, 1261. UV (water): 312 Package, KaleidaGraph. They value for each run was
_ N ' y ' : determined as the maximum of the first derivatidaljsorb-

(e = 56800 Mt cm?). IH NMR (500 MHz, DMSOd):

ancedtemperature versus temperature) of the results.
10.35 (s, 1H), 9.88 (s, 1H), 9.86 (s, 1H), 9.82 (s, 1H), 9.37 CD Titration StudiesThe oligonucleotides used in these
(s, 1H), 8.25 (t, 5.5, 1H), 8.05 (t, 4.0, 1H), 7.62 (s, 1H),

studies were identical to those used in the thermal denatur-
1'211(;’) 1|7_|)1’27£41(% 113) 1;41’17('371(2’ 1H6) 17H3127(al41(g' ation studies. The oligomers (ICBB) were resuspended
1H) 6 gé (;[ 12 ’1|_'|)' 6 86’ (d 15 ’1|_'|)' 6 81’ (d' 15 ’1|_'|)’ in TE buffer (1Q mM Tris and 1 mM.EI.DTA, pH 6.9) and
2 06 (S' 3H)' 395 (s ’3H) 3 8'8 &s' 3H)’ 3.83 (s’ 3|'_|)' 3 8’2 subsequently diluted to BM DNA hairpin by ~100-fold
: ’ o ’ e ' e ' » 2% with MES buffer [10 mM 2-N-morpholino)ethanesulfonic
(9. 6.0, 2H), 3.81 (s, 3H), 3.78 (s, 3H), 3.18 (0, 6.0, 2H), ;44 200 mM NaCl, and 1 mM EDTA, pH 6.2] for direct
2.27 (t br, 6.5, 4H), 2.15 (s, 6H), 1.81 (quintet, 6.5, 2H),

. . use in circular dichroism experiments. Concentrakee37
1.61 (quintet, 6.5, 2H). TOF-MS (electrospraw (relative P

; ao (>65uM) was titrated into the cuvette with increasing mole
intensity): 907 (M+ H, 40). HRMS (TOF) for GsHssN 107 ratios of 0.2:1-0.5:1 ligand to DNA hairpin until a ratio of
(M + H*): calcd, 907.4440; obsd, 907.4464.

3:1 was reached. The experiments were carried out a ambient
DNase | Footprinting.A radiolabeled probe of 479 bp  temperatureri a 1 mmpath length circular cuvette with a
corresponding to positions489 through—10 relative to the minimum required volume of 16@L, and the data were
transcriptional start site of the topoisomerase promoter averaged over six scans.
was generated using a radiolabeled primer in a polymerase The height of the induced peak 820 nm was normal-
chain reaction as previously describdil ONase | footprint  ized (mdegmdegnay) and plotted versus the mole ratio, and
reactions were performed by incubating 0.1 ng of the probe the intersection of the linear regression fits of the data
with eitherJH-37 alone or with 3Qug of nuclear extract at  indicates the stoichiometry of the DN&4-37 complex at
room temperature for 2 h. Subsequently, 1 unit of DNase | equilibrium.
(Promega) was added, the digestion was allowed to occur SPR and ITC Studies. (A) DNAs and PolyamidBse
for 3 min, and the reaction was stopped by adding 30 mM hairpin polyamideJH-37 was used withez;, = 56800 Mt
K-EDTA, 200 mM NaCl, and 1% SDS. Samples were cm™, and the 5biotin-labeled DNA hairpins (for SPR) or
purified by phenot-chloroform treatment and alcohol pre- nonlabeled hairpins (for ITC) were purchased with HPLC
cipitation. The resulting pellets were resuspended in loading purification (Midland Certified Reagent Co., Midland, TX)
buffer containing formamide and heat-denatured at®5  and used without further purification. The DNA hairpins were
for 3min. Denaturing polyacrylamide gels (6%) (Sequagel; used withexgo = 9320 M1 cm™* bases (for ICB2) from the
National Diagnostics) were used for separation, and dried nearest neighbor calculation$gj, and their structures are
gels were exposed to Kodak X-Omat-LS film &80 °C. as follows: ICB2, 5biotin-CGATTG GTT GTT TTT CAA
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Scheme 1: Solution Phase Synthesisldf37
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CCA ATC G; ICB1, B-biotin-CGA TTG GCT GTT TTT
CAG CCA ATC G; ICB2m, 5-biotin-CGATCG GTT GTT
TTT CAA CCG ATC G; TGCA, 3-biotin-GAA TGC ATT
CTC TAA TGC ATT C. The MES buffer used in these
experiments contained 0.010 M R-Mmorpholino)ethane-
sulfonic acid (MES), 0.001 M EDTA, and 0.2 M NaCl, pH
6.25.

(B) Surface Plasmon Resonance (SPRie experiments
were performed on a BIACORE 3000 instrument, and
BIACORE SA sensor chips were used for DNA immobiliza-
tion (19—21). In brief, manual injections were used to
immobilize samples of approximately 14 nM biotinylated
DNA at a flow rate of 1ulL/min. The amount of DNA

The association and dissociation rate constaktsrid ky)
were obtained by global fitting with a model with mass
transport effects19—21).

(C) Isothermal Titration Calorimetry (ITC)Calorimetric
experiments were performed with a MicroCalorimeter VP-
ITC (MicroCal, Northampton, MA). The instrument was
electrically calibrated with heat pulses and chemically
calibrated with these pairs of reagents: RNase2ACMP,
BaCkL—18-crown-6, HC+-THAM (Aldrich Chemical Co.,
Milwaukee, WI). The values are in agreement with literature
values 22). The experiments were conducted by injecting 3
uL aliquots of 0.05 mM ligand into 2M DNA hairpin in
degassed MES buffer at 2%, 290 rpm, 1 s filter, 5 min

captured was about 400 RUs on each flow cell. One flow initial delay, anml 6 s injection time. Heats of dilution were

cell was left blank and used as reference. The sensorgramsubtracted from the data before fitting with a sequential
for the interaction (resonance units, RU, versus time) were pinding site model using Microcal Origin version 528J.

collected at 25C with a flow rate of 2QuL/min. The com-
pound was dissolved in degassed MES buffer with 502

% (v/v) surfactant P20. This buffer was also used in surface

RESULTS AND DISCUSSION

regeneration. The data were processed with BlAevaluation  gynthesisThe synthesis odH-37 is described in Scheme
software (Biacore AB, Uppsala, Sweden) and KaleidaGraph 1 The products were characterized with FT-IR, 500 MHz
(Synergy Software, Reading, PA). The RU values were iy NMR, and mass spectrometry (nominal and accurate mass
averaged ovea 1 min time span in the steady-state response measurements). Conversion of 1-methyl-4-nitroimidazole-

region and were converted tamoles of compound bound
per mole of DNA hairpin) for binding analysis. This was
done by dividing the response units by the predicted,iRU

2-carboxylic acid 1) to an acid chloride followed by coupling
it with ethyl-5-alanine gave amide, which we have
previously reported24). Reduction of the nitro group in

as previously described using a refractive index increment gmige2 by catalytic hydrogenation followed by reaction of

ratio of 1.3 @4). The binding constants of the compounds
were obtained from fitting a plot of versus compound
concentration. The plot was fitted with a one or two-site
model (for a one-site modek, = 0):

— 2 2
r= (chfree+ 2KlKZC free)/(l + chfree+ KlKZC freQ

Kinetic information was obtained by global fitting of the

response units vs time with the BlAevaluation 3.0 program.

the amine with another molecule of imidazole acid chloride
gave the dipeptid&. The nitro group in dipeptid® was
reduced and coupled to 1-methylpyrrole-2-carboxylic acid
in the presence of EDCI [1-ethyl-3*¢@imethylaminopropyl)-
carbodiimide hydrochloride] and DMAP [4-(dimethylamino)-
pyridine]. The reaction produced tripeptide which was
hydrolyzed with sodium hydroxide to afford carboxylic acid
5. Reduction of a tripyrroleamid@and condensation of the
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JH-37 + DNA
GAC1 3 5 10 50 100uM

ICB2,3 sequences, but binding to ICB1 was also observed,
albeit not as strongly.

Biophysical Studies odH-37. Molecular biology experi-
ments are powerful tools for studying biomolecular interac-
tions, but they are generally limited in terms of providing
critical thermodynamic and kinetic properties for the recog-
nition processes. These physical factors permit the construc-
tion of quantitative structureactivity relationships that are
critical for guiding our design of new polyamides with
enhanced binding affinity and sequence specificity.

Thermal Denaturation Studies: Sequence Preference.
Compounds that bind to DNA and stabilize the double helix
raise the temperature needed for denaturation or melting of
the duplex. The duplex unfolding can be followed through
the associated hyperchromic effect at 260 nm. g,
values, derived from the difference in melting temperatures
of the polyamide/DNA complex and DNA alone, provide a
quick method for screening the binding affinity dH-37
. for 10 different DNA hairpins given in the Experimental
FIGURE 2: DNase | footprinting ofJH-37 using a 532P-radio- Procedures. Each DNA_hairpin (ODN]LO)_contains an ICB
labeled probe corresponding to the topoisomerasg@ibmoter. C core and the appropriate’-50r 3-flanking base pairs.
represents a control for DNase | cleavage of the probe. Lane 1Treatment of the hairpin oligomers (0/M, base pairs),
e S o ey S mion AT .5 B 3o, " fepresenting IOBES, wih 3 equi o1 97 gave @ fange
50, and 10Q«M). The ICB1 gnd ICB2 sites are indicaltea, éndythe of ATy values, with the hlgheoSt degree of stabilization
brace denotes the footprint observed. recorded for ICB2 and ICB3 (89 °C), over ICB1,4,5 (45

°C). These results corroborated the sequence preference of
corresponding amin& (25) with acid5 in the presence of  JH-37 from the above footprinting experiments.
PyBOP (benzotriazol-1-yloxytripyrrolidinophosphonium CD Titration Studies: Eidence of Minor Grooe Binding
hexafluorophosphate) and DIPEA (diisopropylethylamine) and StoichiometryWhile thermal denaturation experiments
gave the desired hairpin polyamidel-37 in 37% vyield. are rapid and give useful information, they do not provide

DNase | Footprinting Studies odH-37. The sequence information regarding the mechanism of interactions between
specificity of JH-37 was investigated using DNase | foot- JH-37 and the DNAs. Accordingly, a number of CD (circular
printing studies, using a 479 bp-%¥P-radiolabeled fragment  dichroism) titration studies were carried out using 8N
containing its promoter (Figure 2). AygM JH-37, cleavage hairpin ICB1-3 sequences andH-37, corresponding to
of the DNA by DNase | or footprints were apparent at ICB1 specific polyamide/DNA ratios. The results depicted in
and ICB2 sequences. Unlike Hoechst 33342-37 produced Figure 3 clearly showH-37 to bind to the ICB2 and ICB3
protections only at the ICB sites, and none was seen at thesequences. Each titration experiment produced well-defined
other AT-rich sites that interacted with the Hoechst com- positive DNA-induced ligand bands at about 320 nm, which
pound @). At even higher concentrations dH-37 (50— are diagnostic for small molecules binding in the minor
100 uM), clear footprints were seen at-GTTCGAT- groove of DNA @9). Furthermore, in each set of titration
GCTAACC AAGAA-5" [corresponding to '5C(—118)- spectra, clear isodichroic points are apparent, indicating that
AAGCTACGATTGG TTCTT(—100)-3] and 3-TCCC- JH-37 binds to the oligomers through a single mechanism,
TAACC GACC-5 [corresponding to BA(—72)GGG- presumably through noncovalent binding in the minor
ATTGG CTGG(—60)-3]. The former footprint contains the  groove. CD experiments are also very useful in providing
embedded ICB2 sequence (bold), while the latter footprint the stoichiometry of ligands binding to DNA. Plots of
contains the ICB1 site, which is also in bold. These results ellipticity of the DNA-induced ligand band versus the ratio
provide evidence thalH-37 exhibits selectivity for the ICB of moles of polyamide to moles of DNA hairpins indicate
sequences. The binding dH-37 to ICB1 is not totally that only one molecule afH-37 binds to DNA hairpins that
surprising because this sequence is almost identical to thatcontain one 5(A-T)GG sequence (this is within the-5
for ICB2,3 (B-ATTGGC-3 versus 5ATTGGT-3, respec- ATTGG-3 ICB sequence). ICB1 (3 and 3-flanks) and
tively). In these instances, thebutyrate linker which has  ICB3 (5-flank), which contain two 5(A-T)GG sequences,
low preference for an AT over a GC base pair resides over gave a binding stoichiometry of 2. Our hairpin polyamide
the 3-C or 3-T in these sequence’q 26—28). (JH-37) binds to 3TGG and 5AGG because the Py/Py

Binding of JH-37 to ICB sites and its ability to inhibit  pair at one end of the molecule (Figure 3C) is able to
the binding of NF-Y were confirmed by electrophoretic recognize an AT or T-A base pair. Even though the CD
mobility shift studies (data will be reported elsewhere). data provided useful qualitative information concerning the
Briefly, these gel shift experiments were carried out using binding of JH-37 to the ICB-containing sequences, we
5'-32p-labeled oligonucleotides containing sequences of needed to gain a deeper insight into the thermodynamic and
ICB1—4 found in the promoter. The probes were incubated kinetic factors that drive the sequence-specific molecular
with nuclear extracts (containing NF-Y) from confluent NIH  recognition process. Our goal is to use the physical informa-
3T3 cells and with increasing concentration J-37. At tion for the future design of compounds with superior DNA
about 5x4M, there was inhibition of NF-Y binding to the  binding properties.

“wHOOEAR 0@
MEPEFRFPPFPOO0PP-EOEAFPQOA40W
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(A) 3 saturation A
) \
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o 2
1
0
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2l % ICB2 3-flank W
240 280 320 360 240 260 320 360
wavelength (nm)
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o |
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(C)  ICB15flank: CAGGGATIG GCC\ 2 1
GAC CCTAAC CGG J
ICB1 3'flank: GGATTG GCT GGC\

CCTAAC CGACCG J 2 1
ICB2 5'flank: CTACGA TTG GTC \ 1 1

GAT GCT AAC CAG J
ICB2 3'flank: CGA TTG GTTCTC '\ 1 1

GCT AAC CAAGAG J
ICB3 5'flank: ACC TGATTG GTC w 2 1

-_—
TGGACT AAC CAG J

ICB3 3'flank: GGA TTG GTT TAC \

% 1:1
CCT AAC CAACTG

Ficure 3: (A) CD titration studies oflH-37 to ICB2 and ICB3.
For the ICB2 5flank, the ratios of moles odH-37 to moles of
DNA hairpins were 0, 0.18, 0.56, 0.74, 1.11, 1.48, and 2.04. The
spectrum for DNA alone (i.e., ndH-37) and the spectrum when
all binding sites on the DNA were bound witBH-37 (i.e.,
saturation) are indicated. For the ICB2flank, the ratios were 0,
0.26, 0.57, 1.14, 1.42, and 2.00. For the ICB3l&nk, the ratios
were 0, 0.6, 1.0, 1.6, 2.0, 2.5, and 3.0. For the ICBHahk, the
ratios were 0, 0.2, 0.4, 0.8, 1.0, 1.4, 2.0, and 3.0. (B) Plot of
normalized DNA-induced ellipticity at about 320 nm versus the
ratio of moles of DNA hairpins. Triangles represent the titration
of JH-37 to the ICB2 5-flank, inverted triangles represeit-37
plus the ICB2 3flank, and diamonds represeli-37 and the ICB3
3'-flank. (C) Models for the binding o8H-37 to the ICB1-3 3-

and B-flanking sequences. The stacked heterocyclic systeiof

37 recognizes (AT)GG sites. Consequently, the ICBIL &and 3-
flanking sequences and the ICB3flank that contain two (AT)GG
sites gave a binding stoichiometry of 2, as indicated by the solid
lines. The ICB2 3 and 3-flanking sequences and the ICB3 3
flank, which contain only one (A)GG site, gave a binding
stoichiometry of 1.

Henry et al.

BiosensotSurface Plasmon Resonance (SPR): Binding
Strength, Stoichiometry, Specificity, and KinetiSsirface
plasmon resonance (SPR) has emerged as an excellent tool
for studying small moleculeDNA interactions 80, 31),
particularly for compounds such dsl-37 that have strong
DNA interactions but weak spectroscopic signals. This
method permits the measurement of both thermodynamics
(binding constant and\G®), binding stoichiometry, and
kinetic constantslkg andky for association and dissociation,
respectively) of liganetDNA interactions in a single experi-
ment. These are key physical parameters for the design of
compounds that could inhibit the function of transcription
factors in cells. These compounds must have large binding
constants £ 10° M~1) to compete with transcription factors
for their promoter sequences. It is known that a slow rate of
dissociation Kg) is crucial for providing the compound with
sufficient resident time within the DNA to impart its
transcriptional inhibitory activity 32, 33). This contention
is reasonable because the binding constant is equal to the
ratio of ky/ky.

The interactions 0flH-37 with ICB2 and several modi-
fied DNA sequences, whose structures are given in the
Experimental Procedures, were investigated by biosensor
SPR methods with immobilized DNA hairpin duplexes. The
ICB2 oligomer contains 8@ BAATTGGT core sequence, and
the modified sequences contain either an ICB1 site (5
ATTGGC), an ICB2 mutant (SATCGGT, ICB2m), or a
non-ICB sequence (ATGCAT or TGCA). The results from
these studies are given in Figure 4, and example sets of
sensorgrams for addition dH-37 to ICB2 and the TGCA
sequence are shown in parts A and B of Figure 4,
respectively. As can be seen in the figure, the initial rate of
binding of JH-37 increases with increasing concentration,
as expected for a bimolecular process, and the binding
reaction reaches a steady-state plateau for all DNA sequences
in approximately 100 s or less. In contrast, the observed rate
constant for dissociation afH-37 is independent of con-
centration, in agreement with the expected unimolecular,
first-order process. Binding constants were determined from
the RU values at steady state and the concentratiaidef
37in the flow solution Cies). The RU values at saturation
can be determined by direct calculatiodd) or by fitting
the response units (RU) versQsee Values. The calculated
and experimental values of Rl for these titrations agree
closely and predict a single strong binding site on all ICB2
duplexes, as expected from their sequences. The RU values
were converted to (wherer is the moles ofJH-37 bound
per mole of hairpin duplexr = RU/RUyag and plotted
versuSCiee (Figure 4C). The versusCie results were fitted
with a model of oneJH-37 binding site on each duplex.
The fits were slightly improved by including a second, much
weaker binding site with K that is approximately 100 times
lower than for the strong binding site. The nature of the
second interaction is not known, but such weak interactions
are characteristic of nonspecific electrostatic binding of
cations to DNA 81). The binding constants for the strong,
specific site were fitted accurately and are collected in Table
1. As expectedJH-37 binds quite strongly to ICB2 with a
K that is 4-5-fold greater than for ICB1, over 50 times larger
than for ICB2m and approximately 10 times larger than for
TGCA.
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- the constants were determined by global fitting of sensor-
04 - o 1CB2 grams (Table 1). The equilibrium constants can be estimated
0.2 - —=—CB1 || from the ky/kq ratios and they are in agreement with those

oo determined by steady-state fitting (Table 1). Taevalues
ot ‘ l ‘ . ‘ ‘ i for JH-37 binding to ICB2 and ICB1 are close, and the
0 110° 210° 310° 410° 510° 610° 710° difference in dissociation constants accounts for most of the
c difference in theK values ofJH-37 for these two sequences.
e Although the kinetic constants fdiH-37 binding to ICB2m

Ficure 4: SPR sensorgrams for the binding 3#-37 to ICB2

(A) and TCGA (B). (C) Plot of response units (RU) obtained from and T.GCA .C(.)md not be determlneq accurately under our
SPR studies versus concentrationJéf-37 in the flow solution conditions, it is clear from examination of the sensorgrams

(Cree)- that theky values for ICB2m and TGCA are significantly
greater than for ICB2. These results indicate that the kinetic
Table 1: Summary of Binding Constants f#ii-37: K (MY, and mechanistic basis that dictates the binding specificity
k(M~* s7), andkq (s™) for JH-37 with the modified sequences is different than with
SPR cognate recognition sequences.
DNA steady state kinetic® ITC® Isothermal Titration Calorimetry (ITC): Thermodynamic
ICB2 2.8x% 107 kfkg = 3.6 x 107 2.7 % 107 Basis of the InteractionTo develop a better understanding
ka=3.3x 10° of the energetic details for the interaction-37 as well
(cB1 6.5 106 EZ 2-07X2 i‘Tl; as polyamide hairpins in general with DNA, the binding of
: ko= 5.9x 10° JH-37 to ICB2 was studied with ITC methods. An example
kg=7.8x 1071 ITC titration of heat versus injection afH-37 into ICB2
ICB2m 4.3x 10° along with a binding plot of observed heat/mo@) {rersus
TGCA 25x 10° titration molar ratio is shown in Figure 5. Because ITC

aThe binding constants were obtained from steady-state fittings using titrations are done at much higher concentration3t37
a two-site interactive binding model. The fitting errors are less than to DNA, the weaker, secondary binding, which could hardly
10%.° The rate constants obtained from kinetic fitting |nclgde mass pa observed by SPR methods, becomes more apparent in
transport effects. The fitting errors are less than 15%he primary . - . .
binding constant was obtained from fitting ITC data with a two-site Cal_or'metry ?Xpe”mems (Figure 5). The ITC results also fit
sequential binding model. The observed change in enthalp$iz + quite well with a model that has one strong and one weak
0.1 kcal/mol. The fitting error is less than 25%. binding site forJH-37 on ICB2, and the binding affinity for
the strong binding site is reported in Table 1. Tkid® value
The rates ofJH-37 binding to the DNA hairpins can be determined from the fit forJH-37 binding to the ICB2
determined by fitting both the association and dissociation sequence is—5.7 kcal/mol. TheK and AH° results for
reactions in sets of sensorgrams, such as those in Figure 4binding of JH-37 to ICB 2 allow calculation ofAG® =
The kinetic constants for binding of ICB2m and TGCA were —10.1 kcal/mol andrAS’ = 4.4 kcal/mol AG° = —RTIn
too fast to be determined by SPR, but for ICB2 and ICB1 K andTAS’ = —AG° + AH°®). These results clearly show
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that both the enthalpy and entropy make significant contribu-
tions to the very favorablAG® for binding of JH-37 to ICB2
at 25°C.

CONCLUSIONS

The results generated from the above studies illustrate that
hairpin imidazole-pyrrole polyamides can be designed to
bind specific ICB-containing DNA sequences. Even though
the six-heterocycle hairpin polyamidiéi-37 binds to five
base pairs, it gave sufficient affinity and selectivity for ICB2
and ICB3, as well as ICB1. It did not bind to AT-rich
sequences such as Hoechst 33342. This is a significant
finding because the results from electrophoretic mobility shift
studies showedH-37 to inhibit the binding of NF-Y to
ICB1-, ICB2-, and ICB3-containing oligonucleotides (data
not shown). Furthermore, it is worthy to mention that the
binding of NF-Y to an ICB site is about 10M~%, one of
the strongest binders among transcription fact88. (These
findings are consistent with what was found in Dervan’s
group B6—38). Hairpin polyamides that recognize six to
seven base pairs are able to enter cells and affect specific
gene expression, but larger hairpins that target longer
sequences of DNA have not had success in cellular experi-
ments. For instance, polyamides that target nine base pair
sequences in the humdAER2/neugene gave excellent
activity in cell-free systems30), but the compounds showed
no activity in vivo @0). It has recently been found that most
of the larger polyamides tend to concentrate in the cytoplasm
of cells, and only in certain leukemia cells (CEM) do these
compounds readily enter the nucledq,(42). The develop-
ment of novel gene-based therapeutic compounds would thus
require the consideration of an alternative strategy. Instead
of focusing on 15-16 contiguous base pairs, which statisti-
cally define a unique sequence in the human genome, one

5.

Henry et al.

results in transcriptional down-regulation of topoisomerase |l
in a doxorubicin-resistant variant of human multiple myeloma
RPMI 8226,Biochem. Biophys. Res. Commun. 2377—224.

. Tolner, B., Hartley, J. A., and Hochhauser, D. (2001) Transcrip-

tional regulation of topoisomerasenllat confluence and phar-
macological modulation of expression by bis-benzimidazole drugs,
Mol. Pharmacol 59, 699-706.

Adachi, N., Nomoto, M., Kohno, K., and Koyama, H. (2000) Cell-
cycle regulation of the DNA topoisomerasenllpromoter is
mediated by proximal CCAAT boxes: possible involvement of
acetylation,Gene 24549-57.

. Ronchi, A., Bellorini, M., Mongelli, N., and Mantovani, R. (1995)

CCAAT-box binding protein NF-Y (CBF, CP1) recognizes the
minor groove and distorts DNANucleic Acids Re23, 4565
4572.

7. Mantovani, R. (1999) The molecular biology of the CCAAT-

binding factor NF-Y,Gene 23915-27.

. Suhkai, M., and Piquette-Miller, M. (2000) Regulation of the

multidrug resistant genes by stress signal&harm. Pharm. Sci
3, 268-280.

9. Scotto, K. W., and Johnson, R. A. (2001) The regulation of the

10.

multidrug resistant gene Mdrl: a therapeutic tartyédl. Inter-
ventions 1 117-125.

Schinkel, A. H. (1997) The physiological function of drug-
transporting P-glycoprotein§emin. Cancer Biol. ,8161-170.

11. Tomida, A., and Tsuruo, T. (1999) Drug resistance mediated by

12.

13.

14.

15.

16.

should consider targeting shorter sequences that are adjacent

to each other in an array within a promoté&g(43, 44). For

example, one could design a molecule that interacts simul- 17

taneously with all or several of the five ICB sites within the
promoter of the topoisomerasenligene. An ideal test for
this strategy will be to uséH-37, which binds to five base
pairs, as a template for the design of novel derivatives for
recognition of the ICB sequences. To our knowledge, this
is the first report that systematically evaluates such a strategy
for the design of molecules that target an array of shorter
sequences within the promoter region of a gene. With the
evidence presented for the binding dH-37 to ICB
sequences within the topoisomerase gromoter, studies

to investigate the biological properties are in progress. The
biological experiments include studies dH-37 inhibition

of the binding of NF-Y to specific ICB sequences, penetra-
tion of the agent into the nucleus of cells and binding to
ICB sites in nuclear DNA, and modulation in the expression
of the topoisomerasedlgene. The results from these studies
will be reported in due course.
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