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Minor Groove Binding Compounds That Jump a GC Base Pair and Bind to
Adjacent AT Base Pair Sites’
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ABSTRACT: Most A/T specific heterocyclic diamidine derivatives need at least four A/T base pairs for
tight binding to the DNA minor groove. Addition of a GC base pair to A/T sequences typically causes a
large decrease in binding constant. The ability to target biologically important sequences of DNA could
be significantly increased if compounds that could recognize A/T sites with an intervening GC base pair
could be designed. The kinetoplast DNA sequence of parasitic microorganisms, for example, contains
numerous three A/T binding sites that are separated by a single G. A series of compounds were prepared
to target the AAAGTTT sequence as a model system for discovery of “G-jumpers”. The new synthetic
compounds have two aromatic-amidine groups for A/T recognition, and these are connected through an
oxy-methylene linker to cross the GC. CD experiments indicated a minor groove binding mode, as expected,
for these compounds. Ty, surface plasmon resonance, and isothermal titration calorimetry experiments
revealed 1:1 binding to the AAAGTTT sequence with an affinity that depends on compound structure.
Benzimidazole derivatives gave the strongest binding and had generally good solution properties. The
binding affinities to the classical AATT sequence were similar to that for AAAGTTT for these extended
compounds, but binding was weaker to the AAAGCTTT sequence with two intervening GC base pairs.
Binding to both AAAGTTT and AATT was enthalpy driven for strong binding benzimidazole derivatives.
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Many cationic-heterocyclic compounds selectively target
A/T sequences by binding in the DNA minor groove. With
the exception of polyamides, targeting GC and mixed AT/
GC sequences has been difficult with this class of com-
pounds. Minor groove binding diamidines are AT specific
minor groove binding agents, such as DB75 and pentamidine
(Figure 1), that have good uptake into many cells with
relatively low toxicity (/-3). DB289, an orally active prodrug
of DB75, which has reached phase III clinical trials against
sleeping sickness, is active against other microbial parasites (/, 4-6).
Pentamidine has been available for many years and is widely
used against trypanosomiasis, leishmaniasis and P. carinii
pneumonia (4, 7-9). In a recent study of diamidine minor
groove binders, it was shown that stacked minor groove
dimer formation of DB293 in an ATGA binding site of the
Pit-1 and Brn-3 promoter sequences inhibits binding of these
two transcription factors to the major groove of DNA through
structural changes in the minor groove (/0). Cooperative
stacked dimer formation in a single binding site is one of
the methods to target DNA sequences with high specificity,
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but so far there is no general way to target mixed sequences
with heterocyclic dications (/7).

Kinetoplast minicircle mitochondrial DNAs (kDNA)' in
disease-causing kinetoplastid parasites have numerous A/T
binding sites in thousands of repeated minicircles (5, 12, 13).
Compounds that could bind cooperatively to such repeated
sequences that are separated by one or more GC base pairs
could have very high selectivity for targeting parasites.
Cooperativity in adjacent binding sites in regions with A/T
sequences, such as kDNA is, however, difficult to achieve
with currently available compounds. Although some com-
pounds show strong cooperativity in binding to two adjacent
binding sites in short duplex DNAs (/4), the cooperativity
decreases in less dynamic, hairpin DNAs, which resemble
longer sequences (15).

Adjacent sites in KDNA might also be selectively targeted
by compounds with linkers that could cross intervening GC
base pairs in the minor groove. The kDNA minicircles have
numerous sequences with three consecutive A/T bases
separated by a single GC base pair (/6). Compounds that
could bind to such sequences, as well as to the classical
binding sites with four or more AT base pairs, would have
significantly enhanced selectivity for kDNA. Thus, the goal
of this work is to design compounds that are able to
selectively target sequences, such as AAAGTTT, and bind

! Abbreviations: Ty, thermal melting temperature; CD, circular
dichroism; SPR, surface plasmon resonance; ITC, isothermal titration
calorimetry; MES, 2-(N-morpholino)ethanesulfonic acid; Tris, hy-
droxymethyl aminomethane hydrochloride; kDNA, kinetoplast DNA.
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FIGURE 1: Compound structures and DNA sequences.

tightly to two A/T binding sites of 5—6 base pairs total while
crossing 1—2 intervening GC base pairs. The AAAGTTT
and AAAGCTTT sequences have been chosen as model
systems (Figure 1) and the classical AATT site along with
a single AAA site were used for comparison. To test which
types of structures could bind to the target sequences,
compounds that are similar to the biologically active anti-
parasitic diamidines, DB75 and pentamidine (Figure 1) were

initially designed and synthesized. This design concept
includes two connected aromatic-amidine moieties that are
specific for AT base pair sequences. Since the amino group
of G in a GC base pair is in the minor groove, the AT specific
groups were connected with oxy-alkyl linkers. The concept
is to place oxygens in the linker to provide H-bond acceptors
for interaction with the G-amino group. The interactions of
the compounds with the different DNA model systems have
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been investigated by several different biophysical methods,
and compounds that bind strongly to the AAAGTTT
sequence have been identified.

MATERIALS AND METHODS

Materials and Buffers. The synthesis of 40HXL820 has
been published (/7); the synthesis of SBGR66, 15SAB68S,
and 13SAB89 will be published elsewhere; and the synthesis
of all other compounds is described below. DNA sequences
(Figure 1) were purchased from Integrated DNA Technolo-
gies. MES 10 buffer containing 0.01 M [2-(N-morpholino)
ethanesulfonic acid] (MES), 0.001 M EDTA, and 0.1 M
NaCl with a pH of 6.25 adjusted with 1 M NaOH solution
was used for Ty, ITC, and CD experiments. Tris buffer
containing 0.01 M hydroxymethyl aminomethane hydro-
chloride (Tris), 0.1 M NaCl, and 0.001 EDTA with a pH of
7.0 adjusted with 1 M NaOH solution was used for SPR
experiments, since better sensorgrams were obtained with
that buffer.

Synthesis of 2-(4-(3-(4-Amidinophenoxy)propoxy)phenyl)-
5-(4-amidinophenyl)furan Dihydrochloride (DB1791). An-
hydrous K,CO; (20.7 g, 0.15 mol) was added to a stirred
solution of 4-cyanophenol (11.9 g, 0.1 mol) in anhydrous
acetonitrile (120 mL), after 30 min 1,3-dibromopropane (60.6
g, 0.3 mol) was added, and the reaction mixture was heated
at reflux for 24 h (TLC monitored). The solvent was removed
under reduced pressure; treated with water; extracted with
100 mL of EtOAc; washed with 5% NaOH, brine, and water;
dried over anhydrous MgSQOy; filtered; and concentrated
under reduced pressure. The residue was chromatographed
over silica gel, eluting with hexane to hexane:EtOAc (9:1),
which yielded white crystalline solid 3-(4-cyanophenoxy)-
1-bromopropane, 16.5 g (68%): mp 40 °C; '"H NMR (DMSO-
de) 7.77 (d, 2H, J = 8.4 Hz), 7.14 (d, 2H, J = 8.4 Hz), 4.20
(t, 2H, J = 6 Hz), 3.67 (t, 2H, J = 6 Hz), 2.29 (quintet, 2H,
J =6 Hz); *C NMR (DMSO-dg) 162.8, 134.7, 119.7, 116.3,
103.7, 66.58, 57.9, 32.5; MS m/e 240 (M™). Anal. Calcd for
C,0H;oBrNO: C, 50.02; H, 4.19; N; 5.83. Found: C, 50.23;
H, 3.97; N, 5.72.

To a well-stirred solution of 4-methoxyphenylboronic acid
(1.8 g, 0.012 mol) and 2-bromo-5-(4-cyanophenyl)furan (2.48
g, 0.01 mol) in 30 mL of toluene under N, was added a
solution of 2 M Na,CO; (12 mL). After stirring the solution
for 15 min, Pd(PPh;3), (0.46 g, 4 mol %) was added. The
reaction mixture was allowed to reflux under N, for 10—12
h (TLC monitored). The reaction mixture was diluted with
water, extracted with CH,Cl,, washed with 10% NH4OH and
water, dried, and concentrated under reduced pressure. The
residue was chromatographed over silica gel eluting with
hexane to EtOAc:hexane (9:1) to yield yellow crystalline
solid 2-(4-cyanophenyl)-5-(4-methoxyphenyl)furan, 2.1 g
(76%): mp 299—300 °C; 'H NMR (DMSO-dg) 7.99 (d, 2H,
J=9Hz), 7.89 (d, 2H, J = 9 Hz), 7.81 (d, 2H, J = 9 Hz),
7.34 (d, 1H, J = 3.6 Hz), 7.05 (d, 2H, J = 9 Hz), 7.03 (d,
1H, J = 3.6 Hz), 3.83 (s, 3H); '3*C NMR (CDCl;) 159.7,
150.6, 134.6, 132.6, 132.0, 128.6, 127.7, 125.6, 123.6, 114.3,
114.4,110.6, 106.2, 55.4; MS m/e 275 (M" + 1). Anal. Calcd
for C;gH3sNO,: C, 78.53; H, 4.76; N, 5.09. Found: C, 78.41;
H, 4.69; N, 5.26.

A solution of BBr; (5 g, 0.02 mol) in 20 mL of CH,CI,
was added dropwise to an ice-cold stirred solution of 2-(4-

Biochemistry, Vol. 48, No. 7, 2009 1575

cyanophenyl)-5-(4-methoxyphenyl)furan (2.75 g, 0.01 mol)
in CH,Cl, (100 mL), and the resulting solution was stirred
for 12 h (TLC followed), cooled, poured into an ice—water
mixture, extracted twice with 100 mL of CH,Cl,, washed
with water and brine water, dried over anhydrous Na,SOy,
and concentrated under reduced pressure to yield a yellow
solid 2-(4-cyanophenyl)-5-(4-hydroxyphenyl)furan, 2.1 g
(81%): mp >300 °C; 'H NMR (DMSO-ds) 9.64 (br, 1H),
791 (d, 2H, J = 8.4 Hz), 7.82 (d, 2H, J = 8.4 Hz), 7.66
(d,2H, J = 8.4 Hz), 7.23 (d, 1H, J = 3.2 Hz), 6.87 (d, 2H,
J =8.4Hz), 6.86 (d, 1H, J = 3.2 Hz); 3*C NMR (DMSO-
dg) 158.3, 155.6, 150.3, 134.7, 133.3, 126.1, 124.0, 121.6,
119.4, 116.3, 112.1, 109.3, 106.6; MS m/e 261 (M™). Anal.
Calcd for C7H;{NO,: C, 78.18; H, 4.24; N, 5.36. Found: C,
77.91; H, 4.39; N, 5.26.

A mixture of 2-(4-cyanophenyl)-5-(4-hydroxyphenyl)furan
(1.04 g, 0.004 mol), 3-(4-cyanophenoxy)-1-bromopropane
(0.96 g, 0.004 mol), and anhydrous K,CO; (1.43 g, 0.006
mol) in 50 mL of anhydrous CH;CN was heated at reflux
under N, for 12 h (TLC followed); solvent was removed
under reduced pressure, and 50 mL of water was added to
the residue; and the solvent was filtered, the solid was
suspended into 20 mL of water and 10 mL of 5% NaOH,
and the suspension was stirred for 10 min, filtered, washed
with water, and dried. The solid was crystallized from hot
EtOAc:hexane, yellow solid 2-(4-(3-(4-cyanophenoxy)pro-
poxy)phenyl)-5-(4-cyanophenyl)furan, 1.40 g (83%): mp
159—60 °C; '"H NMR (CDCl;) 7.79 (d, 2H, J = 8.4 Hz),
7.69 (d, 2H, J =9 Hz), 7.67 (d, 2H, J = 9 Hz), 7.61 (d, 2H,
J = 8.4 Hz), 6.99 (d, 2H, J = 8.8 Hz), 6.98 (d, 2H, J = 8.8
Hz), 6.90, (d, 1H, J = 3.6 Hz), 6.67 (d, 1H, J = 3.6), 4.26
(t, 2H, J = 6 Hz), 4.23 (q, 2H, J = 6 Hz), 2.34 (t, 2H, J =
6 Hz); ®*C NMR (CDCl3): 162.1, 158.8, 155.1, 150.7, 134.6,
134.0, 132.6, 125.6, 123.6, 123.4, 119.2, 119.1, 115.2, 114.9,
110.6, 109.8, 106.3, 104.1, 64.8, 64.2, 29.1; MS m/e 420
(M™). Anal. Caled for C»H,0N,O5: C, 77.13; H, 4.79; N.
6.66. Found: C, 77.36; H, 4.71; N, 6.79.

Five milliliters of 1 M LiN(TMS), in THF (0.84 g, 0.005
mol) was added under N, to a solution of the above bisnitrile
(0.42 g, 0.001 mol) in 10 mL of THF at 0 °C, and the
resulting solution was stirred at room temperature for 12 h,
cooled to 0 °C, and acidified with ethanol saturated with
HCI gas; after 4 h of stirring, the solvent was removed under
reduced pressure, the residue was triturated with dry ether
and filtered, the solid was dissolved in ice-water and basified
with 2 N NaOH to pH 10, and the precipitated yellow solid
was filtered, washed with cold water, and dried. The solid
was suspended in 10 mL of absolute EtOH, and the
suspension was treated with 1 mL of HCl-saturated EtOH
and filtered; after removing solvent, the residue was stirred
with anhydrous ether for 30 min, filtered, and washed with
dry ether to yield 0.46 g (84%) of the bisamidine as a yellow
salt: mp >300 °C; '"H NMR (DMSO-ds) 9.46 (br, 2H), 9.45
(br, 2H), 9.38 (br, 2H), 9.33 (br, 2H), 7.99 (d, 2H, J = 8.4
Hz), 7.97 (d, 2H, J = 8.4 Hz), 7.79 (d, 2H, J = 8.4 Hz),
7.50 (d, 2H, J = 8.4 Hz), 7.48 (d, 2H, J = 8.4 Hz), 7.30 (d,
1H, J = 3.2 Hz), 7.06 (d, 2H, J = 8.4 Hz), 6.98 (d, 1H, J =
3.2 Hz), 4.30 (t, 2H, J = 6 Hz), 4.22 (t, 2H, J = 6 Hz), 2.24
(quintet, 2H, J = 6 Hz); *C NMR (DMSO-dy) 166.1, 165.6,
159.1, 154.9, 153.4, 150.9, 135.4, 130.7, 129.7, 129.4, 126.1,
123.7, 123.3, 120.7, 115.6, 114.5, 112.0, 107.5, 65.5, 65.0,
29.1; MS mle 455 (M" 4+ 1). Anal. Calcd for
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CyHpeN4O5-2HCI- 1.5H,0: C, 58.48; H, 5.63; N, 10.14.
Found: C, 58.51; H, 5.31; N, 10.34.

Synthesis of 1,5-Bis(4’-amidino-1,1’-biphenyl-4-yloxy)-3-
oxapentane Dihydrochloride (DB1701). Anhydrous K,CO;
(2.07 g, 0.015 mol) was added to a solution of 4’-
hydroxybiphenyl-4-carbonitrile (1.95 g, 0.01 mol) and 1,5-
dibromo-3-oxa-pentane (1.16 g, 0.005 mol) in 50 mL of
acetonitrile. The solution was heated at reflux for 12—15 h
(TLC followed); solvent was removed under reduced pres-
sure; water was added; and the solid was filtered, washed
with 2 N NaOH and water, dried, and recrystallized from
hot EtOAc—hexane to yield white solid 1,5-bis(4’-cyano-
1,1’-biphenyl-4-yloxy)-3-oxapentane, 1.68 g (82%): mp
149—50 °C; '"H NMR (DMSO-ds) 7.82 (d, 4H, J = 8.7 Hz),
7.78 (d, 4H, J = 8.7 Hz), 7.66 (d, 4H, J = 8.7 Hz), 7.06 (d,
4H, J = 8.7 Hz), 4.21—4.18 (m, 4H), 3.87—3.83 (m,4H);
3C NMR (DMSO-dg) 159.1, 144.1, 132.8, 130.4, 128.3,
126.9, 119.0, 115.1, 109.1, 69.0, 67.3; MS m/e 460 (M™).
Anal. Calcd for C30H;N,05: C, 78.24; H, 5.25; N, 6.08.
Found: C, 78.25; H, 5.22; N, 6.02.

Following the above procedure for DB1791, the bisnitrile
(0.46 g, 0.001 mol) and 5 mL of 1 M LiN(TMS), in THF
(0.84 g, 0.005 mol) yielded 0.48 g (82%) of the title
bisamidine as a white hydrochloride salt: mp 120—1 °C; 'H
NMR (DMSO-dg) 9.32 (br, 4H), 9.2 (vbr, 4H), 7.93 (d, 4H,
J=78Hz),7.87(d,4H,J ="7.8 Hz),7.72 (d,4H,J = 7.8
Hz), 7.09 (d, 4H, J = 7.8 Hz), 4.21 (t, 4H, J = 4.8 Hz),
3.88 (t, 4H, J = 4.8 Hz); *C NMR (DMSO-d,) 162.5, 159.1,
144.9, 130.6, 128.8, 128.3, 126.3, 125.8, 115.2, 69.1, 67.4;
MS m/e 495 (1\/IJr + 1) Anal. Calcd for C30H30N403'
2HCI-H,0: C, 61.53; H, 5.85; N, 9.56. Found: C, 61.678;
H, 5.77; N, 9.38.

Synthesis of 1,5-Bis(4’-amidino-1,1’-biphenyl-4-yloxy)pen-
tane Dihydrochloride (DB1703). A mixture of 4’-hydroxy-
biphenyl-4-carbonitrile (1.95 g, 0.01 mol), 1,5-dibromopen-
tane (1.15 g, 0.005 mol), and 2.07 g (0.015 mol) of anhydrous
K,COj; in anhydrous CH3CN was heated at reflux for 12—18
h (TLC followed); after removal of solvent and treatment
with water, the separated solid was filtered, washed with
water, and crystallized from EtOAc:hexane as white solid
1,5-bis(4’-cyano-1,1’-biphenyl-4-yl-oxy) pentane, 1.6 g (79%):
mp 127—8 °C; 'H NMR (CDCl): 7.71 (d, 4H, J = 8.4 Hz),
7.66 (d, 4H, J = 8.4 Hz), 7.56 (d, 4H, J = 8.8 Hz), 7.03 (d,
4H, J = 8.8 Hz), 4.09 (t, 4H, J = 6.8 Hz), 1.93 (quintet,
4H, J = 6.8 Hz), 1.74 (sept, 2H, J = 6.8 Hz); *C NMR
(CDCly) 159.7, 154.2, 132.6, 131.4, 128.4, 127.1, 119.1,
115.1,110.1, 67.9, 29.0, 22.8; MS m/e 458 (M™). Anal. Calcd
for C3;HsN,0,: C, 81.19; H, 5.72; N, 6.11. Found: C, 80.98;
H, 5.62; N, 6.02.

Following the above procedure for DB1791, the dinitrile
(0.458 g, 0.001 mol) and 5 mL of 1 M LiN(TMS), in THF
(0.84 g, 0.005 mol) yielded 0.46 g (79%) the hydrochloride
salt of the title bisamidine as a white solid: mp 300 °C; 'H
NMR (DMSO-d¢/D,0) 7.82(d, 4H, J = 8.4 Hz), 7.79 (d,
4H, J = 8.4 Hz), 7.66 (d, 4H, J = 9 Hz), 7.04 (d, 4H, J =
9 Hz), 407 (t, 4H, J = 6.6 Hz), 1.85—1.79 (m, 4H),
1.67—1.55 (m, 2H); *C NMR (DMSO-d) 165.2, 159.3,
144.9, 130.3, 128.8, 128.3, 126.3, 125.7, 115.1, 67.5, 28.4,
22.2; MS mle 493 (Mt + 1); Anal. Caled for
C31H32N402‘2HC1'H201 C, 6380, H, 621, N, 9.60. Found:
C, 63.86; H, 6.09; N, 9.40.

Rahimian et al.

Synthesis of 1,5-Bis(7-amidinonaphthalen-2-yloxy)pentane
Dihydrochloride (DB1743). A mixture of 7-cyano-2-naphthol
(1.68 g, 0.01 mol), 1,5-dibromopentane (1.15 g, 0.005 mol),
and 2.07 g (0.015 mol) of anhydrous K,;COj3 in anhydrous
CH;CN was heated at reflux for 12—18 h (TLC followed);
after removing solvent and treating with water, the separated
solid was filtered, washed with water, and crystallized from
EtOAc:hexane as white solid 1,5-bis(7-cyanonaphthalen-2-
yloxy)pentane, 1.6 g (79%): mp 259—60 °C; 'H NMR
(DMSO-dg) 8.39 (brs, 2H), 8.06 (d, 2H, J = 8 Hz), 7.96 (d,
2H, J = 8.8 Hz), 7.61 (d, 2H, J = 8 Hz), 7.48 (brs, 2H),
7.38 (d, 2H, J = 8.8 Hz), 4.70 (t, 4H, J = 4.6 Hz), 2.00 (q,
4H, J = 4.6 Hz), 1.68 (q, 2H, J = 4.6 Hz); *C NMR
(DMSO-dg) 157.7, 133.4, 132.7, 129.8, 129.6, 129.1, 124.0,
122.1, 119.3, 108.8, 107.1, 67.7, 28.3, 25.3; MS m/e 406
(M™). Anal. Caled for C»7H2N,0,: C, 79.78; H, 5.45; N,
6.89. Found: C, 80.04; H, 5.54; N, 6.95.

Using the procedure described for DB1791, the above
bisnitrile (0.406 g, 0.001 mol) and 5 mL of 1 M LiN(TMS),
in THF (0.84 g, 0.005 mol) yielded 0.4 g (74%) of the title
bisamidine as a white hydrochloride salt: mp 217—18 °C;
'"H NMR (DMSO-ds) 9.50 (br, 4H), 9.43 (br, 4H), 8.42 (d,
2H, J = 8 Hz), 8.02 (d, 2H, J = 8.4 Hz), 7.95 (d, 2H, J =
9 Hz), 7.70 (dd, 2H, J = 8.4 Hz, J = 1.8 Hz), 7.44 (dd, 2H,
J=2.4Hz), 735 (d, 2H, J =9 Hz, J = 2.4 Hz), 4.18 (t,
4H, J = 6.6 Hz), 1.90 (quintet, 4H, J = 6.6 Hz), 1.70
(quintet, 2H, J = 6.6 Hz); 3C NMR (DMSO-dy) 167.0,
158.4,134.0, 131.3, 130.1, 129.1, 128.8, 126.5, 122.5, 121.9,
108.8, 68.7, 29.1, 23.0; MS m/e 441 (M" + 1). Anal. Calcd
for C,7H,5N40,+2HCI - 1.75H,0: C, 59.50; H, 6.19; N, 10.28.
Found: C, 59.66; H, 6.19; N, 10.17.

Synthesis of 1,5-Bis(7-amidino-2-naphthalenoxy)-3-oxa-
pentane Dihydrochloride (DB1744). Anhydrous K,CO; (2.07
g, 0.015 mol) was added to a solution of 6-cyano-2-naphthol
(1.69 g, 0.01 mol) and 1,5-dibromo-3-oxa-pentane (1.16 g,
0.005 mol) in 50 mL of acetonitrile. The solution was heated
at reflux for 12—15 h (TLC followed); solvent was removed;
the residue was treated with water; and the solid was filtered,
washed with 2 N NaOH and water, dried, and recrystallized
from hot EtOAc—hexane to yield 1,5-bis-(7-cyano-2-naph-
thalenoxy)-3-oxa-pentane as a white solid, 1.68 g (82%): mp
216—17 °C; '"H NMR (DMSO-d;) 8.30 (d, 2H, J = 1.8 Hz),
7.97 (d, 2H, J = 8.4 Hz), 7.90 (d, 2H, J = 9 Hz), 7.55 (dd,
2H,J= 1.8 Hz,J = 8.4 Hz), 7.43 (d, 2H, J = 2.4 Hz), 7.33
(dd, 2H, J = 2.4 Hz, J = 9 Hz), 4.23 (m, 4H), 3.83 (m,
4H); 3C NMR (DMSO-ds) 157.5, 133.4, 132.7, 129.9, 129.6,
129.1, 124.1, 122.0, 199.4, 108.8, 107.2, 68.8, 67.6; MS m/e
408 (M™). Anal. Calcd for C,sH,0N,O35: C, 76.45; H, 4.93;
N, 6.86. Found: C, 76.22; H, 4.86; N, 6.78.

Following the procedure for DB1791, the above bisdinitrile
(0.408 g, 0.001 mol) and 5 mL of 1 M LiN(TMS), in THF
(0.84 g, 0.005 mol) yielded 0.42 g (77%) of white hydro-
chloride salt of the title bisamidine: mp 240—2 °C; 'H NMR
(DMSO-dg) 9.42 (br, 4H), 9.29 (br, 4H), 8.35 (d, 2H, J =
1.5 Hz), 8.03 (d, 2H, J = 8.4 Hz), 7.95 (d, 2H, = 9 Hz),
7.67 (dd, 2H, J = 1.5 Hz, J = 8.4 Hz), 7.46 (d, 2H, J = 2.1
Hz), 7.36 (dd, 2H, J = 2.1 Hz, J = 2.9 Hz), 4.31 (dd, 4H,
J=6Hz, J=48 Hz), 3.95 (dd, 4H, J/ = 6 Hz, / = 4.8
Hz); *C NMR (DMSO-d) 166.0, 157.2, 132.9, 130.4, 129.2,
128.1, 127.7, 125.6, 121.4, 121.0, 107.9, 68.8, 67.5; MS m/e
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438 (1\/[+ + 1) Anal. Calcd for C26H26N403'2HC1' 15H20
C, 57.56; H, 5.76; N, 10.23. Found: C, 57.72; H, 5.62; N,
10.17.

Thermal Melting (T,,..)- DNA thermal melting experiments
were conducted using Cary 300 BIO UV—vis at a wave-
length of 260 nm. The absorbance of samples containing
free DNA as a reference and different ratios of compounds
in MES 10 buffer using 1 cm quartz cuvettes were monitored
as a function of temperature. The temperature was monitored
by a thermistor inserted in a reference cuvette and was
increased by a rate of 0.5 °C/min. The thermal melting point
was calculated from a plot of dA,ey/dT vs temperature, and
the maximum point was taken as Ti,x.

The concentration of DNA was determined from absor-
bance by using the nearest neighbor extinction coefficient
(18) and adjusted to 2 x 107% M. The ratio of compound to
DNA was set to 0.5:1, 1:1, 1.5:1, and 2:1 to look at the
melting point changes vs ratio and to make sure all the
binding sites were filled by compounds.

Circular Dichroism (CD). The experiments were done in
a 1 cm quartz cuvette on a Jasco J-810 spectrometer with
MES 10 buffer at 25 °C. The wavelength region from 230
to 450 nm was used to cover both DNA and compound
spectral regions. The desired ratios were obtained by adding
compounds to the cell containing constant amounts of DNA.

Surface Plasmon Resonance (SPR). SPR experiments were
conducted as previously described (/9) using a BIAcore 2000
biosensor system. A four channel streptavidin-coated chip
(BIAcore SA) was used to manually immobilize biotin-
labeled DNA hairpins on three channels with the first channel
left blank as a reference. The steady-state experiments were
conducted by injecting different concentrations of compounds
at 50 uL/min in Tris buffer containing 0.005% surfactant
P-20. Corrected sensorgrams at each concentration were
obtained by subtraction of the signal from the blank channel.
The maximum response unit (RU,,,«) was calculated from
DNA molecular weight, compound molecular weight, and
the amount of DNA that was immobilized on each
channel (79, 20). The number of binding sites as well as
binding constants were calculated from fitting the RU vs free
compound concentration in a two-site or one-site (K, = 0)
model:
RU=RU

max

(Kl Cfree + 2I(l KZCfreez)/(l + Kl Cfree +
K1K2Cfreez)

where K and K, are macroscopic equilibrium constants and
Chiee 1s the compound concentration in the injecting buffer
(20).

Isothermal Titration Calorimetry (ITC). ITC experiments
were performed using a MicroCal VP-ITC (MicroCal Inc.,
Northampton, MA) controlled with a computer equipped with
VP-2000 viewer instrument software. The data were analyzed
with Origin 5.0 software. In ITC experiments, 10 uL
increments of compound in MES 10 buffer at 0.1 mM
concentration were injected into the sample cell, which was
filled with 0.01 mM AAAGTTT sequence. Injections were
done every 300 s for a total of 30 injections with the
exception of the first injection with 2 uL. volume. The
duration of each injection was set to 20 s with 290 rpm.
The observed heat for each peak was measured by integration
of the peak area with respect to time. A blank titration was
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Table 1: Ty, Results of Compounds with AAAGTTT, AAAGCTTT,
and AATT Sequences”

AAAGTTT AAAGCTTT AATT AAA
Tnax 69.5 72.5 71.0 72.0
5BGR66 10.5 6.0 11.0 5.0
15SAB68 11.0 6.5 11.0 4.5
13SAB89 10.0 55 9.0 4.0
DB1791 9.0 6.0 5.5 1.0
DB1701 4.0 1.5
DB1703 6.0 1.5
DB1744 4.0 2.5
DB1743 6.0 2.0

“The first row is the DNA melting point while the following rows
are the ATnux (Tmaxcomplex — Tmaxpna) Vvalues for the complexes. The
experiments were done in MES 10 buffer. The ratio of compound to
DNA is 2:1.

conducted with the same conditions with injection of
compound to the sample cell-containing buffer. The corrected
interaction heat for each injection was calculated by subtrac-
tion of a blank titration from the DNA titrations. The binding
enthalpy was determined by fitting the data in the 0—0.5,
relatively linear, molar-ratio range to obtain the binding
enthalpy for the strong binding site. The complexity of the
ITC curves at higher ratios (secondary binding and an ITC
dip near a ratio of 1.0) prevented us from obtaining unique
fits to the results at higher ratios.

RESULTS

Compound Design. Since DB75 and pentamidine have
both been used in successful clinical treatment of kineto-
plastid parasitic diseases (/, 4, 5), the initial compound design
was based on the use of similar units to design potential
agents for binding to AT sites that are separated by a GC
base pair as in KDNA (Figure 1). The idea was to use the
linker of pentamidine to cross the GC base pair and to use
aromatic systems larger than the pentamidine phenylamidines
to bind to the two A/T sites. In the simplest extended
compounds, the phenyls of pentamidine were replaced with
biphenyl and naphthyl groups. In more extended compounds,
one of the phenyls was extended with the phenyl-furan
aromatic system of DB75 (DB1791). An even more extended
derivative was prepared with both phenyls replaced with the
DB75 system, but the compound had poor solubility. In a
final set of derivatives, one phenyl of pentamidine was
extended with a benzimidazole group. Benzimidazoles, for
example with Hoechst33258, typically bind very strongly
to A/T DNA sequences and that was the rationale behind
this design (21, 22). The amidine substitutes in Figure 1 are
protonated under the experimental conditions of the experi-
ments reported here, and all compounds are dications. The
unsubstituted benzimidazole pK, is near 5.5, while benzimi-
dazoles substituted in the 5 or 6 position with electron
withdrawal groups such as a protonated amidine have much
lower pK, values (23). The benzimidazole substitutes in
Figure 1 are thus neutral under experimental conditions.

Thermal Melting. AT pax (Tmax of complex — Ty, of DNA)
measurements are a useful way to qualitatively rank com-
pounds based on their relative binding affinity (24). The
DB75 and benzimidazole analogs of pentamidine had the
largest T increase (9—11 °C, Table 1), and their thermal
melting profiles with the AAAGTTT hairpin sequence are
shown in Figure 2. Replacement of the three-methylene linker
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FIGURE 2: Normalized absorbance (N.A.) vs temperature of
compound-AAAGTTT complexes.

in the DB75 analog (DB1791) with a five-methylene linker
reduced the ATy« from 9 to 5 °C (not shown). In an attempt
to improve binding affinity, amidine, isopropyl amidine, and
imidazoline cationic groups were used in the benzimidazole
series but the AT, values were similar for all modified
cationic groups. Binding of the biphenyl and naphthyl
compounds to the AAAGTTT sequence gave smaller AT«
values (Table 1). Since the binding of these compounds to
the AATT sequence was also weak, the T}, experiments
with other sequences were not done.

The melting point experiments show that compounds
containing a phenyl-furan or a benzimidazole group have
good affinity for the AAAGTTT sequence. To compare the
effect of the length of DNA binding sequences, the benz-
imidazole containing compounds and DB1791 were evalu-
ated with the AAAGCTTT, AATT, and AAA hairpins
(Figure 1). The AT values decreased on increasing the
DNA GC length in AAAGCTTT, but it was similar for the
AATT and AAAGTTT sequences (Table 1). The low AT .«
values for the single AAA sequence indicate that three
consecutive A/T base pairs are not enough for binding of
these compounds. The 7},,,x of AAAGTTT with DB75, a very
well studied diamidine compound, increased by 5 °C, which
shows that three A/T base pairs are not enough for strong
binding of this compound and that it does not likely bind in
a cooperative manner. The T,,,x of AAAGTTT with penta-
midine, another well studied minor groove binder, increased
by 3 °C, in agreement with its expected weaker binding.

Circular Dichroism. CD experiments are useful to identify
the binding mode of minor groove binding compounds (25, 26).
The unbound compounds of Figure 1 do not show any CD
signals; however, a strong and positive signal is induced upon
binding to AAAGTTT (Figure 3). The CD signal changes
decrease slightly after a 1:1 ratio indicating that the strong
primary binding is followed by weak secondary binding in
good agreement with SPR results (below). The induced CD
signal of DB75 with the AAAGTTT sequence (Figure 3) is
similar to that for the longer compounds in agreement with
a minor groove binding mode (27, 28).

Surface Plasmon Resonance. Since SPR is sensitive to the
mass bound to immobilized DNA and does not need any
label or radioactivity, it provides an excellent method to
quantitatively investigate small molecule—DNA interactions
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(19, 29, 30). The method is able to quantitatively determine
the kinetics, stoichiometry, binding constant, and the coop-
erativity of small molecule—nucleic acid interactions. The
benzimidazole compounds, which showed the best interaction
with AAAGTTT in T« and CD experiments, were titrated
against three immobilized DNAs on a four-channel sensor
chip. The AAAGTTT sequence was the primary target of
interest, and the AATT and AAAGCTTT sequences were
chosen as references to compare the effect of the classical
AATT and the AAA/TTT sites with two intervening base
pairs in comparison to a one base pair gap in the AAAGTTT
sequence. The SPR sensorgrams of the benzimidazole
5BGR66 (Figure 4A) show slow but increasing kinetics of
association from 1 to 10 nM concentration. At the highest
concentrations, the association is fast enough for the sen-
sorgrams to reach a steady state. From 1 to 10 nM
concentration of free compounds, the RUs at the steady-state
were predicted from fitting the curves to a 1:1 global kinetics
model that includes a mass transfer term (79, 29, 30). After
10 nM, the steady state regions were used directly. The other
benzimidazoles have the same behavior as SBGR66 (Figure
4B,4C). The binding constants were determined by plotting
the steady-state RU values as a function of the compound
concentration in the flow solution, the free compound
concentration, as described in Materials and Methods. The
plot shows saturation of DNA at approximately 1077 M
concentration of compound (Figure 5) and that the interaction
is not cooperative. The fitting of RU vs Cge. shows very
strong binding to the AAAGTTT sequence with one strong
binding site and weaker nonspecific binding with a binding
constant that is around 100 times less than the primary
binding (Kuonspeciic & 10° M™'). The nonspecific binding is
typical of organic dications at high ratios to DNA (37). The
results are in good agreement with 71, and CD experiments.
Binding of the benzimidazoles to AATT is similar to the
binding to AAAGTTT while binding to AAAGCTTT is
reduced (Table 3). DB75, which is a well-studied diamidine
compound that binds to four consecutive A/T base pairs, was
used as reference. It binds strongly to the AATT sequence
with K = 9.3 x 10° which is in good agreement with
previous studies (32). Its binding to AAAGTTT (K = 2.00
x 10% and AAAGCTTT (K = 1.45 x 10°) is reduced, as
expected for three base pair A/T sequences. The results for
40HXL820 and DB1791 complexes could not be used due
to unknown erratic SPR responses, perhaps due to aggrega-
tion or sensorchip surface nonsubtractable adsorption.
Isothermal Calorimetry. ITC experiments to determine
the binding enthalpy were conducted with the benzimi-
dazole compounds and the AAAGTTT and the AATT
hairpin sequences. With the SPR results for AG®, the ITC
AH allows calculation of full thermodynamic profiles for
binding. The entropy was calculated from AG® = AH —
TAS (33-35). Figure 6 shows plots of heat vs molar ratio
for injecting compound into a DNA solution and subtract-
ing the heat of dilution for the compound. The data were
fitted only in the molar ratio range 0—0.5 to obtain AH,
for the strong binding sites (Table 2). An ITC dip near a
ratio of 1.0 and weaker, nonspecific binding at higher
ratios complicate fitting. We have not attempted to assume
a model and fit the high-ratio part of the ITC curve (36-39).
The titration of SBGR66 and 15SAB68 with the AATT
sequence had the same pattern as the AAAGTTT se-
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FIGURE 3: CD spectra of SBGR66, 13SAB89, 15SAB68, DB1791, and DB75 titrated with the AAAGTTT sequence. The added ratios of
compounds to the DNA from bottom to top are 0.5, 1, 1.5, and 2. The experiments were done in MES 10 buffer at 25 °C.

quence, but the heats of complex formation are somewhat
more favorable than with AAAGTTT (Figure 7).

DISCUSSION

AT specific minor groove binding compounds that could
recognize A/T sequences of 5—6 base pairs that are separated
by 1—2 GC base pairs would significantly increase the

selectivity of binding and range of applications of these
compounds. Such compounds, for example, would have
greater ability to target the kinetoplast minicircle DNA of
parasitic microorganisms. Since there are thousands of
minicircles in the kinetoplast, this would dramatically
increase the ability to selectively target the parasites. Our
initial design concept to target such sequences includes two
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FIGURE 4: SPR sensorgrams for SBGR66 (A), 15SAB68 (B), and 13SAB89 (C) binding to AAAGTTT. The concentrations start from 1 to
100 nM from bottom to top. The experiments were done in Tris buffer at 25 °C.

connected aromatic-amidine moieties that are specific for AT
base pair sequences. Since the amino group of G in a GC
base pair is in the minor groove, the AT specific groups were
connected with oxy-alkyl linkers (Figure 1) with oxygens
to provide potential H-bond acceptors for the G-amino. Such
bifunctional compounds could provide very valuable infor-
mation for the design of derivatives for other more complex
recognition sequences starting with pure AT base pair
binding agents.

Conversion of the natural polyamide distamycin to com-
pounds that can also recognize GC base pairs relies on
replacing the pyrrole groups of the parent compound with
imidazole to interact with the G-amino (40—43). Our design
is different in that we want compounds that bind primarily
to short, adjacent AT sequences but which can recognize
and cross one to two GC base pairs. Diamidines, such as
pentamidine and DB75, bind to the minor groove of A/T
rich regions of DNA with high specificity and are transported
efficiently into cells, such as trypanosomes where they bind
to mitochondrial kDNA (5). Thus, aromatic-amidines, based
on these compounds, were selected for the A/T recognition

units in our design. The parent compounds, such as DB75,
have amidines at both ends while the extended compounds
have one amidine for each linked component. The X-ray
structure of DB75 bound to an AATT sequence shows that
the amidine groups can cover almost a full base pair (44),
and DB75 needs at least four base pairs for tight binding.
Each component of the extended compounds, which have
one amidine, can bind to three base pair sites, and connecting
them can extend the recognition sequence and increase
affinity. The low toxicity with excellent cell uptake of
diamidines makes this class of compounds good candidates
for therapeutic methods that target DNA sequences that have
multiple binding sites for the compounds.

Biophysical experiments were done to investigate the
binding of the designed compounds of Figure 1 with the
AATT binding site that has been used in a large number of
studies as well as the AAAGTTT and AAAGCTTT sites.
Three A/T base pairs do not provide a strong binding site
for diamidines, and the designed compounds have low
affinity for DNA sequences with a single AAA site (Tpax
values in Table 1). To obtain strong binding to the sites with
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primary binding.

Table 2: Thermodynamic Profile of Compounds Titrated with
AAAGTTT Sequence”

K., M™") AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)

5BGR66 2.8 x 108 —11.5 —6.6 4.9
15SAB68 3.4 x 10° —11.6 —8.7 29
13SAB89 4.5 x 107 —10.4 —1.4 9.0

“The SPR experiments were done at 25 °C and in Tris buffer, while
the ITC experiments were conducted in MES 10 buffer. The K, values
and thus AG values are measured by SPR; the AH values are measured
by ITC. The experimental errors for ITC and SPR experiments are 0.1
and 0.3 kcal/mol, respectively.

three A/T base pairs separated by GC, the new compounds
have to cross the GC base pair. Ty, studies indicated that
some new compounds could bind strongly to the AAAGTTT
sequence but not to AAAGCTTT. The benzimidazole
compounds bound well to the classical AATT site, and they
thus have a very favorable potential for enhanced binding
to complex kKDNA sequences. Addition of extra oxygen
atoms in the linker did not improve binding relative to the
alkyl linkers (compare DB1701—03 to DB1743—44, Table
1), perhaps due to competition with water or incorrect
indexing of the oxygen and amino groups. The strongest
binding compounds for the AAAGTTT sequence contained
more complex heterocycles, phenyl-furan or benzimidazole-
phenyl, and the benzimidazole compounds were selected for
more detailed, comparative studies.

CD experiments were conducted to evaluate the compound
binding mode to the mixed AAAGTTT sequence, and the
results clearly show that the compounds bind in the minor
groove with similar induced CD signals, which are similar
to those for classical minor groove binding at A/T sequences.
Only minor changes were observed in the DNA CD region.
This indicates that the compounds bind to the minor groove
in a relatively standard B-form geometry with only minor
conformational changes in the A/T binding sites. SPR binding
studies provided sensorgrams for the benzimidazole com-
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FIGURE 6: ITC curves for binding of SBGR66 (top) and 15SAB68

(bottom) to the AAAGTTT sequence. In each graph, the top plot

is corrected experimental data and the bottom is the molar heat vs

molar ratio of compound to the DNA. The experiments were done
in MES 10 buffer at 25 °C.

Table 3: Gibbs Energy Values for Compounds Binding to Different
DNA Sequences”

SBGR66 15SAB68 13SAB89
AAAGTTT —11.5 —11.6 —10.4
AAAGCTTT —10.4 —10.1 —94
AATT —11.2 —11.0 —10.6

“The experiments are done at 25 °C and in Tris buffer. The errors
are 0.3 kcal/mol.

pounds with AAAGTTT that indicate slow dissociation rates
(Figure 4). The slow dissociation is consistent with tight
binding, and quantitative analysis of the interaction gave
equilibrium constants for complex formation at AAAGTTT
of 108 M~! or above (Figure 5 and Table 2). Binding to
AATT had similar affinity, but binding to AAAGCTTT was
approximately 10-fold lower (Table 3). These results taken
together suggest that the compounds can bind strongly in
an extended conformation to the two AAA sites in AAAGTTT
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derivatives, it is somewhat surprising that they bind almost
as well to the AATT sequence as to AAAGTTT. This may
indicate that the compounds can adopt a folded conformation
that fits into a four-base pair A/T site and/or they can interact
favorably with the GC base pairs at the ends of the AATT
sequence. The ability to expand the A/T recognition se-
quences of classical A/T specific minor groove binding
compounds offers exciting possible expansion of the DNA
targeting ability of such compounds and could provide new
application for cell permeable minor groove binders. The
compounds of Figure 1 provide ideas for additional deriva-
tives with different linkers that can target more complex GC
base pairs containing DNA sequences. Compounds with a
more rigid linker to interact with GC base pairs and inhibit
folding will be designed in the future.
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FIGURE 7: ITC curves for binding of SBGR66 (top) and 15SAB68
(bottom) to the AATT sequence. The experimental conditions are
the same as Figure 6.

but can adopt a more folded conformation that binds well to
AATT. The extended conformation is, however, not opti-
mized for the two GC base pair intervening sequence in
AAAGCTTT.

ITC studies with the two benzimidazole compounds
5BGR66 and 15SAB68 that bind best to AAAGTTT and
AATT indicate an enthalpy driven interaction for the initial
and most important strong binding site. Although binding
to AATT has a low enthalpy for other similar heterocyclic
diamidines, binding of the substituted benzimidazoles to both
sequences has a favorable enthalpy and low entropy of
binding (21, 45). Since the compounds do not have excep-
tional H-bonding ability, these results are surprising and
require more study with additional compounds for detailed
explanations.

In summary, the design of oxy-methylene linked aromatic-
amidine moieties provided compounds that could bind
strongly in the minor groove of short A/T sequences that
are separated by a GC base pair. Given the length of the
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