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First examples of distamycin (Dst) analogs which
ack hydrogen bond donor or acceptor groups at the
-terminus have been synthesized. The first molecule
f this series, which is a bispyrrole peptide, did not
xhibit any detectable binding with double-stranded
ds) DNA. However, all other analogs did bind strongly
o AT-rich sequences of ds-DNA, with the binding af-
nities increasing as a function of the number of re-
eating pyrrole carboxamide units. These results im-
ly that a hydrogen bond donor or acceptor atom per
e at the N-terminus is not a prerequisite for DNA
inding in the case of pyrrole carboxamide-based Dst
nalogs. However, in the absence of H-bond donor or
cceptor at the N-terminus, a minimum of three pyr-
ole carboxamide units is necessary for the onset of
NA binding. Beyond this minimum number, the bind-

ng affinity increases as a function of the number of
yrrole units, as a result of the greater availability of
ydrogen bonding and van der Waals surface. Exper-

ments with poly[d(G-C)] have shown that the pres-
nce of the N-terminus formamide group is not inevi-
able for GC binding of this class of molecules. The
bservation that the N-terminus formamide unit can
e dispensed with suggests that these molecules,
hich are much easier to synthesize and functional-

ze, can be used in place of the conventional analogs of
istamycin for the development of novel minor groove
inders with extended sequence recognition proper-
ies. © 2000 Academic Press

Key Words: novel distamycin analogs; absence of
eading amide; minimum size requirement; GC
inding.

The minor groove of double helical DNA is the site of
oncovalent interactions for a large number of antican-
er drugs, antibiotics and antiviral agents (1) which
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139
eting with transcription factors or architectural pro-
eins such as E2F (2), TATA-box binding protein (TBP)
3) or DNA topoisomerase I/II (4, 5). The molecular
asis of the DNA recognition properties (6) of a number
f molecules in this family, notably distamycin (Dst)
7), netropsin (Nt) (8), and Hoechst-33258 (9) has been
tudied extensively. The AT sequence preference in the
inding of these molecules is a consequence of, in par-
icular (i) the sequence-dependent narrow width of the
inor groove of the B-form of DNA, resulting in stabi-

ization of the complex by van der Waals interaction
ith the walls of the groove, and (ii) their ability to

orm specific hydrogen bonds with the donor and ac-
eptor atoms on the minor-groove side of AT-base pairs
6–9). Even though hydrogen bonding and electrostatic
nteractions contribute to the free energy of binding
10), the information reading process is carried out
argely by van der Waals contacts between the ligand
nd the surface of the minor groove (6). Based on this
ationale, design of a number of molecules have been
eported which include imidazole (Im), pyridine (Pyn)
11, 12), thiazole (13) or benzene (14) based amides as
he basic unit of potentially DNA binding oligopeptides
nd are termed “lexitropsins” or information reading
olecules (13). In these designs, the introduction of

eterocyclic rings containing hydrogen bond acceptors
uch as nitrogen as in Im or Pyn, was based on the
ealization that these atoms could act as hydrogen
ond acceptors for the NH2 group of guanine in the
inor groove and therefore oligo peptides containing

uch unnatural amino acids would be able to recognize
C rich sequences of DNA. For eventual use in precise
enetic targeting, it is necessary to have groove bind-
ng ligands, which are capable of discriminating not
nly AT vs GC base pairs, but also end-for-end rever-
als of AT and GC base pairs. Such discrimination was
ealized by designing hairpin polyamides containing
m and or Py rings (15). Based on these studies a set of
airing rules were developed, according to which two
mide units are required to recognize one base pair of
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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NA and an Im/Py pair targets a GC base pair
hereas a Py/Im pair targets a CG pair. A Py/Py com-
ination would be degenerate for AT and TA base pairs
15). Since there is no difference between AT and TA
airs in terms of the availability hydrogen bonding
roups in the minor groove (15, 16) such a discrimina-
ion in this case could be achieved only on the basis of
teric factors and heterodimer hairpins having pyrrole
nits on one strand and 3-hydroxy pyrrole units on the
pposite strand have been demonstrated to be capable
f such discrimination (17). It is highly encouraging to
ote that some of the compounds developed on the
asis of these principles are capable of specific gene
egulation (18).

In the present study we report the DNA binding
roperties of a few novel N-methyl pyrrole carboxam-
de analogs of Dst that lack the N-terminal formamide
nit [the “leading amide unit” (16)]. These molecules,
–4, contain two to five pyrrole carboxamide units (Fig.
). These have been designed for evaluating the follow-
ng parameters: (a) the importance of the formamide
nit at the N-terminus in the specific DNA binding
roperties of Dst class of minor groove binders; (b) to
ssess the minimum size requirement of the peptide
or DNA binding in the absence of the leading amide
nit; (c) to determine the effect of increasing number of
y based amide units on the DNA binding affinity in
he absence of the N-terminus formamide unit, and (d)
o investigate the importance of the N-terminal form-
mide on the binding of Dst analogs to GC-rich regions
f DNA.

FIG. 1. Chemical structures of distamycin and the newly de
140
ATERIALS AND METHODS

All the new compounds reported here have been synthesized using
olution phase protocols and have been successfully characterized by
H NMR, IR and electrospray ionization mass spectrometry. DNA
inding experiments were carried out using calf thymus DNA (CT
NA), poly(dA)–poly(dT), poly[d(A-T)] and poly[d(G-C)] (Sigma
hem. Co., St. Louis, MO). Poly(dA)–poly(dT), poly[d(A-T)], and
oly[d(G-C)] were used as obtained. CT DNA was purified as de-
cribed earlier (19).
CD spectra were recorded on a JASCO J-500A spectropolarometer

nd the data were processed by means of a JASCO-DP-501N data
rocessor. The CD values are expressed as molar ellipticity, [u] by
ollowing the equation [u] 5 [100 3 C/l 3 c] deg.cm2.dmol21, where C
s the observed ellipticity in degrees, l is the path length of the cell in
entimeters and c is the concentration of DNA in base molarity. CD
itrations were carried out by adding progressively increasing
mounts of the respective ligand to the cuvette, keeping the DNA
oncentration constant.
Fluorescence spectra were recorded on a Hitachi F-4500 fluores-

ence spectrophotometer. Known concentrations of a given ligand
ere added in small increments into solutions containing ethidium
romide (ETBr) ds-DNA complex. After each addition, the mixtures
ere carefully stirred, followed by recording of the corresponding
uorescence emission spectrum (550–700 nm) upon excitation at 525
m. The changes in the fluorescence emission peak (590 nm) were
lotted against the concentrations of each ligand. The concentration
f ligand required to obtain 50% quenching of the maximal fluores-
ence (C50 value) was used to calculate the relative binding constant
20, 21).

ESULTS AND DISCUSSION

Mixed Im/Py and Pyn/Py oligopeptides lacking the
eading amide unit have been reported in literature

oped analogs of distamycin that lack the leading amide unit.
vel
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11, 22). However, it is important to note that these
olecules possess a nitrogen in the N-terminal hetero-

yclic ring [e.g., N (3) in the case of imidazole] which
ct as a hydrogen bond acceptor for guanine NH2 and
herefore the number of hydrogen bonding groups re-
ain the same for Dst and such a molecule having

hree heterocyclic rings (Fig. 2). Thus four synthetic
nalogs of Dst described herein (1–4) lack the leading
mide unit at the N-terminus and these represent the
rst examples of Dst analogs that possess neither a
ydrogen bond donor nor an acceptor group at the
-terminus.
The DNA binding studies were first carried out using

he AT-rich sequences, namely CT DNA (;52% AT)
nd poly[d(A.T)] (100% AT). Neither the free poly-
mides, nor the DNA duplexes used, exhibit any CD
ignals in the ligand absorption region. However, upon
ddition of ligands 2–4, to all the three forms of DNA
sed, substantial induced CD signals (ICD) arise in the
00–380 region. Since this induced cotton effect is out-
ide the CD spectrum of DNA, it directly reflects the
nvironment of the bound ligand molecules. The CD
ignals observed in this case were characterized by two
CD maxima with 1ve and 2ve amplitudes respec-
ively in the wave length region centered around 320
nd 280 nm, as exemplified by the titration of 3 with
T DNA shown in Fig. 3. The magnitude of the ob-
erved ICD signal (normalized for DNA concentration)
ncreased with the number of Py units in the oligopep-

FIG. 2. Comparison of the van der Waals and hydrogen bonding
2) and the newly developed tris-pyrrole analog of distamycin (comp
cceptors by downward arrows. Hydrogens involved in van der Waals
e noted that in the Im/Py lexitropsin the N-terminus C(3)H has be
educed whereas the number of hydrogen bonding groups remain the
cceptor. In the case of 2, the van der Waals surface remain the same
141
ide (Fig. 4A). Apparently, the number of chromophoric
yrrole carboxamide residues contributes to the inten-
ity and location of the negative and positive ICD
ands. The magnitude of ICD signal obtained for 2
ith poly[d(A.T)] was ;2 times higher compared to

hat of CT DNA, whereas in the case of 3 and 4 it was
igher by about 20%.
The observed ICD signals saturated in all the cases
entioned above at a certain compound to nucleotide

hosphate ([D]/[P]) ratio characteristic of each ligand-
uplex type. The general trend was a decrease in the
aturation value of [D]/[P] with the increase in the
umber of Py rings in the peptide sequence, as exem-
lified by the titration of 2–4 with poly[d(A.T)] in Fig.
A, suggesting an increase in the binding site size with
he length of the peptide as expected (22, 23). To a first
pproximation, the magnitude of the ICD signal can be
aken as an indication of the extent of binding of a
iven ligand to a certain type of duplex. Therefore the
aturation in ICD can be used for estimating the bind-
ng site size of the ligand (the number of base pairs
overed by one ligand molecule) for a given type of
uplex, as demonstrated for 4 and poly[d(A.T)] in Fig.
B. The same procedure was used for the estimation of
he binding site size for 2 and 3 with this duplex and
ere conforming with a head-to-tail dimeric binding
ode (Fig. 5), as was observed for Dst (24) and most of

he analogs as well (12, 22). The observed value of 8.9
n the case of 4 is higher than the calculated value of

rfaces of distamycin, an imidazole-pyrrole lexitropsin (Refs. 12 and
d 2). Hydrogen bond donors are represented by upward arrows and
tact with the minor groove are encircled by dashed circles. It should
replaced by a N, as a result of which the van der Waals surface is
me (four) except that the N-terminus donor has been replaced by an
ereas the number of hydrogen bonding groups has reduced to three.
su
oun
con
en
sa

, wh
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.9 (23) and this can be explained by assuming a
lightly “slipped” binding mode in this case.
Quite surprisingly, ligand 1 failed to exhibit any

etectable ICD under the same conditions. The ab-
ence of any detectable ICD in this case is indicative of
he absence of interaction between this ligand and
NA. This observation is important and suggests that
minimum of three pyrrole carboxamide units are

ecessary for the onset of DNA binding in the case of
all pyrrole” polyamides lacking the leading amide
nit. This essentially would mean that a minimum of
hree hydrogen bonds are necessary for holding a Dst
lass of DNA binding compound possessing a single
ositive charge in the minor groove.
The well-known ethidium bromide (ETBr) displace-
ent assay was then employed to estimate the appar-

nt binding constants of these ligands to ds-DNA. This
ssay is based on the displacement of intercalatively
ound ETBr from the duplex DNA upon addition of
nother DNA-binding ligand. Apparent Binding con-
tants (Kapp) of such ligands to ds-DNA can be esti-
ated and compared by measuring the loss of ETBr
uorescence as a function of added ligand. The Kapp

alues were calculated from KETBr [ETBr] 5 Kapp.[Li-
and], where [ETBr] and KETBr are the concentrations
nd binding constants of ETBr respectively and [Li-
and] is the concentration of ligand at 50% of maximal
TBr fluorescence. The binding constant of ETBr was

aken to be 1 3 107 M21 (20). The apparent binding

FIG. 3. Circular dichroism spectra of 3/CT DNA complexes at
everal [ligand] to [nucleotide] ratios ([D]/[P] ratios) in 10 mM Tris–
Cl buffer (pH 7.4) containing 40 mM NaCl at 25°C. Trace “0” refers

o the CD spectrum of free CT DNA in the same buffer. Traces 1 and
7 correspond to the complexes at [D]/[P] ratios 0.027 and 0.49,
espectively.
142
his way are presented in Table 1. It is evident that the
inding constants increase for all the three forms of
NA as the number of pyrrole carboxamide unit in-

reases. Moreover, for a given oligopeptide, the binding
onstant is higher for poly[d(A.T)] and poly[dA]–
oly(dT) compared to that of CT DNA (;48% GC),
uggesting that these molecules retain their AT speci-
city despite the absence of the leading amide unit. It
hould also be noted that compound 4 show higher
inding affinities compared to Dst. This observation
hould be analyzed in the light of the fact that in
omparison with Dst, compound 3 carries one extra
ydrogen for van der Waals interaction (C(3)H of the
y at the N-terminus, Fig. 2) and compound 4 carries
ne extra amide NH and a C(3)H in addition to the
erminal Py C(3)H. To test the possibility of these
igands binding to poly[d(G.C)] sequences, 3 was cho-
en as a representative example (This molecule pos-
esses equal number of carbonyl groups as distamycin
xcept that the N-terminus formamide is absent).
hese experiments assume significance considering
he fact that Dst is known to exhibit ICD signals with
oly[d(G.C)] and the formamide group at the

FIG. 4. (A) Molar ellipticities vs [D]/[P] ratio plots for the CD
itration of compounds 2–4 with poly[d(A.T)]. Titrations were done in
0 mM Tris–HCl buffer (pH 7.4) containing 40 mM NaCl. Plots 1–3
epresent the plots for ligands 2–4, respectively. (B) Calculation of
aturation [D]/[P] and hence the binding site size from the above plot
or 4. Considering a head-to-tail binding model, the binding site size
alculated this way for 2–4 were 4.8, 5.9, and 8.9, respectively. These
alues were close to the expected values of 4.6, 5.8, and 6.9 (Refs. 22
nd 23), respectively, for compounds 2–4. See text for details.
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-terminus was also implicated in the formation of
uch complexes (23). Interestingly, intense ICD signals
ould be observed upon progressive addition of 3 to a
olution of poly[d(G.C)] (not shown). Based on the ex-
eriments using m7G-DNA (in which the guanine NH2

s methylated) and deformylated distamycin (Dst-D, in
hich the N-terminal NH2 group is free), Luck et al.
ad suggested the formation of hydrogen bonds be-
ween the amino group of the guanine bases and the
AO group of the formamide terminus (in addition to

FIG. 5. Schematic representation of the proposed 2:1 anti paral-
el side-by-side binding model for the complex formed between 3 and

stretch of poly[d(A.T)]. Circles with double dots represent lone
airs of N-3 of adenines and O-2 of thymines. Dashed lines connect-
ng the NHs and the lone pairs represent putative hydrogen bonds.

TAB

Apparent Binding Constants of the Oligopeptides fo

Compound

Poly(dA)–poly(dT)

C 50
a (mM) 106 3 K app (M21) C 50 (m

2 9.0 1.6 37.9
3 0.23 63 0.7
4 0.16 92 1.2

Distamycinb

a C 50 is defined as the amount of pyrrole oligopeptide required for
b Taken from Ref. 21.
143
ng force for the complex formation between this class
f compounds and GC sequences (23). In their experi-
ents, Dst-D exhibited practically no binding with

oly(dG)–poly(dC) in 20 mM NaCl whereas in the
resent case 3 exhibited intense ICD signals with poly-
d(G.C)] even in 40 mM NaCl. These observations sug-
est that a minimum of four CO groups are necessary
or the maintenance of GC binding. The N-terminal
ormamide carbony per se is not a prerequisite for this
ype of binding.

To ascertain the nature of the interaction between
oly[d(G.C)] and 3, effect of addition of salt (NaCl) on
he ICD signal was monitored by adding increasing
mounts of NaCl to a preformed complex of 3 and
oly[d(G.C)] (10 mM Tris–HCl, pH 7.4, 40 mM NaCl).
he observed ICD signals collapsed almost completely

to about 2% of the original intensity) when the salt
oncentration was increased to 200 mM (not shown).
his indicates the highly electrostatic nature of the
omplex. Compound 3 and the AT-rich sequences of
NA on the other hand exhibited substantial ICD sig-
als even in the presence of ;4.8 M NaCl, confirming
he inference that the later described complexes are
ue to specific interactions between the ligand and
NA.
In conclusion, we have been able to demonstrate that

ydrogen bond donor or acceptor groups in the
-terminus per se is not a prerequisite for achieving
NA binding in the case of pyrrole carboxamide based
st analogs. However, in the absence of N-terminus
ydrogen bond donor or acceptor, a minimum of three
yrrole carboxamide units are necessary for the onset
f DNA binding. In a general sense this essentially
ould mean that a minimum of three hydrogen bonds
re necessary for a Dst class of DNA binding compound
ossessing a single positive charge to be able to bind in
he minor groove. Beyond this minimum number, in
he examples studied here, the binding affinity in-
reases as a function of the number of Py units, as a
esult of the greater availability of hydrogen bonding
nd van der Waals surface. Experiments with GC-rich

1

e Three Types of AT-Rich Sequences of DNA Used

Poly[d(A.T)] CT DNA

) 106 3 K app (M21) C 50 (mM) 106 3 K app (M21)

0.42 275.0 0.06
33.0 14.44 101.0
12.0 3.23 4.52
34.8 77.0

% inhibition of ethidium fluorescence.
r th

M

3

50
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ormamide group is not a prerequisite for GC binding.
Unlike Dst and Nt which are insoluble in organic

olvents, all the compounds reported here are soluble
n organic solvents in their free base form (the tertiary
mino group at the C-terminus gets protonated in wa-
er and thus imparts positive charge to the molecule).
ence, these could easily be functionalized by suitable

eactions in common organic solvents. Moreover, the
act that the N-terminus formamide group can be dis-
ensed with point to the possibility of using these com-
ounds, which are considerably easier to synthesize
nd functionalize, in place of the conventional ana-
ogues of Dst that retain a formamido or acetamido
roup at the N-terminus. Currently we are developing
affinity cleavage agents” based on these templates by
he attachment of appropriate redox-active (25, 26) or
hotoactive (27) groups. Such compounds should even-
ually find applications as “nonprotein based restric-
ion enzymes” that can cleave specific sequences of
NA, depending on the choice of the groove binding
oiety.
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