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Abstract—Three peptide amides, HPRK(Py),HPRK-NH, (PyH-12), HPRK(Py);HPRK-NH, (PyH-11) and HPRK(Py),HPRK-
NH, (PyH-10), incorporating two HPRK motifs and various 4-amino-1-methylpyrrole-2-carboxylic acid residues (Py) were syn-
thesized by solid-phase peptide methodology. The binding of these three peptides to a 5'-3?P-labeled 158-mer DNA duplex (Watson
fragment) and to a 5'-3?P-labeled 135-mer DNA duplex (complementary Crick fragment) was investigated by quantitative DNase I
footprinting. On the 158-mer Watson strand, the most distinctive DNase I blockages seen with all three peptides occur around
positions 105-112 and 7679, corresponding to the sequences 5-GAGAAAAT-3" and 5-CGGT-3/, respectively. However, on the
complementary Crick strand, only PyH-12 strongly discriminates the 5'-TTT-3’ site around positions 108—110 whereas both PyH-11
and PyH-10 have moderate binding around positions 102-112 comprising the sequence 5-ATTTTCTCCTT-3'. Possible bidentate
and single interactions of the side-chain functions and a-amino protons of the peptides with DNA bases are discussed.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The studies of synthetic DNA binding and cleavage
agents are considered to be of growing importance in
the research of gene regulation. DNA sequence-specific
binding agents which chemists studied extensively over
the past three decades can be roughly divided into two
categories: naturally occurring antibiotics such as quin-
oxaline antibiotics,!~* anthraquinones,>’ netropsin and
distamycin;®~!'! and synthetic polymers'>~!'3 related to
netropsin and distamycin which bind specifically to the
DNA minor groove. The advances in the understanding
of sequence-specific recognition and mechanisms of
synthetic drugs would be expected to contribute sig-
nificantly in future gene therapy of many diseases. For
example, sequence-specific binding drugs can be tar-
geted to bind to various sites of specific genes and
switch off the expression of functional proteins, thus aid
in the control of malignant diseases.
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On the other hand, synthetic DNA cleavage agents are
mostly peptide conjugates of drugs, metal ions or chro-
mophores that can cleave DNA and have been exten-
sively investigated.'®—2! Recently, we have been studying
peptides which can nick plasmid DNA without con-
jugation to drugs or metal ions.??> As part of our ongo-
ing interest in the search for new DNA binding and
cleavage agents, we designed and synthesized three
polyamide—peptide conjugates incorporating 4-amino-1-
methylpyrrole-2-carboxylic acid residues (Py) with the
HPRK  motif (C-terminal in amide form):
HPRK (Py);sHPRK-NH, (PyH-12), HPRK(Py);HPRK-
NH, (PyH-11), and HPRK(Py),HPRK-NH, (PyH-10).
These peptide amides are designed by the rationale that
both the XPRK motif?} and the polyamide motif 31>
are considered to bind in sequence-specific or sequence-
selective manners to the DNA minor groove. We reasoned
that the conjugation of the XPRK motif with the poly-
amide motif in a peptide might afford new DNA
sequence-specific agents. The design of the new XPRK
motif is prompted by the observation of Suzuki that a
SPXX motif >#~7 is often found in repeating sequences in
histones, steroid hormone receptors, various segmenta-
tion gene products and some oncogene products. The
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SPXX motif assumes a B-turn stabilized by two hydro-
gen bonds, and the side chains of the two basic residues
engage in salt bridges with the DNA phosphate
groups.”*2¢ In this work, all three new peptides dis-
played significant agarose gel electrophoretic retarda-
tion against supercoiled pBR322 DNA, indicating that
tight binding of the peptides to DNA had occurred.

Agarose gel electrophoresis showed that PyH-12
induced significant nicking of pBR322 plasmid DNA at
peptide concentrations as low as 2 uM at 65 °C, whereas
(HPRK)3-NH, showed much less DNA nicking effect.
The 10-mer PyH-10, the 11-mer PyH-11 also produced
much less nicking effect whereas YPRK(Py);YPRK-
NH, had no detectable DNA nicking effect and no
agarose gel electrophoretic retardation effect under
identical conditions (data and figures not shown). To
gain insight into the recognition of PyH-12, PyH-11 and
PyH-10 to specific binding sites of the DNA double
helix quantitative DNase I footprinting was carried out
on a 158-mer DNA fragment and on a complementary
135-mer DNA fragment.

2. Materials and methods
2.1. Chemicals

All of the protected amino acid derivatives were pur-
chased from Bachem California (Torrance, CA, USA)
and AnaSpec, Inc. (San Jose, CA, USA) or synthesized
in our own laboratory according to published proce-
dures. All other analytical reagents were purchased
from Acros, Tedia or Sigma.

2.2. Chemical methods

Melting points were determined on a Mel-Temp appa-
ratus (Cambridge, MA, USA) and are uncorrected.
Optical rotations were determined on a Rudolph
Autopol II instrument. Semi-preparative and analytical
HPLC (Vydac reversed-phase columns, TP201; column
I, 1x25 cm; column 2, 0.4x25 cm) were performed
using a Hitachi L-7100 pump equipped with a gradient
elution device and a Soma S-3702 variable wavelength
UV detector which is connected to a PC computer
installed with Hitachi HPLC analytical software. Mass
spectra were determined with a Finnigan/Thermo Quest
MAT 95XL instrument operating in the electrospray
ionization (ESI) mode in Chung-Hsing University.

2.3. Biochemicals

Radiolabeled nucleoside triphosphates [y-3?P]JATP
were obtained from NEN Life Science Products at a
specific activity of 6000 Ci/mmol. Taq polymerase, T4
polynucleotide kinase, and DNase I were purchased
from Promega. All of the biochemicals were used
according to the supplier’s recommended protocol in
the activity buffer provided. All other chemicals were
analytical grade reagents, and all solutions were pre-
pared wusing doubly deionized, Millipore filtered
water.

2.3.1. His-Pro-Arg-Lys-Py-Py-Py-Py-His-Pro-Arg-Lys-
NH, (PyH-12). This peptide was synthesized using
solid-phase methodology by manual operation of a
Protein Technology PS3 peptide synthesizer. The first
Fmoc-protected amino acid was coupled to the Nova
Rink amide AM resin using benzotriazole-1-yloxy-
trispyrrolidinophosphoniumhexafluorophosphonate/ N -
methylmorpholine (PyBOP/NMM) in DMF. All of the
N,-Fmoc-protected amino acids (in 4 equivalent ratio
excess to the resin) were coupled in a stepwise fashion
using PyBOP/NMM in DMF after deprotection of the
N-Fmoc group by piperidine. The side chains of Arg,
Lys, Tyr and His are protected by the pentamethyl-
chroman-6-sulfonyl (Pmc), Boc and trityl (Trt) groups,
respectively. After coupling the last N-terminal Fmoc-
amino acid residue, the resin was treated with the clea-
vage reagent (0.75 g phenol, 10 mL TFA, 0.5mL thioa-
nisole, 0.25 mL EDT) for 1.5 h, and then lyophilized.
The resin was washed with dry ether (2x30 mL), fil-
tered, and then washed with 5% acetic acid (200 mL).
The combined filtrate was lyophilized and the product
was purified by semi-preparative reversed-phase HPLC
(column 1) using gradient elution. Eluent A: 5%
MeCN, 95% H,0, 0.1% TFA; Eluent B, 95% MeCN,
5% H»0, 0.1% TFA. A linear gradient was achieved by
increasing the MeCN content from eluent A to eluent B
in 30 min. R; (column 2), 11.77 min, mp 157-158°C,
[0]3 —41.3 (¢ 0.0444, H,0); ESIMS requires: 1542.76,
found: 1542.

2.3.2. His-Pro-Arg-Lys-Py-Py-Py-His-Pro-Arg-Lys-
NH, (PyH-11). This peptide was synthesized using a
similar procedure as for PyH-12. The crude product was
purified by semi-preparative reversed-phase HPLC
(column 1) using gradient elution as described for the
purification of PyH-12. R, (column 2), 11.41 min, mp
152-153°C, [o]y -75.8 (c 0.0528, H,0); ESIMS
requires: 1420.63, found: 1421.9.

2.3.3.  His-Pro-Arg-Lys-Py-Py-His-Pro-Arg-Lys-NH,
(PyH-10). This peptide was synthesized using a similar
procedure as for PyH-12. The crude product was pur-
ified by semi-preparative reversed-phase HPLC (column
1) using gradient elution as described for the purifica-
tion of PyH-12. R; (column 2), 10.033 min, mp 149-
152°C, [0 —76.0 (c 0.051, H,O); ESIMS requires:
1298.51, found: 1300.

2.4. Polymerase chain reaction (PCR) and end-labeling
of PCR products

pBR322 plasmid was subjected to PCR amplification in
a thermal cycler (Perkin-Elmer DNA thermal cycler
480). Briefly, for the preparation of the 135-mer Crick
fragment, the primers 5-ACGTAGCGATAGCGGA-
GTG (Watson/pBR322 sequencing primer) and 5'-AG-
CGGAAGAGCGCCTGATG (Crick/pBR322 sequencing
primer) bearing a 5-OH were used and obtained from
ScinoPharm Biotech Ltd. The 5-OH Crick primer was
labeled with [y->?PJATP in the presence of T4 poly-
nucleotide kinase. The Watson primer corresponds to
pBR322 nucleotide sequence of 2226-2244 whereas the
Crick primer corresponds to the sequence of 2360-2342.
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250 uM of each appropriate ANTP and 1 unit of Taq
polymerase were mixed in a volume of 100 pL contain-
ing 50 mM KCIl, 10 mM Tris—HCI, pH 8.3, 0.1% Triton
X-100, and 1.5 mM MgCl,. The reaction mixture was
heated to 60 °C before the addition of Taq polymerase
and mineral oil was added to prevent evaporation. Fol-
lowing an initial step of 3 min at 94 °C, 30 amplification
cycles were performed, each consists of 94 °C denatura-
tion for 50 s, 55°C primer annealing for 50 s, and poly-
merization at 72 °C for 50 s. After the last amplification
cycle, the PCR samples were heated to 72 °C for another
10 min to complete unfinished polynucleotide chains.
The reaction mixtures were loaded to PCR columns
(QIAGEN QIAquick PCR purification kit), washed
with PB buffer (500 pL), centrifuged for 60 s and the
lower layer discarded. 0.75 mL of PE buffer was added
and the mixture centrifuged for 60 s and the lower layer
discarded. The column was centrifuged for another min
and the lower layer again discarded. The column was
adopted in an Eppendorf tube and stood with 50 uL of
deionized water for 1 min and then centrifuged for 1
min. The purified DNA fragment was diluted to 50 cps/
pL. In a similar procedure, the 158-mer Watson frag-
ment was prepared using the Watson primer 5-ATTG-
TACTGAGAGTGCACC-3' (labeled with [y->’P]ATP
in the presence of T4 polynucleotide kinase) and the
Crick primer: 5-ATTACCGCCTTTGAGTGAG-3'.

2.5. DNase I footprinting

Reactions were conducted in a total volume of 10 pL.
Radiolabeled DNA (2 puL) was mixed with varying
concentrations of peptide (2 uL) dissolved in 5 mM
sodium cacodylate buffer, pH 6.5) and equilibrated at
room temperature for 60 min. DNase I (2 pL) was
added and the reaction allowed to proceed at 37°C for
10 min. The DNase I solution (in 20 mM NaCl, 2 mM
MgCl,, 2 mM CaCl,) was adjusted to yield a final con-
centration of 0.009 unit/mL so as to limit the digestion
to less than 30% of the starting material in order to
minimize the incidence of multiple cleavages in any
strand. The digestion was stopped by adding stop solu-
tion (4 pL) containing 80% formamide, 10 mM EDTA,
0.1% bromophenol blue, and 0.1% xylene cyanol.
Samples were heated at 90°C for 4 min and chilled in
ice for 4 min prior to electrophoresis.

2.6. Electrophoresis and autoradiography

The products of DNA cleavage were resolved by poly-
acrylamide gel electrophoresis under denaturing condi-
tions (0.3 mm thick, 8% acrylamide containing 8§ M
urea). G+ A and G tracks were generated by treatment
of the radiolabeled DNA with formic acid and dimethyl
sulfate, respectively. Briefly, to 15 pL of the untreated
DNA were added 15 pL of water and 30 pL of formic
acid or 2 uL of dimethyl sulfate. For the formic acid
reaction, the reaction mixture was incubated at 20°C
for 10 min. For the dimethyl sulfate reaction, the reac-
tion was allowed to proceed at room temperature for 20
s. The reaction was quenched by adding unlabeled
DNA (2 pL, 3 pg/puL) 3M sodium acetate (6 pL), 2-
mercaptoethanol (5 pL, for DMS reaction only) and

800 pL of 95% ethanol at —20°C. The mixture was
centrifuged at 12,000g for 15 min at 4°C and the
supernatant discarded. The residue was washed twice
with ethanol, mixed with 50 pL of 0.7 M piperidine and
the reaction was allowed to proceed at 90 °C for 30 min.
The mixture was dried under vacuum and loaded with
tracking dyes to the gel. The various samples after
DNase I treatment are also loaded to the gel in a total
volume of 10 uL/well. After electrophoresis (about 1.45
h at 70 W, 1800 V in TBE buffer, BRL sequencer model
S2), gels were soaked in 10% acetic acid/10% methanol
for 15 min, transferred to Whatman 3MM paper, dried
under vacuum at 80 °C for 45 min, and placed against a
Molecular Dynamics Phosphorlmager storage screen
overnight. The electrophoretic band areas were analyzed
by a PC computer installed with Viber Lourmat BIO-ID
software (Marne La Valle, Cedex 1, France). Foot-
printing data are presented in the form In(f,/f.) repre-
senting the differential cleavage at each site relative to that
in the control (f, is the fractional cleavage at any band in
the presence of the peptide and f. is the fractional clea-
vage in the control, i.e., absence of peptide). The results
are displayed on a natural logarithmic scale. Positive
values indicate enhanced cleavage whereas negative values
indicate blockage. The Cso values of the peptides were
determined using the method of Sayers and Waring.?®

3. Results and discussion

Initial DNA nicking experiments were performed by a
standard procedure®’ of incubating pBR322 plasmid
with the peptides at 65°C for 25 min. Figure 1 shows
that the 12-mer PyH-12 effectively nicked the plasmid at
concentration as low as 2 uM whereas PyH-11, PyH-10
and (HPRK)3;-NH, showed much less nicking ability at
similar concentrations.

At present, we are unable to locate the cleavage sites in
the pBR322 plasmid induced by these peptides. How-
ever, the unusual DNA nicking property of these pep-

8 9

10 1

Figure 1. Nicking of supercoiled pBR322 DNA induced by PyH-12
and (HPRK);-NH, as monitored by agarose electrophoresis. The
DNA was incubated with each peptide at 65°C for 25 min. The upper
bands represent the open-circular form, and the lower bands the
supercoiled form. Lane 6, pBR322 DNA as received. Lanes 1-5, DNA
incubated with PyH-12 at 0.5, 2, 5, 10 and 25 uM, respectively. Lanes
7-11, DNA incubated with (HPRK);-NH; at 0.5, 2, 5, 10 and 25 uM,
respectively.
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DBR322 1354158 bp From PCR

5’-ACGTAGCGAT AGCGGAGTGT ATACTGGCTT AACTATGCGG CATCAGAGCA
3-TGCATCGCTA_ _TCGCCTCACA ___ TATGACCGAA _TTGATACGCC___ GTAGTCTCGT
51
GATTGTACTG AGAGTGCACC ATATGCGGTG TGAAATACCG CACAGATGCG
CT?ACAT_GAC—T.CEAZJG_T GG TATACGCCAC __ACTTTATGGC ___ GTGTCTACGC
101
TAAGGAGAAA ATACCGCATC  AGGCGCTCTT CCGCTTCCTC GCTCACTGAC
ATTCCTCTTT TATGGC%(-} _ _TCCG(&AGAA_GGC%AGGAG CGAGTGACTG
151
TCGCTGCGCT CGGTCGTTCG GCTGCGGCGA GCGGTATCAG CTCACTCAAA
AGCGACGCGA GCCAGCAAGC CGACGCCGCT CGCCATAGTC GAGTGAGTTT

201

GGCGGTAAT -3

--------- 135-mer Crick strand
135-mer Watson primer === s m—
135-mer Crick Pprimer e s« s ==
158-mer Watson primer == «
158-mer Crick primer e

158-mer Watson strand

5°-ACGTAGCGATAGCGGAGTG-3’
5°-AGCGGAAGAGCGCCTGATG-3’

5-ATTGTACTGAGAGTGCACC-3'

« = @ 5-ATTACCGCCTTTGAGTGAG-3’

Figure 2. Nucleotide sequence of the 5'-3?P-labeled 158-mer DNA duplex (the corresponding 5'-3?P-labeled strand is referred to as the Watson
strand) and a complementary 5'-3?P-labeled 135-mer DNA duplex (the corresponding 5'-32P-labeled strand is referred to as the Crick strand). The

sequences of the primers for PCR are shown.

tides has prompted us to investigate their aspects of
DNA sequence-specific recognition. Thus, quantitative
DNase I footprinting experiments were designed to
determine the preferred binding sites by the three pep-
tides. Footprinting experiments were carried out on a
158-mer DNA duplex (referred to as the Watson frag-
ment and the corresponding 5'-3?P-labeled strand the
Watson strand) and on a 135-mer DNA duplex (refer-
red to as the Crick fragment and the corresponding
5'-32P-labeled strand the Crick strand whose sequence is
complementary to the Watson strand) that were pre-
pared by the PCR technique. For experimental con-
venience we prefer to label the 5-end of both Watson
and Crick strands with [y-3?P]JATP in the presence of
T4 polynucleotide kinase. The sequences of the Watson
and Crick fragments are copied from fragments of the
pBR322 plasmid and are shown in Figure 2. The 5'-32P-
labeled 135-mer Crick fragment was subjected to DNase
I footprinting and the peptide binding sites were located
first. The primers for the preparation of the 5'-32P-
labeled 158-mer Watson fragment was then designed in
a way that the proposed binding sites are located as
close to the 5-*’P-labeled end as possible for better
visualization of the electrophoretic bands.

On the 158-mer Watson strand, PyH-12 binds strongly
at positions 105-112, revealed as a broad DNase I
blockage around the sequence 5-GAGAAAAT-3' (Figs

3 and 4a). Other significant blockages occur at positions
84-88, and 76-79, comprising the sequences 5'-
AATAC-3 and 5-CGGT-3, respectively. On the com-
plementary 135-mer Crick strand, there is only a major
sharp blockage at positions 108-110 around the
sequence 5'-TTT-3', centered at T110 and T109 and
flanked on the 5'-side by another T residue and on the
3’-side by a C residue. Another small blockage occurs at
positions 83-86 round the sequence 5'-ATTT-3'.

It is apparent that PyH-11 and PyH-10 displayed much
less binding affinity (expressed as Cso values, Table 1)

Table 1. Cs, values (uM) of peptides on various binding sites of the
158-mer (5'-3?P-labeled Watson strand) and 135-mer (5'-3?P-labeled
Crick strand) DNA fragments

PyH-12 PyH-11 PyH-10
-GAGAAAAT-3 0.03 0.52
5-AGGAGAAAAT-3 1.16

5-CGGT-3 0.01

5'-AATAC-3' 0.01 0.5
5-AATACCG-3' 1.38

S-TTT-3 0.13

S-ATTTTCTC-3' 0.78
S-ATTTTCTCCTT-3' 3.31

Cso values are defined as the peptide concentration at which half of the
maximal reduction in electrophoretic band intensity is observed and
are computed according to the method of Sayers and Waring.?®
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Figure 3. (a) Autoradiograph showing DNase I footprinting of PyH-12 bound to the 158-mer DNA duplex (Watson fragment) labeled with
[y-3*P]JATP on the 5'-end (Watson strand) in the presence of polynucleotide kinase. PyH-12 was incubated with DNA in 5 mM sodium cacodylate
buffer (pH 6.5) at room temperature for 60 min before DNase I cleavage. G and GA represent Maxam-Gilbert purine sequencing tracks and Ct
represents a DNase I digestion control lane. (b) Autoradiograph showing DNase I footprinting of PyH-12 bound to the 135-mer DNA duplex
(Crick fragment) labeled with [y->2P]JdATP on the 5’-end (Crick strand) in the presence of polynucleotide kinase. Reaction conditions as indicated in

the legend of (a).

than PyH-12 at various preferred binding sites on both
Watson and Crick strands. On the 158-mer Watson
strand, PyH-11 showed less sequence-specific binding
than PyH-12, with a broad DNase I blockage around
positions 103-112 corresponding to the sequence 5'-
AGGAGAAAAT-3' (Figs 4b and 5a). Another major
blockage by PyH-11 occurs around positions 84-90,
comprising the sequence 5'-AATACCG-3'. Smaller but
sharp blockages occur around positions 92-96 and 98-
101, corresponding to the sequences 5'-ACAGA-3’ and
5'-GCGT-3’, respectively. On the 135-mer Crick
strand, PyH-11 showed only one weak and broad

DNase I blockage around positions 105-112, corre-
sponding to the sequence 5-ATTTTCTC-3' (Figs 4b
and 5b).

On the 158-mer Watson strand, the preferred binding
sites of PyH-10 are similar to those of PyH-12 and
spread around positions 105-112 comprising the
sequence 5'-GAGAAAAT-3' (Figs 4c and 5a). Another
major blockage of PyH-10 occurs at positions 84-90
corresponding to the sequence 5'-AATACCG-3'. How-
ever, unlike PyH-12, no blockage at positions 76-79
around sequence 5'-CGGT-3' is observed for PyH-10 or
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Figure 4. Differential cleavage plots comparing the susceptibility of the DNA fragment to DNase I after incubation with the peptide in 5 mM
sodium cacodylate buffer (pH 6.5) at room temperature for 60 min. For each panel (a), (b) and (c), the upper plot represents the differential cleavage
plot of PyH-12, PyH-11 and PyH-10 on the 158-mer duplex (5'-3?P-labeled Watson strand), respectively; the lower plot represents the differential
cleavage plot of PyH-12, PyH-11 and PyH-10 on the 135-mer duplex (5'-3?P-labeled Crick strand), respectively.
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PyH-11. Similar to the binding of PyH-11 on the 135-
mer Crick strand PyH-10 shows only one broad block-
age around positions 102-112, corresponding to the
sequence 5-ATTTTCTCCTT-3'.

The footprinting results indicate that PyH-12, PyH-11
and PyH-10 highly prefer sequences comprising four
consecutive A residues and the binding of a molecule
appears to cover both the Watson strand (consisting of
four A’s) and also the complementary Crick strand
consisting of three or four T’s. The preference of these
peptides for A/T rich sites in the minor groove is likely
due to hydrogen bonds directed from the protons of N,
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N, or N, of arginyl residues, or N, and N, of Lysyl
residues to O2 of T and N3 of A.?° Hydrogen bond
formation may also be directed from the amide protons
of 4-amino-1-methylpyrrole-2-carboxylic acid residues
(Py) of the peptide to O2 of T and N3 of A. In many
examples, the hydrogen donors of the peptide are
unable to bond to the N3 group of G due to steric effect
imposed by the exocyclic guanine 2-amino group.’°
Thus, the unusual strong preference of PyH-12 to the 5'-
CGGT-3 site is attributed to the result of hydrogen
bonds between the imidazole imino group of histidine
residues and guanine 2-amino protons. This kind of
hydrogen bond is identical to that between the imid-
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Figure 5. (a) Autoradiograph showing DNase I footprinting of PyH-11 (right panel) and of PyH-10 (left panel) bound to the 158-mer DNA duplex
labeled with [y->?P]JATP on the 5-end (Watson strand) in the presence of polynucleotide kinase. Reaction conditions as indicated in the legend of
Figure 2(a). (b) Autoradiograph showing DNase I footprinting of PyH-11 (right panel) and of PyH-10 (left panel) bound to the 135-mer DNA
duplex labeled with [y-*>P]ATP on the 5'-end (Crick strand) in the presence of polynucleotide kinase. Reaction conditions as indicated in the legend

of Figure 2a.
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Figure 5. Continued

azole imino group of N-methylimidazole amino acid
residues and guanine 2-amino protons in various syn-
thetic polyamides.'313

Variation in the number of Py residues in the peptide
motif appears to induce some effects on sequence-spe-
cific binding to DNA. For example, all of the three
peptides have strong preference to the 5-GAGAAAAT-
3’ site and to the 5-AATAC-3' site on the Watson
strand. Of the three peptides, only PyH-12 has strong
preference for the 5-CGGT-3' site (Fig. 4a). On the
complementary Crick strand, only PyH-12 strongly dis-
criminates the 5'-TTT-3' site whereas both PyH-11 and
PyH-10 have moderate and broad preference around
the sequence 5-ATTTTCTCCTT-3' (Fig. 4b and c).

Since PyH-11 has less specific binding around positions
91-100 of the Watson strand, and rather weak binding
are observed around positions 105-112 of the Crick
strand, the overall binding of PyH-11 to the Watson
and Crick strands can only be termed sequence-selective.

It is noteworthy that all of the three peptides have pre-
ferential binding to more sites in the Watson strand (2—4
sites) than the Crick strand (one site). In the case of
PyH-12, almost equal magnitude in the binding of the
peptide is observed on the Watson strand around posi-
tions 108-111 of the sequence 5-AAAA-3’ and on the
complementary 5-TTT-3' sequence around positions
108-110 on the Crick strand (Fig. 4a). This strongly
suggests that PyH-12 is involved in two to three biden-
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tate interactions (two or more hydrogen bonds formed
between a hydrogen donor of an amino acid residue and
a base pair in the minor groove)?® between the arginyl
®-, &- or w-amino protons of the peptide with O2 of T
and N3 of A at this binding site in the minor groove. In
the case of PyH-11, bidentate interactions between the
peptide with A/T base pairs is also possible but the
blockage induced by this peptide is much stronger on
the Watson strand around positions 103-112 corre-
sponding to the sequence 5-AGGAGAAAAT-3' than
on the complementary Crick strand corresponding to
the sequence 5-ATTTTCTC-3' at the same site (Fig.
4b). That is, at this binding site the side-chain functions
and g-amino protons of Arg and Lys (afford bidentate
interactions) and the Py amide protons (afford single
interactions)®® of the peptide backbone have more
hydrogen bond interactions with the N3 of A’s on the
Watson strand than with the O2 of T’s on the Crick
strand in the minor groove. Similar bidentate interac-
tions are also identified in the binding of PyH-10 to the
Watson and Crick strands around positions 102-112
(Fig. 4c). Complex interactions?® between basic residues of
the peptide with more than one base step are also possible
yet we envisage in this study that bidentate interactions
predominant in A/T base pairs in the minor groove.

Single interactions®® (single hydrogen bond) directed
from the hydrogen donors of basic amino acid residues
or Py amide protons to DNA bases occur mostly on the
Watson strand. For PyH-12, single interactions are
observed around positions 76-79, comprising the
sequence 5'-CGGT-3'. For PyH-10, single interactions
are found at positions 85-90, around the sequence 5'-
ATACCG-3'. The less specific bindings around posi-
tions 91-100 of the Watson strand by PyH-11 are also
interpreted as single interactions of the peptide with the
bases.

The higher sequence-specificity of PyH-12 over PyH-11
and PyH-10 is attributed to the significantly higher
DNA binding affinity (expressed as Csy values)®® of
PyH-12 to preferred sites over its analogues (Table 1).
The Cs, value is equivalent to the apparent dissociation
constant of the peptide at a specific site on the assump-
tion that no significant cooperativity of binding between
adjacent sites has occurred.3!

This work reveals that the sequence-specific recognition
of these minor groove binding agents is significantly
dependent on bidentate and single interactions of the
hydrogen donor or hydrogen acceptor of the peptide
binding moieties (side-chain functions and o-amino
protons) with DNA bases. The rather high DNA
sequence-specificity of PyH-12 and PyH-10 suggests
that these peptides can be chosen as potential agents for
future research in the modulation of gene expression.
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