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Allostery in the binding of peptides to DNA has been studied by quantitative DNase I footprinting using
four newly designed peptides containing the XP(Hyp)RK motif and N-methylpyrrole (Py) moieties. Appar-
ent binding constants in the micromolar range as well as Hill coefficients were determined for each pep-
tide. The results, together with previous studies on five other peptides support the proposal that
interaction network cooperativity is highly preferred in DNA–peptide interactions that involve multiple
recognition sites. It is envisaged that interstrand bidentate interactions participate in the relay of confor-
mational changes between recognition sites on the complementary strands. Models for interpreting DNA
allostery based upon interaction networks are outlined. Circular dichroism experiments involving the
titration of peptides against a short oligonucleotide duplex indicate that some of these peptides bind
in a dimeric manner to DNA via the minor groove, inducing characteristic conformational changes. These
insights should prompt the design of new DNA-binding peptides for investigating allosteric interactions
between peptides and DNA, as well as novel interaction networks, and ultimately may shed light upon
the fundamental chemical rules that govern allostery in more complex biological process such as
DNA–protein interaction networks.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

An understanding of sequence-specific or sequence-selective
binding of small molecules to DNA is important for unraveling
molecular aspects of the modulation of gene expression. Its fruits
lie in the progress of much structural biochemistry research as well
as drug design.1–3 To this end extensive studies have been carried
out on synthetic conjugates containing 4-amino-1-methylpyrrole-
2-carboxylic acid residues (Py) which are related to the antiviral
antibiotics netropsin and distamycin.4–10

Early in the study of DNA sequence-specific agents we intro-
duced a novel XPRK11 tetrapeptide motif which is a modification
of the naturally-occurring SPXX motif12,13 found in repeating se-
quences in histones, steroid hormone receptors, various segmenta-
tion gene products and some oncogene products. It was suggested
that the SPXX motif assumes a b-turn stabilized by two hydrogen
bonds, and that the side chains of the two basic residues engage
in salt bridges with the DNA phosphate groups. Further conjuga-
ll rights reserved.

: +886 4 23590426.
tion of two XPRK motifs with Py residues yielded peptides having
high affinity for DNA sequences.14 We showed that peptides de-
signed in this manner bind preferentially to DNA at sites contain-
ing consecutive A’s or T’s and often engage in interstrand
bidentate interactions14,15 with the bases of DNA (two or more
hydrogen bonds formed between a hydrogen donor of an amino
acid residue and a base pair in the minor groove). Because peptides
incorporating XPRK motifs have binding constants in the micromo-
lar or submicromolar range they fulfill an essential requirement for
affording satisfactory DNA footprints.11,14,16,17,20

Allostery is recognized as a central process in biological control
governing biochemical efficiency and energy expenditure, having
been investigated for more than half a century. However, much
less is known about allosteric features of DNA–ligand interactions
than protein–ligand interactions.21 In studies on the sequence-
selective behavior of many synthetic peptides containing both
the XP(Hyp)RK motif and the polyamide motif, we identified a
number that show significant positive cooperativity in binding to
adjacent recognition sites on the DNA duplex. Among these ligands
a newly-synthesized dodecapeptide His-Hyp-Arg-Lys-(Py)4-Lys-
Arg-Hyp-His-NH2 (RHyp-12) has been investigated in detail.

http://dx.doi.org/10.1016/j.bmc.2010.02.047
mailto:Lsheh@thu.edu.tw
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc
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Peptide RHyp-12 is a derivative of a parent compound His-Pro-Arg-
Lys-(Py)4-His-Pro-Arg-Lys-NH2 (PyPro-12; formerly named PyH-
12) in which the proline of PyPro-12 is replaced by a hydroxypro-
line residue, furnishing an extra hydroxyl group for additional
hydrogen bonding. Another peptide His-Pro-Arg-Lys-(Py)4-Lys-
Arg-NH2 (PyHK-10) contains only one X-Pro-Arg-Lys motif, and
was designed as a C-terminal truncated derivative of the parent
peptide PyPro-12. Similarly, truncation of the C-terminal dipeptide
fragment Hyp-His affords the decapeptide His-Hyp-Arg-Lys-(Py)4-
Lys-Arg-NH2 (HyH-10). Further truncating the penultimate lysyl
residue of peptide PyHK-10 affords the nonapeptide His-Pro-Arg-
Lys-(Py)4-Arg-NH2 (PyHR-9).

For the past decade, it has been recognized that network-based
interactions between bio-molecules exist in many biochemical
and physiological processes in nature.18,19 High-throughput interac-
tion studies have also established protein–protein interaction
networks, metabolic networks, and transcription regulatory net-
works.18 In 2006 we proposed a network-based DNA–peptide allo-
steric interaction model interconnecting multiple DNA sites in
fragments of the latent membrane protein (LMP-1) gene from a
pathogenic Epstein-Barr virus variant derived from nasopharyngeal
carcinoma.17 Recently we proposed three different types of net-
work-based allosteric communication between synthetic peptides
Figure 1. Differential cleavage plots comparing the susceptibility of DNA fragments to
temperature for 60 min. The upper traces represent the differential cleavage plot for a giv
lower traces represent the corresponding plots for each peptide bound to the 50-[32P]-lab
bases represent assignment of interstrand bidentate interactions where significant coinc
binding to DNA: circuit type, incomplete-circuit type, and non-cir-
cuit type characterized by interstrand bidentate interactions.20 In
the present study we set out to explore the structural basis for
molecular recognition and cooperativity in allosteric DNA interac-
tion networks using the four designed peptides described above,
employing quantitative DNase I footprinting as the major methodol-
ogy. In addition, to investigate molecular aspects of the processes we
resorted to circular dichroism experiments which provide an invalu-
able spectral probe of DNA–peptide interactions.

2. Results and discussion

Quantitative footprinting, using a 50-32P-labeled 158-mer DNA
duplex and a complementary 50-32P-labeled 135-mer DNA duplex,14

was employed as the major methodology for this study since most
other methods fail to discriminate multiple binding sites on the
DNA double helix (binding sites are designated U and L referring to
the upper and lower strands, respectively). Monodentate interac-
tions and interstrand bidentate interactions between peptide moie-
ties and the DNA bases have been recognized as an essential basis of
DNA–protein15 and DNA-small ligand14,20 sequence-specific or se-
quence-selective recognition. The positions of interstrand bidentate
interactions can be assigned by connecting bases (with pecked lines)
DNase I cleavage after incubation with each peptide in cacodylate buffer at room
en peptide bound to the 50-[32P]-labeled upper strand (158-mer) DNA fragment; the
eled lower strand (135-mer) DNA fragment. The vertical dotted lines between DNA
ident H-bonding interactions occur between complementary bases in both strands.
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where significant simultaneous DNase I blockages on the comple-
mentary strands appear in differential cleavage plots (Fig. 1).

On the upper strand of the 158-mer fragment, binding of pep-
tide RHyp-12 produces two major DNase I blockage sites: position
U106–113, corresponding to the sequence 50-AGAAAATA-30 (Figs. 1
and 2A) and displaying significant positive cooperativity (nH = 2.1);
and position U84–90, comprising the sequence 50-AATACCG-30 also
showing positive cooperativity (nH = 1.5). On the lower strand,
peptide RHyp-12 elicits a wide DNase I blockage site at position
L110–103 corresponding to the sequence 50-TTTCTCCT-30, again
showing positive cooperativity (nH = 2.0). From the differential
cleavage plots, five interstrand bidentate interactions can be as-
signed at position 106–110, comprising the self-complementary
sequence 50-AGAAA-TTTCT-30 (Fig. 1, Table 1).
Fig. 1 (cont
On the 158-mer upper strand, the decapeptide PyHK-10 pro-
duces strong and broad DNase I blockage extending from position
U105 to 115, corresponding to the sequence 50-GAGAAAATACC-30

and displaying significant positive cooperativity (nH = 2.4) (Figs. 1
and 2B). At a peptide concentration of 1000 nM, a region of weak
and broad DNase I blockage is also observed around position
U86–89, corresponding to the sequence 50-TACC-30 and displaying
weak negative cooperativity. On the 135-mer lower strand, peptide
PyHK-10 shows a single DNase I blockage site around position
L111–105, corresponding to the sequence 50-TTTTCTC-30 and
displaying only weak positive cooperativity (nH = 1.4). Three inter-
strand bidentate interactions are assigned around position 105–
111. Unlike peptide RHyp-12 and the parent peptide PyPro-12,20

peptide PyHK-10 does not seem to exhibit any preference for
inued)
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binding to two of the three consecutive A residues on the upper
strand around position U83–85 but it does in binding to position
U86–89 comprising the sequence 50-TACC-30 (Figs. 1 and 2B). This
discrepancy in DNA sequence preference at the same binding site
manifested by PyHK-10 compared to peptides RHyp-12 and Py-
Pro-12 can be attributed to the truncated structure of PyHK-10.

The sequence preference of decapeptide HyH-10 (Figs. 1 and 2C)
is quite different from that of peptides RHyp-12 and PyHK-10. On
the upper strand peptide HyH-10 induces strong and very broad
DNase I blockage around position U104–115, corresponding to
the sequence 50-GGAGAAAATACC-30, displaying positive coopera-
tivity (nH = 1.7), and there is also a broad DNase I blockage site
around position U83–91, comprising the sequence 50-AAA-
TACCGC-30, where notable positive cooperativity (nH = 2.6) is evi-
dent. On the lower strand, two regions of DNase I blockage
appear around positions L85–82, and L111–104. Interstrand biden-
tate interactions are assigned around positions 83–85 and 104–111
(Fig. 1, Table 1).
Figure 2A. Autoradiograph showing DNase I footprinting of peptide RHyp-12 on DNA du
50-[32P]-labeled 135-mer lower strand, right panel. Peptide RHyp-12 was equilibrated w
DNase 1 cleavage. G represents a Maxam–Gilbert guanine sequencing track and Ct show
Furthermore, the nonapeptide PyHR-9 displays very different
DNA sequence preferences from all other peptides studied to date
(Fig. i, Supplementary data). At concentrations up to 3000 nM
(above which value non-specific peptide binding is evident), no
DNase I blockage can be observed on the 158-mer upper strand.
Peptide PyHR-9 appears to have a rather strong binding site on
the lower strand, where saturation is observed around a peptide
concentration of 190 nM (Fig. i, Supplementary data). Two DNase
I blockages can be seen around position L85–79, corresponding
to the sequence 50-TTTCACA-30, displaying high positive coopera-
tivity (nH = 5.0), and around position L112–104, comprising the
sequence 50-ATTTTCTCC-30, where unusually high positive cooper-
ativity (nH = 10.6) is measured. Comparing peptide PyHR-9 with
peptide PyHK-10, the only primary structural difference is that
the latter peptide bears an additional lysyl residue at the penulti-
mate C-terminal position. As mentioned above, peptide PyHR-9 re-
fuses to bind to the upper strand, and does not engage in
interstrand bidentate interactions ( Fig. 1). By contrast, peptide
plexes labeled at the 50 end: 50-[32P]-labeled 158-mer upper strand, left panel; and
ith the DNA in 5 mM sodium cacodylate buffer, pH 6.5 at 37 �C for 60 min before
s a DNase I digestion control lane.



Figure 2B. Autoradiograph showing DNase I footprinting of peptide PyHK-10 on DNA duplexes labeled with [32P] on the 50 end: 50-[32P]-labeled 158-mer upper strand, left
panel; and 50-[32P]-labeled 135-mer lower strand, right panel.
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PyHK-10 binds strongly to its two major sites on the upper strand
and shows interstrand bidentate interactions (Fig. 1). This suggests
that at least two Lys or Arg residues near the C-terminal position of
the peptide are required for binding to the upper strand binding
sites: d(AAAA)- and d(AAA)-. The reason why peptide PyHR-9 ap-
pears to engage in unusually strong positive cooperative binding
to two sites on the lower DNA strand is unclear and awaits further
investigation. However, in a previous investigation,17 peptides HR-
12 and SP-12 that do not manifest interstrand bidentate interac-
tions with LMP-1 gene fragments were also found to show notably
strong positive cooperative binding. Thus, we speculate that
unusually high positive cooperativity in binding to DNA by small
molecules might be related to the absence of interstrand bidentate
interactions that probably stabilize local DNA conformation and
thus are likely to inhibit strong positive cooperative ligand binding
between adjacent sites. The apparent binding constant Ka of the
four peptides for the four major binding sites on the pBR322
DNA fragments lie within the range 1.4 � 106–9.7 � 106 M�1. Pep-
tide PyHR-9 gives rise to the two highest apparent binding con-
stants on the 50-TTTCACA-30 and 50-ATTTTCTCC-30 sites of the
lower strand (Table 1).

Based on the footprinting results, we now propose models to
interpret the complex communication between DNA–peptide allo-
steric binding sites for the four designed peptides (Fig. 3). A notable



Figure 2C. Autoradiograph showing DNase I footprinting of peptide HyH-10 on DNA duplexes labeled at the 50 end: 50-[32P]-labeled 158-mer upper strand, left panel; and 50-
[32P]-labeled 135-mer lower strand, right panel.

Table 1
Binding specificity and physicochemical parameters of sequence-specific binding of peptides to various recognition sites on complementary 50-[32P]-labeled upper (158-mer) and
50-[32P]-labeled lower (135-mer) DNA strands at 37 �C determined by quantitative DNase I footprinting

Ligand Binding site position Recognition sequence Ka nH Position of interstrand
bidentate interactions

RHyp-12 U84–90
U106–113
L110–103

50-AATACCG-30

50-AGAAAATA-30

50-TTTCTCCT-30

3.0 � 106

7.6 � 106

7.4 � 106

1.5
2.1
2.0

106–110

PyHK-10 U86–89
U105–115
L111–105

50-TACC-30

50-GAGAAAATACC-30

50-TTTTCTC-30

4.9 � 106

2.7 � 106

3.4 � 106

0.8
2.4
1.4

105–110

HyH-10 U83–91
U104–115
L85–82
L111–104

50-AAATACCGC-30

50-GGAGAAAATACC-30

50-TTTC-30

50-TTTTCTCC-30

1.8 � 106

4.7 � 106

1.4 � 106

3.6 � 106

2.6
1.7
1.3
2.0

83–85
104–111

PyHR-9 L85–79
L112–104

50-TTTCACA-30

50-ATTTTCTCC-30
8.4 � 106

9.7 � 106
5.0
10.6

NIL

Ka and nH are the apparent association constant and Hill coefficient determined from concentration-dependent DNase I footprinting studies, respectively. The binding site
positions on the upper and lower strands are abbreviated as U and L, respectively. Interstrand bidentate interactions are assigned where there are coincident effects on
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feature is that these models reveal networks of interaction. Put an-
other way, our models point to network-based allosteric connec-
tions between recognition sites. Conformational changes occurring
at particular binding loci are transmitted to adjacent sub-binding
sites and also to sites on the complementary strand, most likely
via interstrand bidentate interactions. Allosteric communication
may also occur between more remote binding sites, spanning dis-
tances up to 12–16 base pairs. Recent footprinting experiments20

on the 81-mer duplex (S-81) containing a single d(AAAA)–d(TTTT)
sequence have shown that the nH values for peptides PyHyp-12
and PyHyp-9 binding to 81-mer duplexes containing a single bind-
ing locus are significantly higher than those for the 158-mer and
135-mer duplexes containing both binding loci. These results sug-
gest that the allosteric relay of peptide binding information to neigh-
boring sites between the d(AAA)–d(TTT) and d(AAAA)–d(TTTT)
positions spanning an intervening sequence of 12–14 base pairs
may be affected by some negative cooperative effect(s).

It is also notable that the binding of peptides HyH-10 and Py-
Pro-1220 to pBR322 fragments possessing multiple sites reveals
what we term a circuit type of allosteric communication within a



Figure 3. Proposed allosteric models for cooperative binding of peptides RHyp-12, PyHK-10, HyH-10, and PyHR-9 to 158-mer and 135-mer pBR322 fragments based on
quantitative footprinting studies. The portion of the ligand binding to each DNA site/sub-site is represented by a thick horizontal line. Monodentate interactions and
interstrand bidentate interactions are represented by vertical broken lines. The solid horizontal arrow lines represent communication of allosteric interaction between DNA
sub-binding sites. Broken horizontal arrow lines between neighboring binding loci some 12–16 nucleotides apart are intended to represent moderate or weak cooperative
communication.
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network-based system; that is, the allosteric interactions between
binding sites form a closed circuit. For peptides RHyp-12 and
PyHK-10, the networks are referred to as incomplete-circuit type;
that is, the allosteric communications form a partial or incomplete
circuit. On the other hand, peptides PyHR-9, (HPRK)3NH2 [HR-
12],17 (SPRK)3NH2 [SP-12]17 whose binding to DNA fragments lacks
interstrand bidentate interactions appear to engage in a non-cir-
cuit type of allosteric communication.20

Thus, the quantitative footprinting results in this work and
those reported previously17,20 support our hypothesis20 that three
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different types of network-based allosteric communication in pep-
tide–DNA molecular recognition can be distinguished: circuit type,
incomplete-circuit type and non-circuit type.

To gain insight into conformational changes of DNA associated
with the sequence-selective binding of peptides, we carried out cir-
cular dichroism studies using the four peptides RHyp-12, PyHK-10,
HyH-10 and PyHR-9. A 13-mer deoxyribonucleotide duplex d(TAG-
GAGAAAATAC)–d(GTATTTTCTCCTA) (U4A-L4T), containing a se-
quence of 12 base pairs that correspond to the binding site at
position 103–114 of the pBR322 fragments was used as substrate.
The CD spectra for the DNA and peptides only are shown in Figure 4A.

Titration of peptide RHyp-12 versus the U4A-L4T duplex pro-
duces a dose-dependent negative CD enhancement band around
247 nm together with two strong positive CD enhancement bands
around 282 nm and 328 nm (Fig. 4B). In the difference spectra the
negative band around 247 nm can be seen to be red-shifted to
269 nm and two strong positive bands are seen around 289 nm
and 327 nm (Fig. 4C). A near-isoelliptic point occurs at 280 nm,
suggesting a two-component binding process. It has been reported
in a number of articles22,23 that molecules which bind to the minor
groove typically exhibit an induced positive CD band around
320 nm. Thus, it is safe to conclude that the strong positive CD
enhancement bands around 327 nm seen with peptide RHyp-12
and other peptides simply represent binding to the minor groove.

On the other hand, titration of peptide PyHK-10 against the du-
plex U4A-L4T produces a negative CD band around 248 nm and a
Figure 4. Panel A: CD spectra of DNA duplex U4A-L4T alone and peptide alone. Panel B: T
1.0. 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 4.0, 5.0 lM. Panel C: Corresponding CD difference spectra
of duplex U4A-L4T versus peptide PyHK-10 at the same peptide concentrations. Panel E
PyHK-10 subtracted. Panel F: Titration of duplex U4A-L4T versus peptide HyH-10 at the s
contribution of duplex and peptide HyH-10 subtracted. Panel H: Titration of duplex
Corresponding CD difference spectra with the contribution of duplex and peptide PyHR
positive band around 284 nm (Fig. 4D). The positive CD band ex-
tends as a strong and broad dose-dependent positive CD enhance-
ment band up to 332 nm. In the difference spectrum (Fig. 4E) this
strong, broad, dose-dependent positive band is shifted to 329 nm
whereas the induced positive CD band around 284 nm is shifted
to 289 nm. These bands are mostly peptide concentration-depen-
dent, except that the CD band induced by 0.5 lM peptide concen-
tration is blue-shifted while the CD band induced by the highest
concentration (5.0 lM) has lowered CD intensity centering around
325 nm. We repeated the CD experiments using 0.5 lM and 5.0 lM
peptide concentrations and identical results were obtained. The
unusual deviation in ellipticity change of peptide PyHK-10 could
be due to an abrupt change in DNA conformation occurring at high
peptide concentration (5.0 lM).

The CD spectra seen with peptide HyH-10 are quite similar to
those of peptide PyHK-10. Titration of peptide HyH-10 versus the
duplex U4A-L4T induces a negative CD band around 247 nm and
a positive band around 284 nm (Fig. 4F). A strong, broad, dose-
dependent positive CD enhancement appears around 330 nm. In
the difference spectrum (Fig. 4G), this CD band around 330 nm is
unchanged. Another induced positive CD band is red-shifted from
284 nm to 288 nm.

The CD spectra measured with the nonapeptide PyHR-9 are
rather different from those of the decapeptides. Titration of peptide
PyHR-9 against the duplex U4A-L4T induces a negative CD band
around 249 nm and a positive band around 270 nm (Fig. 4H). A
itration of duplex U4A-L4T versus peptide RHyp-12 at peptide concentrations of 0.2,
with the contribution of duplex and peptide RHyp-12 subtracted. Panel D: Titration

: Corresponding CD difference spectra with the contribution of duplex and peptide
ame peptide concentrations. Panel G: Corresponding CD difference spectra with the

U4A-L4T versus peptide PyHR-9 at the same peptide concentrations. Panel K:
-9 subtracted.



Fig. 4 (continued)
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wide and shallow positive band is induced around 334 nm. In the
difference spectra a weak band occurs around 255 nm and the po-
sitive band around 334 nm is unchanged (Fig. 4I).

It is apparent that the peptide-induced enhancement of CD
bands is correlated with peptide–DNA binding stoichiometry.
Figure 5 shows a plot of [peptide]/[DNA duplex] versus Dh at
322 nm for peptides RHyp-12, PyHK-10, HyH-10 and PyHR-9. It
is evident that the decapeptide PyHK-10 induces the greatest ellip-
ticity change among the four peptides, suggesting that more dras-
tic DNA conformational changes are associated with the binding of
this peptide in the minor groove. On the other hand, significantly
greater ellipticity changes are induced by peptides PyHK-10,
RHyp-12 and HyH-10 compared to nonapeptide PyHR-9, suggest-
ing that much stronger conformational changes are induced in
the minor groove by all three former peptides. The ellipticity
changes induced by peptides RHyp-12 and HyH-10 are of compa-
rable magnitude.

From the [peptide]/[DNA duplex] plot (Fig. 5), it is apparent
that at peptide/DNA ratios of 0.5–2.0, one molecule of peptide
binds to the d(AAAA)–d(TTTT) locus. At [peptide]/[DNA duplex]
ratios of 2.0–3.0, as indicated by the small plateau region of the
titration curve, two peptide molecules seem to bind in a dimeric
pattern to the binding site in the minor groove. At [peptide]/
[duplex] ratios above 4.0, a progressive increase in Dh suggests
that more peptide molecules begin to engage in some sort of
non-sequence-selective binding to DNA. The CD results agree well
with other DNase I footprinting results that dimeric peptide bind-
ing to the d(AAAA)–d(TTTT) locus is favored, as shown by the
very wide binding locus spanning a distance of 9–12 base pairs
(Fig. 1, Table 1).



Figure 5. CD intensity at 322 nm as a function of [peptide]/[DNA duplex] The
proposed stoichiometric binding ratios are as indicated, with binding below 2:1
(<2:1) considered to be predominantly 1:1.
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3. Conclusion

The present study of four peptides, combined with previous
studies of five other peptides17,20 composed of XP(Hyp)RK motifs,
supports the proposal that network interaction cooperativity is
highly preferred in DNA–peptide interactions that involve multiple
recognition sites. It is envisaged that interstrand bidentate interac-
tions participate importantly in the relay of conformational
changes between recognition sites on the complementary strands.
The present and previous studies17,20 also lend support to our re-
cent proposal20 that three different types of allosteric interaction
networks can be distinguished in peptide–DNA molecular recogni-
tion. Thus, the present work should prompt the design of new
DNA-binding peptides for further investigation of DNA–peptide
allosteric interactions and DNA interaction networks. In addition,
by extending the footprinting approach for studying DNA allosteric
interaction networks to multiple DNA-small molecule interactions
we may gain useful insights into the fundamental chemical rules
that govern allostery in more complex biological process such as
DNA–protein interaction networks.
4. Experimental

4.1. Chemicals and biochemicals

All the protected amino acid derivatives were purchased from
Bachem California (Torrance, CA) and AnaSpec, Inc. (San Jose,
CA). All peptides are synthesized in our laboratory. All other ana-
lytical reagents were purchased from Acros, Tedia or Sigma. The
radiolabeled nucleoside triphosphate [c-32P]ATP was 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 other chemicals were analytical
grade reagents, and all solutions were prepared using deionized,
Millipore-filtered water.

4.2. Solid-phase peptide synthesis

4.2.1. His-Pro-Arg-Lys-(Py)4-Lys-Arg-NH2 (PyHK-10)
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 PyBOP/NMM in DMF. All of the Na-Fmoc-
protected amino acids (in 4 equiv ratio excess to the resin) were
coupled in a stepwise fashion using PyBOP/NMM in DMF after
deprotection of the Na-Fmoc group by piperidine. The side chains
of Arg, Lys, Tyr and His are protected by the Pmc, Boc and Trt
groups, respectively. After coupling the last N-terminal Fmoc-ami-
no acid residue, the resin was treated with the cleavage reagent
(0.75 g phenol, 10 mL TFA, 0.5 mL thioanisole, 0.25 mL EDT) for
1.5 h, and then lyophilized. The resin was washed with dry ether
(2 � 30 mL), filtered, 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% H2O, 0.1% TFA; Elu-
ent B, 95% MeCN, 5% H2O, 0.1% TFA. A linear gradient was achieved by
increasing the MeCN content from eluent A to eluent B in 30 min tR

(column 2), 11.93 min, mp 144–146 �C, ½a�24
D �46.78 (c 0.043, MeOH/

H2O, 1:1); ESIMS requires: 1308.5, found: 1309.0.

4.2.2. His-Hyp-Arg-Lys-(Py)4-Lys-Arg-Hyp-His-NH2 (RHyp-12)
This peptide was synthesized and purified to homogeneity

using a similar procedure as for peptide PyHK-10. tR (column 2),
11.65 min mp 159–162 �C, ½a�24

D �14.28 (c 0.035, MeOH/H2O,
1:1); ESIMS requires: 1574.75, found: 1574.93.

4.2.3. His-Hyp-Arg-Lys-(Py)4-Lys-Arg-NH2 (HyH-10)
This peptide was synthesized and purified to homogeneity

using a similar procedure as for peptide PyHK-10. tR (column 2),
14.63 min, mp 153–157 �C, ½a�27

D �14.0 (c, 0.262 MeOH/H2O, 1:1);
ESIMS requires: 1324.50, found: 1325.18.

4.2.4. His-Pro-Arg-Lys-(Py)4-Arg-NH2 (PyHR-9)
This peptide was synthesized and purified to homogeneity

using a similar procedure as for peptide PyHK-10. tR (column 2),
15.29 min, mp 150–153 �C, ½a�27

D �28.33 (c, 0.20 MeOH/H2O, 1:1);
ESIMS requires: 1180.53, found: 1180.38.

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

The 50-32P-labeled 158-mer DNA duplex and 50-32P-labeled 135-
mer DNA duplex were prepared by PCR amplification in a thermal
cycler (ABI model 9700) as reported previously.14 The DNA concen-
tration was determined by UV spectroscopy to lie in the range
600–800 nM.

4.4. DNase I footprinting

Reactions were conducted in a total volume of 10 lL. Radiola-
beled DNA (2 lL) was mixed with varying concentrations of pep-
tide (2 lL) dissolved in 5 mM sodium cacodylate buffer, pH 6.5
and equilibrated at room temperature for 120 min. DNase I (2 lL)
was added and the reaction allowed to proceed at 37 �C for
10 min. The DNase I solution (in 20 mM NaCl, 2 mM MgCl2,
2 mM CaCl2) was adjusted to yield a final concentration 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 one strand. The digestion was stopped by adding
stop solution (4 lL) 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 on ice for 4 min prior to electrophoresis.
The products of DNase I cleavage were resolved by polyacrylamide
gel electrophoresis under denaturing conditions (0.3 mm thick, 8%
acrylamide containing 8 M urea). After electrophoresis (about
1.45 h at 70 Watts, 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. The autoradiographs (footprinting of peptides
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RHyp-12 and PyHK-10) were obtained by using Kodak BioMax MR
scientific imaging films with intensifying screens for about 5 days.
The autoradiographs (footprinting of peptides HyH-10 and PyHR-
9) were obtained by placing the dried gels against an imaging plate
(BAS-MS2340) of a Fuji phosphoImager FLA-5100 overnight. The
electrophoretic band areas were analyzed by a PC computer in-
stalled with Viber Lourmat BIO-ID software (Marne La Valle, Cedex
1, France).

The apparent DNA binding site saturation is determined by the
equation:9

Y 0 ¼ 1� ðItot=IrefÞ=ðIo
tot=Io

refÞ

where Y0 is the fractional saturation, Iref and Io
ref are integrated band

volumes of 5 bases of a running lane (non-binding site, with pep-
tide) and control lane (without peptide), respectively. Itot and Io

tot

are integrated band volumes of the binding site locus and corre-
sponding control lane locus, respectively.

The value of Y is optimized by the following equation:

Y ¼ ðY 0 � Y 0minÞ=ðY
0
max � Y 0minÞ

where Y 0max and Y 0min are the maximum and minimum site satura-
tion Y0 values, respectively.

The Hill coefficients were determined by the Hill equation:
Log ½Y=1� Y � ¼ log Ka þ nH log ½L� where Y is the fractional satura-
tion, [L] the peptide concentration, and nH the Hill coefficient. A
minimum of six data points within or near the linear portion of
binding isotherm (Y vs Log [L]) were carefully chosen for the Hill
plot (Log Y/(1 � Y) vs Log [L]) using a linear least-squares fitting
procedure by Sigma Plot software (version 8.0). The Hill coefficient
was determined from the slope of the corresponding Hill plot. The
apparent binding constant Ka is determined empirically as the pep-
tide concentration at 50% fractional saturation from the binding
isotherm.

4.5. Circular dichroism (CD) studies

CD spectra were measured at 37 �C with a Jasco J-815 instru-
ment in the Institute of Chemistry, Academia Sinica. The duplex
DNA was adjusted to 1.0 lM in 5 mM sodium cacodylate buffer
(pH 6.5) and peptides, dissolved in the same buffer, were added
to maintain final concentrations of 0.2, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0,
3.2, 3.4, 4.0, 5.0 lM. CD spectra were recorded after 60 min incuba-
tion at 37 �C.
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