Organic &
Biomolecular
Chemistry

www.rsc.org/obc Volume 11 | Number 1 | 7 January 2013 | Pages 1-180

ISSN 1477-0520

PAPER
Leung Sheh et al.

RSC Pu bI iS h | n g Energetic studies on DNA-peptide interaction in relation to the

enthalpy-entropy compensation paradox 1477-0520(2013) 11: 1; 1-1



Downloaded on 23 December 2012
Published on 12 September 2012 on http://pubs.rsc.org | doi:10.1039/C20B26320C

Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2013, 11, 48

Received 11th July 2012,
Accepted 12th September 2012

DOI: 10.1039/c20b26320c

www.rsc.org/obc

RSCPublishing

Energetic studies on DNA-peptide interaction in
relation to the enthalpy-entropy compensation
paradoxt

Robin C. K. Yang,*® Jonathan T. B. Huang,+? Shih-Chuan Chien,® Roy Huang,?
Kee-Ching G. Jeng,” Yen-Chung Chen,® Mokai Liao,? Jia-Rong Wu,® Wei-Kang Hung,?
Chia-Chun Hung,? Yu-Ling Chen,® Michael J. Waring® and Leung Sheh*®

This study aims to interpret the energetic basis of complex DNA-peptide interactions according to a
novel allosteric interaction network approach. In common with other designed peptides, five new conju-
gates incorporating the XPRK or XHypRK motif (Hyp = hydroxyproline) attached to a N-methylpyrrole
(Py) tract with a basic tail have been found to display cooperative binding to DNA involving multiple
monodentate as well as interstrand bidentate interactions. Using quantitative DNase | footprinting it
appears that allosteric communication via cooperative binding to multiple sites on complementary DNA
strands corresponds to two different types of DNA-peptide interaction network. Temperature variation
experiments using a dodecapeptide RY-12 show that lower temperature (25 °C) favor a circuit type of
allosteric interaction network, whereas higher temperatures (31 and 37 °C) afford only a partial-circuit
type of network. Circular dichroism studies show that our five peptides induce significant local confor-
mational changes in DNA via the minor groove, with apparently dimeric binding stoichiometry. Isother-
mal titration calorimetry reveals that these peptides, together with another seven for comparison, are
strongly exothermic upon binding to a model 13-mer DNA duplex, characterized by AH ranging from
—14.7 to —74.4 kcal mol~", and also high TAS ranging from —6.5 to —65.9 kcal mol~". Multiple monoden-
tate and bidentate interactions, as well as ionic forces that mediate positive cooperativity in sequence rec-
ognition, are consistent with a dramatic decrease in entropy and a ‘tightening’ effect of DNA
conformation. Distinctive enthalpy—entropy compensation (EEC) relationships are demonstrated for the
interaction of all twelve designed peptides with DNA, affording a straight line of slope close to unity
when AH is plotted versus TAS, with a y-axis intercept (average AG) corresponding to —8.5 kcal mol™",
while the observed AG ranges from —8.2 to —9.1 kcal mol~" for the peptides. The EEC seen with peptide
RY-12 binding to the model duplex persists throughout various incubation temperatures. The net com-
pensation of energy between the favorable negative AH and unfavorable negative AS components thus
constrains the value of net binding free energy AG within a remarkably constant range, as is clearly
visible in a 3-dimensional energetic plot. We conclude that the preservation of a rather narrowly-defined
AG value is central to the EEC in DNA-peptide interactions, illuminating the universal EEC paradox com-
monly found in diverse biochemical reactions.

1 Introduction
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As research on the sequence-selective binding of drugs to DNA
gathers pace, it has raised increasingly sophisticated ques-
tions. After more than three decades, during which these
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being turned to applications, particularly the synthesis of
potentially useful drugs. Classical DNA-small molecule inter-
action studies include work on a large variety of small
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molecules that serve as effective ligands, namely antitumor
antibiotics,"™ lexitropsins,”® synthetic polyamides,"” ™! het-
erocycles'>'® and synthetic peptides."*™® One notable
outcome is the relatively recent acknowledgment that under-
standing the molecular basis for the recognition of specific
sequences in target DNA by small synthetic molecules will
prove useful in future gene therapy.* At the same time, efforts
to investigate the molecular events underlying cooperativity
between DNA-ligand binding sites are expected to provide new
insight into chemical rules governing structural biochemistry.

For over ten years we have been studying the sequence-
selective recognition of DNA by synthetic peptides incorporat-
ing the XP(Hyp)RK motif."*® Peptides incorporating such
motifs possess excellent DNA binding capability in the sub-
micromolar concentration range. Further attachment of one or
more 4-amino-1-methylpyrrole-2-carboxylic acid residues (Py)
to XP(Hyp)RK peptides augments their sequence-specificity
toward sequences containing consecutive arrays of A or T
nucleotides. Our design of XPRK-containing peptides stems
from the finding that a SPXX motif'®*® is often found in
repeating sequences in histones, steroid hormone receptors,
various segmentation gene products and some oncogene pro-
ducts. The SPXX motif assumes a f-turn stabilized by two
hydrogen bonds, and the side chains of the two basic residues
engage in salt bridges with the DNA phosphate groups.

It is now generally accepted that allosteric behavior of
macromolecules® such as proteins is a vital biological control
process governing biochemical efficiency and energy expendi-
ture. However, much less is known about the possible allo-
steric aspects of DNA-ligand binding than about the
extensively studied protein-ligand interactions. Notably, over
the first decade of the twenty-first century, it has been recog-
nized that interaction networks between bio-molecules occur
in many biochemical, biophysical and sub-cellular processes
in nature.”>* High-throughput techniques have helped to
establish interaction maps that expose protein-protein inter-
action networks, metabolic networks, and transcriptional regu-
latory networks.** Six years ago we proposed a network-based
DNA-peptide allosteric interaction model interconnecting
multiple sites in fragments of the latent membrane protein
(LMP-1) gene from a pathogenic Epstein-Barr virus variant
derived from nasopharyngeal carcinoma.'® Subsequently we
refined the model in terms of three different types of network-
based allosteric communication between synthetic peptides
binding to DNA: circuit type, incomplete circuit type, and

type characterized by interstrand bidentate
17,18

non-circuit
interactions.
In this study we further explore the allosteric features of
DNA-peptide molecular recognition with regard to interaction
networks, choosing designed peptides that exhibit significant
cooperativity in binding to DNA. Quantitative DNase I foot-
printing furnishes the prime methodology for studying the
allosteric features of DNA interaction networks associated with
the binding of two designed decapeptides incorporating
the XHypRK motif: Ser-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyS-10),
Glu-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, ~ (HyE-10), and two
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decapeptides incorporating a novel KPXR motif: Lys-Pro-Met-
Arg-(Py),-Lys-Arg-NH, (PyMK-10), and Lys-Pro-Gln-Arg-(Py),-
Lys-Arg-NH, (PyQK-10). In addition, a closely related dodeca-
peptide Tyr-Pro-Arg-Lys-(Py),-Lys-Arg-Pro-Tyr-NH, (RY-12) was
also investigated. DNase footprinting experiments were carried
out using a 5'-[*’P]-labeled 158-mer DNA duplex and an essen-
tially complementary 5'-[**P]-labeled 135-mer DNA duplex
employed in previous work." Circular dichroism was also
brought to bear upon the problem as a means of directly study-
ing conformational changes induced by peptide binding as
well as salt effects upon interaction between peptide HyM-10
and a 13-mer deoxyribonucleotide duplex.

We prefer quantitative footprinting as the main method of
analysis, because it is difficult for most other techniques to
discriminate multiple DNA binding sites engaged in allosteric
interactions. In assessing the results, the coefficient deter-
mined by the Hill equation has been used as a comparative
parameter for expressing cooperativity because of its wide
applicability in research.>*?® Circular dichroism (CD) comp-
lements these techniques and is particularly useful for investi-
gating the conformational and stoichiometric aspects of DNA-
peptide binding. The influence of temperature upon the allo-
steric behavior of peptide RY-12 was studied by quantitative
DNase I footprinting as well as CD experiments. Further valu-
able insight into the thermodynamic basis of the allosteric
interactions has been gained using isothermal titration calori-
metry (ITC).

2 Results and discussion

The major objective of the present study was two-fold: firstly,
to examine the footprinting behavior of five designed peptides
for the purpose of verifying our recent hypothesis that three
different types of network-based allosteric communication
occur when synthetic peptides bind to multiple DNA recog-
nition sites."””'® Secondly, to gain insight into the thermodyn-
amic basis for the allosteric interaction of peptides
incorporating the XP(Hyp)RK motifs with DNA. Hydrogen
bonding, broadly categorized as monodentate or interstrand
bidentate interaction,”” between the peptide moieties and
DNA bases, is central to sequence-selective DNA-protein®” and
DNA-small ligand"*™*® recognition processes. The interactions
of the Arg and Lys residues of the designed peptides with DNA
bases are crucial in generating interstrand bidentate inter-
actions as well as monodentate interactions.>” The “X” amino
acid residues of these peptides, such as Ser, Glu, Gln, Tyr and
Met, were chosen because their side chains could also engage
in monodentate interactions with the DNA bases.?”

The position of interstrand bidentate interactions can be
assigned by connecting bases (with pecked lines) wherever sig-
nificant simultaneous DNase I blockage can be discerned on
complementary strands in the differential cleavage plots
(Fig. 1). The peaks of the inhibition profiles are virtually
always shifted 2-3 nucleotide pairs in the 3'-direction,
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Fig. 1 Differential cleavage plots comparing the susceptibility of DNA fragments to DNase | cleavage after incubation with each peptide in cacodylate buffer at
room temperature for 60 min. The upper traces represent the differential cleavage plot for a given peptide bound to the 5'-[*?P]-labeled upper strand (158-mer)
DNA fragment; the lower traces represent the corresponding plots for the 5'-[>2P]-labeled lower strand (135-mer) DNA fragment. Vertical dotted lines between DNA
bases represent the assignment of interstrand bidentate interactions where significant coincident H-bonding interactions occur between complementary bases in
both strands. The incubation temperature for peptides HyS-10, HyE-10, PyMK-10 and PyQK-10 was 37 °C, whereas the incubation temperatures for peptide YR-12

were as stated.

signifying that the ligand lies in the minor groove of the helix

where DNase I cuts it.}”*8

The two decapeptides Ser-Hyp-Arg-Lys-(Py),-Lys-Arg-NH,
(HyS-10) and Glu-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyE-10) were

50 | Org. Biomol. Chem., 2013, 11, 48-61

designed such that the number of amino acid residues is mini-
mized, with four Py residues sandwiched between a XHypRK
motif and a terminal dipeptide (KR) motif. A single amino
acid residue variation (Ser or Glu) at the N-terminal was
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introduced to investigate the differences in sequence and
network selectivity. Recently, we found that incorporating a
new KPXR motif on the N-terminal side also affords designed
peptides that bind well to DNA. Two peptide amides of this
new series were synthesized, each differing only in the third
amino acid residue:  Lys-Pro-Met-Arg-(Py),-Lys-Arg-NH,
(PyMK-10), and Lys-Pro-Gln-Arg-(Py),- Lys-Arg-NH, (PyQK-10).
Footprinting experiments show that these decapeptides bind
sequence-selectively with significant positive cooperativity, as
expected. The autoradiographs for the footprinting of these
peptides are shown in Fig. 2 and Fig. i(a) (ESIf), and the
binding parameters are shown in Table 1 (incubation tempera-
ture 37 °C).

To explore the temperature-dependence of sequence prefer-
ence in the XHypRK series of peptides, we went on to examine
DNase I footprinting with a dodecapeptide RY-12 using the
same DNA fragments at three incubation temperatures (Fig. 1
and Fig. i(b)-i(d), ESIf). RY-12 was designed with its C-term-
inal tetrapeptide sequence reversed compared to the parent
peptide PyPro-12'® and has two tyrosine residues substituted
for histidine. At the usual incubation temperature of 37 °C,
like HyE-10, dodecapeptide RY-12 seems to bind at only two
strong sites: on the upper strand around position U108-115,
corresponding to the sequence 5-AAAATACC-3' and showing
weak positive cooperativity (ny; = 1.4), and on the lower strand
around position L112-105 comprising the sequence 5'-
ATTTTCTC-3' with more significant positive cooperativity (ny =
2.4). Weak DNase 1 blockages are also observed in position
U84-90. Interstrand bidentate interactions are therefore
assigned around position 108-112. At 31 °C, the sequence pre-
ference of RY-12 remains much the same (Fig. 1 and Fig. i(c),
ESIf), with significant positively cooperative binding at posi-
tion U106-116 (ny = 2.8) and position L112-105 (ny = 2.2) indi-
cating interstrand bidentate interactions around position
106-112.

When the incubation temperature is lowered to 25 °C, sig-
nificant changes occur (Fig. 1 and Fig. i(b), ESIf). Peptide
RY-12 now picks up the same four sites as peptides HyM-10,
HyQ-10 and HyS-10, namely two on the upper strand, both dis-
playing strong cooperativity: U84-90 (ny; = 3.4) and U107-116
(ng = 2.9) together with two on the lower strand, L86-80 (ny =
3.4) and L112-105 (ny = 2.7). Interstrand bidentate interactions
are assigned around positions 84-86 and 107-112.

Based on the footprinting results, network models'”*®

were
constructed for each peptide in an effort to interpret the
complex communication between binding sites (Fig. 3A and
B). It is clear that a broadly similar model applies to all of
them, suggesting network-based allosteric communication
between practically all recognition sites. Conformational
changes at particular binding loci must be readily transmitted
to adjacent binding sites and also to sites on the complemen-
tary strand, facilitating (or possibly impeding) the binding
of further peptide molecules. In this way, occupation of
almost any binding locus can be signaled to adjacent sub-
binding sites and also to sites on the complementary strand,
doubtless via interstrand bidentate interactions. Allosteric

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 (A) Autoradiographs showing DNase | footprinting of peptide HyS-10
on DNA duplexes labeled at the 5 end: 158-mer upper strand, left panel; 135-
mer lower strand, right panel. Peptide HyS-10 was equilibrated with the DNA in
5 mM sodium cacodylate buffer, pH 6.5 at 37 °C for 60 min before DNase 1 clea-
vage. G represents a Maxam-Gilbert guanine sequencing track and Ct shows a
DNase | digestion control lane. (B) DNase | footprinting of peptide HyE-10 on
DNA duplexes labeled at the 5’ end: upper strand, left panel; lower strand, right
panel. (C) DNase | footprinting of peptide PyMK-10 on DNA duplexes labeled at
the 5" end: upper strand, left panel; lower strand, right panel.
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Table 1 Sequence-specificity and physicochemical parameters for the binding of peptides to recognition sites in complementary upper (158-mer) and lower
(135-mer) DNA strands at 37 °C, determined by quantitative DNase | footprinting.

Binding site

Position of interstrand

Type of interaction

Ligand position Recognition sequence K, Ny bidentate interactions network
HyS-10 U82-90 5-GAAATACCG-3' 1.2 x 10° 4.0 82-85 Circuit
U106-115 5'-AGAAAATACC-3’ 1.7 x 10° 4.5 106-112
L85-80 5-TTTCAC-3' 8.7 x 10° 1.5
L112-102 5-ATTTTCTCCTT-3' 1.5 x 10° 4.0
HyE-10 U104-116 5'-GGAGAAAATACCG-3' 1.1 x 107 1.8 104-112 Partial-circuit
L112-102 5-ATTTTCTCCTT-3' 3.4x10° 1.7
PyMK-10 U83-90 5'-AAATACCG-3' 8.4 x 10° 2.4 83-84 Circuit
U108-116 5'-AAAATACCG-3' 6.4 x 10° 4.3 108-110
L84-82 5-TTC-3' 6.5 x 10° 3.2
L110-105 5-ATTTTCTC-3' 9.6 x 10° 5.4
PyQK-10 U85-90 5'-ATACCG-3’ 9.1x10° 2.5 107-112 Partial-circuit
U107-117 5'-GAAAATACCG-3' 9.9 x 10° 3.1
L112-107 5-ATTTTC-3' 1.0 x 10° 3.1

K, and ny are the apparent association constant and Hill coefficient determined from concentration-dependent DNase I footprinting studies,

respectively. Binding sites on the upper and lower strands are identified by U and L, respectively.
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(A) Proposed allosteric interaction network models for cooperative binding of peptides HyS-10, HyE-10, PyMK-10, and PyQK-10 to pBR322 fragments based

on quantitative footprinting experiments. The portion of the ligand binding to each DNA site/sub-site is represented by a thick horizontal line. Monodentate inter-
actions and interstrand bidentate interactions are represented by vertical broken lines. The solid horizontal arrow lines represent communication of the allosteric
interaction between DNA sub-binding sites. Broken horizontal arrow lines between neighboring binding loci some 12-16 nucleotides apart are intended to rep-
resent moderate or weak cooperative communication. (B) Proposed allosteric interaction network models for the cooperative binding of peptide RY-12 to pBR322
fragments at different incubation temperatures based on quantitative footprinting results. Representations as in the legend to (A).
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communications may occasionally be transmitted to a more
remote binding site on the same DNA strand, spanning as
many as 12-16 base pairs. Recent footprinting experiments'®
show that the ny values for peptides PyHyp-12 and PyHyp-9
binding to 81-mer duplexes (S-81) containing a single d(AAAA)-
d(TTTT) binding locus are significantly higher than those of
the 158-mer and 135-mer duplexes, which contain two binding
loci d(AAAA)-d(TTTT) and d(AAA)-d(TTT). This finding suggests
that the allosteric relay of peptide binding to neighboring
d(AAA)-d(TTT) and d(AAAA)-d(TTTT) positions spanning an
intervening sequence of 12-14 base pairs on the same DNA
strand may be mediated via a negative cooperative effect.

The allosteric interaction network models support the idea
that binding of decapeptides HyS-10 and PyMK-10 to pBR322
fragments possessing multiple sites proceeds via a circuit
type'”'® of process within a network system: the communi-
cations form a closed circuit (Fig. 3A). In the circuit type of
interaction network, strong intrastrand allosteric communi-
cations are conveyed by conformational changes between two
peptide molecules bound to two sub-sites of a wide binding
site (Fig. 3A and B). Allosteric communications can also be
relayed between complementary sites from one strand to
another through interstrand bidentate interactions. Weak
intrastrand allosteric communications may persist between
two widely separated binding sites spanning 12-15 base pairs
as, for example, the binding of peptide HyS-10 to two neigh-
boring DNA loci: 5-AGAAAATACC-3" and 5-GAAATACCG-3' at
positions U106-115 and U82-90, respectively (Fig. 3A). On the
other hand, peptide HyE-10 fails to bind to the d(AAA)-d(TTT)
site, and peptide PyQK-10 refuses to bind the d(TTT) site in
the lower strand, both resulting in a partial or incomplete
circuit network.'”'8

It is interesting that temperature has a notable effect on the
allosteric interaction behavior of peptide RY-12 (Fig. 3B). At
25 °C, the peptide engages in a circuit type of network inter-
action. At 31 °C and 37 °C, it switches to a partial-circuit type
of network in which the allosteric communications form a
partial or incomplete circuit. By contrast, previous studies
revealed that the interaction network of peptides (HPRK);NH,
[HR-12]"® and (SPRK);NH, [SP-12]'° binding to DNA fragments
is devoid of interstrand bidentate interactions and conse-
quently is referred to as a non-circuit type of allosteric com-
munication. Thus, quantitative footprinting results in this
work as well as other studies further support our recent
hypothesis'”"'® of three different types of allosteric interaction
networks in peptide-DNA molecular recognition.

To gain further evidence that conformational changes are
involved in the molecular recognition process, we employed
circular dichroism spectroscopy (CD) to investigate changes in
the helical structure associated with peptide-DNA binding. A
13-mer deoxyribonucleotide duplex was prepared, d(TAGGA-
GAAAATAC)-d(GTATTTTCTCCTA) (U4A-L4T), in which 12 base
pairs correspond to the complementary recognition site of the
158-mer fragment at positions 104-114. With this duplex a
negative CD band occurs around 248 nm and a positive band
around 276 nm (Fig. 4A). Peptide HyS-10 produces a dose-

This journal is © The Royal Society of Chemistry 2013
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dependent negative CD enhancement around 248 nm as well
as two strong positive CD enhancement bands around 276 nm
and 328 nm (Fig. 4B). In the difference spectra the negative
band around 248 nm can be seen to be red-shifted to 267 nm
and the two strong positive bands appear around 288 nm and
332 nm (Fig. 4C). A near-isoelliptic point occurs at 278 nm,
consistent with a two-component binding process. The
induced positive band around 332 nm is peptide concen-
tration-dependent and free from interference by native DNA
and peptide, so it can be used for plotting binding isotherms.
The significant enhancement of CD around 332 nm by HyS-10
and other peptides’”'® indicates that the principle interaction
lies in the minor groove of DNA.'* "3

The CD spectra seen with decapeptides HyE-10 (Fig. 4D and
E), PyMK-10 and PyQK-10 (Fig. ii(a—d), ESIt) are similar to that
of peptide HyS-10. All four peptides induce a strong positive
CD band around 330 nm, which is correlated with peptide-
DNA binding stoichiometry. Fig. 5A and B show the variation
of CD with [peptide]/[duplex 4A-4T] ratio. Peptide HyE-10
induces the greatest ellipticity change among the three pep-
tides, suggesting that more drastic conformational changes in
the DNA minor groove accompany the binding of this peptide.
At peptide/DNA ratios between 0.5 and 2.0 it is likely that one
molecule of each peptide binds to the d(AAAA)-d(TTTT) locus
of the minor groove, as suggested in some plots by a hint of a
plateau. At [peptide]/[duplex] ratios between 2 and 3 small
plateau regions do appear in some of the titration curves, indi-
cating that two peptide molecules bind in a dimeric fashion to
the binding site in the minor groove. As the [peptide]/[duplex]
ratio rises above 3, progressive, usually slower, increases occur
in A#, suggesting that further peptide molecules start to bind
non-specifically—probably to the wide major groove, which
can loosely accommodate more peptide molecules than the
minor groove (Fig. 5A and B). The CD observations concur
with the DNase I footprinting results in suggesting that
dimeric peptide binding to the d(AAAA)-d(TTTT) locus is often
favored, consistent with the very long binding sites spanning
over 9-14 base pairs. Subsequent isothermal titration calori-
metric experiments also agree that dimeric peptide binding to
the d(AAAA)-d(TTTT) locus may be favored, as described
below. The dramatic drop in A after the 2:1 peptide/DNA
molar ratio induced by peptide PyMK-10 is unusual, and
might indicate dissociation of this peptide from the minor
groove at higher concentrations (Fig. 5B).

Three DNA-peptide incubation temperatures were investi-
gated in CD studies with the dodecapeptide RY-12 (Fig. iii(a)-
(f), ESIT). In the plot of Af versus [peptide]/[[DNA] (Fig. 5C), it
is evident that the change in ellipticity induced by peptide
RY-12 measured at 327 nm increases steadily as the incubation
temperature is lowered from 37 °C to 25 °C, indicating that the
induced conformational change in the DNA minor groove is
more pronounced at lower temperatures. These CD results are
again in accord with the quantitative footprinting data. Recall
that at 25 °C, peptide RY-12 engages in a circuit type of allo-
steric interaction network (marked DNA conformational
changes for conveying allosteric communications), whereas at

Org. Biomol. Chem., 2013, 11, 48-61 | 53


http://dx.doi.org/10.1039/c2ob26320c

Downloaded on 23 December 2012
Published on 12 September 2012 on http://pubs.rsc.org | doi:10.1039/C20B26320C

U4A-L4T

220 250 300 350 380
Wavelength [nm]

A® [mdeg]

300
Wavelength [nm]

350

E

View Article Online

AO© [mdeg]

300
Wavelength [nm]

350 380

Wavelength [nm]

220 250 300
Wavelength [nm]

350 380

Fig. 4 Panel A: CD spectra of DNA duplex U4A-L4T alone and peptide alone at 37 °C. Panel B: titration of duplex U4A-L4T versus peptide HyS-10 at peptide concen-
trations of 0.5, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 4.0, 5.0, 7.0 uM at 37 °C. Panel C: corresponding CD difference spectra with the contribution of free duplex and
peptide HyS-10 subtracted. Panel D: titration of U4A-LAT versus peptide HyE-10 at peptide concentrations of 0.5, 1.0, 1.5, 1.8, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 3.0,
3.5,4.0, 5.0 pM at 37 °C. Panel E: corresponding difference spectra with the contribution of free duplex and peptide HyE-10 subtracted.

31 °C and 37 °C the allosteric networks for this peptide switch
to partial-circuit type (less DNA conformational change to
power allosteric interactions).

To assess the effect of ionic strength on peptide-DNA inter-
actions, we monitored the effect of sodium chloride on the
binding of a decapeptide incorporating both XHypRK and Py
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motifs, Met-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyM-10), to the
U4A-LAT duplex using circular dichroism. A significant, mono-
tonic decrease in ellipticity at 320 nm was observed as the con-
centration of NaCl was increased (Fig. 5D), indicating a near-
linear relationship (Fig. 5E). (Note again the hints of small pla-
teaux round about the molar ratios of 1.0 and 2.0.) The
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Fig. 5 Panel A: plot of CD intensity at 322 nm versus [ peptide]/[duplex] for the titration of duplex U4A-L4T with peptides HyS-10, HyE-10, and RY-12 at 37 °C. The
proposed stoichiometric binding ratios are as indicated, with binding <2 : 1 considered to be predominantly 1: 1. Panel B: plot of CD at 322 nm versus [peptide]/
[duplex] for PyMK-10 and PyQK-10. Panel C: plot of CD at 322 nm versus [RY-12]/[duplex] at incubation temperatures of 25 °C, 31 °C and 37 °C. Panel D: plot of CD
intensity at 322 nm versus [peptide]/[duplex] at various sodium chloride concentrations at 37 °C. Panel E: plot of CD intensity at 322 nm versus sodium chloride
concentration.
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obvious interpretation is that the conformation of the DNA
minor groove in the peptide complex is significantly changed
upon increasing the salt concentration, supporting the view
that ionic interactions play an important role in the sequence-
selective binding of peptides incorporating the XHypRK and
Py motifs.

With some understanding of the interaction network(s)
underlying cooperative sequence-selective binding of XP(Hyp)-
RK peptides to DNA, we went on to investigate their energetic
basis. Isothermal titration calorimetry (ITC) furnishes a direct
means to study the thermodynamics of binding of peptides
like the five described here. For purposes of comparison,
another seven peptides previously reported were included, and
the chosen DNA substrate was the oligonucleotide duplex
U4A-LAT (Table 3). The extra peptides included four more
decapeptides, HyH-10, PyHK-10, HyM-10 and HyQ-10, and
three more dodecapeptides: RPyH-12, PyHyp-12, and RHyp-12
(structures in Table 3). Representative ITC results for peptides
HyS-10, HyE-10, PyMK-10 and PyQK-10 are shown in Fig. 6A;
other ITC data are presented in Table 3 and in Fig. iv (ESIT).
The relative concentrations of peptide and DNA duplex in each
titration had to be adjusted carefully in order to produce satis-
factory plots of integrated heat versus peptide/DNA molar ratio.

The ITC plots for all twelve peptides versus U4A-LAT reveal a
peptide/DNA binding stoichiometry near 2: 1, suggesting that
the peptides become bound to the model duplex in dimeric
fashion, neatly in agreement with the footprinting and circular
dichroism results. Moreover, all twelve peptides showed predo-
minantly exothermic behavior in the binding reaction: AH was
found to vary between —14.7 kcal mol™" and —74.4 kecal mol™,
with most peptides yielding AH values greater than —26 kcal
mol " measured at 25 °C (Table 3). Compared to the moderate
magnitude of AH reported in the pioneering studies of
Breslauer’® and his colleagues on the binding of netropsin,
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distamycin, ethidium and daunorubicin to duplex poly-
[d(A-T)]-[d(A-T)], where AH lies within the range —8.9 to
—18.5 kecal mol™, the ITC results in this study suggest that
binding of the XP(Hyp)RK and KPXR peptides to DNA is over-
whelmingly enthalpy-driven. However, the opposing entropy
effects for all of the XP(Hyp)RK and KPXR peptides are strik-
ingly unfavorable: TAS falls within the range —-6.5 to
—-65.9 kecal mol™". In consequence, apparent net enthalpy-
entropy compensation (EEC) effects (Fig. 6B) sustain a binding
free energy change AG between —8.2 and —9.1 kcal mol™" for
all twelve peptide-DNA interactions. The linearity of AH versus
TAS is impressive (Fig. 6B): slope = 1.0061; y-intercept =
-8.5 kecal mol™". It originates from unusually high values of
AH and AS that compensate each other. But by contrast, the
individual relationship between AH and AG, and that between
AG and TAS, is non-linear and unpredictable (Fig. v, ESIf).

Much controversy and interest has surrounded the EEC
phenomenon,* with various theoretical explanations adum-
brated, yet the physical basis of EEC has not been convincingly
elucidated. The overwhelmingly large magnitudes of AH and
AS measured by ITC for DNA-peptide interaction in this study
seem to offer a unique advantage for investigating the ener-
getic basis of the compensation.

According to Williams and co-workers,*® the binding free
energy AG can be parsed according to the following equation:

AG = AGir + AGy + AGh + ZAGp + AGeons, + AGyaw (1)

where AG, refers to the unfavorable cost of association
when a ligand binds to a receptor, losing its translational (t)
and rotational (r) entropy considerably, relative to the receptor.
AG, refers to the energy cost of n internal rotors. The term AGy,
represents the benefit of the net hydrophobic effect and ZAG,
expresses the benefit from the formation of hydrogen bonding
and ionic interactions. AG...t is the total conformational

Table 3 Thermodynamic parameters from titration of peptides versus oligonucleotide duplex (U4A-L-4T) by isothermal titration calorimetry

Entry Peptide (mM) DNA (mM) AH (kcal mol™") AS (cal mol™) TAS (kcal mol™") AG (kcal mol™) K,(M™)
1 HyM-10 (0.15) 0.0033 =50.5 -140 —41.7 -8.8 2.9 x10°
2 HyQ-10 (0.15) 0.01 —74.4 —221 —65.9 -8.6 1.9 x 10°
3 HyS-10 (0.15) 0.006 -31.2 —74.5 —222 -9.0 4.2x10°
4 HyE-10 (0.15) 0.007 —27.8 —64.6 -19.3 -85 1.7 x 10°
5 HyH-10 (0.05) 0.0033 -51.2 —-142 —42.3 -8.8 2.9 x10°
6 PyHK-10 (0.2) 0.0066 -14.7 -21.8 —6.5 -8.2 9.8 x 10°
7a(20°C)  RY-12 (0.05) 0.0033 ~17.6 ~30.7 -9.0 -8.6 2.7 x 10°
7b(25°C)  RY-12 (0.15) 0.01 -35.0 -89.7 —26.7 -8.2 1.0 x 10°
7c (28 °C) RY-12 (0.15) 0.008 —28.6 —66.4 —-20.0 —8.6 1.6 x 10°
7d(31°C)  RY-12 (0.05) 0.0033 -35.0 -86.7 —26.4 -8.6 1.6 x 10°
8 RPyY-12 (0.05) 0.0045 -60.5 -173 -51.6 -8.9 3.3 % 10°
9 PyHyp-12 (0.05)  0.004 -33.2 -80.9 —24.1 -9.1 4.4 % 10°
10 RHyp-12 (0.15) 0.005 -26.0 -59.1 -17.6 —-8.4 1.4 x 10°
11 PyMK-10 (0.15)  0.005 -19.4 -36.5 -10.9 -85 1.8 % 10°
12 PyQK-10 (0.15) 0.006 -31.0 ~74.9 —22.3 -8.7 2.2 x 10°

All ITC experiments were performed at 25 °C unless otherwise stated. The relative concentrations of peptide and DNA in each titration were
adjusted in order to produce satisfactory plots of integrated heat versus peptide/DNA molar ratio. The amino acid sequences of the peptides are:
Met-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyM-10), GIn-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyQ-10), Ser-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyS-10), Glu-Hyp-
Arg-Lys-(Py),-Lys-Arg-NH, (HyE-10), His-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyH-10), His-Pro-Arg-Lys-(Py),-Lys-Arg-NH, (PyHK-10), Tyr-Pro-Arg-Lys-
(Py),-Lys-Arg-Pro-Tyr-NH, (RY-12), His-Hyp-Arg-Lys-(Py),-His-Hyp-Arg-Lys-NH, (PyHyp-12), His-Hyp-Arg-Lys-(Py),-Lys-Arg-Hyp-His-NH, (RHyp-12),
His-Pro-Arg-Lys-(Py),-Lys-Arg-Pro-Tyr-NH, (RPyY-12), Lys-Pro-Met-Lys-(Py),-Lys-Arg-NH, (PyMK-10), Lys-Pro-Gln-Lys-(Py),-Lys-Arg-NH, (PyQK-10).
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Fig. 6 (A) ITC curves for titration of decapeptides HyS-10, HyE-10, PyMK-10 and PyQK-10 into the U4A-LAT duplex at 25 °C. For each experiment the top panel rep-
resents the raw heat of binding generated by successive additions of peptide, and in the bottom panel the integrated heat is plotted versus peptide/DNA molar
ratio. Data acquisition and analysis were performed using nonlinear least-squares fitting algorithm software (Microcal Origin 7.1). (B) Plot of enthalpy versus entropy
(TAS) from ITC of twelve peptides added to the U4A-LAT duplex at 25 °C (298 K). (C) ITC curves for the titration of peptide RY-12 into the U4A-LAT duplex at various
incubation temperatures (legend as in (A)). (D) Plot of enthalpy versus entropy (TAS) from ITC of peptide RY-12 added to the U4A-L4T duplex at different tempera-
tures. (E) Combined enthalpy-entropy plot from titrating all twelve peptides into the U4A-LAT duplex at 25 °C (with peptide RY-12 at various temperatures: 7a,
20 °C; 7b, 25 °C; 7¢, 28 °C; 7d, 31 °C). (F) Three-dimensional plot of AH, TAS and AG from titration of all twelve peptides into the U4A-L4T duplex. The short vertical
projection plane (in green) corresponds to AG magnitudes sustained around —8.5 kcal mol~". The figure represents a view of the ‘cube’ from below.
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strain energy generated upon binding, and AG,q, is the van
der Waals energy difference between the free and bound
states.

Eqn (1) was applied to the present peptide-receptor inter-
action data. Circular dichroism studies of the DNA-small mol-
ecule interaction, in this work as well as others, show that
marked conformational changes in the DNA minor groove
occur upon peptide binding. Thus, the free energy com-
ponents AG., and AG, must include the total translational
and rotational entropy of both the DNA duplex and the ligand.
The strong negative entropy changes seen with all ten peptides
upon binding to DNA suggest that there are significant losses
in the rotational and translational motion of the DNA duplex
as well as the peptide. Multiple intrastrand and interstrand
bidentate interactions between the peptide moieties and DNA
bases revealed by our footprinting experiments (Table 1, Fig. 1
and 3), together with ionic interactions between the positively
charged Arg and Lys side chains and DNA phosphates as evi-
denced by CD studies (Fig. 5E), are consistent with consider-
able loss in translational and rotational entropy of the peptide
and DNA duplex upon binding, as will be seen.

Since the net binding free energy AG of the twelve peptides
titrated against the U4A-LAT duplex lies rather constant within
the range —8.2 to —9.1 kcal mol ™", the average value of AG for
the peptides can be taken as being around —8.5 kcal mol ™.
Indeed, in a plot of AH vs. TAS, the enthalpy-entropy compen-
sation ratio k. (slope of the straight line) for the twelve pep-
tides containing the XP(Hyp)RK and Py motifs approaches
unity (slope = 1.006), with the y-axis intercept equal to the
average AG value: —8.53 kcal mol™" (Fig. 6B). Put mathemat-
ically,

AH = k.TAS — 8.5

When k. approaches unity,
AH = —8.5+ TAS (2)

Eqn (2) well describes the strict linear dependence of AH
on TAS for the twelve peptide-DNA interactions studied and
hence underlines the enthalpy-entropy compensation
phenomenon. The almost exact compensation of energy
between the favorable negative AH and unfavorable negative
AS energy components is what sustains the almost constant
value of net binding free energy AG. According to eqn (2),
maintenance of a negative AG of acceptable magnitude seems
to be crucial for DNA-peptide binding; any decrease of AG
(less negative) would require a lowering of AH (less negative)
and a concomitant change in AS (more negative)—both un-
favorable for the binding process.

Since the dodecapeptide RY-12 displayed notable differ-
ences in binding preference at lower temperatures, an attempt
was made to perturb the enthalpy-entropy compensation by
varying the incubation temperature (Fig. 6C). Accordingly,
peptide RY-12 was titrated against duplex U4A-L4T at 20, 25,
28, and 31 °C (unstable calorimetric readings were recorded at
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37 °C). Strikingly, the AH and TAS values measured for
peptide RY-12 over this temperature range were still found to
be linearly related, with a slope of 0.98. Although the tempera-
ture variation undoubtedly produces significant deviations in
AH and TAS individually, the AG values still lie within the
range —8.2 to —8.6 kcal mol™" (Table 3). Plotting enthalpy
versus entropy for all twelve peptides binding to the model
duplex, including the data for peptide RY-12 at different temp-
eratures (Fig. 6E), still gives a straight line of slope 1.005, so
evidently the global value of AG does remain remarkably con-
stant. To underline the EEC phenomenon in the DNA-peptide
interaction, it is instructive to plot a 3-dimensional figure of
AH, TAS and AG. The result is a near-straight line suspended
in thermodynamic space, nicely illustrating the linear
enthalpy-entropy-free energy relationship (Fig. 6F). The con-
clusion is that stringent constraints act in nature to preserve
EEC so as to maintain favorable AG within a constant or
narrow range for successful binding of ligands to DNA.

On the other hand, we know that temperature affects the
nature of allosteric interaction networks on the pBR322 frag-
ments because of the quantitative footprinting experiments
(Fig. 3), which also establish that binding of peptides to the
d(AAAA)-d(TTTT) and d(AAA)-d(TTT) sites on the pBR322 frag-
ments occurs with significant positive cooperativity (Table 1).
These DNA-peptide interaction results are consistent with
Cooper and Dryden’s suggestion®’ that positive cooperativity
in ligand binding will induce a ‘stiffening’ or tightening effect
in the protein/receptor, initiated by the loss of many internal
vibrational degrees of freedom. Williams and co-workers®®*?
concluded that highly exothermic binding is associated with
positive cooperativity, allied to improved bonding within the
receptor in its drug-bound state, which would account for the
very unfavorable negative entropy change. As predicted by
Williams®® positive cooperativity and negative cooperativity
can coexist in the same system. Our previous studies show that
DNA binding of the peptide PyPro-12'® does involve concomi-
tant positively and negatively cooperative site binding,
although positive cooperativity is always predominant for pep-
tides incorporating the XPRK motifs. If positive cooperativity is
associated with improved bonding within the DNA duplex
upon peptide binding, it is most likely related to the existence
of multiple intrastrand monodentate interactions and inter-
strand bidentate interactions between the peptide moieties
and the DNA bases. Doubtless ionic forces between the posi-
tively charged Arg and Lys side chains of the peptides and
DNA phosphates also restrict the conformational mobility of
the DNA duplex and thereby help to account for the dramatic
decrease in total entropy. According to the law of conservation
of energy, any loss in entropic energy must transform to
exothermic energy, which in turn causes an increase in
enthalpy. On the other hand, high exothermic energy pro-
motes allosteric adjustment of DNA conformation within the
binding loci by means of hydrogen bonding and ionic inter-
actions between the DNA duplex and peptide, augmenting the
favorable energy components AGy, 2AGp,, AGeont,, and AGyaw,
and facilitating positively cooperative binding of approaching
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peptide molecules. This is fully consistent with the proposal of
Williams®® that highly exothermic binding is associated with
significant positive cooperativity, and is verified by our discov-
ery of positively cooperative peptide binding to multiple DNA
recognition sites by DNase I footprinting experiments in this
study (Tables 1 and 2) as well as previously.'””'® This com-
munication of cooperativity between multiple binding loci
forms the basis of the DNA-peptide interaction networks pro-
posed here.

3. Conclusion

An important outcome of the present study stems from the
ITC experiments on twelve peptides, showing that a dramatic
decrease in entropy occurs upon binding to DNA, consistent
with the presence of multiple monodentate and bidentate
interactions, as well as ionic forces that mediate positively
cooperative binding, resulting in a ‘tightening’ effect of DNA
conformation. Allosteric communication between multiple
DNA loci via cooperative peptide binding establishes the basis
of the DNA-peptide interaction networks described here.
Temperature-dependence studies with peptide RY-12 using
quantitative DNase I footprinting are in accord with the results
of CD experiments, namely that a lower temperature (25 °C)
favors a circuit type of allosteric interaction network demand-
ing more drastic DNA conformational changes, whereas higher
temperatures (31 and 37 °C) afford only a partial-circuit type of
interaction network that requires fewer DNA conformational
changes. The enthalpy-entropy compensation effects associ-
ated with peptide RY-12 binding to the 13-mer DNA duplex
persist through various temperatures, while the magnitude of
AH and TAS, as well as the type of allosteric interaction net-
works seen with RY-12 on the 135-mer and 158-mer DNA
duplexes, are changed. The unusually high values of negative
AH recorded for DNA-peptide binding furnish exothermic
energy that facilitates conformational adjustment of DNA
binding loci to promote positively cooperative binding of
approaching peptide molecules. The net energy compensation
between the favorable negative AH and unfavorable negative
AS components sustains the value of net binding free energy
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AG within a remarkably constant range. We derive a linear
equation which effectively describes the strict linear depen-
dence of AH on TAS for the twelve peptide-DNA interactions
studied, and hence underlines the enthalpy-entropy compen-
sation phenomenon: AH = —8.5 + TAS.

Thus it appears that the preservation of a negative AG value
of acceptable magnitude is central to the EEC of many DNA-
peptide interactions, and hence the findings illuminate the
universal EEC paradox commonly manifested in biochemical
reactions. In other words, stringent restraints affecting
enthalpy-entropy compensation are conserved in nature to
sustain a favorable AG value within a narrow range for the suc-
cessful binding of ligands to DNA. We propose that the emer-
gence of allosteric interaction networks featuring significant
positive cooperativity in many DNA-small ligand interactions
is also aimed at assuring an optimum binding free energy.
These insights will foster the design of new DNA-binding
small molecules for further study of DNA-peptide allosteric
interactions as well as 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) or synthesized in our own laboratory according to pub-
lished procedures. All other analytical reagents were purchased
from Acros, Tedia or Sigma. The radiolabelled nucleoside tri-
phosphate [y->’P]ATP was obtained from NEN Life Science Pro-
ducts at a specific activity of 6000 Ci mmol™". Tag 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 Chemical methods

Melting points were determined on a Mel-Temp apparatus
(Cambridge, Mass) and are uncorrected. Optical rotations were
determined on a Rudolph Autopol II instrument. Semi-pre-
parative and analytical HPLC (Vydac reversed-phase columns,

Table 2 Sequence-selectivity and physicochemical parameters for the binding of peptide RY-12 to recognition sites in complementary upper and lower DNA
strands at various incubation temperatures determined by quantitative DNase | footprinting

Incubation Binding site Recognition Position of interstrand Type of interaction
temperature position sequence K, ny bidentate interactions network
25 °C U84-90 5'-AATACCG-3' 1.6 x 10° 3.4 84-86 Circuit
U107-116 5'-GAAAATACCG-3’ 1.9 x 10° 2.9 107-112
L86-80 5-ATTTCAC-3' 2.1 x10° 3.4
L112-105 5'-ATTTTCTC-3' 3.3x10° 2.7
31°C U106-116 5-AGAAAATACCG-3’ 2.1 x10° 2.8 106-112 Partial-circuit
L112-105 5'-ATTTTCTC-3' 3.5x10° 2.2
37 °C U108-115 5'-AAAATACC-3' 1.9 x 10° 1.4 108-112 Partial-circuit
U84-90 5'-AATACCG-3' — —
L112-105 5-ATTTTCTC-3’ 1.6 x 10° 2.4

Details as in the footnote to Table 1.
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TP201; column 1, 1 x 25 cm; column 2, 0.4 x 25 cm) were per-
formed using a Hitachi L-7100 pump equipped with a gradient
elution device and a Soma S-3702 variable wavelength UV
detector 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.

Ser-Hyp-ArG-Lys-(Py),-Lys-Arc-NH, (HyS-10). This peptide was
synthesized using solid phase methodology by manual oper-
ation 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 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 and Glu were protected
by the Pmc, Boc, and ¢-Bu groups, respectively, whereas the
side chains of Ser and Lys were protected by the Trt group.
After coupling the last N-terminal Fmoc-amino 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 x
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%
H,O0, 0.1% TFA; eluent B: 95% MeCN, 5% H,O, 0.1% TFA. A
linear gradient was achieved by increasing the MeCN content
from eluent A to eluent B in 30 min. ¢ (column 2), 14.05 min.
m.p. 153-156 °C, [a]y —9.25 (¢ 0.072, H,0); ESIMS requires:
1274.44, found: 1274.0. All other peptides were synthesized
and purified to homogeneity using a similar procedure as for
peptide HyS-10.

Glu-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyE-10). This peptide
was synthesized and purified by semi-preparative reversed-
phase HPLC (column 1), using a similar procedure as for
peptide HyS-10. g (column 2), 14.89 min, m.p. 150-152 °C,
[a]y —34.43 (c 0.203, MeOH-H,O, 1:1); ESIMS requires:
1316.47, found: 1316.0.

Lys-Pro-Met-Arg-(Py),-Lys-Arg-NH, (PyMK-10). This peptide
was synthesized and purified by semi-preparative reversed-
phase HPLC (column 1), using a similar procedure as for
peptide HyS-10. ¢ (column 2), 12.03 min, m.p. 155-159 °C,
[l —39.21 (¢ 0.102, H,0); ESIMS caled 1301.7, found: 1302.7.

GIn-Pro-Gln-Arg-(Py),-Lys-Arg-NH,, (PyQK-10). This peptide
was synthesized and purified by semi-preparative reversed-
phase HPLC (column 1), using a similar procedure as for
peptide HyS-10. ¢z (column 2), 11.29 min, m.p. 157-159 °C,

[a]’ —41.67 (c 0.048, H,O); ESIMS caled 1298.72, found:
1299.49.

Tyr-Pro-Arg-Lys-(Py),-Lys-Arg-Pro-Tyr-NH,. This peptide was
synthesized using a similar procedure as for HyS-10. The crude
product was purified by semi-preparative reversed-phase HPLC
(column 1), using gradient elution as described for the purifi-
cation of peptide HyM-10. tgz (column 2), 12.4 min, m.p.
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157-161 °C, [a]y} —51.95 (c 0.077, H,0); ESIMS requires:
1593.84, found: 1594.72.

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

The 158-mer DNA duplex (Watson strand 5'-**P-labeled) and
135-mer DNA duplex (Crick strand 5'-*’P-labeled) were pre-
pared by PCR amplification in a thermal cycler (ABI model
9700), as reported previously.'* The DNA concentration was
determined by UV spectroscopy to lie in the range 600-
800 nM.

4.4 DNase I footprinting

Reactions were carried out following procedures as described
in detail previously.'”"®

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 pM in 5 mM sodium cacody-
late 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 and 5.0 pM. Spectra were recorded
after 60 min incubation at 37 °C.

4.6 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were per-
formed in the Institute of Chemistry, Academia Sinica using a
Microcal VP-ITC (MicroCal, Northampton, MA) with a reaction
cell volume of 2 mL for the oligonucleotide duplex (U4A-L4T)
at 25 °C or other temperatures, as indicated in Table 3, and all
samples were degassed under vacuum for 5 min. The DNA
solutions of appropriate concentration in 5 mM sodium caco-
dylate, pH 6.5 (Table 3) were placed in the calorimeter cell.
The peptide, at an appropriate concentration in 5 mM sodium
cacodylate, pH 6.5 (Table 3, 273 pL), was placed in the titration
syringe and injected in aliquots of 7 pL with 220 s intervals
between the individual injections whilst stirring at 304 rpm,
for a total of 39 injections. Data acquisition and analysis were
performed using nonlinear least-squares fitting algorithm soft-
ware (single site binding model, Microcal Origin 7.1 software).
The K, values were obtained from the ITC instrument by com-
puter fit of the ITC isotherms and the corresponding AG
values were calculated from the equation: AG = —RTIn K,
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