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Abstract: Binding behavior of alanine-
based oligopeptides containing four or
six cationic lysine residues (K4 and K6)
to a dA30 ± dT30 or dG30 ± dC30 duplex-
immobilized on a 27 MHz quartz-crystal
microbalance (QCM) were studied in an
aqueous buffer solution. Eight kinds of
alanine-based oligopeptides were pre-
pared systematically, in which positions
of K residues were changed in the helical
structure according to common features
in DNA recognition helices of the DNA
binding protein. The binding amount
(Dm) on a nanogram scale and binding

constant (Ka) could be obtained from
frequency decreases (mass increases) of
the DNA-immobilized QCM. Cationic
oligopeptides were confirmed, from cir-
cular dichroism (CD) spectra, to form a-
helical conformations as a result of the
binding to DNA strands with random
conformations. Dm and Ka values were
greatly affected by ionic strength and

the position of cationic K residues of
peptides. At the low ionic strength, all
peptides can bind with the almost same
affinity to DNA strands by electrostatic
interactions. At the high ionic strength
of 40 mm NaCl, oligopeptides with cat-
ionic K groups at the one side of the
a helix showed larger Dmmax (35�
5 ngcmÿ2) and Ka values (104mÿ1) than
those of oligopeptides having K groups
in random positions (Dm� 10� 5 ng
cmÿ2 and Ka� 103mÿ1).
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Introduction

It is important to know how proteins recognize the specific
sequence of double-stranded DNA in a gene transcription
process. To date, X-ray crystallographic studies revealed that
the sequence-specific DNA binding proteins such as tran-
scription factors have some similar DNA binding domains.
Many of these domains are classified to helix-turn-helix,[1] Zn
finger,[2] basic region helix-loop-helix,[3] and basic region
leucine zipper.[4] Suzuki[5] predicted from X-ray crystallo-
graphic studies that those DNA binding motifs have a
common DNA recognition helix, in which cationic lysine
(K) or arginine (R) residues at one side of the helix interact
with a major groove of DNA strands, and hydrogen-bonding
residues such as asparagine (N) and serine (S) at the same site
are involved in the selective recognition of DNA nucleobases
(see Figure 1A).

In addition to the static X-ray crystallographic studies of
DNA-peptide interactions, several papers report on studies
into the dynamic interactions between DNA strands and
cationic oligopeptides containing basic amino acid residues at

specific positions.[6] However, they did not focus on the
common position of basic amino acid residues and did not
give the relationship between the position and their binding
constants. The binding behavior of proteins or peptides to
DNA has been studied mainly by gel-mobility shift assay.[7]

This technique is widely used in molecular biology; however,
it is difficult to detect the binding of small oligopeptides to
small fragments of DNA and to evaluate quantitatively the
binding process and amount. Usually basic peptides contain-
ing lysines form a random structure due to the coulombic
repulsion between basic amino acid residues and form an a-
helical conformation after binding to DNA strands as a result
of the interaction with phosphate groups. Therefore, the
binding properties of these cationic oligopeptides to DNA can
be followed by the increase of a-helical content by circular
dichroism (CD) spectroscopic measurements or by changes in
the fluorescent spectra of tryptophan residues.[6] However,
CD or fluorescent spectra changes are not quantitative if the
formation of helical structures is not proportional to the
amount of DNA binding, and it is difficult to obtain the
absolute binding amount of oligopeptide to DNA. In order to
provide general rules on how helical peptides bind to a major
groove of DNA strand, systematic and quantitative studies are
achieved by the use of a new detection technique.

In this paper, we report quantitative studies of the binding
behavior of basic a-helical oligopeptides to a dA30 ± dT30 or
dG30 ± dC30 duplex immobilized on a highly sensitive 27 MHz
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QCM in an aqueous solution
(Figure 2). A QCM is known to
provide very sensitive mass
measurements in an aqueous
solution,[8, 9] as well as in gas
phase,[10, 11] because its reso-
nance frequency decreases lin-
early upon the increase of a
mass on the QCM electrode in
the nanogram range.[12] From
time courses of frequency de-
creases (mass increases) due to
the binding of oligopeptides to
the DNA-immobilized QCM,
the binding amount (Dm), at a
nanogram level, and binding
constant (Ka) could be ob-
tained. In order to investigate
the role of electrostatic inter-
action for the DNA binding
peptide, we have designed
eight kinds of alanine-based
16 ± 17 mer peptides containing
four or six cationic lysine (K)
residues; in these peptides
the position of K residues are
systematically changed. Cylin-
drical structures of prepared
oligopeptides are shown in Fig-
ure 1B. K4(a) ± K4(f), K6(d),
and K6(f) oligopeptides have
four or six K residues at differ-
ent positions. The N and C
terminals were acetylated and
amidated, respectively, and one
tyrosine (Y) at the N terminal
was introduced for the easy
detection by UV absorption
during preparations and purifi-
cation of peptides. We[9,11] and
other researchers[8, 10] have
used 5 ± 9 MHz QCMs as a
molecular detector for a bio-
sensor. The 27 MHz QCM
used in this study is about
10 times more sensitive than
our conventional 9 MHz
QCM,[13] and has a mass change
sensitivity of 0.6 ngcmÿ2 per
1 Hz of frequency decrease.[13,14]

This sensitivity is enough to
detect a mass change of 10 ±
50 ng cmÿ2 obtained by the
binding of relatively small 16 ±
17 mer oligopeptide to DNA.
Ward and coworkers have dem-
onstrated that a 30 MHz QCM
can be operated in the liquid
phase.[8g]

Figure 1. A) A cylindrical structure of common features of the DNA recognition helix (see ref. [5]).
B) Cylindrical structures of cationic lysine (K)-containing alanine (A)-based oligopeptides (16 ± 17 mer).
Tyrosine (Y) was introduced at the N terminal for easy detection by UV absorption, and the C and N terminals
were acetylated and amidated, respectively.

Figure 2. A schematic illustration of a 27 MHz QCM measurement system and chemical structures of
immobilized DNA strands on the Au electrode (4.9 mm2 area) of the QCM.
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Results

Immobilization of DNA strands : A schematic representation
of the immobilization of dA30 ± dT30 strands is shown in
Figure 2, according to our previous paper.[15, 16] First, avidin
molecules were covalently bound to carboxyl groups on the
one side of Au electrodes (4.9 mm2) of a 27 MHz QCM; the
other side of Au electrodes was sealed with a rubber casing to
avoid contact with buffer solution (see Experimental Sec-
tion).[13±16] The presence of a monolayer of avidin molecules
on the surface of the electrode was confirmed by the
frequency decrease (mass increase) of the QCM (480 ±
600 ng cmÿ2, 7� 10ÿ12 mol cmÿ2).

We also tried to immobilize avidin by physical adsorption
on a bare Au electrode.[8e] However, the physically adsorbed
avidin layer was not so stable as to get constant results and
was not suitable for re-use, compared with our covalently
bound avidin layer. Biotinylated dA30 hybridized with dT30

was immobilized on the covalently bound avidin layer on the
QCM surface by immersing the QCM for about 30 min. in the
aqueous buffer solution of DNA (120� 3 ngcmÿ2, ca. 6�
10ÿ12 mol cmÿ2). The biotinylated dA30 ± dT30 strand (3.2 nm2

area per molecule) can be calculated to cover about 15 % of
the Au electrode (area: 4.9 mm2), and it binds to one of four
binding sites of an avidin molecule. The immobilized amount
of DNA strands on the QCM was controlled so that the
coverage was about 15 % in order to keep the enough space
for oligopeptide binding. The immobilized amount of DNA
strands on the QCM could be controlled from 10 to 80 % by
the immersing period.

The dG30 ± dC30 strands could be also immobilized on a
QCM in the same amount in the same manner, instead of
dA30 ± dT30 strands.

Design of peptides : As shown in Figure 1B, six kinds of K4
peptides in which four basic lysine residues exist at different
positions in cylindrical forms were prepared, as well as two
K6(d) and K6(f) peptides with two additional K residues to
the K4(d) and K4(f) peptides, respectively. K4(a) and K4(b)
have four K groups perpendicular in the one side of a
cylindrical form. K4(c) has two lines of K groups, and K4(d)
has the four K groups in a v-shape formation, imitating
naturally occurring sites. K6(d) has two additional K groups at
the top of a v-shape formation, mimicking the cationic
position of bZIP peptide, one of typical DNA binding
motifs.[4, 5] Lysine groups in these peptides were confirmed,
from computer-aided CPK molecular modeling, to align on
one side of peptide helix (see Figure 8). In contrast, the lysine
groups in K4(e), K4(f), and K6(f) are placed at random in the
a helix. The reason why alanine-based 16 ± 17 mer peptides
were chosen as a simple helical peptide is that alanine can
form stable helical structures even in a short peptide.

Time courses of peptide binding : Figure 3A shows typical
time courses of frequency decreases (mass increases) of the
dA30 ± dT30 (or single-stranded dA30-immobilized 27 MHz
QCM) in response to the addition of K4(a) and K4(f)
peptides in the aqueous solution at 10 8C and pH 7.5, and
with 10 mm phosphate and 20 mm NaCl. The binding reached

Figure 3. Typical time courses of frequency decreases (mass increases) of a
dA30 ± dT30 or a single-stranded dA30-immobilized 27 MHz QCM respond-
ing to the addition of A) K4 peptides and B) K6 peptides in the aqueous
solution. a) dA30 ± dT30�K4(a); b) dA30 ± dT30�K4(f); c) dA30 (a single
strand)�K4(a); d) dA30 ± dT30�K6(d); e) dA30 ± dT30�K6(f); (10 8C,
pH 7.5, 10mm phosphate, 20 mm NaCl, [K4]� 5mm, [K6]� 2 mm).

equilibrium within 1 min, and the larger mass increase was
observed for the injection of K4(a) peptide, in which four K
groups aligned perpendicularly in the cylindrical structure,
than that for K4(f) peptide with four K groups at random
positions. Binding behavior was greatly dependent on the
position of cationic K groups in the K4 peptides. These
peptides showed similar binding behavior with the dG30 ± dC30

strands: K4(a) bound with Dm� 20� 5 ngcmÿ2 within 1 min,
but K4(f) showed a small amount of binding with Dm� 6�
2 ngcmÿ2 ; these results are very similar to those for the dA30 ±
dT30. Since these simple basic peptides did not show any
significant binding difference for AT or GC strands, the dA30 ±
dT30 strands were used for the following experiments.
Although raw data for binding to the dG30 ± dC30 strands are
not shown, the obtained maximum binding amounts (Dmmax)
and binding constants (Ka) are summarized in Table 1. In
Figure 3A, the curve (c) shows the binding of K4(a) peptide to
a dA30 single strand immobilized QCM. The K4 and K6
peptides did not bind to a single strand DNA. This indicates
that a simple electrostatic interaction between cationic
peptides and a single strand DNA as polyanions is not
important, and that the double helical structure forming a
major groove is important as a binding site for peptides. As
control experiments, peptides were confirmed to hardly bind
to avidin layers without DNA strands on the QCM.

Similar selective binding behavior was also observed for K6
peptides (see Figure 3B). K6(d), with six K residues in a
v-shape formation at the one side of the helix, also showed a
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large binding to DNA strands, but not K6(f), with K residues
in random positions. The K6(d) peptide mimics the cationic
positions of bZIP peptide, one of typical DNA binding
motifs.[4, 5]

Effect of salt concentration : Figure 4 shows the effect of
concentration of NaCl on the K4(a) peptide binding to the
dA30 ± dT30 on the QCM. When the NaCl concentration is

Figure 4. Effect of salt concentrations on the binding behavior of the
K4(a) peptide to a dA30 ± dT30 strand (10 8C, pH 7.5, 10mm phosphate,
[K4(a)]� 2 mm).

increased from zero to 40 mm in the 10 mm phosphate buffer
solution, the K4(a) binding decreased considerably owing to
diminished electrostatic interactions between cationic K4
peptides and anionic DNA phosphates. When the injected
concentration was increased to 400 mm, specific binding was
observed depending on concentrations even at the 40 mm
NaCl concentration.

Maximum binding amount and binding constant : Binding
amounts (Dm) showed simple saturation curves against
peptide concentrations in phosphate buffer at three different
NaCl concentrations (0, 20, and 40 mm) as shown in Figure 5.

Figure 5. Binding amounts of K4 peptides onto dA30 ± dT30 strands as a
function of peptide concentrations at [NaCl]� 0, 20, and 40mm. * K4(a),
& K4(c), ~ K4(d), ^ K4(e), and ~ K4(f), (10 8C, pH 7.5, 10mm phosphate).

These saturation binding behaviors are expressed as linear
correlations by Equation (1) as a reciprocal plot between
[peptide]/Dm and [peptide]. Binding constants (Ka) and

Table 1. Maximum binding amounts (Dmmax) and association constants (Ka) of K4 and K6 peptides to dA30 ± dT30 or dG30 ± dC30 strands immobilized on a
27 MHz QCM.[a]

Dmmax [ng cmÿ2] Ka [103mÿ1] a-Helical content at 20mm NaCl
[NaCl]� 0 mm 20mm 40mm [NaCl]� 0mm 20mm 40mm without DNA with [DNA]� 10mm ratio

K4(a) 46� 3 44� 3 35� 3 790� 40 190� 20 18� 2 18� 5 40� 5 2.2
± 38� 2[b] ± ± 20� 5[b]

K4(b) ±[c] ±[c] 40� 5 ±[c] ±[c] 10� 2 20� 5 34� 5 1.7
K4(c) 55� 2 28� 2 29� 5 550� 80 170� 30 23� 2 33� 5 60� 5 1.8

± 30� 5[b] ± ± 20� 3[b]

K4(d) 35� 5 27� 5 20� 3 610� 90 180� 30 12� 1 35� 5 48� 5 1.4
± ± 20� 5[b] ± ± 12� 1[b]

K4(e) 31� 5 31� 2 11� 3 600� 60 64� 3 1.6� 0.2 32� 5 37� 5 1.1
± 11� 3[b] ± ± 1.5� 0.3[b]

K4(f) 29� 4 24� 3 < 10 130� 20 30� 2 < 1 37� 5 42� 5 1.1
K6(d) ± ± 40� 5 ± 500� 50 110� 10 10� 3 30� 5[d] 3.0
K6(f) ± ± < 5 ± < 10 < 3 29� 5 33� 5[d] 1.1

[a] 10 8C, pH 7.5, 10mm phosphate. [b] Binding results for dG30 ± dC30 strands. [c] Addition of K4(b) peptide to dA30 ± dT30 strands resulted in the frequency
increase (mass decrease) in 0 and 20mm NaCl. This is explained that K4(b) peptide binds electrostatically to DNA and causes a large conformation change
(shrinking) of DNA strands and the mass apparently decreases. Therefore, it is difficult to calculate the binding amount from frequency changes.
[d] [DNA]� 2 mm.
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�peptide�
Dm

� �peptide�
Dmmax

� 1

Dmmax Ka

(1)

maximum binding amount (Dmmax) of K4 peptides to dA30 ±
dT30 strands were calculated from the slope and intercept of
Equation (1), respectively. Dmmax and Ka values at different
NaCl concentrations are summarized in Table 1, together with
the binding results for the dG30 ± dC30 strands.

The saturation binding behavior of the peptides K6(d) and
K6(f) to dA30 ± dT30 at [NaCl]� 40 mm are shown in Figure 6,
and the results are also summarized in Table 1.

Figure 6. Binding amounts of (*) K6(d) and (*) K6(f) peptides onto
dA30 ± dT30 strands as a function of added peptide concentration (10 8C,
pH 7.5, 10mm phosphate, 40 mm NaCl).

CD spectral changes : Binding behavior of K4 or K6 peptides
to DNA strands could be also confirmed from CD spectral
changes in the bulk solution.[6, 7] Since K4 and K6 peptides
have many positively charged K residues as shown in
Figure 1B, peptides exist in a random coil conformation in
the absence of DNA. When these K4 and K6 peptides bound
to DNA strands, they are expected to form an a-helical
conformation owing to the interaction with phosphate groups.
Figure 7 shows typical difference CD spectra indicating the
conformation change of K4(a), K4(f), K6(d), and K6(f)
peptides in the absence and presence of dA30 ± dT30 strands
in the buffer solution at 20 mm NaCl. CD spectra of peptides
with DNA strands were subtracted from that of DNA only. In
all cases, no precipitation and turbidity were observed. When
DNA strands were added to the peptide solution, the
molecular ellipticity at 223 nm (q223) increased greatly as a
reslut of the formation of a-helical structure of the K4(a) and
K6(d) peptides. Hippel and coworkers[6a] reported previously
changes in CD spectra of the K4(a) peptide upon addition of
DNA, and our results are in agreement with this. The a-helical
content of peptides could be calculated roughly from q223

values; the q223 value is taken to be ÿ33 000 degcm2 dmolÿ1

when peptides exist as 100 % a-helical structures.[6a] The
percentage of a-helix in peptides in the absence of DNA and
in the presence of DNA, and their ratio at 20 mm NaCl are
summarized in Table 1.

Discussion

Since 120� 3 ngcmÿ2 (ca. 6� 10ÿ12 mol cmÿ2) of biotin-dA30 ±
dT30 (Mw� 18 398) is immobilized on a QCM, a amss increase

Figure 7. Difference CD spectra of the K4(a), K4(f), K6(d), and K6(f)
peptides as a function of the concentration of the dA30 ± dT30 strands. The
spectrum of DNA was subtracted from the mixture of DNA and peptide.
Concentrations of added dA30 ± dT30 are given in figures. (10 mm phosphate,
pH 7.5, 20mm NaCl, [peptide]� 12mm).

of about 10 ± 12 ngcmÿ2 is expected if one peptide (Mw�
1510 ± 1702) binds to one DNA strand. In the absence of
NaCl (10 mm phosphate buffer), the maximum binding
amount (Dmmax) of K4 peptides is about 30 ± 55 ng cmÿ2,
which indicates 3 ± 5 peptide molecules bound to one DNA
strand (see Table 1). When the NaCl concentration is increased
to 40 mm in the solution, Dmmax value decreases to 10 ±
40 ngcmÿ2 (1 ± 3 peptides per one DNA) and differed greatly
(more than 10 times) depending on the position of K groups in
the peptide. A similar tendency was observed in Ka values.

The six K4 peptides can be classified to three groups (see
Figure 1B). K4(a) and K4(b) have four K groups perpendic-
ular to a cylindrical structure, and K4(c) and K4(d) have four
lysine groups in v-shape formation in the helix. In contrast,
K4(e) and K4(f) have lysine groups randomly placed. At low
salt concentration, all K4 peptides can bind electrostatically to
phosphates of DNA strands regardless of their conformations.
However, at high salt concentration, the nonselective electro-
static binding is reduced and multiple interactions between
phosphate anions around the major groove of DNA and the
cationic K groups on the specific side of the K4(a) ± K4(d)
peptides become more important. K4 and K6 peptides
showed a low affinity to a single strand DNA. This also
suggests the above idea. Thus, K4(a) ± K4(d) peptides with
cationic groups preferentially at the one side of the helix
showed larger Dmmax (20 ± 40 ng cmÿ2) and Ka values (1�
104mÿ1) than those of K4(e) and K4(f) with cationic groups
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scattered around the helix (Dmmax� 10 ± 11 ngcmÿ2 and Ka�
1� 103mÿ1) (see Table 1).

Padmanabhan and coworkers have investigated the binding
behavior of K4(a) and K4(e) peptides with calf thymus DNA
in the different salt concentration (6.4 ± 21.5 mm) from
changes in CD and fluorescent spectra.[6b] The binding
constants that they obtained for K4(a) and K4(e) with calf
thymus DNA are very close to our QCM data, but the effect
of salt concentration is different depending on the peptides.
Their results showed that the binding constants decreased
with increasing NaCl concentration independent on the K
position in the K4(a) and K4(e) peptides. Our QCM results
indicate that the binding constants for K4(a) ± K4(d) do not
decrease much with increasing NaCl concentration, but that
those of K4(e) and K4(f) decrease considerably. This differ-
ence reflects the selectivity at the high NaCl concentration
depending on the position of K groups in peptides. We assume
that the QCM method is more sensitive and suitable for these
quantitative binding measurements than the spectral method.

a-Helical contents of K4(a) and K4(b) peptides are very
small (18 ± 20 %) due to the strong electrostatic repulsion
between perpendicular aligned cationic groups. K4(c) and
K4(d) or K4(e) and K4(f) peptides exist as a helical structure
in 32 ± 37 %; this is probably a result of the weak repulsion of
K4 groups in v-shape or random positions. In the presence of
dA30 ± dT30 strands, the helical contents of K4(a) ± K4(d)
peptides increased 1.4 ± 2.2 times, but those of K4(e) and
K4(f) hardly changed. This means that K4(a) ± K4(d) peptides
showing the high affinity to DNA strands form a-helical
structures as a result of the binding of cationic K4 charges with
phosphate anions around the major groove of DNA strands.
K4(e) and K4(f) cannot form a helixes because the K4
positions in the cylindrical structure are not suitable to bind to
and neutralize the phosphate groups.

Figure 8 shows computer-aided CPK molecular models, in
which helical peptides are put in the major groove of dA30 ±
dT30 strands to interact cationic K groups with anionic
phosphates. K4(a) and K4(d) peptides showing the high
affinity to DNA seem to be able to bind three or four cationic
groups to the phosphate groups, as shown in arrows. In
contrast, cationic groups of K4(e) and K4(f) can not interact
with phosphate groups if the peptides form the a-helical
structure.

The addition of two cationic K groups at the top of K4(d)
peptide is very effective in increaseing the affinity to DNA
strands. The Ka value of the K6(d) peptide increased 10 times
compared with that of K4(d) peptide (see Tab1e 1, at 40 mm
NaCl). Since Ka value of K6(f) peptide hardly changed
compared with K4(f), the simple or random increase of two
cationic charges is not important in this conformation.
Selectivity between K6(d) and K6(f) was increased 30 times
in comparison with a tenfold increase between K4(d) and
K4(f). The a-helical content of K6(d) peptide also increased
in the presence of DNA strands, but not for K6(f). This large
increase in the affinity of K6(d) peptide suggests that the
additional two lysine groups at the top of the v shape in the
cylindrical form are very effective for phosphate binding in
the major groove of DNA. The v-shape formation of six lysine
groups in the cylindrical structure is similar to the position of

Figure 8. Computer assisted CPK models for interaction of helical K4
peptides with dA30 ± dT30 strands. Whites arrows indicate the strong
interaction between a cationic K of peptides and an anionic DNA
phosphate.

the DNA recognition helix of bZIP peptide of GCN4
protein[4] (see Figure 1B).

Conclusion

We synthesized six oligopeptides having 4 ± 6 lysine groups at
specific positions. Although the binding affinity did not
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depend on the positiond of K in the peptides at the low ionic
solution, the selective binding could be observed at high ionic
strength; K6(d), with six K groups at the v-shape formation,
showed the highest binding affinity (Ka� 1� 105mÿ1) to DNA
strands. The 27 Hz QCM method is highly sensitive and
quantitative for the detection of in situ binding of small helical
peptide molecules to DNA strands in the aqueous solution
without any labeling. From frequency changes, binding
parameters such as maximum binding amount (Dmmax) and
binding constant (Ka) could be obtained. Since it is otherwise
difficult to detect quantitatively binding process and amount
of small molecules such as oligopeptides to DNA strands, the
QCM technique should become a useful tool for the detection
of the binding behavior of DNA-binding peptides.

Experimental Section

Materials : Single-stranded oligonucleotides such as dT30 or dG30, and
biotinylated dA30 or biotinylated dC30 were ordered from Pharmacia
(Japan). Oligonucleotides were purified with anion-exchange chromatog-
raphy and their concentrations were determined by an optical-density
measurement taken at 260 nm. Peptides were prepared from a single
stepwise manual solid-phase peptide synthesis using Fmoc (9-fluorenyl-
methoxycarbonyl) amino acids: Fmoc-Ala-OH, Fmoc-Lys(Boc)-OH in
which the e-amino group was protected with a tert-butyloxycarbonyl group
(Boc), and Fmoc-Tyr(tBu)-OH in which the phenoxyl group was protected
with a tert-butyl group (tBu). Amino acid derivatives were purchased from
Watanabe Chemical Industries, Hiroshima. Coupling reactions were
performed with 250 mg of Fmoc-NH-SAL resin (0.13 mmol) and Fmoc
amino acid (0.4 mmole) in the presence of BOP (0.4 mmole), DIEA (N,N-
diisopropylethylamine) and 1-hydroxybenzotriazole (0.5 mmole) in NMP
for 40 min. Completion of the coupling was monitored by Kaiser test, and
the coupling reaction was repeated until completion. Removal of Fmoc
group was performed by treatment with 20 % piperidine-NMP. The amino
termini were acetylated with aceticanhydride and the peptides were
cleaved from the resin with a cleavage mixture containing thioanisole
(1.6 mL) and m-cresol (0.24 mL) in trifluoroacetic acid (10 mL). Purifica-
tion was done by reverse-phase HPLC with a Cosmosil 5C18AR-II column
(Nacarai Tesque; 10� 250 mm) and a linear gradient of acetonitrile-water
with 0.1 % trifluoroacetic acid (1 to 60 % acetonitrile in 30 min; flow rate:
3 mL minÿ1). The eluted oligopeptides were then lyophilized. Each peptide
was identified by matrix-assisted laser desorption ionization (MALDI)
mass spectrometry. Other chemicals were purchased from Tokyo Kasei and
Sigma, and used without further purification.

A 27 MHz QCM and it�s calibration: A 27 MHz, AT-cut QCM was
commercially available from Showa Crystals, Chiba (Japan). The diameter
of its quartz plate was 8 mm and Au electrodes were deposited on both
sides (diameter: 2.5 mm, area: 4.9 mm2).[13±16] The one side of the quartz
crystal was sealed with a rubber casing, maintaining it in an air environment
to avoid contact with the ionic aqueous solution, while the other was
exposed to an aqueous buffer solution.[9, 13±16] A cased 27 MHz QCM was
connected to an oscillation circuit designed to drive the quartz in aqueous
solution. The frequency changes were followed by a universal frequency
counter (Hewlett Packard, Tokyo, model 53131A) attached to a micro-
computer system (Macintosh Power Book 170, Apple).[9, 13±16] The Sauer-
brey equation [Eq. (2)] was obtained for the AT-cut shear mode QCM,[12]

in which DF is the measured frequency change (Hz), F0 the fundamental
frequency of the QCM (27� 106 Hz), Dm the mass change (g), A the
electrode area (4.9 mm2), 1q the density of quartz (2.65 gcmÿ3), and mq the
shear modulus of quartz (2.95� 1011 dyn cmÿ2).

DF�ÿ 2 F 2
0

A
p

1qmq

Dm (2)

Calibration of the 27 MHz QCM was carried out analogously to the
calibration of our conventional 9 MHz QCM.[9, 11] When a certain amount
of polymer solution was cast or LB film of lipid monolayers was deposited

on the bare Au electrode side of the QCM plate, a linear relationship was
observed between deposited amount of mass and frequency decrease of the
QCM that was independent of method and chemical compounds. The slope
of this curve yielded that a frequency decrease of 1 Hz corresponded to a
mass increase of 0.61� 0.1 ngcmÿ2 on the QCM electrode.[13±16] Thus, the
sensitivity for the mass change of a 27 MHz QCM was increased by about
10 times, in comparison with our conventional 9 MHz QCM (Dm�
6.5 ngcmÿ2).[9, 11] The noise level of the 27 MHz QCM was �2 Hz in buffer
solution at 20 8C, and the standard deviation of the frequency was �5 Hz
for 12 h in buffer solution at 20 8C. These values were the same order of
magnitude as the conventional 9 MHz QCM.[9, 11]

Immobilization of DNA on a 27 MHz QCM : Immobilization of a
biotinylated dA30 ± dT30 to an avidin-bound QCM is schematically shown
in Figure 1.[15] The cleaned bare Au electrode side of the QCM plate was
soaked into the aqueous solution (3 mL) of 3,3'-dithiodipropionic acid
(1mm) at room temperature, and the frequency decrease was saturated at
about 100 ± 150 Hz (mass increase of 60 ± 90 ng cmÿ2) after 20 min. This
means 3,3'-dithiodipropionic acid (area per molecule: 0.4 nm2) roughly
formed a monolayer on the Au electrode (4.9 mm2). Before drying, the
carboxylic acid on the QCM was treated with N-hydroxysuccinimide in the
presence of water-soluble carbodiimide [1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide] in the aqueous solution. The frequency was roughly
equilibrated with a the decrease of 50 ± 100 Hz after 30 min. The QCM with
the activated carboxyl groups was immersed in 1 mL of the aqueous buffer
solution (pH 7.9, 10mm Tris-HCl, 0.2m NaCl) of avidin (10 mg, Mw�
68,000). The frequency decrease reached equilibrium at 800 ± 1000 Hz
(480 ± 600 ngcmÿ2) for 1 h. This means that avidin (section area: 80 nm2)
bound as a monolayer to the electrode (25 ± 30 ng on 4.9 mm2). Avidin was
not removed from the electrode after rinsing with aqueous solution several
times. Avidin bound nonspecifically to the bare Au electrode, but not to the
carboxylic acid-immobilized surface. The binding amount of avidin to the
bare electrode is not constant and not stable enough affect the measure-
ments in the following experiments. The QCM was immersed into the
aqueous solution (1 mL) of ethanolamine (1m) for 30 min to deactivate the
carboxyl group as b-hydroxyethylamide. The avidin-bound QCM was
immersed into 1 mL of the aqueous buffer solution (pH 7.9, 10mm Tris-
HCl, 0.2m NaCl) of biotinylated dA30 ± dT30 or dG30 ± dC30 (1mm) at 25 8C.
After 30 min, when the frequency decreased by abotu 200� 5 Hz (mass
increase of 120� 3 ng cmÿ2) in about 30 min, the QCM was picked up to
control the immobilization amount. The biotinylated dA30 ± dT30 strand was
calculated to cover about 15 % of the Au electrode and to bind to one of
four binding sites of an avidin molecule.

Binding of peptides to DNA strands on a QCM : A dA30 ± dT30- or dG30 ±
dC30-immobilized QCM was soaked in 8 mL of aqueous solution (10 8C,
pH 7.5, 10 mm phosphate, 0 ± 40 mm NaCl) and the resonance frequency of
the QCM was defined as zero position after equilibrium. The stability and
the drift of the 27 MHz QCM frequency in the solution were �5 Hz for
12 h at 10 8C. The frequency change of the QCM responding to the addition
of 10 ± 100 mL of aqueous solution of peptides was recorded with time. The
solution was stirred to avoid any effect of diffusion of peptides, and the
stirring did not affect the stability and the amount of frequency changes.

Circular dichroism (CD) spectra : Spectra were observed by use of a
J-720WI spectropolarimeter (Nippon Bunkou, Tokyo) with a quartz cell
(2 mm cell length, 10 8C, pH 7.5, 10mm phosphate, 20 mm NaCl). At first the
CD spectrum of DNA only was observed, and after incubation with peptide
for 10 min., the spectrum of peptide ± DNA was observed. The CD
differential spectrum of peptide was obtained by subtracting the DNA
spectrum from the peptide ± DNA spectrum.
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