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Introduction

Phosphorylation-dependent protein–protein interactions
provide the foundation for a multitude of intracellular signal
transduction pathways, and a number of signaling pathways
have been shown to regulate the expression of target genes
by the phosphorylation of specific transcription factors.[1] In
the most common mechanism of activation of transcription
processes, basal transcription factors are recruited by activa-
tors through either direct interactions with components of
the transcriptional factors or indirect interactions mediated
by coactivators.[2] A subset of these activator and coactivator
associations is subject to further regulation by reversible co-
valent modifications, such as protein phosphorylation.[1,3]

One of the best characterized stimulus-induced transcrip-
tion factors, cyclic AMP (cAMP) response element binding
protein (CREB), plays a role in mediating the transcription-
al response invoked by intracellular second messenger
cAMP in response to extracellular stimuli.[4,5] Activation of

the kinase-inducible domain (KID) is dependent on phos-
phorylation of a particular residue, Ser-133, by a protein
kinase A (PKA).[6] Phosphorylation of Ser-133 in turn indu-
ces interaction with the KIX domain of the CREB binding
protein (CBP).[7–10] NMR studies revealed a direct role for
the phosphate group of phosphoserine-133 (pSer-133) in the
formation of the complex pKID–KIX. The phosphate group
engages in intermolecular interactions with the hydroxyl
group of Tyr-658 and the e-amino group of Lys-662 of the
KIX domain.[11] Recently, an E. coli based two-hybrid
system was applied to examine this phosphorylation-de-
pendent KID–KIX interaction, providing a rapid and simple
selection system for detecting protein–protein interactions
in E. coli.[12]

The nature of biomolecular interactions, such as DNA–
protein, RNA–protein, and protein–protein, can be under-
stood more precisely by using kinetic analyses to comple-
ment structural NMR spectroscopic and X-ray crystallo-
graphic studies. We have reported quantitative kinetic stud-
ies of biomolecular interactions, such as DNA hybridiza-
tion,[13] the binding of transcriptional regulation factor
GCN4-bZIP peptide to its target DNA,[14] the binding of
replication factor PCNA to DNA,[15] and enzymatic reac-
tions, such as polymerase on DNA,[16–18] by using a DNA-im-
mobilized 27 MHz quartz crystal microbalance (QCM). A
QCM is a very sensitive device for mass measurement, in
both air and aqueous solution. Its oscillatory resonance fre-
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Abstract: We report quantitative analy-
sis of peptide–peptide interactions on a
27 MHz quartz crystal microbalance
(QCM) in aqueous solution. The KID
(kinase-inducible domain) of transcrip-
tion factor CREB (cyclic AMP re-
sponse element binding protein) is
known to interact with the KIX
domain of coactivator CBP (CREB
binding protein), facilitated by phos-
phorylation at Ser-133 of the KID. The
KIX domain peptide (86aa) was immo-
bilized on the QCM gold electrode sur-

face by means of a poly(ethylene
glycol) spacer. Binding of the KID
peptide (46aa) to the KIX peptide was
detected by frequency decreases (mass
increases) of the QCM. Both maximum
binding amount (Dmmax) and associa-
tion constants (Ka) obtained from the

QCM measurements increased as a
result of phosphorylation of Ser-133 of
the KID peptide. The Ka values for
KIX peptide to the phosphorylated
(pKID) and unphosphorylated KID
peptides were (93�2)H103 and (5�
1)H103m�1, respectively. This difference
was explained by the dissociation rate
constant (k�1) of the pKID being
20 times smaller than that of the KID,
while association rate constants (k1)
were independent of phosphorylation.

Keywords: kinetics · peptide–pep-
tide interactions · phosphorylation ·
protein kinases · quartz crystal mi-
crobalance
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quency decreases linearly as the
mass on the QCM electrode in-
creases (at the nanogram
level).[19,20] The 27 MHz QCM
used in this study has an ideal
sensitivity of 0.62 ngcm�2

change in mass per one Hz re-
duction in frequency, a sensitiv-
ity sufficient to detect peptide–
peptide interactions.[21]

As described above, protein
phosphorylation is one of the
key mechanisms of specific pro-
tein–protein interaction; how-
ever, little is known of the ki-
netics of this process. In this
paper, we apply a QCM
method to provide kinetic anal-
ysis of phosphorylation-depen-
dent peptide–peptide interac-
tions (Figure 1). The KIX
domain peptide (86 aa; aa=
amino acid) of coactivator CBP
was immobilized on the QCM
plate, and the binding of the
KID of CREB was monitored
by measuring frequency de-
creases (mass increases). The
maximum binding amounts
(Dmmax), association constants
(Ka), and association and disso-
ciation rate constants (k1 and
k�1) were obtained and subse-
quently compared following
phosphorylation of KID and
variation of ionic strength.

Results and Discussion

Saturation binding of pKID or
KID to KIX on the QCM : Fig-
ure 2a shows the typical fre-
quency changes for the KIX
domain-immobilized QCM res-
onator, responding to additions
of pKID or KID peptides in so-
lution. Mass increases due to
binding of pKID to KIX were
observed; however, nonphos-
phorylated KID binding was barely detectable under the
same conditions. Binding amounts (Dm) revealed simple sat-
uration curves as a function of peptide concentrations, as
shown in Figure 2b. In control experiments, very low levels
of binding of both the pKID and KID peptides to the PEG-
immobilized QCM under the same conditions were detect-
ed. In addition, binding of the pKID or KID peptides to the
KIX-immobilized QCM was inhibited by free KIX peptides
in the solution in a concentration-dependent manner. These

results clearly indicate the specific peptide–peptide interac-
tion between KIX and pKID or KID.

The saturation binding kinetics of Figure 2b are expressed
by Equation (1) as linear reciprocal plots of [peptide]/Dm
against [peptide], as shown in Figure 2c.[22]

½KID�0
Dm

¼ ½KID�0
Dmmax

þ 1
KaDmmax

ð1Þ

Figure 1. a) Peptide sequences of the KIX domain of mCBP (residues 586–666) and the KID of mCREBa
(residues 106–151). A GSCGG linker (underlined) attached to the N terminus of KIX enabled immobilization
to the Au electrode of a QCM plate by binding of the -SH group of the Cys residue. Phosphorylation at Ser-
133 of the KID mediates interaction with the KIX domain. b) A representation of a 27 MHz QCM for moni-
toring the binding of the KID or the pKID to the KIX-immobilized QCM resonator. c) Immobilization of the
KIX peptide to the Au electrode of a QCM resonator (see Experimental Section for details).
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Association constants (Ka) and maximum binding
amounts (Dmmax) were calculated from the slope and inter-
cept, respectively, of Figure 2c. We found that pKID bound
to KIX with a Ka of (93�9)H103m�1 and a Dmmax of 51�
2 ngcm�2 (9.7 pmol cm�2). The binding characteristics of
nonphosphorylated KID (Ka= (5�1)H103m�1, Dmmax=20�
5 ngcm�2) were significantly decreased compared with those
of pKID. The results obtained are summarized in Table 1.

The ideal maximum binding expected for the binding of
one pKID molecule to one KIX molecule on the QCM sur-
face is calculated to be 64 ngcm�2; therefore, a Dmmax of
51�2 ngcm�2 indicates that approximately 80% of the KIX
molecules on the electrode surface bind pKID molecules.
This also suggests that nonspecific peptide adsorption may
be insignificant under these conditions. Some binding of the
nonphosphorylated KID peptide was also observed under

the same conditions; however this is not a nonspecific inter-
action with the QCM surface, as it is inhibited by the addi-
tion of free KIX peptide.

Effect of ionic strength : In general, electrostatic forces
strongly govern intermolecular interactions between pepti-
des. In order to reveal electrostatic contributions to the
KID–KIX interaction, salt concentrations in the range of
[KCl]=10–800mm were used, and Dmmax and Ka values
were obtained at each ionic concentration (Figure 3). Over
the range of 10–400mm of KCl, the Dmmax values of pKID
were independent of ionic strength; however, they de-
creased remarkably at 800mm KCl. On the other hand, the
Dmmax values for the nonphoshorylated KID peptide de-
creased at comparatively lower ionic strength. Although the
pKID showed the greatest binding to the KIX in the pres-
ence of 200mm KCl, KID binding simply decreased as ionic
strength increased.

Figure 2. a) Typical time courses of the frequency change of the KIX-im-
mobilized QCM resonator, responding to the addition of the KID or
pKID peptides. [pKID]= [KID]=2mm in 10mm HEPES, pH 7.9, 100mm

KCl, 5mm MgCl2, 0.1mm EDTA, 0.1% Nonidet P-40, 20 8C. b) Saturation
binding behaviors of pKID and KID peptides to the KIX as a function of
added peptide concentrations (10mm HEPES, pH 7.9, 100mm KCl, 5mm

MgCl2, 0.1mm EDTA, 0.1% Nonidet P-40, 20 8C). c) Linear reciprocal
plots of Figure 2b.

Figure 3. Effect of ionic concentration on the binding of pKID and KID
to the KIX on the QCM: a) maximum binding amounts (Dmmax), and
b) the association constants (Ka). [pKID]= [KID]= (10mm HEPES,
pH 7.9, 5mm MgCl2, 0.1mm EDTA, 0.1% Nonidet P-40, 20 8C).

Table 1. Kinetic parameters for binding of pKID and KID to KIX on the
QCM.[a]

Saturation binding[b] Curve fitting[c]

peptide Dmmax Ka k1 k�1 Ka

[ng cm�2] [103m�1] [m�1s�1] [10�3s�1] [103m�1]

pKID 51�2 93�9 130�20 1.4�0.2 93�2
KID 20�5 5�1 120�20 25�1 5�1

[a] 10mm HEPES, pH 7.9, 100mm KCl, 5mm MgCl2, 0.1mm EDTA,
0.1% Nonidet P-40, 20 8C. [b] Obtained from Equation (1). [c] Obtained
from Equation (5) and Ka=k1/k�1.
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The Ka values for the nonphosphorylated KID to immobi-
lized KIX also decreased as ionic strength increased (Fig-
ure 3b), indicating that the KID–KIX interaction is electro-
static. In contrast, Ka values for the phosphorylated KID do
not simply decrease as ionic strength increases. This is in
agreement with a previous report, in which a GST (gluta-
thione-S-transferase)–KIX affinity resin was used to per-
form binding assays.[9] Thus, the pKID phosphate group
does not produce a simple electrostatic interaction. NMR
spectroscopy showed that the pKID phosphate group of
pSer-133 interacts with both Tyr-658 and Lys-662 of the
KIX, possibly forming multiple, favorable interactions with
these residues, including, possibly, hydrogen bonding.[23]

Quantum chemical calculations also suggest that key contri-
butions to stabilization of the complex arise not only from
electrostatic interactions, but also from low-barrier hydrogen
bonds between pSer-133 and Lys-662.[24]

Kinetic analyses (curve fittings) of peptide binding to QCM :
Binding kinetics can be also calculated from the time-de-
pendence of frequency decreases (mass increases) in Fig-
ure 2a. Binding between pKID or KID peptides and QCM-
immobilized KIX can be determined by Equation (2).

KIDþKID
k1

k�1

�! �KIX=KID ð2Þ

Binding amounts formed at time t are given by Equa-
tions (3)–(5) below.

½KIX=KID�t ¼ ½KIX=KID�1f1�expð�t=tÞg ð3Þ

Dmt ¼ Dm1f1�expð�t=tÞg ð4Þ

t�1 ¼ k1½KID� þ k�1 ð5Þ

Figure 4 shows a linear correlation of the reciprocal of the
relaxation time of the binding (t�1) against various concen-
trations of the pKID and KID peptides [Eq. (5)].

Association rate constants (k1) and dissociation rate con-
stants (k�1) were obtained from the slope and intercept, re-
spectively, of Figure 4 and are summarized in Table 1. The
association constant (Ka) for pKID (93�2H103) was ap-
proximately 20 times larger than that for KID (5�1H

103m�1), and Ka values obtained from the curve-fitting
method [Eq. (5)] were very consistent with those obtained
from the saturation method [Eq. (1)]. The 20-fold larger Ka

value for pKID compared to KID can be explained by a 20-
fold smaller dissociation rate constant (k�1) for pKID com-
pared to KID, as the association rate constants (k1) for both
pKID and KID were essentially identical. Thus, phospho-
rylation of KID at Ser-133 produces a slow dissociation of
pKID from the KIX domain.

Kinetic analysis also showed that the phosphate group on
KID pSer-133 reduces the dissociation rate constant (k�1) by
one order of magnitude, resulting in the apparent enhance-
ment of KIX affinity. On the other hand, association rate
constants (k1) were hardly influenced by phosphorylation,
indicating that the interaction promoted through this KID
phosphoryl group is consistent with hydrogen bonding.
Huang et al. reported effects of receptor phosphorylation on
the binding kinetics between IRS-1 (insulin receptor sub-
strate-1) and IGF-1R (insulin-like growth factor-1 recep-
tor).[25] Both activated and inactivated IGF-1R display high
affinity towards IRS-1, although the activated form binds to
IRS-1 with an affinity one order of magnitude greater than
the inactivated form, due to a 10-fold larger association rate
constant (k1). In this case, phosphorylation of the several ty-
rosine residues of IGF-1R considerably changes the electro-
static charges on the surface of the protein, with the result
that strong electrostatic interactions from multiple negative
charges contribute to the enhanced association rate.

CD spectrum analyses in bulk solution : Binding of KID
peptides to KIX was also confirmed from CD spectra
changes in bulk aqueous solution. CD spectra confirm that
both phosphorylated and nonphosphorylated KIDs exist in
random-coil conformations in solution.[9] From NMR spec-
troscopic analysis, both KID and KIX within the complex
were expected to exhibit a-helical conformations.[26] Fig-
ure 5a and b show typical CD spectra for these complexes,
indicating conformational changes for phosphorylated and
nonphosphorylated KIDs in the absence and presence of
KIX in buffer solution. When KIDs were added to the KIX
solution, the observed molecular ellipticity at 222 nm (q222)
decreased dramatically, due to the formation of a-helical
structures within the peptides. The variation in q222 values as
a function of KID concentration is shown in Figure 5c; a de-
crease in the ellipticity at 222 nm is the result of an increase
in the a-helical content of KIDs. These results indicate that
both phosphorylated and nonphosphorylated KIDs change
from random coils to a-helical conformations, due to inter-
actions with KIX. The concentration dependence of these
structural changes is consistent with the binding results ob-
tained from QCM analysis.

In conclusion, the binding of KID peptides to the immobi-
lized KIX domain was increased by KID phosphorylation.
The increase in association constant (Ka) can be explained
by the decrease in dissociation rate constant (k�1) for the
pKID compared with that observed for KID to the KIX
domain. We believe that the QCM technique will provide a
useful tool for obtaining kinetic and quantitative informa-
tion on protein–protein interactions, enabling the detection

Figure 4. Linear reciprocal plots of the relaxation time (t) against the
concentration of pKID and KID according to Equation (5).
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of more complex interactions between protein factors in
processes such as gene replication or translation.

Experimental Section

Materials : DNA fragments for the synthesis and PAGE purification of
the KIX gene were obtained from Amersham Bioscience (Tokyo, Japan).
Fragment A (120-mer): 5’-CCCTCGTAGCAATAGTGTG-
GATCCTGCGGTGGTGGTGTTCGAAAAGGCTGGCATGAA-
CATGTGACTCAGGACCTACGGAGTCATCTAGTCCA-
TAAACTCGTTCAAGCCATCTTCCCAACT-3’, fragment B (120-mer):
5’-ATCCCTGCTATTAGCAGACTCATACATGTCTCCCTC-
CACTTTCTTAGCATAGGCAACCAGGTTCTCCATGCGGC-
GATCTTTCAGAGCTGCAGGGTCTGGAGTTGGGAAGATGGCTT-
GAAC-3’, and fragment C (105-mer): 5’-GAAAGGAGCAGACACG-

CAGAATTCTCATTCTTCTAGTTCTTTTTGTATTTTATA-
GATTTTCTCTGCTAATAAATGATAGTATTCATCCCTGCTATTAG-
CAGACTC-3’.

pGEX-2T and bulk GST purification modules were purchased from
Amersham Bioscience (Tokyo, Japan), and E. coli BL21(DE3)pLys were
purchased from Novagen (Madison, WI). Fmoc-Ile-Alko-PEG-Resin,
Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-Arg(Mtr)-OH, Fmoc-Ser(tBu)-OH,
Fmoc-Ile-OH, Fmoc-Gly-OH, Fmoc-Glu(OtBu)-OH/H2O, Fmoc-
Gln(Trt)-OH, Fmoc-Asp(OtBu)-OH, NMP, piperidine, HOBt, PyBOP,
and DIEA were purchased from WATANABE Chemical IND. (Hirosh-
ima, JAPAN). Fmoc-Ser(PO(PBzl)OH)-OH was purchased from Nova-
biochem (Tokyo, Japan). NHS was from Wako (Osaka, Japan) and EDC
[1-ethyl-3-(3-dimethylaminopropyl)carbodiimide] and GMBS (g-maleimi-
dobutyric acid N-hydroxysuccinimide ester) were from DOJINDO (Ku-
mamato, Japan). All other reagents were from Nacali Tesque (Kyoto,
Japan) and used without further purification. Poly(ethylene glycol)
(PEG) with primary amino groups at the termini (average Mw: 1050)
was a gift from NOF (Tokyo, Japan). The molecular weight of the origi-
nal PEG was calculated following titration of the hydroxyl groups at
both ends, and the content of amino groups was calculated from HPLC
to be more than 95%.

Preparation of the KIX domain peptide : The KIX domain peptide (resi-
dues 586–666 of mCBP plus the GSCGG linker at the N terminus, see
Figure 1a) was prepared by expression as a GST–KIX fusion protein, fol-
lowed by thrombin protease cleavage at the linker region.[27] The inclu-
sion of a Cys residue in the N-terminal linker enabled covalent immobili-
zation of the peptide onto the QCM resonator, by providing a mercapto
group linkage mediated by maleimido coupling groups (Figure 1b). A
303-bp fragment including the KIX gene was amplified from the three
DNA fragments A, B, and C, which encoded N-terminal, central, and C-
terminal regions of the KIX gene, respectively, by using PCR primers Pr-
1 (5’-CCCTCGTAGCAATAGTGTGGA-3’) and Pr-2 (5’-GAAAG-
GAGCAGACACGCAGAA-3’). After amplification, the reaction mix-
ture was concentrated and digested with BamHI and EcoRI to give the
257-bp BamHI–EcoRI fragment. The pGEX-2T expression vector was
also BamHI- and EcoRI-cleaved, treated with alkaline phosphatase, and
ligated with the 257-bp fragment. E. coli BL21(DE3)pLys cells were
transformed with the expression vector and grown at 30 8C in 2HYT
media to OD600~0.6 before induction with 1 mm IPTG (isopropyl-b-d-thi-
ogalactoside). The cells were harvested 5 h after the addition of IPTG.
The cell pellet was resuspended in MES buffer (25mm, pH 6.0) contain-
ing glucose (50mm), NaCl (100mm), DTT (dithiothreitol, 1mm), and
PMSF (phenylmethylsulfonyl fluoride, 0.1mm), and the crude lysate was
prepared by sonication. Cell debris was centrifuged for 2 h at 9300 g, and
the supernatants were collected. Glutathione Sepharose 4B (500 mL) was
added to the supernatants and gently mixed by shaking on a rotary
shaker at 4 8C for 10 min. After fivefold washing with PBS, thrombin
(37.5 U in 1 mL PBS) was added and mixed gently by shaking on a
rotary shaker at room temperature for 2 h. (The thrombin recognizes the
sequence DLVPR-GS in the peptide and cuts it as indicated by the
hyphen.) After centrifugation, the supernatant containing the target pep-
tide was collected and loaded onto a Sephadex G-75 column for purifica-
tion. The eluted peptide fractions were concentrated with an Ultrafree-4
Centrifugal Filter Unit (MILLIPOREO). SDS-PAGE confirmed that the
peptide solution was nearly homogeneous. The identity and integrity of
the protein was confirmed by matrix-assisted laser-desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS): m/z : 9894.24
[M+H]+ (calcd: 9896.73).

Preparation of the KID peptide : The KID peptide (residues 106–151 of
mCREBa, see Figure 1a) was prepared by solid-phase peptide synthesis
using standard Fmoc-based procedures.[28]

Coupling reactions were performed with Fmoc-Ile-PEG resin (250 mg,
47.5 mmol) and Fmoc amino acid derivative (143 mmol) in the presence of
PyBOP [benzotriazole-1-yl-oxy-tris(pyrrolidino)phosphonium, 143 mmol],
HOBt (1-hydroxybenzotriazole, 143 mmol), and DIEA (N,N’-diisopropyl-
ethylamine, 286 mmol) in NMP (N-methylpyrrolidone, 2 mL) for 15 min.
The coupling reaction was repeated until it was completed, as monitored
by the Kaiser test.[28] Removal of Fmoc groups was performed by treat-
ment with 20% piperidine–NMP. These steps were sequentially repeated
to polymerize the target peptide, and after final deprotection of the

Figure 5. CD spectra changes due to the formation of complexes: a) KIX
(5mm)–pKID (100mm), b) KIX (5mm)–KID (200mm) in 10mm sodium
phosphate, pH 7.4, 20 8C. c) Molar ellipticity changes at 222 nm as a func-
tion of the concentration of pKID and KID.
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Fmoc group, the peptides were cleaved from the resin by the following
procedure. Resins (100 mg) were dried in vacuo, mixed with a cleavage
mixture containing thioanisole (1.34 mL), m-cresol (0.2 mL), and TFA
(6.65 mL), and stirred at room temperature for 1 h, after which the mix-
ture was filtered. The filtrate (50 mL) was placed in a three-necked,
round-bottomed flask equipped with a nitrogen inlet. The flask was
cooled in an ice/water bath, m-cresol (0.2 mL), 1,2-ethanedithiol
(0.3 mL), and trimethylsilyl bromide (0.2 mL) were added, and the reac-
tion mixture was stirred for 1 h. After removal of solvent in vacuo,
cooled diethyl ether was added to the residue to precipitate the peptide.
The precipitate was washed five times with cooled diethyl ether and the
solvent was evaporated to give a crude product. The phosphorylated
KID (pKID) peptide, in which the Ser-133 residue was phosphorylated,
was synthesized in the same manner, with the exception that the Fmoc-
Ser(tBu)-OH derivative was substituted by the Fmoc-Ser(PO(Pbzl)OH)-
OH derivative.[29] The crude product was desalted by Sephadex G-10
chromatography in 5% acetic acid. Purification was performed by using
reverse-phase HPLC with a Cosmosil 5C18AR-II (Nacarai Tesque, 10H
250 mm) and linear gradient of acetonitrile:water with 0.1% trifluoroace-
tic acid (25 to 57% acetonitrile in 80 min, flow rate: 2 mLmin�1). Each
peptide was purified to more than 96%, confirmed by MALDI-TOF MS;
KID: m/z : 5190.16 [M+H]+ (calcd: 5189.35); pKID: m/z: 5269.16
[M+H]+ (calcd: 5268.32).

The 27 MHz QCM system and its calibration : A schematic illustration of
a 27 MHz QCM system (AffinixQ, Initium Inc., Tokyo, http://www.ini-
tium2000.com) is shown in Figure 1b.[13–18] AT-cut crystals (2.5 mm elec-
trode diameter) were supplied with gold-coated electrodes, formed by
thermal evaporation of gold to an average thickness of 100 nm. One side
of the quartz crystal was sealed with silicon rubber to maintain it in an
environment of air, avoiding contact with the ionic aqueous solution,
while the other side was exposed to aqueous buffer solution. A cased
27 MHz QCM was connected to an oscillation circuit, causing the QCM
to oscillate at its F0 close to 27 MHz in aqueous solution.

SauerbreyPs equation was obtained for the AT-cut shear mode QCM[19]

[Eq. (6)]:

DF ¼ � 2F0
2

A
ffiffiffiffiffiffiffiffiffiffi

1qmq
p Dm ð6Þ

in which DF is the measured frequency change [Hz], F0 the fundamental
frequency of the QCM (27H106 Hz), Dm the mass change [g], A the elec-
trode area (4.9 mm2), 1q the density of quartz (2.65 gcm�3), and mq the
shear modulus of quartz (2.95H1011 dyncm�2). Under ideal condi-
tions,[13–18] a mass increase of 0.62 ngcm�2 per 1 Hz of frequency decrease
is expected. However, when the QCM is employed in an aqueous so-
lution, Equation (6) cannot be applied, due to effects of interfacial liquid
properties (i.e., density, viscosity, elasticity, conductivity, and dielectric
constant), thin-film viscoelasticity,[30–32] electrode morphology,[33–36] , and
the impact of the mechanism of acoustic coupling on the QCM oscillation
behavior.[37,38] Therefore, we directly calibrated the relationship between
DF and Dm by using stepwise immobilization of the KIX peptide by
means of a PEG-spacer linkage on the Au electrode of a QCM, similar
to the KID–KIX peptide–peptide binding experimental conditions (see
below). Thus, both the frequency decrease in the solution (DFaq) and the
DFair after drying in air were measured, in which DFair reflects an ideal
mass change. There was a good linear correlation between DFaq and
DFair, with the slope calculated to be 2.03 (see Figure S1 of Supporting In-
formation). This indicates that, for these conditions in water, an increase
in mass of 0.31�0.02 ngcm�2 corresponds to a decrease in frequency of
one Hz. The noise level of the 27 MHz QCM was �2 Hz in buffer so-
lution at 30 8C, and the standard deviation of the frequency was �2 Hz
for 2 h in buffer solution at 30 8C.

Immobilization of the KIX peptide on the QCM Au electrode : Six steps
comprising the immobilization scheme of the KIX domain peptide to an
Au electrode (4.9 mm2) of a QCM plate are shown in Figure 1c.[39,40] To
prevent any nonspecific interactions on the electrode surface during
measurement, PEG molecules known to inhibit nonspecific interactions
were used as a spacer to immobilize the KIX peptide.[41] The degree of
immobilization at each step was confirmed directly from frequency de-
creases (mass increases) by using the QCM in water.

Step 1: The bare Au electrode of the QCM resonator was cleaned with
piranha solution (one part 30% H2O2 in three parts concentrated H2SO4)
to remove organic contamination from the gold surfaces, followed by
rinsing with Milli-Q water several times. (Caution: Piranha solution
should be handled with extreme care, and only small volumes should be
prepared at any one time.)

Step 2 : DTDPA (3,3-dithiodipropionic acid, 100 mL of 1mm aqueous so-
lution) was placed onto the Au electrode and left for 1 h at room temper-
ature, then rinsed with Milli-Q water several times. The frequency de-
crease before and after immobilization of DTDPA showed that Dm~
80�23 ngcm�2 (380�109 pmolcm�2) of DTDPA was immobilized on the
Au surface, indicating DTAPA coverage to be a monolayer on the elec-
trode surface.

Step 3 : For activation of DTAPA carboxylic acids on the Au electrode,
50 mL of a solution—prepared by mixing equivalent volumes of aqueous
solutions of NHS (N-hydroxysuccinimide, 100 mgmL�1) and EDC (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide, 100 mgmL�1)—was placed
onto the electrode and left for 20 min at room temperature, then rinsed
twice with Milli-Q water.

Step 4 : A PEG solution (Mw: 1050, 50 mL of 10mm in 10mm of HEPES
buffer, pH 8.0) was placed onto the QCM electrode and left for 1 h at
room temperature, then rinsed with Milli-Q water several times. From
the QCM measurement, 25�2 ngcm�2 (24�2 pmolcm�2) of diamino-
PEG was immobilized on the Au surface, corresponding to the reaction
of one molecule of PEG per 16 molecules of surface-activated DTDPA.

Step 5 : A HEPES buffer solution (100 mL of 10mm, pH 8.0) containing
2mm GMBS (the N-hydroxysuccinimide ester of g-maleimidobutyric
acid) was deposited onto the electrode and incubated for 1 h at room
temperature, then rinsed with Milli-Q water several times. A mass de-
crease (Dm=�3.7�2 ngcm�2) was observed. Ideally, if all free, primary
PEG amino groups react with NHS groups, a mass increase of
6.8 ngcm�2 is expected. This experimental value was too small to esti-
mate precisely the efficiency of reaction coupling.

Step 6 : KIX peptide solution (20 mL in PBS) was deposited onto the
QCM electrode and left for 6 h at 4 8C, then rinsed with PBS several
times. A mass increase (Dm=120�24 ngcm�2, i.e., 12.1�2.4 pmolcm�2

of KIX) was observed, indicating that one molecule of KIX reacted per
two molecules of immobilized PEG. The amount of immobilized KIX
peptide did not increase during reaction periods of 6–12 h; therefore, we
concluded that the KIX peptide was sufficiently saturated on the elec-
trode after 6 h of reaction.

Reactions at each step were also confirmed by XPS (X-ray photoelectron
spectroscopy), performed on an ESCA 850M (SHIMADZU) instrument
using an MgKa X-ray source (1253.6 eV) with pass energy of 100 eV. Usu-
ally, the accumulative routine was used for spectral acquisition. Base
pressure in the sample chamber was less than 10�6 Pa. Spectra were re-
corded for carbon and nitrogen; the high resolution N1s region of the
XPS spectra is displayed in Figure 6. A strong signal at a binding energy
of 402.9 eV was observed in the N1s spectrum for the KIX peptide-immo-
bilized surface (after step 6). On the other hand, a weak signal was ob-
served in the spectrum for the PEG-immobilized surface (after step 4)
and the GMBS-immobilized surface (after step 5). Normalized intensities
of the N1s to the C1s peak areas were found to be 8.5�2.1 for the PEG-
immobilized surface, 6.2�1.9 for the GMBS-immobilized surface, and
18�1 for the KIX peptide-immobilized surface. The KIX peptide-modi-
fied surface showed the greatest N1s intensity. The original XPS charts of
N1s and C1s for each immobilization step, and a linear correlation be-
tween peak areas of N1s/C1s and atom number ratios of N/C are repre-
sented in Figures S2 and S3, respectively, of the Supporting Information.

Binding of the pKID or KID peptides to the KIX-immobilized QCM sur-
face : The KIX domain peptide-immobilized QCM resonator was soaked
in an aqueous solution (1.5 mL; 10mm HEPES buffer, pH 7.9, 0–800mm

NaCl, 5mm MgCl2, 0.1mm EDTA, and 0.1% Nonidet P-40) and the reso-
nance frequency of the QCM was defined as zero position after equilibri-
um (ca. 10–20 min). The frequency decrease of the QCM resonator, re-
sponding to the addition of KID peptide solutions of varying solution
conditions (concentration and ionic strength), was then recorded over
time. The solution was stirred to avoid any effect of diffusion of peptides,
and the stirring did not affect the stability and the extent of QCM fre-
quency changes. Measurements were performed over a range of 5–25 8C.
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CD spectroscopic analysis : CD spectra were observed using a J-720WI
spectropolarimeter (JASCO) using a quartz cell (2 mm cell length, 10mm

sodium phosphate, pH 7.4). Initially, the CD spectrum of only KIX was
observed. Following incubation with KID for 30 min the spectrum of
KID–KIX was observed at 20 8C in aqueous media (no QCM). The con-
centration of peptides was determined from the absorbance at 280 nm,
using an extinction coefficient of 1.28mm

�1 cm�1 for pKID.[11]
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Figure 6. XPS spectra at the N1s region of three samples, on which 1)
PEG, 2) GMBS, and 3) KIX were immobilized.
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