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Abstract: Self-assembled monolayers
(SAMs) of optically active Co™ com-
plexes ((S)-2/(R)-2) that contain (§)- or
(R)-phenylalanine derivatives as a mo-
lecular recognition site were construct-
ed on Au electrodes ((S)-2-Au/(R)-2-
Au). Molecular recognition characteris-
tics induced by the S and R configura-
tions were investigated by measure-
ments of electron-transfer reactions
with horse heart cytochrome ¢ (cyt ¢).
The electrochemical studies indicate
that the maximum current of cyt ¢ re-
duction is obtained when the Au elec-
trode is modified by 2 with a moderate
coverage of approximately 4.0x
10" molecm 2 Since the Au electrode

is not densely packed with the Co
units at this concentration, we conclude
that the penetrative association process
between cyt ¢ and the Co™ unit plays
an important role in this electron-trans-
fer system. The differences in the elec-
tron-transfer rates of (§)-2-Au and
(R)-2-Au increase with increasing scan
rates, a result indicating that the chiral
ligand has an influence on the rate of
association of the complexes with cyt c.
3-Au has a mixed monolayer com-
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posed of 2 and hexanethiol and exhib-
its electron-transfer behavior compara-
ble to 2-Au. The difference in the asso-
ciation rates of (S)-3—-Au and (R)-3-Au
is larger than that between (S)-2-Au
and (R)-2-Au, which indicates that the
molecular recognition ability of 3-Au
has been enhanced by filling the gap
between molecules of 2 with hexane-
thiols. The differences in the oxidation
rates of cytc" between (S)-2-Au and
(R)-2-Au and between (S5)-3-Au and
(R)-3—-Au were larger than the differen-
ces in the rates of the reduction of cyt
c™; this suggests that the size of the
heme crevice varies according to the
oxidation state of cyt c.

Introduction

Electron-transfer proteins such as cytochromes and azurins
play a central role in biological electron-transport systems
that contribute to photosynthesis and respiration."?! Elec-
tron-transport systems depend upon the processes of accept-
ing and donating electrons and on the process of recognition
of redox partners. In a number of studies, horse heart cyto-
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chrome ¢ (cyt ¢), a well-characterized respiratory electron-
transport protein, has been used as a probe for investigation
of the biological functions of other electron-transport pro-
teins. ' Cyt ¢ accepts electrons from cytochrome ¢ reduc-
tase and donates electrons to cytochrome ¢ peroxidase and
cytochrome ¢ oxidase at the end of the respiratory electron—
transport chain.” Investigations with various lysine-modified
versions of cytc have concluded that the intermolecular
electron-transfer reactions are facilitated by interaction of
the positively charged cyt ¢ with the negatively charged sur-
faces of its redox partners*® The intermolecular van der
Waals, hydrogen bonding, and electrostatic interactions in-
volved in the formation of the associated complexes of cyt ¢
with cytochrome ¢ reductase or with cytochrome ¢ perox-
idase have been characterized from crystal structures of
these complexes.'>!*l These noncovalent interactions occur
at multiple sites within the associated complexes. Unfortu-
nately, it is quite difficult to explore noncovalent interac-
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tions other than electrostatic interactions by using current
methodologies.

As the redox-active heme iron atom of cytc is buried
within the interior of the protein,!'”! the redox wave of cyt c
cannot be observed by using rare-metal electrodes such as
Au, Ag, and Pt. In 1977, Hill and co-workers first reported
the reversible redox behavior of cytc by using a system
comprising self-assembled monolayers (SAMs) of 4,4'-bipyr-
idine."® Subsequently, the electrochemical properties of
cyt ¢ were examined by using SAMs with various bifunction-
al molecules that include sites for adsorption to electrode
surfaces as well as sites for interaction with cyt c.">! The
modified molecules are defined as “promoters” of heteroge-
neous electron-transfer reactions between cyt ¢ and an elec-
trode surface, despite the fact that they are redox inactive
within the redox range of cyt c. Over 50 different promoters
for cytc have been reported!'®? since the first report of
Hill and co-workers."®! Taniguchi et al. have demonstrated
the importance of hydrogen-bonding interactions between
the lysine residues of cytc and the nitrogen atoms of the
pyridine on an Au surface by using mercaptopyridine." The
SAM of the negatively charged complex [Ru"(CN)s(4-
pyS)]*™ (4-pyS: 4-mercaptopyridine) also produced a reversi-
ble redox wave with cyt c.”?”! Therefore, the promoting abili-
ty is strongly affected by noncovalent interactions between
promoters and the lysine residues of cyt c. Promoter capabil-
ity requires interaction with the positively charged cyt ¢ sur-
face, but it does not require local interactions with the rec-
ognition site of cyt c. As yet, there have been no attempts to
produce a promoter capable of interacting directly with the
cyt ¢ recognition site as this would necessitate the design of
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a patterned indented surface for investigating the recogni-
tion between cyt ¢ and the promoter itself.

Waldeck and co-workers have reported direct-wiring sys-
tems based on a mixed monolayer of n-alkanethiols and pyr-
idine-terminated alkanethiols coordinating to the heme Fe
atom of cyt c.®Y This system exhibited clear redox waves, in
contrast to examples with single monolayers of pyridine-ter-
minated alkanethiols. Whitesides and co-workers used sur-
face plasmon resonance measurements to investigate the as-
sociation/dissociation process of carbonic anhydrase (CA)
on an arylsulfonamide (ASA) modified Au surface through
coordination of the Zn center of CA.P>%! In the case of a
mixed monolayer of ASA and tri(ethylene glycol) deriva-
tives, the binding of CA occurred through reversible linkage
to the surface of the ASA units when the surface density of
the ASA units was very low, while the adsorption rate of
CA drastically decreased with an increasing surface density
of ASA units. This led to the proposal that this decrease in
rate was due to steric repulsion between CA molecules.

As these previously investigated systems have proteins
immobilized through coordination to metal centers, the
structures of the immobilized proteins would not be expect-
ed to retain their native forms, because of alteration of the
local structure around the metal centers.

We previously investigated SAMs of optically active Co
complex 2 by probing the structural environment at the
electron-transfer site of native cyt ¢ (Scheme 1).* Complex
2 included an (S)- or (R)-phenylalanine derivative (N,N-bis-
(carboxymethyl)-(S)/(R)-phenylalanine, (S)/(R)-bcmpa)
acting as the recognition site for the heme crevice of cytc
and disulfide linkages acting as anchors to the Au surface.
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Scheme 1. Schematic view of complexes 1 and 2 and the preparation scheme for 2-Au and 3-Au. DTSP: Dithio bis(succinimidyl propionate).
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The Co™ units were negatively charged (1-) for interaction
with the positively charged surface of cytc. A number of
chiral-selective electron-transfer reactions between metallo-
proteins and optically active metal complexes have been ex-
plored, ! but no optically active metal complex behaves
like a promoter. We therefore examined the interaction be-
tween cyt ¢ and the chiral benzyl group of the Co™ units
through the promoting electron-transfer reaction between
cyt ¢ and the Au electrode. Indeed, the S or R configuration
of the benzyl group of the Co™ unit of the Au electrode af-
fected the association rate to cyt ¢, as estimated from cyclic
voltammetry of cyt ¢ by using 2-Au and 3-Au.*¥l The elec-
tron-transfer characteristics were similar to those of inter-
molecular electron-transfer reactions between cytc” and
[Ru"™((S)-/(R)-bcmpa)(bpy)] (bpy: 2,2-bipyridine) in aque-
ous solution."*¥ These investigations suggested that the de-
pendence of the electron-transfer behavior on the chirality
of the complex arises from differences in steric interactions
between the heme crevice of cyt ¢ and the benzyl group of
the Co™ units on the surface of the electrode.

Herein, we report the details of the preparation of a
series of Co™ complex-modified monolayers and the redox
behavior of cyt ¢ as a function of the extent of surface cover-
age of the Co™ units on the Au electrode. The surface-cov-
erage dependence of redox behavior provides clarification
about the electron-transfer reaction through the association
process between cytc and the Co™ units of the SAMs.
Moreover, it is demonstrated that the optically active Co™
complex-modified SAMSs constructed in this study can
detect local changes in structure induced by different oxida-
tion states of cyt c.

Results and Discussion

Characterization and electrochemical properties of 1 and 2:
(5)-1 and (R)-1 were synthesized from (S)- and (R)-phenyla-
lanine derivatives, respectively. The synthesis of 1 produced
two isomers originating from the coordination of (§)-lysine
to the metal ion in the trans-(N) and cis-(N) forms. The
trans-(N) form, obtained as the main product, was used in
this study. Spectroscopic measurements and X-ray crystal
structures have indicated that the side chain is constrained
to the equatorial plane for both complexes.*!! The spectro-
scopic and electrochemical data are summarized in Table 1.

The UV/visible spectra of 1 indicate the presence of two
d—d transition bands (Table 1, Figure S1 in the Supporting
Information). These spectral data are similar to those ob-
tained from spectral measurements of trans-(N)-K[Co™((S)-
bempa)((S)-phenylalanine)] (4 (¢)=373 (170), 510 nm
(170m ' ecm™)).*" The CD spectral data for (S)-1 are also
similar to those of trans-(N)-K[Co™((S)-bcmpa)((S)-phenyl-
alanine)] (4 (Ae)=375 (+0.43), 485 (—1.14), 543 (4+0.31),
609 nm (+0.18M ' cm™)).*Y In the case of (R)-1, only the
band near 610 nm, originating from a transition attributable
to the chiral site, is inverted relative to that of (S)-1.
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Table 1. UV/visible, CD, and electrochemical data for 1 and 2.

UV/visiblel! Ccpk cvhl

A [nm] A [nm] E,

(e [m'em™)) (Ae [M~'em™]) [mV]

(S)-1 372 509 371 484 543 610 —450
(160)  (150)  (+0.39) (=1.0) (+026) (+0.25)

(R-1 372 509 371 485 - 613 —448
(150)  (140)  (4+0.28) (—1.1) (—0.34)

(5)-2 372 509 371 485 542 611 -291
(390) (360) (+0.81) (-22) (+046) (+0.35)

(R)-2 372 509 374 489 - 614 —310

(380) (350) (4+0.55) (-2.5) (-1.2)

[a] 1 mMm (in H,O), I=1cm. [b] CV: cyclic voltammetry. 1 mm (in 0.1m
phosphate buffer (pH 7.0, I=0.1m (NaClOy,)).

Cyclic voltammograms of 1 and 2 were measured in 0.1M
phosphate buffer solution (pH 7.0) by using a glassy carbon
electrode as the working electrode. The voltammogram of
(R)-2 is shown in Figure la. An irreversible reduction wave

a)
b) /
— —
c) —t
10 pA
[} 1 [
=500 0 500

E/mV versus Ag/AgCl

Figure 1. Cyclic voltammograms of a) (R)-2, b) (R)-2-Au prepared at

5°C, and c) (R)-2-Au prepared at 25°C in a phosphate buffer solution.

(R)-2-Au was immersed for 3 d. The scan rate was 50 mVs .

is observed at E=—-310mV versus Ag/AgCl (Table 1) and
is assigned to Co™" of (R)-2. The reduction potentials of
(S)-2 and (R)-2 are similar to that of trans-(N)-K[Co™((S)-
bempa)((S)-phenylalanine)] (E,.=-330 mV).""! As a redox
wave is not observed near the redox potential of cytc
(+55mV),"! the Co™ unit does not mediate an electron-
transfer reaction between cyt ¢ and the Au electrode in this
redox range.”! Cyclic voltammograms of cyt ¢ in the pres-
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ence of (5)-1 (10 equiv) do not produce redox waves (Fig-
ure S2 in the Supporting Information). These results obvi-
ously suggest that the Co™ unit in aqueous solution cannot
mediate and/or cannot promote heterogeneous electron-
transfer reactions near the redox potential of cyt c.

Preparation of ($)-2/(R)-2-Au: Monolayer 2—-Au is prepared
by dipping the Au electrode in a 1 mm aqueous solution of
2. The surface coverage of 2—-Au is controlled by the immer-
sion time and temperature. As both (S)-2-Au and (R)-2-Au
exhibit similar coverage values under the same immersion
conditions, only the case of (R)-2-Au will be discussed
below.]

The cyclic voltammograms measured for (R)-2-Au in a
phosphate buffer solution, immersed for three days at 5 or
25°C, are shown in Figures 1b and c, respectively. Both vol-
tammograms show the same irreversible reduction wave,
which is similar to that of (R)-2 (Figure 1a). As the reduc-
tion waves are not observed in the second cycles, these re-
duction waves are assigned to the reduction of the Co™
units. The reduction potentials of (R)-2—-Au prepared under
the two temperature conditions are similar (—360 mV), al-
though these potentials are negatively shifted relative to the
reduction potential of (R)-2 (—310 mV). As the reduction to
Co" in the (R)-2-Au decreases the net charge from 1— to
2—, the negative shift is probably due to the electrostatic re-
pulsion between Co units and/or the effect of a counter
cation. The surface-coverage values of the Co units in (R)-
2-Au, I, were estimated from Equation (1), in which O,
is the quantity of electricity of the reduction peak in each
voltammogram, » is the number of electrons, F is the Fara-
day constant, and A is the surface area of the Au electrode.

I'co = Qco/(nFA) 1)

The estimated I, values are 3.6x 107" (at 5°C) and 1.9 x
107" molcm™ (at 25°C). The surface-coverage values repre-
senting the total number of Au—S bonds in (R)-2-Au, g,
are 3.5x107! (at 5°C) and 1.7x 10" molcm 2 (at 25°C), as
estimated from the reductive desorption waves in a 0.5m
KOH aqueous solution with freshly prepared (R)-2-Au.[*!
The I, and Iy, values are in good agreement at both tem-
peratures. This result indicates that the reduction waves in
the buffer solution and the desorption waves in the 0.5m
KOH aqueous solution are assignable to the reduction po-
tentials of Co™ and the desorption of Co units, respective-
ly. (R)-2-Au immersed for three days at 25°C exhibits ¢,
and I, values about fivefold larger than those for (R)-2—
Au immersed for three days at 5°C.

The surface-coverage values (Iy,) of (R)-2-Au prepared
at 5 and 25°C are plotted against the length of time of im-
mersion in Figure2. At 25°C (e), the surface-coverage
values increase with increasing immersion times until satura-
tion is reached at 1.7-1.9x10'°molcm 2 The calculated
ideal surface coverage is 3.6x 107 molem 2, as estimated
from the projected size of a Co™ unit. The saturated cover-
age value at 25°C is close to this value, thereby indicating
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Figure 2. Plots of the extent of surface coverage of (R)-2-Au against the
immersion time at 5 (0) and 25°C (e).

that the (R)-2 within (R)-2-Au is densely packed on the Au
electrode. At 5°C (0), the increase in coverage reaches ap-
parent saturation after one to three days (3.5-4.3x
107" molcm™?), but after seven days, the coverage increases
slightly. The maximum coverage of (R)-2-Au at 5°C is much
lower. A two-step process for the molecular adsorption of
SAMs has been proposed.”! At first, the molecules are as-
sembled by adsorption to the Au surface while they are
lying flat. Further adsorption leads to dense packing by non-
covalent interactions such as van der Waals interactions, hy-
drogen bonding, and m—-m stacking. Thus, the coverage of
(R)-2-Au prepared at the lower temperature is low because
of stabilization of Co' units adsorbed onto the Au surface
with the molecules lying horizontally. This has probably
been caused by the lower adsorption rates of (R)-2 and/or
the specific adsorption of the Co™ units onto the Au sur-
face.

Redox behavior of cyt ¢ depending upon the surface cover-
age of (R)-2-Au: Cyclic voltammograms of densely (ap-
proximately 2.0x 10~ molcm?) and loosely (approximately
4.0x10"" molem™2) packed monolayers of (R)-2 in phos-
phate buffer solution with or without cyt ¢ are shown in
Figure 3. In the absence of cytc, a redox wave is not ob-
served in this region. The redox wave of cyt ¢ is observed
only in the case of the loosely packed monolayer. Its redox
potential (+65 mV) is in agreement with the previously re-
ported value of +55mV.®l As mentioned above, in the ho-
mogeneous system, 1 cannot promote electron transfer to
cyt c; this clearly indicates that (R)-2 adsorbed onto the Au
surface can promote the electron-transfer reaction between
cytc and the Au electrode. It is notable that the electron-
transfer reaction with cyt ¢ is significantly dependent upon
the surface coverage of (R)-2-Au. This type of coverage-de-
pendent electron transfer has never been reported in a sur-
face promoter system.'*?! Indeed, a densely packed mono-
layer of 4-pyS exhibited the largest peak current of cyt ¢.'™!

Chem. Eur. J. 2007, 13, 8007 —8017
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Figure 3. Cyclic voltammograms in a phosphate buffer solution (-----)
and a cyt ¢ solution (—), by using a) densely packed (approximately

20x10"molem™) and b)loosely packed (approximately 4.0x

107" molcm ) monolayers of (R)-2. The scan rate was 50 mVs'.

This result indicates that the electron-transfer mechanisms
of (R)-2-Au with cyt ¢ are quite different from those of any
other promoter systems.

To study the surface-coverage dependence in detail, cyclic
voltammograms of cyt ¢ were measured by using a series of
species of (R)-2—-Au with varying surface coverages. Figure 4
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Figure 4. Plots of the cathodic peak current of cytc (v=10mVs™')
against the surface coverage of (R)-2-Au.
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shows the plots of the cathodic peak currents (/,.) against
surface coverages (I4,). When the coverage is about 4.0 x
10" molem™2, the peak current of cytc has the largest
value. This result strongly suggests that an optimal surface
coverage is necessary in order for cyt c to interact with the
Co™ unit. The most favorable coverage is about 4.0x
107" molem™ (5°C, 3 d) in this electron-transfer system. An
increase in the coverage past this value causes a decrease in
the peak current of the redox waves of cyt c. Thus, the elec-
tron transfer between cyt ¢ and (R)-2-Au is particularly af-
fected by the density of Co™ units on the surface.

Whitesides and co-workers reported that the binding rate
between carbonic anhydrase (CA) and a mixed monolayer
composed of arylsulfonamide (ASA) and tri(ethylene
glycol) derivatives is strongly dependent on the molecular
surface density of the ASA.F>*! This dependence reflects
the fact that the active site of the zinc ion in CA is located
at a depth of 15 A within the enzyme and also that the CA
enzyme molecule is much larger than the ASA molecule. In
the case of very low surface densities of ASA, the processes
of binding and release of CA were highly reversible. The
binding rates dramatically decreased when the density of
ASA was larger than the optimal CA coverage estimated
from the molecular size. In the case of much higher density
coverages of ASA, the binding of CA did not occur. Steric
repulsion among CA molecules was proposed as the cause
of these observations.*!

This proposal may also explain the results of our cover-
age-dependent electron-transfer reaction between (R)-2-Au
and cytc. In our systems, the electron-transfer reactions
occur through the associated complex between cyt ¢ and the
Co™ unit. Moreover, the benzyl group of the Co™ unit of
(R)-2-Au would be expected to penetrate into the heme
crevice of cytc. The calculated ideal coverage of cytc is
1.5x 107" molecm™2, as estimated from the molecular size of
cyt ¢! In the case of the loosely packed monolayer (4.0 x
107" molcm™?), the ratio of Co™ units to one cyt ¢ molecule
is approximately 2, while it is approximately 10 in the case
of the densely packed monolayer (2.0x 10" molem ?). The
former results in effective electron transfer to cytc, while
the latter is essentially ineffective in promoting electron
transfer. In the former case, cyt ¢ associates effectively with
(R)-2 on the Au surface and the electron-transfer reaction
between the electrode and cyt ¢ is observed. On the other
hand, the association of cyt ¢ with (R)-2 is negligible in the
latter case. This causes poor association between the Co™
unit and cyt ¢, which results in ineffective electron transfer
between the electrode and cyt c. The associated complexes
proposed for our (R)-2-Au systems are schematically repre-
sented in Figure 5.

Electron-transfer behaviors of cyt ¢ with 2-Au and 3-Au:
Cyclic voltammograms of cyt ¢ as measured with (§)-2-Au
and (R)-2-Au are shown in Figure 6 and the electrochemical
data are summarized in Table 2. Both SAMs were prepared
by immersion for three days at 5°C (approximately 4.0x
107" molem2).¥1 The redox waves of cyt "™ were ob-
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Figure 5. Schematic representations of associated complexes between
cytc and the Co™ unit with the a) densely packed (approximately 2.0x
10 molem™) and b)loosely packed (approximately 4.0x
107" molem™?) monolayers of (R)-2.

served for both SAMs and became broader with increasing
scan rates. These voltammograms are similar to sigmoidal-
shaped curves (radial diffusion dominant), a result indicat-
ing that electron transfer occurs at some electroactive site
on the electrode surface (the Co™ units in this sys-
tem).1°41%4l However, the redox wave disappeared at a
scan rate of 500 mVs~!, which means that the rate-determin-
ing step in this system is probably not the diffusion process.

v=10mV s!

a) a)

v=50mVs!

b) b)

§lpA

In this case, it is difficult to apply theoretical radial diffusion
directly. Thus, we need to focus on peak separation to esti-
mate the overall electron-transfer rate in this system. The
difference in peak separation between (S)-2-Au and (R)-2-
Au at each scan rate, A(AE,)s g, is defined as shown in
Equation (2), in which AE, 5 and AE, are the peak separa-
tions for (S)-2—-Au and (R)-2-Au at each scan rate.

A(AE,)s-r = AE,s—AE, & 2)

The A(AE,)s_x values are plotted against scan rates (e;
Figure 7). At 10-50 mV's™', the A(AE,)s x values are almost
zero, thereby indicating that the overall electron-transfer
rates (k) are similar. However, when the scan rate exceeds
100mVs™', the A(AE,)s  values gradually decrease
(AE,s<AE,r). This observation clearly indicates that the
overall electron-transfer rate between cyt ¢ and (S)-2-Au is
faster than that between cyt ¢ and (R)-2-Au*”! and that the
differences in the electron-transfer rates between (§5)-2-Au
and (R)-2-Au are quite sensitive to the scan rate. This scan-
rate dependence of the A(AE,)s_ value was also observed
in the case of azurin-1, a blue copper protein, with 2—-Au.[*!
In contrast, when [Ru(NH;)]’* was employed instead of
cyt ¢, both of the SAMs exhibited the same peak separations
at each scan rate (Figure S3 in the Supporting Information).
From these results, two important conclusions can be
drawn: 1) The absolute configuration of the amino acid resi-
due interacting with the Co™ unit in 2-Au has an effect on
the rate of electron transfer between the electrode and cyt c,
and 2) 2-Au promotes electron transfer with small and achi-
ral molecules, such as [Ru(NH,)¢]**, with no distinction of
the absolute configuration of the amino acid.

The overall electron-transfer rate (k), estimated from the
peak separation, is dependent on the diffusion (kp), associa-
tion (k,), and electron-transfer rates (kgr) of this system. As
the structures of (S)-2 and (R)-2 are identical to each other

v =200 mV s!
a) a)

v=500mV s!

b) b)

$4HA
1

-250 0 250 500 -250 0 250 500

E/mV versus Ag/AgCl E/mV versus Ag/AgCl

-250 0 250 500 -250 0 250 500

E/mV versus Ag/AgCl E/mV versus Ag/AgCl

Figure 6. Cyclic voltammograms of cyt ¢ with a) (S)-2-Au and b) (R)-2-Au at several scan rates (v).
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Table 2. Electrochemical parameters calculated from the voltammograms of cyt ¢ with (S)-2-Au and (R)-2-Au."!

FULL PAPER

(5)-2-Au (R)-2-Au Ag g
vl E, [ (|shift | /%) E, [ (| shift |, AE, E, [ (|shift | ) E, [ (| shift |, AE A(AE ) A([shift],.)! A(|shift],,)®
10 -8 (0) +137 (0) 145 -3 (0) +141 (0) 144 +1 0 0
25 —24 (16) +164 (27) 188 —20 (17) +170 (29) 190 -2 -1 -2
50 —40 (32) +186 (49) 226 -39 (36) +187 (46) 226 0 —4 +3
100 —49 (41) +181 (44) 230 —50 (47) +205 (64) 255 =25 —6 —20
200 =79 (71) +204 (67) 283 =78 (75) +230 (89) 308 -25 —4 =22
300 —84 (78) +209 (72) 293 -85 (82) +268 (127) 353 —60 —4 —55
400 —126 (118) +232 (95) 358 —135 (132) +304 (163) 439 -81 -14 —68

[a] [cyt ¢] =100 pm (in 0.1 M phosphate buffer (pH 7.0, I=0.1m (NaClO,))). [b] v: scan rate [mVs™'] [c] Cathodic and anodic peak potentials [mV versus Ag/
AgCl]. [d] [shift],.=]|E(n)—E,(10)|, |shift|,=|E,(n)—E,(10)|, n=10-400 [mV]. [e] AE,: peak separation [mV]. [f] A(AE,)s_ r=AE,s—AE,z [mV].

[g] A(‘Shift‘pc)sz = | shift ‘ pesST | shift I pe.Ry A(‘Shift‘pm)SfR = ‘ shift ‘ paS™ ‘ shift ‘ pa,R [IIlV] .

fected by scan rates. The scan-rate dependence of A(AE,); ¢

b - - shown in Figure 7 originates from the difference in the rate
L 4 * of association (k,) induced by the S or R configuration of 2.
_50 This dependence is influenced by the fit of the benzyl group
* on the Co™ unit of 2-Au into the heme crevice of cytec.
E 'S Thus, cyt ¢ strictly recognizes the orientation of the benzyl
5 -0 F u group on the electrode surface through the association pro-
@ cess. The proposed electron-transfer mechanisms with cyt ¢
% are schematically represented in Figure 8.
_150 F Monolayer 3—-Au, which has a mixed monolayer composed
H of 2 and hexanethiol, was prepared to investigate the effect
of alteration of the gap between the molecules of 2 in 2-Au.
-200 — ) I R The background current of 3-Au caused by double-layer
0 100 200 300 400 500 charging was smaller than that of 2-Au. This result suggests
v/mVs?
Figure 7. The relationship between
scan rates (v) and A(AE,)s  values b) c)
for 2-Au-cytc (o), 3-Au-—cytc (m),
and 3-Au-[Ru(NH;)s]** (0) systems.
cytc cyte

and their SAMs give similar
coverages, the value of kp, for
2-Au is probably not affected
by its S or R configuration.*!
Therefore, it does not influence
the A(AE,)s_g value. When the
associated structure of the Co™
unit and cytc is distinct as a
result of the § or R configura-
tion of 2, the values of kg for
(8)-2-Au and (R)-2-Au may be
different. However, the kg
values are intrinsically inde-
pendent of scan rates. More-
over, at slow scan rates, the A-
(AE,)s g values are almost
zero. As the values of kgp may
also be similar between (§)-2—-
Au and (R)-2-Au, the associat-
ed structures are not affected
by the § or R configuration.
Thus, only the value of k, is af-
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Co > Co > Go' .
é‘ (5)-2-Au
slower association

faster association
cyte
+
cytc
~ay

VvV
> Co

(R)-2-Au

Figure 8. Schematic representation of the proposed mechanism for the electron-transfer reaction of cyt ¢ with
(S)-2-Au (top) and (R)-2-Au (bottom). a) Diffusion: positively charged cytc approaches the negatively
charged electrode surface and then adsorbs the Co™ unit electrostatically. b) Association: adsorbed cyt ¢
moves and/or rotates on the Au surface to form the associated structure with a Co'" unit. The association pro-
cess is probably affected by slight structural differences induced by the chirality of the Co™ unit. c) Electron
transfer: cyt ¢ donates/accepts an electron to/from the Au electrode as appropriate.
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that 3-Au forms a more densely packed monolayer than 2—-
Au The redox waves of cyt ¢ are clearly observed, as
in the case of 2-Au (Figure S4 and Table S1 in the Support-
ing Information). As shown in Figure 7, the A(AE,)s z
values of 3-Au are dependent on the scan rate and the be-
havior is similar to that of 2—-Au. It is notable that the A-
(AE,)s_g values of 3-Au indicate a larger difference with
slow scan rates (10-50 mVs™'), whereas 2-Au showed no
significant differences in this range. As the motion of the
Co™ units in 3-Au is restricted by hexanethiols filling the
gap among the Co™ units, the larger difference in the k,
values may be induced by the S or R configuration, relative
to that which occurs in the case of 2—-Au.

Recognition behavior between the reduction and oxidation
of cytc: The |E,,—E,;| and |E,—E,,| values of cytc
were estimated to be 89 and 62 mV, respectively, from the
voltammogram of cyt c at a scan rate of 10 mVs™! with (R)-
2-Au at a coverage of 4.0x 107" molem 2" The theoretical
value of [E,—E,,| is 56.5mV for a fully reversible
system.”) Thus, this result indicates that the oxidation rate
of cytc" is lower than the reduction rate of cytc™ At
10mVs™', the AE, values for (S)-2-Au and (R)-2-Au are
similar; therefore, the absolute configuration of the Co™
unit is not affected by the AE, value at this scan rate. In
order to separate the differences induced by the S and R
configurations of the Co™ unit, the shifts from the peak po-
tentials at 10 mV's™', |shift|,, and |shift|,., and the differen-
ces between 2-Au (or 3-Au), A([shift|,)s x and
A(|shift|,)s_, were defined as shown in Equations (3)
and (4), in which E,,(10), E,.(10), E,,(n), and E,(n) are the
anodic and cathodic peak potentials at 10 and n (10-
400 mVs™), respectively.”!

|shift|,, =

‘Epa(n)_Epa(]O)" |Shift‘pc = |Epc(n)_Epc(1O)‘ (3)

A(|shift],,)s g = [shift],.s—[shift] , z,

A(shift|,.)s g = |shift|,. g—[shift|, @)

Figure 9 shows the relationship between scan rates and
the values of A([shift|,)s_x and A(|shift|,)s_g. Both values
are near zero in the case of the 3-Au-[Ru(NH,),]** system.
In the anodic reaction (oxidation of cyt c"; Figure 9a), the
behavior of A(Jshift|,,)s ¢ is similar to that of A(AE,)s . In
the cathodic reaction (reduction of cyt ¢™; Figure 9b), the
A([shift|,.)s_x values are near zero in the case of the 2-Au-
cytc system. In the 3-Au-cytc system, the A(|shift|,)s &
values are slightly negative. The redox potential of the Co™
units (—360 mV) is out of range under these experimental
conditions. Thus, structural and/or conformational changes
of the Co™ unit do not occur upon association with cyt ¢
during the electron-transfer reaction. These results strongly
suggest that differences in the oxidation states of cyt c affect
the recognition of the benzyl group of the Co™ unit in 2-Au
and 3-Au. The cyt " state associates more strongly with the
benzyl group than the cyt ' state.
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Figure 9. Plots of a) A(|shift|,,)s_z and b) A(|shift|,)s_ against scan rates
for 2-Au—cyt ¢ (#), 3-Au—cyt ¢ (m), and 3-Au-[Ru(NH;)s]** (0) systems.

The difference in the oxidation states of cytc is consid-
ered to have caused the change in the structural environ-
ment around the heme crevice. In the case of reduction of
cyt ™, the heme crevice of cyt c™ spreads and its associa-
tion with the Co™ unit is weakened. Conversely, strong asso-
ciation of the Co™ unit occurs upon oxidation of cyt c"" be-
cause the heme crevice becomes narrower. This observation
of stronger association is also observed in the aqueous elec-
tron-transfer reaction between Ru™ complexes (whose
structure is similar to 1) and cyt ¢™.“ In this case, the
second-order rate constant of [Ru™((S)-becmpa)(bpy)] is
larger than that of the R enantiomer. The surface area of
heme exposed to solvent was calculated to be 14.6 % for cy-
tc™ and 7.53% for cytc", as determined by a 'HNMR
spectroscopic study.’ These results provide strong support
for our interpretation that the size of the heme crevice is
regulated by the difference in the oxidation state of cytc.
Therefore, our electrodes, 2-Au and 3—Au, can indirectly de-
termine the size of the heme crevice for cyt ™. As men-
tioned above, cyt ¢ must dissociate from its redox partners
after the exergonic electron-transfer reaction through the as-
sociated complex in vivo. It has been proposed hitherto that
the conformational change in each oxidation state of cytc
provides the driving force for the dissociation process.”*™’
It is difficult to detect structural differences in examples of
flat and well-ordered monolayers by using promoter mole-
cules."*? In fact, in the case of 4,4'-bipyridine, the kinetic
parameters of the reduction and oxidation reactions of cyt c,
which were estimated by using rotating-disk and ring-disk
electrodes, showed no difference.”® Our chiral Co™ com-
plex-modified SAM system has the ability to detect changes
in the size of the heme crevice through electrochemical
measurements.
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Conclusion

We prepared SAMs of optically active Co™ complex 2,
which includes a molecular recognition site, and thoroughly
investigated their electron-transfer behavior with cyt c. Vari-
ous surface coverages are obtained for 2-Au as a result of
varying the immersion time and temperature. The largest
peak current of cyt ¢ is obtained with a coverage of approxi-
mately 4.0x107"" molem™ The peak currents dramatically
decrease when the coverage exceeds this value. This cover-
age-dependent electron-transfer behavior suggests the exis-
tence of a defined process of association between cyt ¢ and
a Co™ unit for 2-Au. The absolute configurations of the
Co™ units in 2-Au and 3-Au (in which the latter has a
mixed monolayer and the gaps are filled by hexanethiol)
lead to different values of AE, for cytc at the same scan
rate. As these results originate from differences in the asso-
ciation rates between the § and R configurations, our system
is capable of detecting slight differences in structural inter-
actions between the benzyl group on the Co™ unit and the
heme crevice of cyt c. The association rate of 3-Au is larger
than that of 2-Au, because hexanethiols constrain the Co™
units in 3-Au. A difference in the association rates between
2-Au and 3-Au with cyt ¢ was clearly observed during the
oxidation of cyt " relative to the reduction of cyt ¢"'. There-
fore, it is suggested that the size of the heme crevice of cyt
c™ is comparatively wider than that of cyt c'’.

Our chiral Co™-unit-modified electrodes are capable of
detecting slight structural changes in the vicinity of the
heme through electrochemical measurements. We are pres-
ently applying our SAMs with other electron-transfer pro-
teins such as azurins and preparing new SAMs modified by
similar Co™ complexes that include other amino acid mim-
etics. The further development of new SAMs is expected to
provide a powerful tool for the investigation of the structure
of the protein environment in the vicinity of metal centers
in metalloproteins.

Experimental Section

Materials: All chemicals and solvents were purchased from Wako Pure
Chemical Industries, Tokyo Chemical Industry, Nacalai Tesque, and Pep-
tide Institute. All reagents were used without further purification. Milli-
Q water was prepared by using a Milli-Q biocel A (Millipore). QAE Se-
phadex A-25 (Pharmacia, Cl~ form) was used for column chromatogra-
phy. An Au wire (Niraco, ¢f=0.30 mm) and an Au sheet (Niraco, thick-
ness=0.1 mm) were used for the preparation of the gold electrode. The
(S)- and (R)-phenylalanine derivatives, (S)- and (R)-bcmpa, were synthe-
sized according to previously reported methods.”””!

General procedures: UV/Visible and circular dichroism (CD) spectra
were measured with a Ubest V-570 spectrophotometer (JASCO) and a J-
820 spectrophotometer (JASCO) with a 1 cm pass-length quartz cell, re-
spectively. All measurements were performed in aqueous solution at
room temperature. '"H NMR spectra were recorded with an AVANCE-
600 spectrometer (Bruker) in D,0O. The chemical shifts (d) are given in
ppm relative to the signal for sodium 2,2"-dimethyl-2-silapentane-5-sulfo-
nate (DSS) as an internal standard. Electrospray ionization/time of flight
(ESI-TOF) mass spectra were obtained with a LCT ESI-TOF spectrome-
ter (Micromass).
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Complexes (S)-1 and (R)-1: The synthesis of (§)-1 and (R)-1 was based
on the modification of a previously reported method.”® CoCl,-6 H,0
(1.2 g, 5mmol) and an aqueous solution of 30% H,0, (2 mL) were dis-
solved in H,O (10 mL). This solution was gradually added to KHCO;
(3.5 g, 35 mmol) in aqueous solution (30 mL) with stirring in an ice bath.
After filtration, (S)- or (R)-bcmpa (1.55 g, 5.5 mmol) in an aqueous solu-
tion (50 mL) neutralized with KOH was added to the filtered solution.
After the mixture had been stirred at room temperature overnight, (S)-
lysine-HCI (0.91 g, 5 mmol) in an aqueous solution (10 mL) neutralized
with KOH was added to the resultant mixture with a small amount of
active charcoal. The mixture was then stirred at 50°C for 6 h with the pH
value kept at 7 by addition of HCl. After filtration, the solution was
evaporated and desalted with MeOH several times. The resultant residue
was purified by column chromatography (QAE Sephadex A-25). A red-
dish-violet band was eluted with an aqueous solution (no ionic strength).
The eluted solution was evaporated and desalted with MeOH. The resi-
due was purified over QAE Sephadex A-25 again at a quite slow rate.
The bluish-violet and reddish-violet bands were eluted with an aqueous
solution (no ionic strength). The reddish-violet solution was evaporated
and precipitated in MeOH. The reddish-violet powder was collected and
dried in vacuo. The yields were 358 mg (15%) for (S)-1 and 188 mg
(7.8%) for (R)-1. 'HNMR (600 MHz, D,0): 0=1.68-1.74 (m, 2H;
lysine), 1.74-1.84 (m, 2H; lysine), 1.89-1.95 (m, 1H; lysine), 2.02-2.08
(m, 1H; lysine), 3.06 (t, 2H, J = 7.3 Hz; lysine), 3.24 (d, 1H, J =
16.6 Hz; bempa), 3.50 (dd, 1H, J = 4.6, 15.1 Hz; becmpa), 3.62 (dd, 1H, J
= 10.1, 15.1 Hz; bempa), 3.88 (dd, 1H, J = 4.5, 8.2 Hz; lysine), 3.95 (d,
1H, J = 18.1 Hz; bcmpa), 4.18 (d, 1H, J = 16.6 Hz; becmpa), 4.61 (d,
1H, J = 18.1 Hz; bempa), 5.03 (dd, 1H, J = 5.5, 10.4 Hz; bcmpa), 7.44
(t, 1H, J = 7.6 Hz; bcmpa), 7.52 (t, 2H, J = 7.9 Hz; bcmpa), 7.61 ppm
(d, 2H, J = 7.8 Hz; bempa); MS (ESI-TOF): m/z: 569.0 [M—H*]~; ele-
mental analysis: caled (%) for (5)-1:2.5H,0 (C;sH35N;C00,5): C 43.19,
H 591, N 7.95; found: C 43.04, H 5.84, N 8.16; calcd for (R)-12H,0
(C19H;3)N3C00,): C 43.94, H 5.82, N 8.09; found: C 44.07, H 5.55, N 8.02.
Complexes (S)-2 and (R)-2: Complex (S5)-1 or (R)-1 (48.3 mg, 0.1 mmol)
was dissolved in a small amount of an aqueous solution of 0.1m KCI, and
the solvent was then evaporated completely. The resultant residue was
dissolved in dimethylsulfoxide (DMSO) and neutralized with triethyla-
mine (0.01 g, 0.1 mmol). A solution of DTSP (20.2 mg, 0.05 mmol) in
DMSO (10 mL) was added to this mixture with stirring. After being
stirred for 3 h at room temperature, the solution was evaporated com-
pletely and desalted with MeOH several times. The resulting residue was
precipitated in H,O/EtOH to yield a reddish-violet powder. The powder
was collected and then dried in vacuo. The yields were 24.8 mg (46 %)
for (S)-2 and 18.9 mg (31%) for (R)-2: '"H NMR (600 MHz, D,0): 6=
1.55-1.66 (m, 8H; lysine), 1.82-1.91 (m, 2H; lysine), 1.95-2.03 (m, 2H;
lysine), 2.63 (t, 4H,J = 6.9 Hz; DTSP), 2.92 (t, 4H, J = 6.8 Hz; DTSP),
3.23 (d, 2H, J = 16.7 Hz; bcmpa), 3.24 (s, 4H; lysine), 3.49 (dd, 2H, J =
4.4, 14.9 Hz; bempa), 3.60 (dd, 2H, J = 10.0, 14.9 Hz; bempa), 3.83 (dd,
2H,J = 4.7, 8.6 Hz; lysine), 3.94 (d, 2H, J = 18.2 Hz; bempa), 4.15 (d,
2H, J = 16.7 Hz; becmpa), 4.59 (d, 2H, J = 18.2 Hz; bempa), 5.01 (dd,
2H,J = 5.0, 10.3 Hz; bempa), 7.43 (t, 2H, J = 7.3 Hz; bempa), 7.50 (t,
4H, J = 7.4 Hz; bempa), 7.60 ppm (d, 4H, J = 7.5 Hz; bcmpa); MS
(ESI-TOF): m/z: 569.0 [M—2K]*"; elemental analysis: caled for (S)-
2:4H,0 (CyuHguNCo,K,0,S,): C 40.99, H 5.00, N 6.52; found: C 40.83,
H 5.14, N 6.40; calcd for (R)-2-5H,0 (CyuHgNgCo,K,04S,): C 40.43, H
5.09, N 6.43; found: C 40.34, H 4.81, N 6.34.

Electrode preparation: A polycrystalline Au flag electrode was prepared
by spot welding between an Au wire (J=0.3 mm) and an Au sheet
(thickness=0.1 mm, f=6 mm). The Au electrode was cleaned by boil-
ing in mixed acid for 30 min and sonication in Milli-Q water. After an-
nealing had been performed with a hydrogen flame, the electrode was
quenched with Milli-Q water saturated with hydrogen.

Monolayers (S)-2-Au and (R)-2-Au were prepared by dipping the pre-
treatment Au electrode in an aqueous solution of 1 mm (S)-2 or (R)-2, re-
spectively, for various lengths of time at each temperature. (§)-3—Au and
(R)-3-Au were obtained by dipping (S)-2-Au or (R)-2-Au, respectively,
which had been prepared at 5°C for 3 d, in a MeOH solution of approxi-
mately 1 mm hexanethiol for 3 h at 5°C. These modified electrodes were
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rinsed with water and/or MeOH solution before electrochemical meas-
urements.

The surface area of the electrode was determined by the reduction of
AuO (444 uCcm™?) in an aqueous solution of 0.1m H,SO, (A =0.796 cm?,
roughness factor: 1.36).5°’]

Electrochemical measurements: Electrochemical measurements were
performed by using a CV-50W (BAS) and an HZ-5000 automatic polari-
zation system (HOKUTO DENKO). The cyclic voltammetry and linear-
sweep voltammetry were performed by using a glassy carbon or each
SAM as a working electrode, with Pt wire as the counter electrode and
Ag/AgCl (3m NaCl) as the reference electrode. Ar gas was passed
through the electrolyte solution for at least 15 min before each measure-
ment.

The voltammetry measurements were performed in a 0.1mM phosphate
buffer solution (pH 7.0, I=0.1m NaClO,) or a 0.5m KOH aqueous solu-
tion. A 1 mm [Ru"(NH;)s]Cl; solution was prepared in the same buffer
solution. A 100 um horse heart cyt ¢ (purchased from Nacalai Tesque) so-
lution was prepared by dialyzing in the same buffer solution for a few
times before use.!'’!
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