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Molecular modelling of electron transfer systems by
noncovalently linked porphyrin–acceptor pairing

Takashi Hayashi† and Hisanobu Ogoshi†

Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University,
Kyoto 606-01, Japan

In the respiratory system, electron carriers such as ubiqui-
none and cytochrome c play an important role in the electron
transfer (ET) reaction between oxidoreductases embedded
in the mitochondrial membrane. This review focuses on a
strategy for constructing porphyrin–electron acceptor pairs
via specific interactions and the evaluation of ET in these
systems. Particularly, the molecular recognition of ubiqui-
none analogues by porphyrin host molecules and the
mimicking of protein–protein complexation using myoglo-
bin reconstituted with a synthetic porphyrin are reviewed,
and the characteristics of the photoinduced ET within
noncovalently linked complexes are discussed.

1 General introduction

Electron transfer (ET) reactions in biological systems provide
one of the most fascinating fields of current interdisciplinary
research. It is well known that ET occurring within mitochon-
dria and chloroplasts plays a crucial role in respiratory oxidative
phosphorylation and photosynthesis, in which many oxido-
reductases are embedded in the membrane and moveable
electron carriers are organized. These two systems produce the
high energy ATP through multi ET reactions and proton flux by
action of the membrane-bound enzymes. Therefore, it is of
particular interest for chemists and biochemists to elucidate the
ET systems, both experimentally and theoretically.

Although, in general, the natural system is quite complicated,
we know that simple synthetic models focusing on the function

of the target enzyme often give us good information with regard
to the reaction mechanisms and/or some structural features of
important components. Over the last decade, biomimetic model
systems have been suitable for the discussion of the ET
mechanism. After elucidation of the crystal structure of the
bacterial photosynthetic reaction centre,1 a great number of
covalently linked donor–spacer–acceptor models have been
reported in the literature, some of them giving valuable insight
into the ET mechanism through focusing on donor–acceptor
distances and their relative special organization, features of the
spacer, driving force, and solvent effect. In particular, models
based on covalently linked donor–acceptor systems such as
porphyrin–spacer–porphyrin or porphyrin–spacer–quinone
suggest that the unique organization of the characteristic
chromophores found in the photochemical reaction centre is
responsible for the highly efficient charge separation.2,3 In
contrast, noncovalently linked donor–acceptor complexes are
essential models towards the understanding of the ET reaction
in the respiratory system, in which electron transport is
accomplished by specific mobile carriers such as ubiquinone
and cytochrome c. However, studies on noncovalently linked
donor–acceptor systems with specific interactions via molec-
ular recognition remain quite limited.4 Thus, this has stimulated
the design of new donor–acceptor complexes based on weak
noncovalent interactions such as hydrogen bonds, salt bridges
and van der Waals contacts and the subsequent investigation of
the long-range ET reaction.

2 The respiratory system in the mitochondrial membrane

Fig. 1 shows the schematic pathway of ET from NADH to O2 in
the respiratory mitochondrial membrane, where two electron
carriers control the overall rate of ET process via specific
interaction with the membrane-bound oxidoreductases. Ubiqui-
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none has two methoxy groups at the 2- and 3-positions on the
quinone ring and a long hydrophobic isoprenoid chain which
makes it soluble in the inner mitochondrial membrane lipid
bilayer. It was thought that electrons are smoothly shuttled from
NADH-coenzyme Q reductase (Complex I) to ubiquinone and
from reduced ubiquinone, ubiquinol, to Coenzyme
Q-cytochrome c reductase (Complex III) via specific binding
sites in each complex, although no X-ray structure has ever been
solved with satisfactory resolution. Enzyme studies using
synthetic ubiquinone or ubiquinol analogues have provided us
with helpful information about the specific binding sites for
electron carrier in the huge Complex I or Complex III,
suggesting the importance of structural features of quinone
substituents (alkyl and alkoxy groups) upon binding with
proteins.5

Cytochrome c is another important electron carrier between
Complex III and cytochrome c oxidase (Complex IV). This
haemoprotein, one of the well-known cytochromes, is almost
spherical and contains 104 amino acid residues. One of the
significant features regarding the structure of cytochrome c is
that several lysines are distributed on the surface of the protein
near the haem concave. In fact, according to the X-ray study of
cytochrome c–cytochrome c peroxidase (CCP) complex, pos-
itive residues of cytochrome c, Lys73 and Lys87, form special
ion pairs with negative residues of CCP, Glu290 and Asp34,
respectively.6 In the respiratory system, it is known that
Complexes III and IV have binding sites including acidic
residues for highly basic cytochrome c. Furthermore, the high
resolution X-ray structures of Complex IV from Paracoccus
denitrificans and bovine heart have recently been reported.7
According to these analyses, the binding site of Complex IV
contains several acidic residues which could interact with lysine
residues on the surface of cytochrome c.

3 Model studies on noncovalently linked donor–acceptor
complexes

In nature, organization is quite often the result of supramole-
cular assembly based on noncovalent intermolecular interac-
tions via specific molecular recognition of protein–protein,
protein–sugar, DNA–receptor, antigen–antibody etc. Thereby
host–guest chemistry and supramolecular chemistry based on
molecular recognition processes have grown very rapidly along
the elucidation of biological systems. In the case of ET systems
aimed at mimicking complex natural processes, the design of

donor–acceptor assemblies based on weak intermolecular
interactions (for example, hydrogen bonding, salt bridge, and/or
van der Waals contact) has been regarded as a suitable
approach.

We and several other groups have focused on the respiratory
system, particularly, ET via electron carriers for a few years,
and begun to construct the ET model using noncovalently
linked donor–acceptor systems. Currently, our research can be
divided into two approaches: preparation of a new ubiquinone
receptor based on a functional porphyrin and investigation of its
molecular recognition behaviour and mimicking of protein–
protein complexation using a reconstituted myoglobin whose
surface shows a specific binding interface. In this review, we
wish to describe the strategy of molecular recognition for
electron carriers and the ET reaction between photoexcited
porphyrin and electron carriers.

4 Porphyrin–ubiquinone analogue complex via hydrogen
bonding

To our knowledge, examples of noncovalently linked porphy-
rin–quinone pairs aimed at ET model systems are very few. In
1990, Ogoshi and co-workers have reported the cofacial
interaction of functional porphyrin, 5,15-cis-bis(2-hydroxy-
1-naphthyl)octaethylporphyrin (2) and several quinones by use
of two-point hydrogen bonds between carbonyl oxygen of
quinone and phenolic protons of porphyrin.8 Sessler and co-
workers have presented a sideways-linked porphyrin–quinone
complex via base pairing and demonstrated the photoinduced
ET reaction.9

The previous porphyrin host molecules,8,9,10 however, are
limited to quinone guests, since almost all host molecules can
only bind p-benzoquinone or duroquinone analogues. Fur-
thermore, although the ET studies in the porphyrin–quinone
pairings showed the quinone quenching properties and allowed
estimation of the forward ET rate through fluorescence lifetime
measurements, there has been no direct evidence of any
separated-charge state as a product of ET reaction, except in one
report.9c Recently, we have prepared a new host porphyrin for
ubiquinone, the latter being an important electron carrier in the
respiratory system.11 In the following sections, we briefly
present the specific interactions between this functional por-
phyrin and some ubiquinone analogues as well as the ET
reaction occurring within this noncovalently linked complex.

Fig. 1 A schematic diagram of the mitochondrial electron transport chain indicating the ET pathway. Complex II is not shown. The shape of each complex
is simplified and different from the real structure in order to emphasize the interaction sites for electron carriers. Proton flux through the membrane is
omitted.
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4.1 Molecular recognition of ubiquinone analogues
When we design a host molecule for a target guest, the
following factors seem to be important: (i) preorganization of
the host providing sufficient affinity with the guest molecule
structure and (ii) the multifunctionalization of the host molecule
to increase the specificity of host–guest complex. Considering
these two factors, the porphyrin ring is an attractive potential
host molecule, its relatively flat and rigid structure being
suitable as a receptor framework and allowing easy introduction
of various functional groups.12 Furthermore, porphyrin has
unique photoreactivity characteristics and redox behaviour, thus
we adopted it as a host molecule for ubiquinone analogues.
Although the structure of the ubiquinone binding site is not
known with accuracy, we have postulated that several protein
residues such as tyrosine interact with ubiquinone through
hydrogen bonds with phenolic protons. Consequently, we have
prepared the meso-a,a,a,a-tetra(2-hydroxy-1-naphthyl)-por-
phyrin (1) as a host molecule.11a

Host 1 was obtained from the condensation of pyrrole and
2-methoxy-1-naphthylaldehyde and the following deprotection
of methyl groups in sufficient yield. The obtained atropisomeric
mixture was easily separated by classical silica gel chromatog-
raphy and the atropisomerization derived from internal rotation
about C(meso)–C(ipso) bonds was not observed even in boiling
toluene. The interaction between 1 and quinone was monitored
by NMR, IR and UV–VIS spectroscopic measurements, which
show the cofacial 1 : 1 complex in chloroform and toluene. The
summary of spectroscopic features is shown in Fig. 2. The OH
proton signal of 1 was shifted downfield by 1.91 ppm and the
OH stretching frequency of 1 was replaced by a new absorption
at 3449 cm21 in the presence of 1 equiv. of tetramethoxy-
p-benzoquinone (4c), which indicates that the four OH groups
of 1 enter hydrogen bonding interaction with 4c. The upfield
shift of methoxy protons of 4c is due to the porphyrin ring

current. X-Ray crystal structure analysis shows the cofacial
porphyrin–quinone assembly with a cofacial distance of 3.35
Å.11c

Binding constants were determined from UV–VIS spectro-
photometric titration of various quinones with CHCl3 solution
of 1, using the spectral change from 550 to 700 nm with several
isosbestic points (Fig. 3). Selected binding constants and their

thermodynamic parameters are summarized in Table 1. The
binding affinity of 1 for p-benzoquinone (4a) is similar to that
of 2. The latter has two hydroxy groups as an interaction site,
suggesting that the two quinone carbonyl oxygens interact with
the two hydroxy groups of 2-naphthol in 1 or 2. Furthermore, in
the case of 2,3-dimethoxy-5-methyl-p-benzoquinone (4b) and
4c, the affinity of 1 for the quinone guest increases with the
number of methoxy substituents on the quinone ring, whereas
the presence of those methoxy groups has no effect on the
interaction with 2. According to the thermodynamic parameters
obtained from variable-temperature experiments, a large en-
thalpic gain is observed upon formation of the 1·4b and 1·4c
complexes as compared to formation of the 2·4b or 2·4c
complexes, although there is no marked change in the entropic

Fig. 2 Structural data of 1 and 1·4c. (a) 1H NMR chemical shifts in CDCl3.
(b) IR data of OH stretching in CHCl3. (c) X-Ray crystal structure
analysis.

Fig. 3 UV–VIS spectral change of 1 on addition of ubiquinone (4h) in
CHCl3 at 298 K.

Table 1 Binding constants (Ka) and thermodynamic parameters (DG°,
DH°, TDS°) on complexation between porphyrin and quinone at 298 Ka

Host 1 (4 points)b,c 2 (2 points)d,e

Ka = 3.03 10 m21 Ka = 5.53 10 m21

DG° = 22.0 kcal mol21 DG° = 22.4 kcal mol21

DH° = 26.5 kcal mol21 DH° = 25.6 kcal mol21

TDS° = 24.5 kcal mol21 TDS° = 23.3 kcal mol21

Ka = 5.43 102 m21 Ka = 3.53 10 m21

DG° = 23.7 kcal mol21 DG° = 22.1 kcal mol21

DH° = 27.2 kcal mol21 DH° = 26.0 kcal mol21

TDS° = 23.5 kcal mol21 TDS° = 24.0 kcal mol21

Ka = 2.03 104 m21 Ka = 7.8 m21

DG° = 25.8 kcal mol21 DG° = 21.2 kcal mol21

DH° = 210.5 kcal mol21 DH° = 24.3 kcal mol21

TDS° = 24.7 kcal mol21 TDS° = 23.1 kcal mol21

a Precision is generally estimated to be ±10%. b Measured by UV–VIS
titration in CHCl3.c Ref. 11(a). d Measured by 1H NMR titration in CDCl3.
e Ref. 8.
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term. These results indicate that methoxy groups also act as
interaction sites for the four 2-naphthols of 1. Fig. 4 illustrates
the comparison of binding constants between 1 and several
ubiquinone analogues having two methoxy groups. Compared
to 2,5-dimethoxy-p-benzoquinone (4e) and 2,6-dimethoxy-
p-benzoquinone (4f), 2,3-dimethoxy-p-benzoquinone (4d)
shows a large enhancement of its binding constant with 1. The
host 1 also binds native ubiquinone (4h) with a binding constant
of 1.6 3 102 m21 (m = mol dm23) at 298 K in CHCl3, although
the long isoprenoid chain seems to bring about some steric
repulsion. Furthermore, in solid state, the hydroxy groups of all
naphthol groups interact with all the oxygen atoms of 4c,
showing an O–O distance of 2.68–3.21 Å.11c It is suggested that
two adjacent methoxy substituents at the 2- and 3-positions on
the quinone ring cooperatively act as the effective third and/or
fourth interaction sites via bifurcated hydrogen bonding. Thus,
porphyrin 1 having four naphthol groups as binding sites seems
to be a suitable host molecule for ubiquinone analogues.

4.2 Photoinduced ET in porphyrin–quinone pairing via
multi-hydrogen bonding
It is of particular interest to investigate the photoinduced ET by
use of porphyrin–quinone assembly. The sufficient affinity of
porphyrin 1 for ubiquinone analogues encouraged application
of these complexes to the study of the ET reaction in this
system. We used the zinc complex of 1 and meso-a,a,a,a-
tetra(7-hydroxy-1-naphthyl)porphyrin (3)13a as probes of ET
reaction (Fig. 5). From CPK molecular models the distances
between the porphyrin plane and quinone of 1 and 3 are
estimated to be 3.5 and 6.0 Å, respectively. Each zinc metallated
porphyrin also has a good affinity for 4c in toluene;
Ka(1Zn·4c) = 2.5 3 105 m21, Ka(3Zn·4c) = 2.2 3 103 m21 at
298 K.

Dramatic changes in the fluorescence spectra of 1Zn and 3Zn
have been observed upon addition of quinone and the Stern–
Volmer plots indicate efficient fluorescence quenching of 1Zn
and 3Zn in the low concentration range of quinone ([4c]0 < 5
3 1023 m) as shown in Fig. 6. The findings demonstrate that
static quenching of fluorescence occurs through ET from the
photoexcited state of 1Zn to 4c in the cofacial mode. In contrast,
no fluorescence quenching of zinc(ii) meso-a,a,a,a-tetra(2-
methoxy-1-naphthyl)porphyrin (5Zn) was detected in the same
concentration range as 4c.

The time-resolved fluorescence measurements of 1Zn and
3Zn in toluene reveal monoexponential decay with a lifetime of
2.0 ± 0.1 and 2.2 ± 0.1 ns, respectively. The transient absorption
spectra of 1Zn or 3Zn excited by dye laser pulse (570 nm,
FWHM @ 3 ps) display a broad excited state absorption in the
615–750 nm region, which is assigned to a zinc porphyrin

singlet excited state. There was no substantial change in the
spectra recorded within 50 ps delays after excitation by a laser
pulse, which is consistent with the lifetime of the fluorescence.
Upon addition of 4c to 1Zn and 3Zn solutions, the transient
absorption spectra show a significant time-dependent positive
absorption at 640 nm as shown in Fig. 7. The spectra are
characteristic of zinc porphyrin cation radical. The decays of the
radical species as an intermediate of ET were fitted to
monoexponential curves, which leads to the charge recombina-
tion constants of (1.1 ± 0.4) 3 1011 s21 for 1Zn·4c and (6.8 ±
0.3) 3 1010 s21 for 3Zn·4c. In contrast, forward ET rate
constants were estimated to be !4 3 1011 s21 (limited by the
pulse width and signal-to-noise ratio) for both samples.13b

Heitele, Michel-Beyerle, Staab and co-workers have reported
the rate constants of charge separation and recombination in a
series of covalently bridged porphyrin–quinone systems.14 For
example, in the case of quinone-capped porphyrin 6, the rate

Fig. 4 Comparison of binding constants between 1 and dimethoxy-
p-benzoquinones in CHCl3 at 298 K

Fig. 5 Schematic complexation of 1Zn·4c and 3Zn·4c as an ET model
system

Fig. 6 Stern–Volmer plots for the fluorescence quenching of porphyrin 1Zn
(2), 3Zn (5), and 5Zn (-) with quinone 4c in toluene at 293 K: excitation
at 538, 541 and 540 nm for 1Zn, 3Zn and 5Zn, respectively; emission at
645, 644 and 645 nm for 1Zn, 3Zn and 5Zn, respectively; [1Zn] = 7.42 3
1025 m, [3Zn] = 7.36 3 1025 m, [5Zn] = 7.20 3 1025 m
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constants corresponding to forward ET and charge recombina-
tion (backward) ET processes in toluene were determined to be
1 3 1011 and 3.9 3 1010 s21, respectively. Although it is not
easy to directly compare the ET rates between noncovalently
and covalently linked porphyrin–quinone systems, the forward
and thermal backward ET rate constants in our work are at least
as large as those reported in Staab’s compound.

Our present work demonstrates the first example of pico-
second ET between zinc porphyrin and quinone linked in the
cofacial mode by specific noncovalent interactions. It is noted
that the ET rate is not limited by diffusion processes of donor
nor acceptor and that the association by hydrogen bonding
seems to be stable during the period of excitation, charge
separation and recombination processes. Furthermore, one of
the advantages of the present model is that we can easily
examine many porphyrin–quinone pairings at the same time,
since the host porphyrin binds various quinones via non-
covalent interactions. Further investigation of the photo-
chemistry of this system is in progress.

4.3 A sideways-linked porphyrin–quinone complex and its
ET behaviour
Sessler and coworkers have recently presented another ap-
proach to design the noncovalently linked porphyrin–quinone
ET system with an edge-to-edge separation distance of ca. 14
Å.9b Porphyrin 7 and quinone 8 have guanosine and cytidine
substituents, respectively, as recognition sites to form Watson–
Crick hydrogen-bonding interaction. Upon addition of 8 to the
CH2Cl2 solution of 7, the quenching of zinc porphyrin
fluorescence was observed and the fluorescence decay profile
became biphasic with two exponential components of lifetimes
tL = 1.8 and tS = 0.74 ns, respectively. Furthermore, the ratio
of fraction amplitude of the two components leads to the
binding constant of (8.99 ± 0.60) 3 103 m21, which is
comparable with the estimated value from 1H NMR titration.
These results indicate that singlet ET from photoexcited 7 to 8
takes place with a rate constant of ca. 8 3 108 s21 through
exothermic process by 0.50 eV, although the porphyrin cation
radical was not detected by picosecond laser flash photolysis.
They have also prepared a well-organized energy-transfer
system in noncovalently linked porphyrin–porphyrin complex
by guanine–cytosine base pairing.15 The derived rate constants
in both systems are not markedly dependent on the concentra-
tion of acceptors and the nature of interaction sites, indicating
electron and/or energy transfer from donor to acceptor in the
intra-aggregated complex formed by multipoint hydrogen
bonding.

4.4 Mechanistic study on photoinduced ET in
noncovalently linked donor–acceptor systems via
hydrogen bonding
A slightly different approach to understanding the ET mecha-
nism in noncovalently linked donor–acceptor systems has been
taken by Nocera and co-workers. They have reported the intra-
aggregated ET system of zinc porphyrin 9–dinitrobenzoic acid
10 array mediated by hydrogen bonding.16 The binding
constants for 9–10 and deuterated 9–10 pairs were estimated to

Fig. 7 Transient spectra after excitation at 570 nm (@3 ps laser flash) in the
presence of quinone 4c (8.94 3 1023 m) in toluene, showing the
disappearance of the cation radical species. (a) 1Zn (1.69 3 1024 m); (b)
3Zn (2.36 3 1024 m)
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be 698 and 316 m21, respectively, by static fluorescence
quenching. One of the interesting findings in this work is the
isotropic effect on ET reaction from photoexcited 9 to 10. The
comparison of forward and charge recombination ET between
protonated and deuterated carboxylic acid interfaces indicates
the isotope effect of kH/kD = 1.7 and 1.6, respectively; rate
constants of forward and charge recombination processes
between 9 and deuterated 10 are 3.0 3 1010 and 6.2 3 109 s21,
respectively. Their results indicate that the hydrogen bonding
linkage between donor and acceptor may play a role in the ET
process.

Therien and co-workers have recently presented significant
ET model compounds in which zinc(ii) porphyrin and iron(iii)
porphyrin are linked by hydrogen-, s- and p-bonds, respec-
tively.17 The singlet ET rate constants for three systems were
determined by time-correlated single photon counting spec-
troscopy and the rate constant for hydrogen-bonding system 11
(kET = 8.1 3 109 s21) is comparable to that for the p-bond
system 12 (kET = 8.8 3 109 s21), whereas the ET in system 13
composed totally of s-symmetry bonds is slower (kET = 4.3 3
109 s21) than that in 11 mediated by hydrogen bonds. The
difference in the rate constants in these systems must derive
from the magnitude of donor–acceptor electronic coupling, and
they suggest that the electronic coupling modulated by a
hydrogen-bond interface in 11 is greater than that provided by
an interface composed of s-bonds in 13. The comparison of the
ET reaction in their systems predicts that the hydrogen-bond
interface in protein could mediate ET as efficiently as a covalent
bridge.

5 Photoinduced ET in a protein complex by reconstituted
zinc myoglobin

The next stage in the study of the respiratory system model is
the construction of an artificial protein–electron carrier to
investigate the role of molecular recognition and binding
between electron donor and acceptor in biological ET systems.
Over the past few years, elegant work focusing on mechanistic

studies of the ET pathway in native and/or modified proteins
have been reported by several groups.18 At the same time, a
number of groups have also begun to focus on the inter-
molecular ET in a noncovalent protein–protein complex such as
cytochrome c–cytochrome c peroxidase (CCP) pairing. Partic-
ularly, Hoffman18,19 McLendon,18,19 Millett19 and Kostić19

have demonstrated the relationship between interaction mode
and ET rate in protein–protein complexes. To understand the ET
mechanisms in self-associated protein–protein complexes,
Rodgers has presented a mimetic system where a highly anionic
uroporphyrin is bound to a positive cytochrome c via electro-
static docking forces.20 These studies have suggested that the
molecular recognition of redox proteins and their conforma-
tional interconversion upon binding seem to dominate not only
the specificity of ET but also the ET rate. One major goal using
a simple and efficient model is to understand how the ET is
controlled by specific interface with the surface of protein. Thus
it has been of particular interest to design artificial ET models
based on modified proteins.

5.1 Photoinduced ET from zinc porphyrin to a linked
quinone in protein
Myoglobin is one of the most popular haemoproteins as an
oxygen-storage protein and it is well characterized in terms of
both primary and tertiary structures, thereby facilitating model
building. Unlike cytochrome c, the haem as a prosthetic group
in myoglobin is not covalently bound to the protein core. This
feature enables the replacement of native haem with an artificial
metalloporphyrin, thus it facilitates the preparation of reconsti-
tuted myoglobin having a unique function. In the last decade,
we have reported various myoglobins reconstituted with
artificial haems and studied their properties, showing that some
modification of the peripheral propionate at the 6- or 7-position
of the haem structure induces no serious problem concerning
protein stabilization.21 According to this result, we have
prepared a new zinc porphyrin bearing a quinone component as
an electron acceptor 14 (ZnP–Glyn–Q, n = 0–2) and incorpor-
ated 14 into apoprotein to obtain the reconstituted myoglobin
rMb(14), which was characterized by TOF-mass, NMR, and
UV–VIS spectroscopic measurements.22

The photoinduced ET from zinc porphyrin to quinone in
rMb(14) was monitored by fluorescence spectroscopy of the
zinc porphyrin moiety in buffer solution (pH 7.0). As compared
with the reference protein, rMb(15), the fluorescence intensity
of rMb(14, n = 2) was weak and a shorter fluorescence lifetime
of 0.6 ns was observed, whereas the fluorescence quenching of
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rMb(15) in the presence of quinone 4b was not detected and the
single exponential curve of fluorescence decay with t = 1.9 ns
was observed. These results demonstrate that the singlet ET
occurs from photoexcited zinc porphyrin to quinone in protein
and the forward rate constant is estimated to be 1.1 3 109 s21

from the following equation: kET = 1/t1 – 1/t2, where t1 and t2
represent the fluorescence lifetime of rMb(14) and rMb(15).
The result obtained indicates that the myoglobin reconstituted
with synthetic zinc porphyrin is a suitable photodonor. Thus, we
have taken a new approach to construct a noncovalently linked
protein-acceptor model as shown in the following section.

5.2 Artificial recognition between reconstituted myoglobin
and methyl viologen
According to the X-ray crystal structure analysis and a series of
kinetic studies on cytochrome c receptors, it is found that the
binding sites of cytochrome c on the surface of the receptor
protein consist of several anionic residues forming special pairs
with a few specific lysines of cytochrome c.6 On the basis of this
concept, we have designed the novel zinc myoglobin rMb(16)
having a negative recognition site for positively charged
electron acceptors such as methyl viologen dication (18), as
shown in Scheme 1.23 Artificial prosthetic group, zinc porphy-
rin 16, which has eight carboxylates at the terminal of 6- and
7-propionates of mesoporphyrin, was easily inserted into horse
heart apomyoglobin by routine methodology. The stability of
the myoglobin obtained rMb(16) was similar to that of the
reference protein rMb(17) reconstituted with mesoporphyrin
zinc complex 17, and both characteristic visible absorption

Scheme 1
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spectra and CD spectra were comparable. These features
indicate that serious structural changes of the reconstituted
protein do not result from the insertion of artificial porphyrin 16
into apomyoglobin.

A study of the fluorescence quenching of rMb(16) by 18 was
monitored at 580 and 635 nm wavelengths in different solvent
conditions. The Stern–Volmer plots in Fig. 8 show that there is
static quenching in a low concentration of quencher 18 ( < 6 3
1023 m). Furthermore, efficient quenching is found at high pH
and/or low ionic strength. In contrast, no fluorescence quench-
ing of rMb(17) was observed upon addition of 18 ( < 1022 m).
These results indicate the ground-state complexation between
rMb(16) and 18 via electrostatic recognition as shown in
Scheme 2, in which donor and acceptor are separated by an
edge-to-edge distance of 13–17 Å based on CPK models.

5.3 Singlet ET between reconstituted myoglobin and
methyl viologen
The measurement of fluorescence lifetime of rMb(16) and
rMb(17) gave a monoexponential curve with a lifetime of 2.0 ±
0.1 ns, whereas, in the presence of 18, fluorescence decay of
rMb(16) exhibits a biphasic curve expressed by two lifetimes as
shown in Fig. 9; tL = 2.0 ± 0.1 and tS = 0.4 ± 0.1 ns,
respectively. The longer and shorter lived components of the
decay curve are assignable to free rMb(16) and the rMb(16)·18
complex, respectively, and the relative contribution of the
shorter one, tS, increases with increasing concentration of 18,
which also supports the stable complexation between rMb(16)
and 18 during the ET process. From the lifetime results the rate
constant of forward singlet ET (ket

S) from photoexcited rMb(16)
to 18 is 2.1 3 109 s21 derived as ket

S = 1/tS – 1/tL.

Transient absorption spectra of rMb(16) in the presence of 18
were monitored by a streak camera after a 50 ps, 532 nm laser
flash. A strong absorption band centred at 455 nm can be
assigned to the superposition of excited singlet and triplet states
and cation radical species of zinc porphyrin in myoglobin.
These data support direct evidence of ET from rMb(16) to 18
and can lead to the kinetic analysis of the intermediate species;
the charge recombination of cation radical species was directly
monitored with a rate constant of kcr = 3.3 3 108 s21.24

In contrast, the transient absorption spectra for rMb(17) in the
presence of 18 show no clear decay of absorption in the same
time range. According to the previous literature,25 the photo-
induced ET from triplet state of zinc myoglobin to 18 is
diffusion controlled, whereas no such singlet ET reaction has
been reported for zinc myoglobin. To our knowledge, the
present work is the first example of a singlet ET between zinc
myoglobin and electron acceptor via intermolecular interaction.
Our results suggest that fast and/or efficient ET in biological
systems is regulated by specific binding sites. At present, we are
preparing a new myoglobin reconstituted with zinc porphyrin,
having a different type of interface at the propionate terminus to
compare the binding mode of 18 with rMb(16). Recent work
shows that rMb(16) with eight carboxylate groups as an
interface is one of the best receptors for 18, thus, the degree of
localization of anionic charges on the surface of protein should
be quite important for the recognition of 18 in aqueous
solution.26

5.4 Future directions: protein–protein complexation
One of our aims is to construct artificial systems where
reconstituted myoglobin interacts with redox protein such as
cytochrome c in order to elucidate the recognition event at a
molecular level. Upon the binding of methyl viologen with the
present reconstituted myoglobin, the recognition behaviour
should be attributable to point-to-point interaction by use of
electrostatic forces. In contrast, it is expected that the essential
feature of protein–protein complexation might depend on face-
to-face recognition mode with multipoint interaction. There-
fore, considering the design of an artificial protein–protein
complex, it is necessary to note the distribution of special
residues which play a binding-domain role with partner protein.
Although clear evidence of the interaction between rMb(16) and
cytochrome c has never been obtained by spectroscopic
measurements, we have recently found a new myoglobin
rMb(19) which has sufficient affinity for cytochrome c.27

Functional groups of 19, which are designed to match the
position of particular lysines in cytochrome c, are slightly
different from those of 16. We will report the novel protein–
protein complex and its ET behaviour within the specific
interaction in the near future. It is likely that the reconstituted
myoglobins such as rMb(16) or rMb(19) are good probes to

Fig. 8 Stern–Volmer plots for the fluorescence quenching of porphyrin
rMb(16) and rMb(17) in the presence of 18 at various pH at 25 °C. The solid
and dashed lines correspond to the data obtained in 10 and 100 mm
phosphate buffers, respectively. rMb(16): pH = 5.76 (“), pH = 6.10 (-),
pH = 6.41 (2), pH = 7.08 (~ ), pH = 7.00 (+). [rMb(16)] = 1026 m.
rMb(17): pH = 7.00 (5). [rMb(17)] = 1026 m. The changes of
fluorescence emission were monitored at 584 nm (lex = 543 nm).

Scheme 2

Fig. 9 Fluorescence decay profiles obtained from rMb(16) solution in the
presence of 18 at room temperature in pH 7.0, 10 mm phosphate buffer with
excitation wavelength at 543 nm. [rMb(16)] = 2.8 3 1026 m and [18] = 1.4
3 1022 m. tS = 0.4 ns (AS = 0.76), tL = 1.8 ns (AL = 0.24).
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investigate the binding sites of partner protein and gating
mechanism in ET processes.18,19

Another recent model of ET in nature is the construction of
multicomponent systems in artificial bilayers to mimic the
mitochondrial membrane. Recently, Groves and co-workers
have reported an elegant model where electron moves from the
membrane spanning MnII porphyrin to cytochrome c via
trianionic zinc porphyrin which is located on the surface of the
membrane and designed to match the binding site of cytoch-
rome c.28 Spectral titrations of the cytochrome c to the 20–21
vesicular complex show the formation of a 1 : 1 adduct with a
binding constant of 5 3 106 m21. Electron transfer rate from
MnII porphyrin in the 20-DPPC/DMPC vesicle to cytochrome c
was found to be first order and independent of the length of the
imidazole tail of 21 with a rate constant of 103 s21, however, the
rate obtained in the shorter DLPC lipid was ten times faster than
that observed in DPPC/DMPC vesicles. These results support
the stable 20–21–cytochrome c ternary complexation and
electron transfer via multiple pathway in the membrane
ensembles. This research is one of the new approaches to the
construction of nanoscale charge-separation systems to eluci-
date the ET mechanism of cytochrome c as a positive-charge
membrane protein.

6 Conclusion

It is well-known that molecular recognition processes are
important in biological systems, such as enzymatic reactions,
transportation, regulation etc., as protein interfaces are fre-
quently composed of intermolecular salts bridges, hydrogen
bonds as well as extensive hydrophobic surface contacts. ET is
also controlled by molecular recognition between the oxidor-
eductase and the electron carrier, which gives rise to efficient
binding in the respiratory systems, although the mechanism is
not clear. This has stimulated a variety of studies, especially on
intermolecular ET process by use of noncovalently linked
donor–acceptor models. In this review, we indicated new
approaches to systems based on noncovalently linked donor–
acceptor pairs as an ET model, focused on the molecular
recognition of electron carriers; one is the specific receptor for
quinones by multifunctional porphyrin and another is the
reconstituted zinc myoglobins having the anionic interface for
viologen dication and cytochrome c. It is reasonable to think
that both of them could be widely useful for the elucidation of
ET mechanisms, thanks to the following advantages: (i) they

link recognition behaviour with ET process and (ii) it is possible
to monitor the stable charge-separation species in each model
by spectroscopic measurements. The methodology of the
construction of the noncovalently linked donor-acceptor pairs
as simple models might provide a new insight into the
complicated biological ET process.
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