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Electron transfer (ET) reactions are fundamental to
numerous important biological processes such as respiration,
photosynthesis, and redox reactions of intermediary metab-
olism. In these systems, interprotein ET reactions are regu-
lated by a specific interaction between two redox proteins. A
unique charge distribution on the protein surface is respon-
sible for this recognition. For example, cytochrome c, an
electron carrier between complexes III and IV of the respi-
ratory chain, has several highly conserved lysine residues
surrounding the slightly exposed heme edge, while redox
partners have a recognition domain consisting of anionic
residues with the same topological symmetry as the lysine

Experimental Section

The alkylation in the presence of (P)-(�)-2 with �0.13 % ee is representa-
tive (Table 1, entry 5). The ee value of 2 was determined by comparison of
its specific rotation ([a]28

D ��4.88 (c� 1.68, CHCl3)) with that of an
enantiomerically pure sample (lit. [16] [a]20

D ��37078 (c� 0.082, CHCl3)).
A solution of iPr2Zn in toluene (1m, 0.15 mL) was added dropwise over a
period of 30 min at 0 8C to a solution of aldehyde 1 (9.4 mg, 0.05 mmol) and
(P)-(�)-2 (36.9 mg, 0.11 mmol) in toluene (2.5 mL). After the mixture was
stirred for 16 h, toluene (0.8 mL), a solution of iPr2Zn in toluene (1m,
0.48 mL), and aldehyde 1 (37.6 mg, 0.2 mmol) in toluene (1.5 mL) were
added successively. After 7 h, toluene (4.7 mL), a solution of iPr2Zn in
toluene (1m, 1.92 mL), and aldehyde 1 (151 mg, 0.8 mmol) in toluene
(2 mL) were added, and the mixture was stirred for an additional 16 h. The
reaction was quenched by the addition of hydrochloric acid (1m, 5 mL), and
made alkaline by the addition of saturated aqueous sodium bicarbonate
(15 mL). The mixture was filtered through celite, and the separated
aqueous layer was extracted with ethyl acetate. The combined organic
layers were dried over sodium sulfate and concentrated. Purification of the
residue by thin-layer chromatography on silica gel (developing solvent:
hexane/ethyl acetate 2:1) gave pyrimidyl alkanol 4 (215 mg, 88%). The ee
value was determined to be 56% by HPLC analysis using a chiral stationary
phase (Daicel Chiralcel OD).
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residues of cytochrome c. A series of studies utilizing muta-
genesis, kinetics, X-ray crystal-structure analysis, and compu-
tational docking show that the electrostatic interaction
between charged patches on each protein surface guides
them to an optimal orientation of the reactant complex for
facile ET.[1±4] Over the last decade, a large number of synthetic
models have been developed to elucidate the factors that
determine the biological ET reaction rate; however, ET
model studies on the interfacial recognition of interprotein
ET reactions are largely unknown.[5±7]

Herein we report on an interprotein ET reaction regulated
by artificial recognition interfaces between cytochrome c and
a series of reconstituted myoglobins (rMbs). Recently, we
reported on rMb(1), having a functionalized zinc porphyrin 1
as a prosthetic group, which can form a protein ± protein
complex with cytochrome c through electrostatic interactions
as shown in Scheme 1.[7] The cytochrome c recognition unit

Scheme 1. Preparation of a reconstituted myoglobin bearing a cytochro-
me c receptor and the formation of a protein ± protein complex with
cytochrome c.

introduced on the myoglobin (Mb) surface has a total of eight
carboxylates around two rigid and hydrophobic benzene rings
at the terminal of the heme propionates. On this surface the
negative charges should spread over approximately 15 �2 to
match the situation in the lysine residues in the binding
domain of cytochrome c. We found that rMb(1) works as an
artificial ET protein, which efficiently photochemically re-
duces cytochrome c by forming the stable protein ± protein
complex. The facile construction of various recognition
interfaces on the protein surface might provide a novel ET
model which can be used to systematically understand the role
of recognition interfaces in interprotein ET reaction.

Based on rMb(1), we designed the zinc myoglobins rMb(2)
and rMb(3) which are a new type of cytochrome c receptor.
Zinc porphyrins 1 and 2, with the same number of carbox-
ylates, differ in the flexibility of the attached receptor units.
Zinc porphyrin 3 has four carboxylates, which provide a
control for probing the charge number required for cytochro-
me c recognition. Zinc porphyrins 1 ± 3 were synthesized
according to the reported procedure, and then incorporated
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into apoMb.[7] The resultant species rMb(1) ± rMb(3) were
purified on cation-exchange and gel columns. Similarly, a
native zinc myoglobin, rMb(4) with the protoporphyrin zinc
complex 4 was prepared as a reference protein. The UV/Vis
spectra of rMb(1) ± rMb(3) are virtually identical to that of
rMb(4) (see Experimental Section).

Binding features and interprotein ET between cytochro-
me c and rMb(1) ± rMb(4) were investigated using flash
photolysis analysis. The excitation by laser of the porphyrin
p system produces a triplet excited state of rMb(1) ± rMb(4),
3rMb(1) ± 3rMb(4), with intersystem crossing. The natural
decay of 3rMb(1) ± 3rMb(4), a return to the ground state, was
studied by monitoring the absorbance at 460 nm which
corresponds to the transient absorbance difference between
3rMb and rMb (Figure 1 a). In the absence of cytochrome c,
the decay profiles of 3rMb(1) ± 3rMb(3), have single exponen-

Figure 1. a) Triplet decay traces for rMb(2) in the absence (trace A) and
presence (trace B) of cytochrome c. b) Transient absorption for the ET
intermediate of rMb(2) under the same conditions as for trace B.
Conditions: Phosphate buffer (m� 10 mm, pH 7.0), 293 K; [rMb(2)]�
3.8� 10ÿ6m ; [cytochrome c]� 1.0� 10ÿ6m.
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tial functions with kD� 59� 1 sÿ1, which is identical to the
value observed for 3rMb(4). Adding cytochrome c(iii) to
solutions containing rMb resulted in a dramatic acceleration
of the decay rate of 3rMb with a single exponential remained.
In contrast to that, no acceleration was observed upon
addition of cytochrome c(ii), which indicates that the quench-
ing is the result of an ET reaction from rMb to cytochrome
c(iii). Furthermore, the appearance and disappearance of ET
intermediates as well as of the zinc porphyrin cation radical of
rMb and cytochrome c(ii), were observed at 680 nm (Fig-
ure 1 b) and 550 nm, respectively. The observed decay rate
constants (kobs) of 3rMb(1) ± 3rMb(4) are plotted for the
concentration of cytochrome c(iii) in Figure 2. The quenching

Figure 2. Decay rate of the triplet state of rMb(1) ± rMb(4) as a function of
cytochrome c concentration, in phosphate buffer at pH 7.0 and 293 K. ~�
rMb(1); *� rMb(2); &� rMb(3); *� rMb(4). The initial concentration of
rMb is 4.3� 10ÿ6m, the lines are fitting curves and the ionic strengths are
10 mm (solid line) and 20 mm (dashed line).

of 3rMb(3) and 3rMb(4) is enhanced linearly with the
concentration of cytochrome c(iii). This linearity is consistent
with the simple collisional quenching mechanism, which does
not necessarily require the existence of a stable protein ±
protein complex. In this case, the triplet quenching rate (kq)
is given by [Eq (1)], where C represents the concentration

kobs � kD�kq C (1)

of cytochrome c(iii). From the fitting of the slope by [Eq (1)],
the values of kq are determined to be (2.2� 0.2)� 106mÿ1 sÿ1

and (8.0� 0.3)� 105mÿ1 sÿ1 for rMb(3) and rMb(4), respec-
tively.[8] The kq of rMb(3) is 2.8-fold faster than that observed
for native rMb(4), which clearly indicates that the artificially
introduced anionic recognition unit can serve as an attractive
interaction site for cytochrome c. However, the charge
introduced to rMb(3) is not enough to make a stable complex
with cytochrome c through electrostatic interactions. On the
other hand, 3rMb(1) and 3rMb(2) were very efficiently
quenched by cytochrome c(iii). The quenching rates increase

nonlinearly with the concentration of cytochrome c(iii) and
level off at higher concentrations. This saturation can be
accounted for by a quenching mechanism involving a fast
equilibrium between the complex and its components. The
electron transfer rate within the intracomplex ET (kintra) and
binding affinity (Ka) between cytochrome c and rMb are
given by [Eq (2)], where f and M represent the fraction of

kobs� kD�kintraf

�kD� kintra[M�C� 1/Kaÿ {(M�C � 1/Ka)2ÿ 4MC}1/2]/2M (2)

complexed rMb and the total concentration of rMb, respec-
tively. The experimental data at 10 and 20 mm ionic strength
were fitted to [Eq (2)] by an iterative, nonlinear least-squares
routine to yield a rate constant for intracomplex ET and
binding affinities between cytochrome c(iii) and rMb(1), and
between cytochrome c(iii) and rMb(2). The values of Ka and
kintra are summarized in Table 1. The binding affinities of

rMb(2) are 2.1- and 1.8-fold smaller than those of rMb(1) at
10 mm and 20 mm ionic strength, respectively. This difference
in the affinities for cytochrome c (DDG� 1.8 and
1.4 kcal molÿ1 at 10 and 20 mm ionic strength, respectively)
arises from the difference in flexibility of recognition inter-
faces between rMb(1) and rMb(2). In contrast, kintra was
greater for rMb(2) than for rMb(1).

Previous NMR spectroscopic studies revealed that the rMb
recognizes the same region of cytochrome c that its physio-
logical partners do.[7, 9] In the docking complex of the rMb and
cytochrome c, therefore, the heme of cytochrome c is expect-
ed to be in the vicinity of the recognition units. This
expectation is also supported by a small difference between
the binding constants observed for rMb(1) and rMb(2).
Accordingly the ET rates should not be greatly altered, even
though the additional methylene groups of 2 could slightly
decrease the electron coupling and the ETrate. However, kintra

for rMb(2) is 2.2-fold larger than that observed for rMb(1).
This result may be because the interface of the rMb(2) ± cy-
tochrome c complex is more flexible than that of rMb(1). This
difference cannot be explained simply from the static
structural viewpoint.

Recent discussion on ET reactions has pointed out that the
observed ETrate is not a real ETrate constant when the redox
reaction is controlled by a non-ET process.[10c, 11] If a protein ±
protein complex is undergoing interconversion between
several conformational forms, then this process influences
the observed ET rate constant. In fact, a protein ± protein
complex often adopts multiple conformational states. In some
cases it has been reported that an interprotein ET reaction is

Table 1. The ET rate constants and binding constants between rMb and
cytochrome c.[a]

Ionic strength kintra� 10ÿ3 [sÿ1] Ka� 10ÿ4 [mÿ1]

rMb(1) m� 10 mm 2.2� 0.1 6.5� 0.3
m� 20 mm 2.2� 0.1 1.5� 0.6

rMb(2) m� 10 mm 4.8� 0.2 3.1� 0.2
m� 20 mm 4.8� 0.2 0.83� 0.1

[a] All data were obtained at 293 K in phosphate buffer, pH 7.0.
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regulated by configurational rearrangement in the com-
plex.[10, 12, 13] These considerations lead us to one possible
interpretation for the observed data: the rMb ± cytochrome c
complex exists in several conformational states. The most
stable conformation, which contributes the most to the
apparent binding constant, is not the most reactive confor-
mation. The interfacial dynamics within the complex induce
the most reactive conformation for ET, for example, with the
heme of cytochrome c and the recognition units in contact.
The more flexible recognition interface in the rMb(2) ± cyto-
chrome c complex facilitates this rearrangement. As a con-
sequence, an apparent ET rate in the rMb(2) ± cytochrome c
system is faster than that of the rMb(1) ± cytochrome c
complex. At the moment, however, we do not exclude other
possibilities. Further work will be done to reveal the detail
mechanism of the ET reaction.

In summary, we have designed and constructed a novel
synthetic model of interprotein ET to evaluate the importance
of protein ± protein recognition at a molecular level. Binding
properties and overall ET rates observed for rMb(1) and
rMb(2) clearly demonstrate the importance of the interfacial
dynamic feature of the interprotein ET reaction. Although
recently temperature and viscosity dependence of interpro-
tein ET revealed that the ET reaction can be regulated by
configurational changes,[12, 13] to our knowledge this is the first
study that directly shows the control of the interprotein ET
reaction by the flexibility of the recognition interface. More-
over, the data presented here show that a strict recognition
does not necessarily result in efficient ET, although a proper
recognition domain is required for an interprotein ET
reaction.

Experimental Section

Preparation of reconstituted myoglobins. ApoMb was prepared from horse
heart metMb (Sigma) by Teale�s 2-butanone method.[14] The solution of
apoMb (0.4 mm) was mixed with 2 or 3 (1.0 equiv) and allowed to stand
over 12 h at 4 8C. The mixture was passed through Sephadex G-25 and CM-
cellulose columns; rMb(1): UV/Vis (phosphate buffer, pH 7.0) (lmax [nm]
(relative intensity)): 428 nm (1.0), 555 (0.065), 595 (0.051); rMb(2): UV/Vis
(phosphate buffer, pH 7.0) (lmax [nm] (relative intensity)): 428 (1.0), 555
(0.056), 595 (0.044); rMb(3): UV/Vis (phosphate buffer, pH 7.0) (lmax [nm]
(relative intensity)): 428 (1.0), 555 (0.061), 595 (0.051); rMb(4): UV/Vis
(phosphate buffer, pH 7.0) (lmax [nm] (relative intensity)): 428 (1.0), 555
(0.065), 595 (0.051). Further preparative and analytical data can be found in
the Supporting Information.

Laser flash photolysis studies: the nanosecond laser photolysis studies were
carried out with a Q-switched Nd:YAG laser, which delivered 6-ns pulses at
532 nm. The incident energy was about 10 mJ. The probe source was a
continuous 150-W xenon arc lamp passed through a monochrometer.
Signals were detected in transmission using a photo multiplier (Hamamatsu
Photonics, R2949) and the transient signals were digitized using Tektronix
TDS 320 oscilloscope. Signals were averaged 1000 to 5120 times. The data
were transferred to a NEC PC9821Ae computer for further data analysis.
No smoothing artifact affected the results of the data analysis. The sample
solution containing Mb and cytochrome c (horse heart, Sigma) in a 10-mm
quartz cell was prepared in a glove box. The rMb concentration was about
3.8 ± 4.3� 10ÿ6m. The temperature was maintained at 293 K using a
NESLAB circulation system.
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