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Abstract

Modified prosthetic metalloporphyrin, having a total of eight carboxylate groups at the
terminal of two peripheral propionate side chains, was inserted into apomyoglobin to yield
a new reconstituted myoglobin. The cluster of substituted carboxylates acts as the binding
domain for cationic compounds such as methyl viologen and cytochrome c¢. Fluorescence
spectroscopic analysis indicates that the reconstituted myoglobin formed a stable complex
with methyl viologen and photoinduced singlet electron transfer (ET) occurred within the
complex; ko =2.1 x 10° s~ ! and k., = 3.3 x 103 s~ !. Cytochrome ¢ with a positively charged
domain also interacted with the reconstituted myoglobin with an association constant of
6.5 x 10* M~!. The photoinduced triplet ET from the zinc reconstituted myoglobin to
ferricytochrome ¢ occurred through diprotein complex with a rate constant of 2.2 x 103 s~ 1,
Furthermore, compared to native myoglobin, the ferryl state of the reconstituted myoglobin
generated by hydrogen peroxide revealed the peroxidase activity with the acceleration of the
oxidation of ferrocytochrome ¢ via complex formation. The present approach could be very
useful for constructing practical protein—protein complex systems to elucidate the biological
ET via noncovalently linked biomolecules. © 1999 Elsevier Science S.A. All rights reserved.

Keywords: Reconstituted myoglobin; Molecular recognition; Cytochrome ¢; Methyl viologen; Electron
transfer; Peroxidase activity

1. Introduction

Electron transfer (ET) reactions in metalloprotein assembly are crucial to a wide
range of enzymatic processes in both photosynthesis and respiratory oxidative
phosphorylation. In these systems, there are several elaborate ET cascades, where
electrons are transferred within protein—protein or protein—cofactor complex
formed by specific interaction. In the last decade, it has been well known that the
metalloproteins have a unique binding domain on the protein surface and recognize
their redox partners [1]. For example, cytochrome ¢, which is a mobile heme protein
with highly positive charge due to a total of 19 lysine amino groups, is located in
mitochondria in order to shuttle between several oxidoreductases such as the
cytochrome bc; complex, cytochrome oxidase, cytochrome bs;, and transfer an
electron. Recent work focusing on the binding behavior of cytochrome ¢ indicates
that special lysine amino groups on the front of the heme pocket act as a cationic
binding site for an anionic receptor domain of the redox partners. In fact, the X-ray
crystal structure of cytochrome ¢ oxidase suggests that there are several acidic
amino acids located in the cytochrome c¢ binding sites [2]. Therefore, it is of
particular interest to demonstrate the importance of protein—protein or protein—co-
factor recognition in a long-range ET process by use of a highly ordered
supramolecular model system in conjunction with a native protein system.

Recently, we have reported a new approach to the construction of an anionic
binding domain on the surface of myoglobin by use of the reconstitutional
technique with a functionalized heme [3], which enabled us to obtain the electro-
static self-associated complex between the reconstituted myoglobin and methyl
viologen or cytochrome ¢ based on electrostatic interaction. In this review, we wish
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to present new ET systems in the self-associated complexes through molecular
recognition events on the protein surface.

2. New strategy for the construction of binding domains on the protein surface

Myoglobin is an oxygen storage protein and is well characterized in terms of
both primary and tertiary structures, in which protoporphyrin IX iron complex
(heme) as a prosthetic group contacts the peptide matrix of the protein via multiple
weak interactions. One of the significant characteristics is that the native prosthetic
group can be replaced with an artificial metalloporphyrin by the usual reconstitu-
tional techniques [4]. Thus, a reconstituted myoglobin is easily obtained by the
insertion of a heme analog into apomyoglobin as shown in Scheme 1. In the last
decade, we have studied the structure and reactivity of a myoglobin reconstituted
with the synthetic hemin conjugated with several functional groups at the terminal
of peripheral propionate side chain through an amide linkage [5]. The observation
indicated that the replacement of a propionate in the hemin with a propionamide
has no serious effect on the structure and stability of the protein.

This information encouraged us to construct a cytochrome c¢ receptor by a
myoglobin reconstituted with a synthetic porphyrin. To mimic the oxidoreductase
as a partner of cytochrome ¢, we have recently prepared the synthetic porphyrin
having multiple anionic charged functions at the terminal of two propionates and
inserted it into apomyoglobin to yield the functionalized myoglobin. One of the
principal advantages in this method is that a specific interface can be localized on
the protein surface. Here, we will demonstrate an artificial protein—cofactor and
protein—protein interactions by use of the reconstitution strategy.

3. Complex formation between zinc myoglobin and methyl viologen

3.1. Binding of methyl viologen to the artificial domain of the myoglobin surface
In the first stage, we have prepared a reconstituted myoglobin, rMb(1-Zn), and

monitored the interaction with methyl viologen dication (MV) as shown in Scheme
1 [6]. Zinc porphyrin 1 has a total of eight carboxylates bound to the terminal of

native heme artilicial heme
—

rative myoglobin apomyoglobin reconstituted myoglobin

Scheme 1.
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Fig. 1. Fluorescence spectral changes upon addition of 0-500 equivalents of MV to rMb(1-Zn) solution
(2.0 x 10~° M) in pH 7.0, 10 mM phosphate buffer at 25°C; excitation at 543 nm.

two peripheral propionate side chains. The reconstitution from 1:Zn and
apomyoglobin proceeded smoothly. The characteristic visible absorption and CD
spectra of the reconstituted protein were similar to those of reference protein
rMb(2:Zn) reconstituted with mesoporphyrin zinc complex (2-Zn), suggesting that
the artificial prosthetic group was inserted into the normal position of the heme
pocket. Furthermore, the isoelectric point of rMb(1-Zn) was determined to be
5.6 £0.2, which is about 1.3 pH units lower than that of rMb(2:Zn). Thus, the
reconstituted myoglobin converts neutral protein to the acidic protein due to the
substitution of eight carboxylates at the terminal of peripheral propionates.

Fig. 1 reveals that fluorescence emission at 580 and 635 nm from the zinc
porphyrin in rMb(1-Zn) was quenched upon addition of MV. Stern—Volmer
plots in Fig. 2 indicate that static quenching is observed at lower concentration
of MV ([MV]<0.01 M) in phosphate buffer (10 mM, pH 7.0). Thus, the static
quenching occurs due to photoinduced singlet ET from rMb(1:Zn) to MV at
lower concentrations of MV. Furthermore, the quenching efficiency increased
with the increase of pH value and decreased with the increase of ionic strength,
suggesting that rMb(1-Zn) associates with MV through the artificial carboxylate
interface. In contrast, fluorescence from 2-Zn in the protein was not quenched
even at a MV concentration of 0.01 M. These results indicate that the ground-
state complex between rMb(1-Zn) and MV is formed by electrostatic interaction
as shown in Scheme 2.
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Fig. 2. Stern—Volmer plots for the fluorescence quenching of zinc porphyrin in the myoglobin upon
addition of MV at 10 mM phosphate buffer at 25°C. The solid lines correspond to the data obtained in
rMb(1-Zn): pH 5.8 (V); pH 6.1 (W); pH 6.4 (O); pH 7.1 (¢). [TMb(1-Zn)] = 10 — ¢ M. The dashed lines
correspond to the data obtained in rMb(2-Zn): pH 7.0 (®); rMb(3-Zn): pH 7.0 (V¥); tMb(4-Zn): pH 7.0
(A). [TMb(2-Zn)] = [rMb(3-Zn)] = [rMb(4-Zn)] = 10 ~¢ M. The changes of fluorescence emission were
monitored at 584 nm (4., = 543 nm).

3.2. Evaluation of the artificial binding domain on the protein surface

To investigate the structural basis of interfacial recognition between the reconsti-
tuted myoglobin and MV on the protein surface, we have further prepared the
reconstituted proteins rMb(3:Zn) and rMb(4-Zn) as shown in Scheme 3 [7]. Zinc

CH,CO0™
CONH-CHCOO"
CONH

artificial heme CONH'?HCOO_

- = CH,CO0™
- CHZCOO"

CONH=CHCOO™
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1+2n CONH~CHCOO™
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Scheme 2.
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porphyrins 3-Zn and 4-Zn have a total of four carboxylate groups [(2+2) and
(4 + 0) binding sites bound to the terminal of the propionate side chains]. Fig. 2
also shows the Stern—Volmer plots to compare the quenching efficiency in these
systems. Interestingly, the fluorescence emissions of rMb(3:Zn) and rMb(4-Zn) were
hardly quenched by MV. Thus, the anionic charges of the binding domain on the
surface of rMb(3-Zn) and rMb(4-Zn) is not enough to bind MV. In fact, the X-ray
crystal structure analysis of native myoglobin from horse heart suggests that there
are several cationic amino groups (Lys45, Lys63 and Lys96) located on the heme
pocket edge as shown in Fig. 3 [8], which should associate with some of the
carboxylates and inhibit the interaction between the carboxylate binding domain
and MV. Therefore, the stable complexation between the myoglobin and MV
requires the localized carboxylate cluster formed by more than four carboxylate
groups.

3.3. Photoinduced singlet ET from the zinc myoglobin to methyl viologen

Time-resolved fluorescence studies indicated that the decay profiles of rMb(1:Zn),
initially single exponential with 7 =2.0 + 0.1 ns, became biphasic upon addition of
MV; 7, =2.0 £ 0.1 and 73 = 0.4 £+ 0.1 ns, respectively. The longer and shorter lived
components of the biphasic decay curve are assignable to free rMb(1-Zn) and
rMb(1:Zn)-MV complexes, respectively. Table 1 summarizes the fluorescence
lifetimes and the relative magnitudes in different concentrations of MV. The
derived fluorescence lifetimes were independent of concentration of MV, whereas
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Fig. 3. Structure of native horse heart metmyoglobin, based on the Brayer’s coordination [8].

the fractional contribution of the shorter component, Ag, increased with the
increase of the concentration of MV, suggesting the complex formation between the
protein and MV. A rate constant of forward singlet ET was determined to be
2.1 x 10° s—!, which was derived as the following equation: k., = 1/t5 — 1/7y.
Picosecond laser flash photolysis studies by a streak camera exhibited the
characteristic transient absorption spectra of rMb(1:Zn) in the presence of excess
MYV, in which a strong absorption band centered at 455 nm can be assigned to the
superposition of excited singlet and triplet excited states and cation radical species

Table 1
Fluorescence lifetimes of rMb(1:Zn) in the presence of MV*

Concentration

rMb(1-Zn) (M) MV (M) g (ns) ¢ 7. (ns) b
3.5x10°° 0 2.0 (100%)
34x107° 2.1x10~% 0.5 (26%) 2.1 (74%)
28x10-° 1.1x1073 0.4 (50%) 2.0 (50%)
2.8x10~¢ 1.4x1072 0.4 (76%) 1.8 (24%)

4 In the aqueous phosphate buffer (10 mM) pH 7.0 at 25°C.
® Numbers in parentheses are exponential factors; Ag and A4, .
¢ Estimated errors are <0.1 ns.
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Fig. 4. Transient absorbance changes for data obtained at 447-462 nm. (a) rMb(1-Zn) and (b)
rMb(1-Zn) in the presence of MV in pH 7.0, 10 mM phosphate buffer at 25°C. [rMb(1:Zn)] = 6.0 x
10-4M, [MV]=2.7x 10~2 M.

of 1:Zn in the protein. Absorption changes observed at 447—-462 nm for rMb(1:Zn)
are shown in Fig. 4, where the clear decay was found in the presence of a large
excess of MV. In contrast, there is no time dependence of this change in the absence
of the electron acceptor MV. These data are direct evidence for singlet ET from
rMb(1-Zn) to MV. The photoinduced ET process of tMb(1:Zn)-MYV system after
laser flash is represented in Scheme 4, where the absorbance decay profile of three
transient species in the presence of MV can be fitted to the integrated form of the
following equations [9]:

d[*'"P-MV]/dt = — (1/7))[*'P-MV] (1)
T = 1(kei + kise + Kic + k¢)
d[TP-MV ~)/dt =k [*'P-MV] — (1/7,)[ TP-MV 7] (2)
7, = l/k,
d[**P-MV ~]/dt = k; [*'P-MV] (3)
AAduyy 46 =Aevrp V[*'P-MV]+Ae,, v [TP-MV ]

+ Aésp y[*P-MV] 4)

From fitting of the decay curve in Fig. 3 by use of Eq. (4), the values of 7, and 7,
can be determined as 0.31 +0.1 and 3.3+ 0.2 ns, respectively (r>=0.97). The
former value 7, is consistent with 74 determined by fluorescence lifetime measure-
ment, and this agreement demonstrates the reliability of experimental data and
evaluated value, k., =2.1 x 10° s—!. The latter value 7, indicates the degree of
charge recombination of cation radical species, thermal back ET, with a rate
constant of k., =3.3 x 108 s~ 1.
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Scheme 4.

In contrast, the transient absorption spectra for rMb(2:Zn) in the presence of
MV show no clear decay of absorption in the same time range. Although the
photoinduced ET from triplet excited state of zinc myoglobin to MV occurs
through diffusion-controlled [10], 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 within the stable complex between the zinc myoglobin and electron
acceptor.

4. Artificial diprotein complex—a reconstituted myoglobin and cytochrome ¢

4.1. Design of cytochrome c receptor by use of the reconstituted myoglobin

It is well known that the special positively charged patch formed by several
lysine groups on the edge of the cytochrome ¢ heme pocket is used for the
interaction with all of the redox partners in the mitochondrial respiratory sys-
tem. Therefore, to mimic the cytochrome ¢ receptor, we have prepared the
second-generation proteins, rMb(5-Zn) and rMb(5-Fe) having an anionic binding
interface on the protein surface as shown in Scheme 5 [11,12]. Porphyrin 5,
which has a total of eight carboxylate groups at the terminal of propionate side
chains, was synthesized from the coupling of protoporphyrin IX 6 and
5-aminoisophthalic acid derivative. The metalloporphyrins, 5:Zn and 5-Fe,
were readily inserted into apomyoglobin to give the reconstituted proteins,
rMb(5-Zn) and rMb(5-Fe), respectively. The stability and characteristic UV-
vis, CD and NMR spectra of the myoglobins were comparable to those of
the reference proteins, rMb(6-Zn) reconstituted with protoporphyrin IX
zinc complex and native Mb(6-Fe), respectively. Isoelectric focusing was carried
out for rMb(5-Fe) and native Mb(6-Fe). The isoelectric point, pl, of the meta
-quo form of rMb(5-Fe) is 5.5, which is about 2 pH units lower than that of
native Mb(6-Fe), suggesting the reconstituted myoglobin converted the neutral
protein to acidic protein due to the construction of anionic cluster as an inter-
face.
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4.2. NMR monitoring of protein—protein complexation

The binding behavior of rMb(5-Fe) and cytochrome ¢ was supported by a 'H
NMR titration experiment. The characteristic paramagnetic shifts of heme 1-CHj;,
5-CH; and 11e99 CyH of rMb(5-Fe) in the presence of CN ~ appeared at 19.2, 25.2
and — 8.0 ppm, respectively. Upon addition of ferricytochrome ¢ to the myoglobin
solution, these resonances were changed as a function of increasing concentration
of cytochrome c; particularly heme 5-CH; resonance of rMb(5-Fe) shifted upfield
(Ao = —0.4 ppm at three equivalents of cytochrome c¢). The heme 3-CH; and
8-CH,; resonances of ferricytochrome c¢ also shifted from their original positions,
whereas Met80 CeH, protons only deviated about 0.02 ppm. The direction and the
size of the shifts are similar to those seen in the titrimetric measurement by use of
cytochrome ¢ and cytochrome ¢ peroxidase [13]. Thus, the complex structure of
rMb(5-Fe) and cytochrome ¢ would be similar to that of the native complex
between cytochrome ¢ peroxidase and cytochrome ¢. The anticipated complex is
shown in Fig. 5, a computer-generated composite of the crystal structure of horse
heart metmyoglobin [8] and cytochrome ¢ [14].

4.3. Photoinduced ET from zinc myoglobin to cytochrome ¢ within the protein
complex

The photoinduced ET reactions between rMb(5-Zn) and cytochrome ¢ were
followed by monitoring the decay of the triplet excited state of the zinc porphyrin
at 460 nm. The decay in the protein with a rate constant of 59 + 1 s~ ! was almost
same as that for rMb(6:Zn) at pH 7.0. Furthermore, addition of ferrocytochrome
¢ gave no remarkable changes in the triplet decay of rMb(5:Zn). In contrast, upon
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rMb(5+Fe) cytochrome ¢

Fig. 5. Hypothetical structure of rMb(5-Fe)—cytochrome ¢ complex. The structure shown is a composite
of the crystal structure of horse heart metmyoglobin (left protein) [8] and cytochrome c¢ (right protein)
[14] that emerged from the plausible interactions between carboxylate interface in rMb(5-Fe) and special
lysine residues of cytochrome c.

addition of ferricytochrome c¢, the triplet excited state of rMb(5-Zn) was rapidly
quenched at the ionic strength of 10 or 20 mM (pH 7.0) as shown in Fig. 6,
indicating that the photoinduced ET reaction from rMb(5:Zn) to ferricytochrome ¢
occurs within the diprotein complex. The decay rate of the triplet excited state

109 \v‘.
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Fig. 6. Transient absorption changes for rMb(5-Zn) at 460 nm after laser flash. (a) Triplet decay of
rMb(5-Zn) in the presence of cytochrome c. [rMb(5-Zn)] = 4.3 x 10~ M, [cytochrome ¢]=1.6 x 107
M in 5 mM phosphate buffer at pH 7.0. (b) Triplet decay of rMb(5:Zn) in the absence of cytochrome
c. Experimental data points are represented by dots; the solid lines are fitting curves using a
single-exponential function.
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decreased with the increase of ionic strength in the presence of ferricytochrome c,
indicating that the diprotein complex was formed through electrostatic interaction.
Furthermore, two short-lived transient bands appeared at 680 and 550 nm, which
are representative of the zinc porphyrin cation radical species and ferrocytochrome
¢, respectively, as an intermediate of ET. These transient bands increased with the
decay of triplet excited states of rMb(5-Zn) and subsequently decreased in a longer
time scale through thermal back ET process.

The decay curve can be fitted by a single exponential function to give a rate constant
kopss Which is dependent on the concentration of cytochrome c¢. The binding affinity
K, and the rate constant of forward ET k., were determined by k.. kopns = ko + kot f,
where k, and f represent the rate constants of triplet-state decay in the absence of
cytochrome ¢ and the fraction of complexed rMb(5:Zn). From the curve-fitting
analysis in different concentrations of cytochrome ¢, the binding affinity and rate
constant were determined to be (6.5 +3.0) x 10* M~! and (2.24+0.1) x 10° s—!,
respectively, at 10 mM ionic strength (pH 7.0). Compared to the kinetic and binding
behavior of interprotein ET system in the previous literature [15,16], the present data
seem to be reasonable. Construction of a variety of artificial protein—protein
complexes by use of different binding domain and exploration of these interprotein
ET are in progress.

4.4. Cytochrome ¢ peroxidase activity of the reconstituted myoglobin

It is well-known that cytochrome ¢ peroxidase which catalyzes the oxidation of
ferrocytochrome ¢ has a specific binding domain on the protein surface for
cytochrome c. In 1992, Pelletier and Kraut presented the X-ray crystal structure of
the complex between yeast cytochrome ¢ peroxidase and cytochrome ¢ via electro-
static and van der Waals interaction [14]. The active site of cytochrome ¢ peroxidase
possesses the heme 6-Fe and coordinated proximal His and a water molecule as axial
ligands in the resting state, which is similar to those seen in the myoglobin, although
myoglobin lacks the special amino acid groups which support the heterolytic cleavage
of the peroxide bond and stabilize the oxoferryl species. Therefore, the present
reconstituted myoglobin, rMb(5-Fe), having high affinity for cytochrome ¢, would
indeed be expected to reveal good peroxidase activity.

Upon addition of H,0,, the ferric state of rMb(5-Fe) was readily converted to
oxoferryl state, whose characteristic absorption band was consistent with that of
compound II-like ferryl species derived from native myoglobin Mb(6-F¢). Decay of
ferrocytochrome ¢ absorbance at 550 nm in Fig. 7 indicates the catalytic oxidation
of ferrocytochrome ¢ by use of rMb(5-Fe) or Mb(6-Fe) in the presence of H,0,.
Compared to native myoglobin, the reconstituted myoglobin resulted in the acceler-
ation of the oxidation of ferrocytochrome ¢ in the presence of H,O, and the rates
increased with decrease of ionic strength. For example, the oxidation rates based on
turnover frequency are determined to be 2.1 x 10-2 s—! for rMb(5-Fe) and
3.2 x 1073 s~ ! for Mb(6-Fe), respectively, in 5 mM phosphate buffer at 20°C [17].
These results indicate that complex formation between the reconstituted myoglobin
and cytochrome ¢ accelerates the oxidation of ferrocytochrome c in a similar manner
to the cytochrome ¢ peroxidase—cytochrome ¢ complex.
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Fig. 7. Decay of ferrocytochrome ¢ (4.5 x 10~ M) catalyzed by myoglobin (1.5 x 10~ ¢ M) in the
presence of H,O, (3.6 x 10 =% M) in 5 mM phosphate buffer (pH 7.0) at 20°C. Solid line corresponds
to reconstituted myoglobin rMb(5-Fe); dashed line corresponds to native myoglobin Mb(6-Fe); dotted
line corresponds to control experiment in the absence of myoglobin. The decay was monitored at 550
nm.

5. Conclusions

Over the last decade, there has been a large body of literature exploring the
modification of hemoprotein by use of the site-directed mutagenic approach or
nonselective chemical modification of amino acid residue of the protein. However,
to date, the studies aimed at the functionalization of the protein based on heme
modification have been quite limited [18,19]. The achievement of such a stable
diprotein complex formed by electrostatic interaction may thus serve as a new way
for the future design of artificial protein—protein complexes, which will provide
insights into the biological mechanism of interfacial recognition and reaction
through the protein surface.
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