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ARTICLE INFO ABSTRACT

Electron transfer (ET) events occurring within metalloprotein complexes are among the most important classes
of reactions in biological systems. This report describes a photoinduced electron transfer between Zn porphyrin
and Fe porphyrin within a supramolecular cytochrome bsey (Cyt bsgo) co-assembly or heterodimer with a well-
defined rigid structure formed by a metalloporphyrin-heme pocket interaction and a hydrogen-bond network at
the protein interface. The photoinduced charge separation (CS: kgs = 320-600s~ 1) and subsequent charge re-
combination (CR: kcg = 580-930 s~ 1) were observed in both the Cyt bse, co-assembly and the heterodimer. In
contrast, interestingly, no ET events were observed in a system comprised of a flexible and structurally-un-
defined co-assembly and heterodimers which lack the key hydrogen-bond interaction at the protein interface.
Moreover, analysis of the kinetic constants of CS and CR of the heterodimer using the Marcus equation suggests
that a single-step ET reaction occurs in the system. These findings provide strong support that the rigid he-
moprotein-assembling system containing an appropriate hydrogen-bond network at the protein interface is es-
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sential for monitoring the ET reaction.

1. Introduction

The biochemical processes of respiration and photosynthesis both
include numerous precise electron transfer (ET) processes mediated by
many metalloproteins and cofactors [1-4]. It is of particular interest
that proteins provide a suitable medium to achieve efficient ET reac-
tions over distances as long as 15 A because protein matrices provide
efficient electronic coupling and low reorganization energy [3]. These
long-range ET reactions via protein matrices are often found in natural
protein complexes as well as artificially constructed systems containing
two or more redox-active sites [2,3,5-10]. Generally, the kinetic con-
stants of electron tunneling depend on the electron donor—acceptor
distances [2,3,11,12]. The distance decay constant (f3) of electron tun-
neling in a protein is usually within the range of 1.0-1.3 A~ which is a
much smaller range relative to tunneling ranges measured in aqueous
solution. Long-range ET reactions with donor-acceptor distances > 25
A in a protein are rare, with the exception of multistep electron hop-
ping through intermediate redox-active aromatic residues (e.g. Trp,
Tyr, Phe) [6-8] and/or other redox-active molecules [4,9]. Therefore, a
single-step and long range ET reaction requires a suitable protein

scaffold and/or an appropriate protein-protein interface to achieve
efficient electronic coupling for an interprotein ET. Particularly, in the
latter case, we recognized that an artificial metalloprotein complex or
assembly would provide a useful tool to understand such long range ET
processes within a unique protein—protein complex. Over the last two
decades, functional modeling efforts using engineered metalloprotein
complexes have been successful in elucidating the mechanisms of the
ET events [13-17]. In this respect, recent investigations of artificial
metalloprotein assemblies independently reported by several groups
[18,19] are expected to contribute to the creation of new classes of ET
systems. Most of these previous investigations employed supramole-
cular self-assemblies of protein units which were formed via co-
ordination-bonding interactions to achieve thermodynamically stable
assemblies containing metal ions as potent redox-active moieties
[16,20-23]. However, demonstrations of ET events occurring within
these metalloprotein assemblies have been quite limited thus far.
Hemoproteins are redox-active metalloproteins and represent at-
tractive candidates for investigations of ET reactions because heme (Fe
protoporphyrin IX, FeP) can act as a ubiquitous electron donor or ac-
ceptor. Our group has recently prepared supramolecular hemoprotein
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Fig. 1. Preparation of three Cyt bse, assemblies based on the Cyt bsg> mutants N80C, R98A/N80C, and D73A/N80C.

assemblies where an iron protoporphyrin IX (FeP) analog is covalently
attached to the surface of a monomeric hemoprotein unit [24,25]. In
one previous example, FeP or zinc protoporphyrin IX (ZnP) with a
maleimide moiety at one of the propionate side chains was linked to the
engineered cysteine residue of the H63C mutant of cytochrome bses
(Cyt bse2) to generate an artificial cofactor-linked Cyt bsgp. This en-
gineered and modified hemoprotein enables us to provide Cyt bse, as-
semblies via the cofactor-heme pocket interaction [26-29] Since Cyt
bse> is known to be an ET protein with a relatively simple structure
formed by four a-helix bundles [30], the modified hemoprotein is ex-
pected to provide a potent building block for constructing ET models.
Furthermore, we have recently prepared a Cyt bsg, assembly using a
single mutant, N80C, where the artificial metalloporphyrin is attached
to the protein surface at the 80th residue [27]. This provides a struc-
turally-defined assembly via the hydrogen-bond (H-bond) interaction
between the protein interfaces as a secondary interaction (Fig. 1). The
fibrous and periodic helical structure in solution was characterized by
atomic force microscopy (AFM) measurements, indicating a helix with a
3-nm pitch. A circular dichroism (CD) spectrum of this protein shows a
split-type Cotton effect in the range of 390-450 nm due to the fixed
orientation of the FeP molecules. Confirmation of the fine structure was
also supported by the results of a molecular dynamics (MD) simulation
validated by mutation experiments. A mutant, D73A/N80C, was gen-
erated to provide a flexible assembly due to absence of the H-bond
network between the proteins. The flexible nature of the D73A/N80C
mutant assembly was confirmed by AFM and the absence of the split-
type Cotton effect in the CD spectrum. Furthermore, the CD spectrum of
the modified R98A/N80C assembly was found to exhibit an incomplete
split-type Cotton effect, indicating that a semi-rigid (or semi-flexible)
structure is provided by the weakened H-bond network (Fig. 1) [31].
Therefore, a series of three Cyt bsg» assemblies with variable con-
formational flexibility is now available for ET studies.

Over the past two decades, several investigations of ET systems
using Zn porphyrin have been conducted using synthetic molecules
[32-36] and hemoprotein complexes [13-15,17,37-40]. In the latter
case, Zn-substituted hemoprotein complexes have been investigated
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including: complexes of cytochrome c/Zn-substituted cytochrome c
peroxidase, cytochrome bs/Zn-substituted myoglobin, Zn-substituted a-
hemoglobin, Zn-cofactor-reconstituted myoglobin/cytochrome c, and a
co-crystal of cytochrome c/Zn-substituted cytochrome c¢ where ferric
heme is reduced by a photoexcited Zn porphyrin [13-15,17,37-39]. In
contrast, in the present work, we report an investigation of photo-
induced ET in the N80C-based Cyt bsg, co-assemblies containing the
FeP and the ZnP artificial cofactor on the proteins (Fig. 2a). Further-
more, the photoinduced ET events are also investigated in a simple
system using six different N80C-based Cyt bsg, heterodimers (Fe-Zn
dimers and Zn-Fe dimers; Fig. 2b).

2. Experimental procedures
2.1. Materials and methods

ESI-TOF MS analyses were performed with a Bruker Daltonics
micrOTOF II mass spectrometer. UV-vis spectra were measured with a
Simadzu UV-3150 or UV-2550 double-beam spectrometer or JASCO V-
670 spectrophotometer. Circular dichroism (CD) spectrum was re-
corded with a JASCO J-820S spectrometer. Luminescence spectra were
measured with a JASCO FP-8600 fluorescence spectrometer. Size ex-
clusion chromatographic (SEC) analyses were performed using an
AKTApurifier system (GE Healthcare) at 4 °C. The pH measurements
were carried out with an F-52 Horiba pH meter. Air-sensitive manip-
ulations were performed in a UNILab glove box (MBraun, Germany).
The equipment used for flash photolysis experiments is described
below.

Iron and zinc protoporphyrin IX complexes (FeP, ZnP) with a mal-
eimide group provided at the one of the propionate side chains via a
linker molecule (m-FeP, m-ZnP) were prepared according to previous
reports [28,29]. ZnP was synthesized using a conventional procedure
[41]. FeP and other reagents and chemicals were purchased and used as
received. Cytochrome bsgs (Cyt bsgo) and its mutants were expressed in
the TG1 strain of E. coli and purified as previously reported [42]. Apo-
forms of the proteins (wild-type Cyt bse> (WT), N8OC, R98A, and D73A/
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Fig. 2. Photoinduced ET in (a) three different Cyt bse, co-assemblies and (b) six different N80C-based Cyt bsgo heterodimers (Fe-Zn dimers and Zn-Fe dimers).

N80C) were prepared by Teale's conventional 2-butanone method [43].
The Cyt bsg, assemblies containing FeP ((N80C-FeP),, (R98A/
N80C-FeP),, and (D73A/N80C-FeP),) were prepared as previously
reported [27].

2.2. Preparation of cytochrome bsg, co-assemblies

The N80C Cyt bse co-assembly containing FeP and ZnP (co-as-
sembly 1, (N80C-FeP),—~(N80C-ZnP),,) was prepared by mixing the
(N80C-FeP), and (N80C-ZnP),, assembly (n/m=1/1, 2/1, 3/1,
[N80C-ZnP] = 3 uM) and allowing it to equilibrate for > 10 h under an
N, atmosphere (Fig. 3a). The equilibration was confirmed by size ex-
clusion chromatography using Superdex 200 10/300 GL (GE Health-
care). Other co-assemblies, co-assembly 2 and co-assembly 3, were
prepared according to the same procedures used to prepare co-assembly
1.

2.3. Preparation of cytochrome bsg, Fe-Zn heterodimers

Reconstituted wild-type Cyt bsg, with maleimide-linked ZnP
(m-ZnP D WT, 50 nmol) and N80C Cyt bsg, (FeP D N80C, 150 nmol)
were added to 4mL of 100 mM phosphate buffer solution (pH 8.0)
(Fig. 3b,d). The mixture was stirred for 1 h at 4 °C. After the reaction,
2mg of dithiothreitol (DTT) was added and the reaction mixture was
purified by gel filtration chromatography using a Superdex 200 In-
crease 10/300 GL column (GE Healthcare). The obtained dimeric pro-
tein, dimer 4(Fe-Zn), FeP D N80C-ZnP D WT, was oxidized by po-
tassium ferricyanide or reduced by DTT and purified again using a
HiTrap desalting column (GE Healthcare). The same procedure was
used to prepare and characterize dimer 5(Fe-Zn) and dimer 6(Fe-Zn).

2.4. Preparation of cytochrome bse, Zn-Fe heterodimers
Reconstituted wild-type Cyt bsg> with maleimide-linked FeP

(m-FeP D WT, 50 nmol) and reconstituted N80C Cyt bse, with ZnP
(ZnP > N80C, 150 nmol) were added to 4 mL of 100 mM phosphate
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buffer solution (pH 8.0) (Fig. 3c,d). The mixture was stirred for 1 h at
4°C. After the reaction, 2mg of DTT was added and the reaction mix-
ture was purified by gel filtration chromatography using a Superdex
200 Increase 10/300 GL column (GE Healthcare). The obtained dimeric
protein, dimer 4(Zn-Fe), ZnP D N80C-FeP D WT, was oxidized by
potassium ferricyanide or reduced by DTT and purified again using a
HiTrap desalting column (GE Healthcare). The same procedures were
used to prepare and characterize dimer 5(Zn-Fe) and dimer 6(Zn-Fe).

2.5. Laser flash photolysis

The nanosecond laser flash photolysis studies were carried out using
a Q-switched Nd:YAG laser, which delivers 6-ns pulses at 532 nm. The
probe source was a continuous 150-W Xenon arc lamp passed through a
monochromator. The protein co-assembly solutions (3-12 uM) in de-
gassed 100 mM phosphate buffer (pH 7.0) were prepared in a glovebox
in a 10-mm quartz cell. The protein dimer solutions (~ 3 puM) in de-
gassed 100 mM phosphate buffer (pH7.0) were also prepared in the
glovebox in the 10-mm quartz cell. The temperature was maintained at
20 °C during the laser irradiation. The transient absorption changes for
the ZnP triplet excited states in the protein assemblies and heterodimers
(®ZnP) were monitored at 460 nm. The transient absorption changes for
the ZnP radical cation (ZnP-*) and radical anion (ZnP- ") in the pro-
tein assemblies and heterodimers were monitored at 680 nm and
700 nm, respectively. Signals were detected in transmission using a
photomultiplier (Unisoku), and the transient signals were digitized
using a Tektronix TDS3012 oscilloscope. Signals were averaged from
128 to 3072 repeated measurements. The data were collected in the
0-100 ms range, and then, transferred to a computer for further data
analysis. UV-vis spectra of the protein solutions were measured before
and after flash photolysis studies to confirm that the sample remained
resistant to significant photodegradation.

2.6. Transient absorption decay analysis

The obtained transient absorption decay data were fitted using
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Fig. 3. Preparation methods for (a) co-assembly 1, (b) dimer 4(Fe-Zn), and (c) dimer 4(Zn-Fe), and (d) a schematic representation of the reaction between the
protein scaffold and the maleimide-linked metalloporphyrin (m-MP: M = Fe or Zn) via maleimide-thiol conjugation.

KaleidaGraph (Version 4.00, Synergy Software). The transient absorp-
tion changes of 37ZnP (460 nm) in Cyt bsex co-assemblies and hetero-
dimers can be represented by Eq. (1), whereas the >ZnP decay in non-ET
protein oligomers can be fitted using Eq. (2),

AAbs = ae kel + Be~kit @

AAbs = Bekit (2)
where k; is the kinetic constant of *ZnP deactivation without ET, and k,
is the sum of the kinetic constant of charge separation (CS: k¢s) and k;.

The transient absorption decay of ZnP'* (680nm) and ZnP™~
(700 nm) can be analyzed by Eq. (3),
AAbs = qjeat 4 gyekCrl 4 giehit 3)
where kg is the kinetic constant of charge recombination (CR). When
kcr is higher than k,, a; has a negative value. On the other hand, as-
suming that k, is almost equal to or slightly higher than kcg, a; becomes
negative (See SI).
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3. Results and discussion

3.1. Preparation and characterization of Cyt bse» assemblies, co-assemblies,
and heterodimers

The Cyt bseo assemblies containing ZnP ((N80C-ZnP),,, (R98A/
N80C-ZnP),,, and (D73A/N80C-ZnP),,,) were prepared in a reaction of
N80C with maleimide-linked ZnP on the surface of the protein as shown
in Fig. 1. After denaturation by guanidine-HCl, FeP and excess mal-
eimide-linked ZnP were removed by extraction using 2-butanone and
the aqueous solution was then neutralized. The obtained protein units
were identified by ESI-TOF MS and UV-vis spectra. The CD spectrum of
(N80C-ZnP),, exhibits the split-type Cotton effect in the range of
390-450 nm, which indicates that ZnP has a fixed orientation in the
assembly (Fig. S1) [27]. The Cyt bsg, co-assemblies (co-assemblies 1, 2,
and 3) were prepared by mixing the FeP-containing Cyt bsg, assembly
and the ZnP-containing Cyt bsg, assembly and the changes of the pro-
files in size exclusion chromatography were reached within 10h, in-
dicating attainment of equilibrium in the co-assembling events (Figs. 3a
and S2). The resultant co-assemblies were identified by UV-vis spectra
and size exclusion chromatography (Fig. S2).

The six different Cyt bse heterodimers (Fig. 2b) were also prepared
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Scheme 1. Photochemical process of oxidative ET in the co-assemblies and heterodimers.

by mixing of two proteins via maleimide-thiol conjugation as shown in
Fig. 3b-d, and purified by size exclusion chromatography. The obtained
heterodimers were identified by UV-vis spectra and size exclusion
chromatography (Fig. S3).

3.2. Evaluation of photoinduced ET in the co-assemblies

Photoinduced ET reactions within the co-assemblies and hetero-
dimers were investigated by observing transient absorption changes
after ns-pulse laser flash photolysis. According to previous reports using
ET systems containing hemoproteins with Zn and Fe porphyrins, the
charge separation (CS) within Cyt bsg, co-assemblies and heterodimers
should occur via the long-lived triplet excited states of ZnP (~10 ms),
whereas CS via the singlet excited states is ruled out because of its short
lifetime (~1 ns) for their long donor-acceptor distance (29 10\) [3,15].
Thus, the photochemical process after electronic excitation at 532 nm
within these co-assemblies and heterodimers is proposed as shown in
Scheme 1: (i) photoexcitation to generate the singlet state of the zinc
porphyrin species (*ZnP); (ii) intersystem crossing to obtain the long-
lived triplet state (®ZnP); (iii) CS between 3ZnP and the ferric species
(Fe**P) in the protein co-assemblies and dimers; and (iv) charge re-
combination (CR) between the zinc porphyrin radical cation species
(ZnP'*) and the ferrous species (Fe2*P) in the protein co-assemblies
and dimers to recover the ground state (Scheme 1) [15].

First, laser flash photolysis measurements of co-assembly 1, which
has a rigid structure derived from the H-bond interactions at the protein
interface were performed. The decay curves of the 460 nm absorption
band of 3ZnP, were monitored in co-assemblies having various n/m
ratios (n/m =1/1, 2/1, 3/1; Figs. 4a and S4) and (N80C-ZnP),,.
Biexponential decay curves (eq. 1) were observed for the co-assemblies,
whereas the decay for (N80C-ZnP),, was found to generate a mono-
exponential decay curve (eq. 2). These findings indicate that CS occurs
within the co-assemblies. The biexponential fitting parameters include
two kinetic constants, k; and k,: the former is the triplet decay constant
without ET and the latter is the sum of the k; and kg, a kinetic constant
of CS. The obtained kinetic parameters are summarized in Table 1. The
slower decays observed in the co-assemblies correspond to the thermal
relaxation of 3ZnP in (N80C-ZnP),, (k; = 90 + 3s~!). The average kcs
values of the co-assemblies were determined to be approximately
530 + 40s” L. Interestingly, the k; and kcs values were found to be
mostly independent of the n/m ratio whereas the populations of decay
components depend on the n/m ratio - an increase in the n/m ratio in
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the co-assembly provides a larger population of the faster decay com-
ponent (a/(a + fB)) as shown in Table 1. This finding appears to be
reasonable because not all of the N80OC-ZnP units in the co-assembly
contribute to the ET reactions due to the successive alignment of
N80C-ZnP units. Additionally, the N80OC-ZnP units with the successive
alignments in the co-assembly should statistically decrease with the
increase of the ratio of n/m.

The kinetic constants of CR in co-assembly 1 were also evaluated by
monitoring the transient absorption changes of the ZnP-* species
which has a characteristic peak at 680 nm (Figs. 4b and S4). The ab-
sorption of the co-assembly 1 at 680 nm after the flash photolysis ra-
pidly increases within 1-2 ms and then undergoes a slow decay. Table 1
shows the summary of kinetic parameters analyzed by Eq. (3). The
kinetic constants of CR, kcg, are determined to be 930 * 50s~!. Si-
milar to the results inferred from the kcs values, no relationship was
observed between the kinetic constants and the n/m ratio.

Next, an investigation of transient absorption spectral changes of co-
assembly 2 with a semi-rigid structure (vide supra) after the flash
photolysis was carried out in the same manner used to investigate co-
assembly 1 (Figs. 5a and S5). The kinetic parameters are summarized in
Table 2. The averaged values of k;, kcs, and kcg for the co-assembly
were determined to be 88s~ ', 300s ™' and 4305~ respectively. The
kcs and kcg values of the semi-rigid co-assembly are both smaller than
those of the rigid co-assembly, whereas the k; values are close to each
other. These results indicate two important characteristics of co-as-
sembly 2: the photochemical properties of the 3ZnP of co-assembly 2
are similar to those of co-assembly 1, whereas slower ET events in CS
and CR were observed in co-assembly 2 compared with co-assembly 1
indicating that the H-bond network in co-assembly 1 could be im-
portant for the ET events in terms of the structure and/or the ET
pathway. Furthermore, the increase of the n/m ratio enhances the po-
pulation of the faster phasic decay in co-assembly 2. Although this re-
lationship is similar to the relationship observed for co-assembly 1, the
population of the faster phase in co-assembly 2 is smaller than that in
co-assembly 1. This finding suggests that co-assembly 2 is a mixture of
the rigid and flexible structures which are formed by the weakened H-
bond network relative to co-assembly 1

The transient absorption spectral changes of co-assembly 3 with the
flexible structure without the interprotein H-bond network were eval-
uated. In contrast to the results observed for the co-assemblies 1 and 2,
the decay curve of 3ZnP in co-assembly 3 is fitted by the mono-
exponential equation to provide essentially the same kinetic constant as
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Table 1 Table 2
electron transfer kinetic parameters for co-assembly 1. Electron Transfer Kinetic Parameters for Co-assembly 2°.
n/m @ b B b kes (s™H)° ker (s™H¢ ki s™H? n/m @ b B kes (™12 ker (s™H¢ ki s™HP
a+f a+f a+p a+f
0/14 - - - - 90 + 3° 0/1¢ - - - - 86 + 5°
1/1 0.25 = 0.02 0.75 = 0.02 530 = 62 910 = 90 81 =3 2/1 0.17 = 0.03 0.83 = 0.03 300 = 260 450 * 130 86 *= 13
2/1 0.31 = 0.08 0.69 + 0.08 510 + 100 974 + 120 94 = 10 3/1 0.23 = 0.06 0.77 = 0.06 310 = 70 410 = 20 90 + 8
3/1 0.44 = 0.02 0.56 = 0.02 520 = 30 913 £ 120 91 = 4 averagef - - 300 = 70 430 = 40 88 + 3
Averagef - - 530 = 40 930 = 50 87 + 3
“Conditions: [R98A/N80C-ZnP] = 3uM and [R98A/N80C-FeP] = 0-9uM in
“Conditions: [N80C-ZnP] = 3uM and [N80C-FeP] = 0-9uM in 100 mM 100mM phosphate buffer, pH7.0, at 20°C under an N, atmosphere.

phosphate buffer, pH7.0, at 20 °C under an N, atmosphere. bparameters were
obtained from Eq. (1). ‘%kcg was obtained from Eq. (3). “Transient decay of
(N80C-ZnP),,,. °k; was obtained from Eq. (2). “The averaged kinetic constants of
co-assembly 1 were calculated using all of the experimental results.

(N80C-ZnP),, (k; =89 + 1s7 %, Figs. 5a and S6), clearly indicating
that CS does not occur in co-assembly 3. This could be caused by the
longer distance between ZnP and FeP for the ET events and/or the lack
of the H-bond network in the flexible structure.

Both CS and CR in co-assembly 1 are significantly faster than in the
other two co-assemblies. The major differences among these co-
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dTransient decay of (R98A/N80C-ZnP),,. °k; was obtained from Eq. (2). fThe
averaged kinetic constants of co-assembly 2 were calculated using all of the
experimental results.

assemblies are the strength of the interprotein H-bond network and the
related structural rigidity which should provide a shorter ZnP-FeP
distance compared with more flexible structures. Thus, these findings
emphasize the importance of an interprotein H-bond network in pro-
viding a favorable ZnP-FeP distance and/or the pathway for ET in this
system.

O
~—

——co-assembly 1
0.0015 - i\ rﬁ? ----- co-assembly 2
co-assembly 3

T

0.001

AAbsorbance

0.0005 |

10

15 20
Time (ms)

25 30 35

Fig. 5. Transient absorption decays of co-assemblies (black solid line: co-assembly 1, gray dotted line: co-assembly 2, gray solid line: co-assembly 3; n/m = 3/1) at

(a) 460 nm and (b) 680 nm.
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Fig. 6. Transient absorption decays of dimers 4(Zn-Fe) and 4(Fe-Zn) (black: dimer 4(Zn-Fe), gray: dimer 4(Fe-Zn)) at (a) 460 nm and (b) 680 nm.

3.3. Evaluation of photoinduced ET in heterodimers

The ET event observed in each co-assembly includes a mixture of
reactions with two possible directions as shown in Fig. 2a. Since these
characteristics would provide an obscure ET parameter, the exact ki-
netic parameters with defined directions were determined using six
types of Cyt bsg2 heterodimers as shown in Fig. 2b. The transient ab-
sorption changes of a series of the heterodimers were monitored and
analyzed in the same manner as shown for the co-assembly (Figs. 6, S7,
and S8). The kinetic parameters are summarized in Table 3. In the
photoinduced ET kinetics for the heterodimers, unignorable popula-
tions with k; values derived from ET-inactive species are unexpectedly
observed, indicating that the heterodimers are structurally unstable
compared to the co-assemblies. However, it is likely that the ET occurs
in the suitable conformation of the heterodimers which have a structure
similar to the co-assembly. From the kinetic results, the following three
characteristics were identified: (i) the most favorable ET reactions in
both CS and CR were observed in the dimer 4(Zn-Fe) system; (ii) the
kinetic parameters of the dimer 4(Fe-Zn) system clearly indicate slower
ET events relative to the dimer 4(Zn-Fe); and (iii) the interprotein H-
bond network is important for ET events (this observation is consistent
with the results observed in the co-assemblies).

It is especially notable that Zn-Fe dimers mediate faster ET than the
corresponding Fe-Zn dimers except for the dimers 6(Fe-Zn) and 6(Zn-
Fe) which do not mediate ET. Also of interest is that the kinetic para-
meters depend on the ET direction, although both the Zn-Fe and the Fe-
Zn dimers are expected to have similar structures. The structural

Table 3
Kinetic constants of oxidative ET of heterodimers®.
kes (71 ker (s™H° ki (s™H

dimer 4(Zn-Fe) 600 + 30 920 = 30 120 = 2
dimer 4(Fe-Zn) 320 * 40 580 + 70 87 + 2
dimer 5(Zn-Fe) 370 = 50 520 = 20 100 = 3
dimer 5(Fe-Zn) 120 = 10 180 = 4 78 £ 1
dimer 6(Zn-Fe) N.D.¢ N.D.4 100 + 2°
dimer 6(Fe-Zn) N.D.¢ N.D.4 80 * 1°

“Conditions: About 3 UM of heterodimer in 100 mM phosphate buffer, pH 7.0, at
20 °C under an N, atmosphere. bParameters were obtained from Eq. (1). *%ker
was obtained from Eq. (3). 9Not-detected. °k; was obtained from Eq. (2). fThese
small differences of k; values are considered to be caused by the difference of
degree of solvation of ZnP or protein-conjugated ZnP in the heterodimers
[44,45].
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differences are only derived from the positions of ZnP and FeP and the
chemical modification of the propionic acid of the protoporphyrin IX
ligand. However, the effect of the propionic acid on the redox potential
is considered to be negligible to induce this significant change [46].
Thus, the kinetic difference should be caused by the positions of the
electron donor and acceptor.

3.4. Reductive ET in dimers 4(Zn-Fe) and 4(Fe-Zn)

The reductive ET events from the viewpoint of Marcus theory (vide
infra) in the dimers 4(Fe-Zn) and 4(Zn-Fe) were also examined to
evaluate the properties of the ET reactions. The reductive quenching of
3ZnP by ferrous FeP (Fe2*P) provides the ZnP radical anion (ZnP- ") as
a charge separation species (Scheme 2) [37,47]. The driving force for
this ET reaction is completely different from the oxidative ET as shown
in Scheme 1. Evaluating the kinetic constants of the reductive ET give
important insights into the properties of the ET reaction using Marcus
semi-classical theory.

The transient absorption changes of the reduced dimers 4(Fe-Zn)
and 4(Zn-Fe) were recorded after the flash photolysis. The >ZnP decays
of both dimers 4(Fe-Zn) and 4(Zn-Fe) measured at 460 nm follow
biexponential kinetics, indicating that the ET reaction proceeds from
Fe?"P to °ZnP (dimer 4(Zn-Fe): kcs = 140 = 10s™ !, dimer 4(Fe-Zn):
kcs = 53 + 2051, Fig. 7a, Table 4). The charge recombination pro-
cess of the ET reactions was evaluated using the observed triexponential
transient decay at 700 nm (dimer 4(Zn-Fe): kcg = 14 = 8 s~ 1, dimer
4(Fe-Zn): kcg =5 * 3571, Fig. 7b, Table 4) [47]. Faster CS and CR
values were observed in dimer 4(Zn-Fe) relative to dimer 4(Fe-Zn) and
this result is consistent with the oxidative ET.

3.5. Evaluation of physical properties of ET

According to Marcus semi-classical theory, the kinetic constant of
non-adiabatic ET is given by

— T 2
ker = \/TMBT HABexp{

(AG® + 2)2
=ko exp{— 47kgT

_(AG°+2)?
42kpT

} 4

where the kinetic constant of ET (kgr) depends on the driving force for
ET (—AG®), the reorganization energy (1), and the electronic coupling
matrix element (Hag) or ko which represents the kinetic constant of ET
at AG° = — A [3,7]. Applying the kinetic constants observed in the
heterodimers to Eq. (4) confirms whether the major factor for the
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Fig. 7. Transient absorption decays of dimers 4(Zn-Fe) and 4(Fe-Zn) during reductive ET reaction (black: dimer 4(Zn-Fe), gray: dimer 4(Fe-Zn)) at (a) 460 nm and
(b) 700 nm.

Table 4
Reductive electron transfer kinetics of dimers 4(Zn-Fe) and 4(Fe-Zn)“. 1000 F
ks (571 ker (s71)° ki s™1°
Dimer 4(Zn-Fe) 140 = 10 14 = 8 78 + 2
Dimer 4(Fe-Zn) 53 + 15 5+3 69 + 2
—_
< °
a . . . »n 100 |
Conditions: About 3 uM of reduced heterodimers in 100 mM phosphate buffer, -~
pH 7.0, at 20 °C under an N, atmosphere. "Parameters were obtained from Eq. &E
(1). “kcr was obtained from Eq. (3).
Table 5 10
Driving forces (—AG°) for the oxidative and reductive CSs and CRs for the B
heterodimers.
Charge separation, Charge recombination, 0 0' 5 :] y '5
-AG® (eV) -AG® (eV) . .
-AG® (eV)
Oxidative ET 0.97 0.73
Reductive ET 0.33 1.37 Fig. 8. Driving-force dependence of the ET kinetics in dimers 4(Zn-Fe) (circle,

black) and 4(Fe-Zn) (square, gray).
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Table 6
Parameters of ET Reactions of the Heterodimers Obtained from Eq. (4).
ko (s Hpag (em™") A (eV)
Dimer 4(Zn-Fe) 950 *= 40 1.80 x 1072 0.77 = 0.02
Dimer 4(Fe-Zn) 580 = 4 1.40 x 1072 0.75 + 0.01

kinetic difference between dimers 4(Zn-Fe) and 4(Fe-Zn) is derived
from the electronic coupling matrix element or the reorganization en-
ergy.

The driving force of ET was estimated from the redox potentials of
each species which appears during the ET reaction (Tables 5, S1 and S2,
Scheme S1). The experimental kg values for CS and CR of the dimers
4(Zn-Fe) and 4(Fe-Zn) were plotted as a function of —~AG® (Fig. 8). The
plots were fitted to Eq. (4) using a nonlinear least squares analysis,
yielding the values of ko, Hap, and A for both dimers 4(Zn-Fe) and 4(Fe-
Zn) (Table 6). The reorganization energies of both dimers are similar
(A = 0.76 V) while the Hpp and kg values are different. These results
indicate that the difference between the ET kinetic constant of the Zn-Fe
dimer and the ET kinetic constant of the Fe-Zn dimer is not derived
from the reorganization energy, but from the electronic coupling ma-
trices of these heterodimers.

Moreover, because Eq. (4) is based on a single-step ET, the close
fitting of the ET kinetic constants to Eq. (4) provides evidence for the
single-step ET occurring in the heterodimers. Additionally, the redox
potentials of the aromatic residues in Cyt bse, (Tyr101, Tyrl05, Phe61
and Phe65) are much higher than the redox potential of ZnP in the
heterodimers (TyrOH-*/TyrOH: E°=1.4V [48], Phe-*/Phe:
E° = 2.0V [49], ZnP- ¥ /ZnP: E° = 0.9V [15,50]) to achieve multistep
electron hopping although these residues are located near the heme-
binding site. Furthermore, the electron hopping through TyrO-/TyrOH
(E° = 0.93V [51]) is implausible due to the lack of suitable proton
acceptor nearby the Tyr residues to decrease the activation barrier of
the concerted oxidation and deprotonation [6]. Hence, it is suggested
that the single-step ET occurs in the system [52].

4. Conclusion

We demonstrate ET reactions in Cyt bsgx N80C mutant-based co-
assemblies and heterodimers containing Fe and Zn porphyrin moieties.
When the plausible Fe—Fe distance (29 10\) estimated in the N8OC-FeP
assembly is expressed as a donor-acceptor distance in the structurally-
defined heterodimers and co-assemblies, long single-step ETs occur in
the proteins. The present findings indicate that the interprotein H-bond
network is essential for the single-step ET events. The larger kinetic
constants of the Zn-Fe dimer relative to those of the Fe-Zn dimer are
possibly caused by the slight structural differences. The discussion of
these differences including precise pathway should be considered after
performing quantum-mechanics level calculations which would provide
additional information of the effect of protein structure and residues
[53,54]. These findings will give us the new insight not only into the
modulation of donor-acceptor distance [3] or reorganization energy of
protein [55] but also into the fine-tuning of the protein structure and
electron transfer pathway which are effective to control the ET kinetics
in hemoprotein. Although the fine-tuning of these factors requires the
distinct computational simulation, this strategy will be an effective tool
to design an artificial system to replicate the efficient ET in photo-
synthetic proteins.
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Appendix A. Supplementary data

Experimental details and characterization data. Supplementary data

to this article can be found online at doi:https://doi.org/10.1016/j.
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