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Post-Crystal Engineering of Zinc-Substituted Myoglobin to Construct a
Long-Lived Photoinduced Charge-Separation System**
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Photoinduced electron transfer (ET) in native photosynthesis
reactions is efficiently achieved by the accumulation of
different types of redox cofactors within protein assemblies
immobilized in cell membranes.'”! The precise arrangement
of each cofactor in the molecular spaces enables them to
retain the long-lived charge-separated state, which promotes
multistep reactions in biological systems. To elucidate the
mechanism of the biological ET reactions and to develop light
energy conversion systems, artificial ET proteins have been
constructed using de novo proteins, chemical modification of
native cofactors, photocatalytic reaction centers engineered
into protein assemblies, and design of synthetic metal com-
plexes immobilized in protein—protein ET systems.*?) The
reported systems have provided insights into control of ET
rates in terms of the distance between donors and acceptors,
hydrogen-bonding interactions, reorganization energy of
cofactors, and other factors.*'2 Control of the dense accu-
mulation of the different redox cofactors observed in natural
photosystems required to achieve long-lived charge-sepa-
rated state has caused difficulties in efforts to duplicate this
process using artificial protein systems in solution.™® Thus,
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the design of novel protein frameworks that allow construc-
tion of a dense array of various cofactors is a worthwhile goal.

Protein crystals can be regarded as excellent candidates
for the development of artificial ET reaction systems because
the crystal lattices are expected to allow different types of
cofactors to be arranged in three-dimensional frameworks
that mimic the native ET systems. ET reactions in single
protein crystals have been investigated for the dependence of
long-range ET on the structures and orientations of redox
centers within proteins.'*'%! Gray et al. constructed photo-
chemically-initiated protein—protein ET reactions in protein
crystals containing zinc-substituted cytochrome ¢ peroxidase
or ruthenium-modified azurin.'*'*! Moreover, protein crys-
tals provide nanosized spaces for the fixation of metal ions,
metal complexes, and the diffusion of organic molecules.'"
For instance, accumulation of metal ions and metal complexes
in a protein crystal lattice spaces was accomplished simply by
soaking of the crystals in a solution containing their pre-
cursors."” ! Anisotropic diffusion of small molecules in hen
egg-white lysozyme (HEWL) crystals has been investigated
by experimental and simulation approaches.’*) The results
suggest that these features are governed by steric repulsion
and electrostatic interaction induced by amino acid residues
located on the internal surface of the crystal lattices. Thus, if
we can precisely arrange donor and acceptor molecules and
mediators in protein crystals, it is expected that the novel
three-dimensional framework will allow us to achieve a long-
lived charge-separated state.

Herein, we construct an artificial long-lived photoinduced
charge-separation system using a protein crystal with differ-
ent redox cofactors fixed in defined locations. We demon-
strate the photoinduced multistep ET in a sperm whale
myoglobin (Mb) single crystal. Methyl viologen (MV)-
mediated ET occurs in the crystal between zinc porphyrin
(ZnP; electron donor) and an oxo-centered triruthenium
cluster (Ru;0; electron acceptor; Scheme 1). The Mb crystals
with space group P6 form several channel structures (diam-
eter 2-4 nm), which provide enough space for accumulation
of nanosized functional molecules as previously reported.!
The Mb crystal spaces are available for site-specific fixation of
Ru;0 and anisotropic diffusion of MV. Moreover, fixation of
zinc porphyrin units with a light-harvesting function in the Mb
crystal is achieved by crystallization of zinc porphyrin
substituted myoglobin (ZnMb). Our engineered Mb crystals,
in which ZnP and Ru;O clusters are fixed at specific sites and
which allow MV molecules to diffuse, contribute to providing
the extremely long half-life of the final charge-separated state
(ZnP"-Ru;0%, which is 2800 times longer than that of a
previously reported model system in organic solution.”” This

SWILEY g

ONLINE LIBRARY

wandte
Chemie

4849


http://dx.doi.org/10.1002/anie.201008004

Communications

4850

a) 1) Ruz0
o F Light-| har\restmg H:O ,D-( —|+ Photoinduced ET
2 @"r crystal crystal
- o au H0
'.‘*-‘r‘ ; no- K B hv
"6": ' Crystallization | o ﬂ-( A
' 2) MV
Zn-substituted 4
myoglobin (ZnMb) '"C/}_C”' il

c)
20 [3Zl1Mb MV2+, Ruz0%] K,
1.78 eV \[Zan" MV*, Ruz0*]
1.42eV

EleV

\{Zth* MV2+, Ruz00]
0.78 eV

1.04{ hv
532 nm

0.0 [ZnMb, MV2+, nu30+]

Scheme 1. a) Construction of a photoinduced electron transfer system
in Mb crystals b) Dense array of Ru;O and ZnP in the ZnMb/Ru;O
crystal. c) Reaction and energy diagram for photoinduced electron
transfer between ZnP and Ru;O mediated by MV in a myoglobin
crystal (see the Supporting Information).

is the first example of an artificial ET system with a long-lived
charge-separated state obtained by taking advantage of the
characteristics of the three-dimensional space of protein
crystals.

The site-specific fixation of ZnP was obtained by cofactor
replacement and the site-specific fixation of Ru;O was
generated by crystal soaking. ZnMb was prepared according
to a previously reported method.” The crystals were
obtained under the conditions used to reconstitute Mb with
monodepropionated heme.”” To immobilize Ru;O clusters in
ZnMb crystals, the crystals were soaked in a buffer solution
saturated with Ru;O at 20°C for 2 days. The absorption
spectrum of the ZnMb/Ru;O crystal has sharp peaks at
550 nm and 594 nm, which are assigned to the Q-band of ZnP,
and a broad band at 680 nm that originates from the
intracluster transition of Ru;O moiety (Supporting Informa-
tion, Figure S1).”%%] The absorption intensities indicate that
the ratio of ZnP to Ru;O cluster is 1:1.3. The structure of the
ZnMb/Ru;0 crystal was refined to a resolution of 1.75 A with
the space group P6 (PDB ID: 3ASE; Supporting Information,
Table S1). The crystal structure indicates that the ZnMb
monomer has two Ru;O binding sites at His12 (SiteA) and
His81 (SiteB), which are located in crevices formed by
intermolecular associations within the crystal (Figure 1a).
These crevices are essential for the fixation of the Ru;O
clusters because the Ru;O clusters cannot bind to Mb in
solution. This observation has been confirmed by ESI-TOF
MS analysis (Supporting Information, Figure S2). Moreover,
the Ru;0 binding structure at Site A shows that the N° atom of
His12 coordinates to the Rula atom with a bond length of
2.29 A (Figure 1b). The Ru2a atom coordinates to a water
molecule (O1; 2.59 A), which is fixed by a hydrogen bond
with the main-chain carbonyl of Gly121 (2.87 A; Figure 1b).
The Ru;0 cluster at SiteB is fixed in the space of a narrow
crevice that is formed by intermolecular contact of residues
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Figure 1. The structure of ZnMb/Ru;0. a) Ru;O binding sites in the
crystal packing with the ZnMb monomer indicated by the yellow
structure. The Ru atoms at SiteA, SiteB, and ZnP are colored blue,
green, and magenta, respectively. b,c) The coordination structures of
Ru;O at SiteA (b) and SiteB (c) with anomalous difference Fourier
maps of ruthenium atoms at 3.00 (magenta), and the selected

2| Fo|—|Fc| electron-density maps at 1.00 (gray). The oxygen atoms
of Ru;O and water molecules are shown as red spheres. In (c), amino
acid residues of a neighboring Mb molecule are indicated by gray-
colored tube models. These images were produced by Pymol.”*!

81-83 and residues 47-50 of a neighboring Mb molecule, with
approximately 12 A at the edges (Figure 1c). The Rulb
interacts weakly with the N* atom of His81 at a distance of
2.86 A (Figure 1c). The occupancies of the ruthenium atoms
at SiteA (0.8) are larger than those at SiteB (0.3) because
Ru;0 at SiteA is stabilized by direct coordination with His12
and a water molecule. These results indicate that the site-
specific fixation of Ru;O clusters in the ZnMb/Ru;0 crystal is
achieved by the coordination of the histidine residue and the
hydrogen-bonding network in the crevice spaces combined
with the intermolecular Mb-Mb association retaining the
crystal lattice.

Photoinduced ET reactions in the single crystals were
monitored by transient absorption spectroscopy at 298 K
under an argon atmosphere. When a ZnMb crystal was
excited at 532 nm, the excited-state (*ZnMb) decay was
observed and fitted to a monoexponential function with a rate
constant of 75 s~! (Supporting Information, Figure S3). This
result indicated that the light-harvesting property of ZnMb in
solution was maintained in the crystals because the rate was
almost identical to that measured in solution.”®! Next, the
ZnMb/Ru;0 crystal soaked in the buffer solution containing
methyl viologen (MV) was found to exhibit electron transfer
from ZnP to Ru;0 via the formation of MV** under the same
conditions (Scheme 1, Figure 2; Supporting Information, Fig-
ure S4). Direct electron transfer from *ZnMb to Ru;O" was
not observed with the excitation at 532 nm in the ZnMb/Ru;0
crystal in the absence of MV. Thus, excitation of the MV-
soaked ZnMb/Ru;O crystal at 532 nm led to the prompt
appearance of two absorption bands assigned to the methyl
viologen cation radical (MV**) and the ZnP m-radical cation
(ZnP"), which have marker bands at 610 nm and 670 nm,
respectively (Figure 2a).”) These species were generated via
*ZnP (470 nm and 810 nm) as shown in the spectrum at 0.5 ps.
The absorbance change of MV** in the early time scale (>
10 ns) was not extracted owing to overlap of it with the strong
emission of ZnP in the crystal up to 40ns (Supporting
Information, Figure S4). The changes in the absorption
spectrum that occur from 0.5 ps to 5 ps include the appear-
ance of a new broad absorption band at around 880 nm, which
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Figure 2. a) Difference absorption spectra observed after laser excita-
tion (A=532 nm) of a MV-soaked ZnMb/Ru;O crystal for the following
delay times: 0.5 ps, 5 ps, 1 ms. b) Ru;0° decay kinetically monitored at
880 nm. The change in optical density AO.D. is normalized.

was  assigned  to [Rus(us-O) (u-CH;CO0)(H,0)5]°
(Ru;0%).%¥1 This change was accompanied by the decay of
MV** at 610 nm. The final charge-separated state (ZnP** and
Ru,0° pair) was generated in the crystal up to 5 ps after the
excitation according to the electron-transfer process shown in
Scheme 1. The decay of Ru;O° (880 nm) in the MV-soaked
ZnMb/Ru;0 crystal is fit by a triexponential function that has
three rate constants, 350 s' (0.06), 300s™" (0.58), and 24 s~*
(0.36). The lifetimes (7) of the resulting charge-separated
states were found to be 2.8 ms, 3.3 ms, and 41 ms, respectively
(Figure 2b, values in parentheses represent each ratio of the
kinetic phase).

The ET from MV** to Ru;0", and the subsequent long-
lived charge-separated state (ZnP~"/RuyO” of ZnMb/Ru;O/
MYV) are only achieved in the crystal. The half-life values (z,,,),
which are calculated by f,=7t In2 for 2.8 ms, 3.3 ms, and
41 ms, are 190, 220, and 2,800 times longer, respectively, than
the values reported for zinc tetraphenylporphyrin/hexyl
viologen/[Ru;(5-0)(p-CH;COO)4(4-cyanopyridine);]*
system in acetonitrile (¢, =10 ps).”?® Furthermore, ET from
MV to Ru;O' was not observed in a buffer solution
containing ZnMb, Ru;0, and MV, because ESI-TOF MS
measurements have confirmed that Ru;O clusters cannot
bind to Mb in solution (Supporting Information, Figure S2).
Thus, it is expected that the fixation of ZnP and Ru;0 in the
three-dimensional Mb crystal space allows 1)the close
approach of MV molecules to ZnP and Ru;O, 2) the small
reorganization energy of the Ru;O cluster, and 3) the spatial
separation of ZnP* and Ru;O° species. The crystal
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structure of ZnMb/Ru;O reveals that ZnP and Ru;O are
site-specifically located over intra- and interprotein contacts
with separation distances of 21-23 A (Figure 3a). On the
other hand, although the unambiguous positions of MV

Figure 3. a) Separation distances between Ru;O and ZnP in the crystal
packing of ZnMb/Ru;O. The ZnMb monomer is indicated by the
yellow structure. b) Electrostatic potential of the fixation sites of Ru;O
and ZnP in the crystal. The surface is colored with a spectrum (ranging
from red to blue for the negative to positive charge of each residue).
These images were produced by Pymol.”!

molecules were not determined by X-ray crystal structure
analysis, positively charged MV molecules are expect to
diffuse around ZnP and Ru;O in the crystal because the
negatively charged binding sites of ZnP and Ru;O govern the
diffusion of MV molecules in the crystal channels, as reported
for the CI~ ion/HEWL crystal system (Figure 3b).?"? It is
suggested that the unique diffusion of MV in the crystal plays
an essential role in mediating ET between ZnP and Ru;0 to
extend charge separation, in contrast to the fixation of Trp122,
which facilitates multistep electron tunneling, in an intra-
molecular Re-Trp-Cu(azurin) photosystem.!"*! The fixation
of Ru;0 clusters in the hydrophobic crevices is expected to
decrease the reorganization energy of the Ru;0 cluster and
allow rapid electron transfer of MV""—Ru;O" and
slow  recombination of  ZnP"/Ru;0°—ZnP/Ru,0"
(Figure 1).3143% The lifetimes of the interprotein pathway at
SiteB (21 A) and at SiteA (22 A) and the intraprotein
pathway at SiteB (23 A) were found to be 2.8 ms, 3.3 ms,
and 41 ms, respectively, according to the distance between
ZnP" and RuyO° in the crystal lattice (Figure 3a). The
distance decay constant of these pathways (3=1.3 A™") is
satisfied with the coupling zone of proteins reported by Gray
et al.,”? wherein the driving force and the reorganization
energy of Ru;O are assumed to be the same for SiteA and
SiteB (see Supporting Information). Thus, we conclude that
the appropriate arrangement of ZnP, Ru;0, and MV mole-
cules for the long-lived charge separation state is available in
the three-dimensional crystal system but not in solution.

We have shown that the crystal space of Mb is ideal for
creating an artificial ET reaction with a long-lived charge-
separated state. We have demonstrated that ZnP, Ru;0, and
MYV are accumulated in the three-dimensional crystal space of
Mb by cofactor replacement, soaking, and diffusion, respec-
tively. These processes of accumulation can only be carried
out for the crystal, because the fixation is controlled by
electrostatic interactions with the pore surface of the crystal,
and the coordination of His residues/hydrogen-bonding net-
work on the crevices formed by intermolecular association in
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the MDb crystals. The crystal space allows the formation of the
site-specific dense array with the small reorganization energy
of the redox cofactors, as observed in native membrane
proteins of photosynthesis. Consequently, we have succeeded
in constructing a photoinduced artificial ET system and
achieving a charge-separated state with a long half-life, which
is up to 2800 times longer than that of the previously reported
system in organic solution.’!

In summary, this is the first example of a dense array of
different cofactors enabling the formation of a long-lived
charge-separated state in the artificial three-dimensional
protein framework. This work reveals the importance of
condensed molecular spaces of protein crystals for control of
the spatial organization of different metal cofactors. Thus, our
results may provide insights into the role of naturally
occurring densely packed protein assemblies which mediate
efficient ET reactions. Further efforts to design efficient ET
reactions in protein crystals are in progress.
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