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The understanding of long-range electron transfer in proteins
has been the subject of extensive theoretiaatl experimentaf
research efforts. The doneacceptor distancé® within the
proteins environmentéland structural parametéraiere found
to control the electron-transfer rates in the protein systems. The
unique organization of the doneacceptor units in the photo-
synthetic reaction center leads to vectorial electron transfer and
effective charge separati§nPrevious research efforts were
directed to the organization of molecl&t or supramoleculat
donor-acceptor dyad, triad, and so forth assemblies which mimic
the photosynthetic reaction center. The steric flexibility of many

of the molecular dyads or triads prevents charge separation due

to the rapid recombination of the spatially intimate redox products.
Immobilization of molecular dyads (or triads) in protein systems
could structurally rigidify the doneracceptor pairs and lead to

charge separation. Reconstitution of apo-hemoproteins, e.g., apo-

myoglobin, with the photoactive Zn(ll)-protoporphyrin IX and
site-specific covalent linkage of acceptor sites to the proteins,
yield structurally defined doneracceptor systenfsAlso, recon-
stitution of apo-hemo proteirid,e.g., apo-myoglobin or apo-
hemoglobin, with Co(ll)-protoporphyrin IX, acting as an electron
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Figure 1. Transient formation and decay of the triplet state of Zn(ll)-
P—V2t—Mb, 7 x 105 M, in 0.01 M phosphate buffer, pH= 7.3,
followed atA = 470 nm. Excitation wavelength.x = 550 nm.

Scheme 1.Reconstitution of Apo-myoglobin with a
Zn(l)-protoporphyrin 1X Dyad and Vectorial Photoinduced
Electron Transfer in the Assembly
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acceptor/catalytic center and the covalent attachment of a chro-
mophore to the protein was reported to yield organized assemblies
for controlled electron transfer. An alternative approach to
construct donoracceptor systems was addressed by Hamachi and
Shinkat®*and includes the reconstitution of apo-myoglobin with

a chromophore-modified Fe(lll)-protoporphyrin IX. This approach
was further developed by the reconstitution of apo-myoglobin
with a chromophorequinone dyatk? or with a functionalized
Zn(Il)-protoporphyrin IX capable of generating a noncovalent,
supramolecular complex with an electron acceptbHere we
wish to report on the reconstitution of apo-myoglobin with a Zn-
(I-protoporphyrin IX—bis-N,N'-dialkyl-4,4-bipyridinium, Zn-
(IN-P—V2*, donor-acceptor dyad. We reveal that the reconsti-
tuted protein in the presence of Ru(jJki*, as secondary electron
acceptor, mimics functions of the photosynthetic reaction center.

Apo-myoglobin was reconstituted with Zn(l1)-R/2*, (1),
Scheme 1. Photoexcitation of the donraicceptor reconstituted
protein yields the triplet excited state. Figure 1 shows the triplet
decay as a function of time. By comparison of the triplet decay
rate in Zn(ll)-P-V2*—Mb to the triplet decay of Zn(ll)-proto-
porphyrin reconstituted myoglobin, Zn(ll)-P-Mb, lacking the
acceptor units = 110 s!) we calculated the intramolecular
electron-transfer quenching rate constant, eq 1, tk,be 1.55
x 1C° s™1. The quenching of the triplet-state leads to intra-
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in the absence of Ru(N§#®* (curve a) and at different concentra-
tions of the secondary acceptor (curvesh). As the concentration
of Ru(NH)¢®" increases, the fraction of the Zi®P* decaying by
the fast process decreases, and a population of oxidized species
not decaying at this time scale increases. At a RufdfH
concentration corresponding to>3 1072 M, the fast decaying
component is completely depleted, and the oxidized species does
not decay at this time domain. The oxidized species decays,
however, at a substantially longer time scale in the millisecond
range, Figure 2 (inset). These results are explained by the
operation of a vectorial electron transfer that electrostatically
controls the recombination process and facilitates charge separa-
tion, Scheme 1.

The reduced photoproduct of the generated redox species
mediates the reduction of Ru(N}*, eq 3. This reaction
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Figure 2. Transient recombination of the photogenerated redox species
Zn-P~—V** (a) in the absence of Ru(Nj#3, and in the presence of ~ competes with the intraprotein back-electron transfer, and as the
Ru(NHg)e3*, (b) 0.001 M, (c) 0.01 M, (d) 0.03 M. Inset: Transientdecay concentration of Ru(Nke*" is elevated, the recombination
of the diffusional recombination between Zri:PV2*+ and Ru(NH)e2*. decreases. At a Ru(Nj#* concentration of 3x 1072 M only
Transients recorded in 0.01 M phosphate buffer,H.3, Aex = 550 the mediated directional electron-transfer cascade is operative.
nm, and atl = 670 nm. Knowing the fraction of oxidized species that recombines by the

. intraprotein pathway, we estimate the mediated electron-transfer
molecular electron transfer, and the photogenerated redox inter-rate constant to bk, = (6.5 + 0.5) x 107 M~1-sL.

mediates recombine, eq 2.

time / s

The secondary reduced acceptor, RughH is electrostatically
repelled by the bipyridine barrier gate. As a result the diffusional

k| recombination of the redox species, eq 4,

TZn(I)-P-V?¥"-Mb — zn(I)-P"*~V*"*—~Mb (1)

)

Figure 2, curve a, shows the transient recombination of the
photogenerated redox species. The recombination process follows
first-order kinetics,ky= 1.3 x 10° s™1. Photoexcitation of the
photosensitizetbipyridinium dyad, 1, in the absence of the is very slow, and the generated redox species reveal unprecedented
proteins, does not yield any triplet excited state and does not leadhigh stability (ca. 2.6 ms):

e \/te__ ib’ _ 2+_
Zn(I)-P*—=Vv"*—Mb — Zn(ll)-P—V*"—Mb Zn(II)-P+'—V2+—Mb+Ru(NHS)GZJ“i

Zn(I)-P—V** —Mb + Ru(NH,)s>" (4)

to observable redox-species. In addition, the parent Zn(ll)-
protoporphyrin X exhibits fluorescencée, = 680 nm, its
fluorescence is completely quenched in the photosensitizer

In conclusion, we have demonstrated novel means to design a
model system for the photosynthetic reaction center. Reconstitu-
tion of a photosensitizeracceptor dyad in apo-myoglobin,

electron acceptor dyad system. These photophysical propertiesspatially separates the doreacceptor components and the
of 1 are attributed to the effective quenching of the excited singlet resulting redox species. This already stabilizes the intermediate
state by the bipyridinium acceptor units. Preliminary molecular redox photoproducts that reveal a lifetime of 72030 ns.
mechanics calculations indicate that the minimum energy structure Coupling of these redox intermediates to a secondary electron
of 1 consists of the sandwiched-type assembly where the Zn(ll)- acceptor stimulates a vectorial electron-transfer cascade. Elec-
protoporphyrin unit is interlocked between the two bipyridinium trostatic repulsion of the secondary reduced product from the
units. The proximity of the components leads to the effective protein and steric blocking of the recombination path with the
guenching of the excited singlet state and to the lack of observableoxidized species yields photoredox species of unprecedented

redox products. Reconstitution of the Zn(11)-K'?" dyad,1, into
apo-myoglobin, spatially separates the photosensitizer from the
acceptor sites. This leads to the singligiplet crossing, quenching
of the long-lived triplet state and the effective charge separation
of the redox photoproducts exhibiting a lifetime of= 770 +
30 ns. Using thek, and k, values, and the respective redox-
potentials (vs NHE) of the excited triplet state,”(&Zn—P*/
Zn—P") = —1.98 V) the bipyridinium units (E (V2*/V') =
—0.43 V) and the Zn(ll)-protoporphyrin component®(E&Zn—
P*/Zn—P) = 0.66 V), we estimate the reorganization energy
accompanying electron transfer to be= 1.3+ 0.1 eV

Force-field calculations indicate that the dyadeconstitutes
in apo-myoglobin through a channel and that upon reconstitution,
the two bipyridinium electron-acceptor units block the channel
gate at the protein periphery. This feature introduces an electro-
static barrier that can further stimulate vectorial electron transfer
and induce charge separation, Scheme 1. As secondary electro
acceptor we utilize Ru(Ngs*" (E° = 0.083 V vs NHE). Figure

2 shows the transient decay curves of the oxidized photoproduct

stability.
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(16) Control experiments reveal that the triplet lifetim& ah(I1)-P—V2"—
Mb is not affected by the addition of Ru(N}#**, 0.03 M, indicating that the
intermolecular quenching, eq 5, is not operative. This is probably due to the
electrostatic repulsion of Ru(Nj#** by the bipyridinium units.

n
TZn(11)-P-V2*-Mb + RuNHy)* —> = Zn(I)-P*-V**-Mb+ Ru(NH;)2"
©)



