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Direct Comparison of Electron Transfer Properties of Two Distinct
Semisynthetic Triads with Non-Protein Based Triad: Unambiguous

Experimental Evidences on Protein Matrix Effects

Yi-Zhen Hu,'"! Hiroshi Takashima,!*! Shinya Tsukiji,'*! Seiji Shinkai,!?!
Teruyuki Nagamune,® Shigero Oishi,*! and Itaru Hamachi*!*!

Abstract: In order to understand the
roles of protein matrix in electron trans-
fer processes (ET) within biological
systems, a heme-based donor (Zn-heme:
ZnPP)-sensitizer (Ru?*(bpy);)-acceptor
(cyclic viologen: BXV*) triad 1 was
used as a probe molecule. Two semi-
synthetic  systems, Cyt-bss,(1) and
Mb(1), in which the triad is incorporated
into cytochrome by, (Cyt-bsg,) or into
myoglobin (Mb), were constructed by

excitation of the ZnPP moiety of Cyt-
bse(1) or Mb(1) leads to a direct ET
from the triplet state of ZnPP state
(*ZnPP) to BXV** to generate a final
charge-separated (CS) state, Cyt-
bsep(Znt)-Ru**-BXV3*  or Mb(Zn*)-
Ru?*-BXV3**. On the other hand, direct
ET from the excited ZnPP moiety to the
BXV* moiety is also involved in 1in the
absence of the protein matrix, but the
excited state of ZnPP involved is not

3ZnPP, but the singlet excited state
('ZnPP) in this pathway. When the
Ru?*(bpy); moiety of Cyt-bsg,(1) or
Mb(1) is excited, a stepwise ET relay
occurs with the ion-pair, Cyt-bs,(Zn)-
Ru*-BXV3*+* or Mb(Zn)-Ru**-BXV3+*,
as an intermediate, leading to the same
final CS state as that generated in the
direct ET pathway. The lifetimes of the
corresponding final CS states were de-
termined to be 300ns for 1 in the

cofactor reconstitution. These two semi-
synthetic proteins were compared with
the triad itself (i.e., without the protein
matrix) using absorption spectroscopy,
steady state emission and excitation
studies, laser flash photolysis experi-

. system
ments, and molecular modeling. Photo-

Introduction

Effects of protein matrix on biological electron transfer pro-
cesses (ET) have been actively discussed for more than one
decade in the fields of chemistry and biology.l!! It is proposed
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absence of the protein matrix, 600-
900 ns for Cyt-bse,(1) and 1.1-18 us for
Mb(1), the values of which are greatly
affected by the protein matrix. Molec-
ular modeling study of the three systems
consistently explained the differences of
their photophysical behavior.

that, in addition to fixed donor—acceptor distances and orien-
tations,”! other factors, such as the specific structural features
in proteins and the dipole moments produced by a specific
conformation of polypeptide chains and a hydrogen-bonding
network,®l may control biological ET. Considerable efforts
gave valuable insight not only into understanding ET in
biological system, but also into designing protein-based
photoelectric devices.”! However, many key questions con-
cerning biological ET remain, for example: How does ET rate
depend on distance ? How do proteins ensure biological spe-
cificity in ET ? Rational design and syntheses of semisynthetic
systems and detailed comparison of the ET events in the
presence and in the absence of the protein matrix should help
to answer these questions. Nevertheless, such a comparison is
rather difficult. Recently, we and other groups independently
reported protein-based semisynthetic photoreaction centers
as artificial photosynthetic models.’] Covalently connected
donor —acceptor dyad or triad was successfully hybridized to a
protein matrix in these systems, rendering it possible to
compare ET events in a protein matrix with those in a
homogeneous solvent.
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viologen, BXV#) triad 1

(ZnPP-Ru**-BXV*") as a probe
molecule  (Scheme 1). The
Ru?*(bpy);-BXV*+ subunit of
1 was recently described by
the group of Diirr as an artifi-
cial model of the photosynthet-
ic reaction center.! The
Ru**(bpy);-heme subunit of 1
was demonstrated to be hybri-
dized with apo-hemoproteins
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by cofactor reconstitution.[ ®l N

The heme moiety of 1 is readily ~ N O
incorporated into the active /N\éuz-j\‘ Z
sites of two distinct hemopro- ‘ SN \‘N‘ >
teins, cytochrome bsg, (Cyt-bsg,) N Ny S0

and myoglobin (Mb), to afford
two protein-based triads (Cyt-
bse(1) and Mb(1)). This study
shows explicit experimental
evidences on how protein matrix influences ET events, by
comparing Cyt-bse,(1) and Mb(1) with the triad in the absence
of a protein matrix. It was demonstrated that the ET pathways
and the lifetimes of the photoinduced charge separated states
(CS states) are remarkably different among these three systems.

Results
Reconstitution of the cofactors with apo-hemoproteins

The reconstitution of 1 and 2 with apo-Cyt-bss, was conducted
according to the modified method reported previously for
their reconstitution with apo-Mb.l 1.5 equiv. 1(Cl)¢ or
2(Cl0,), dissolved in water or pyridine (1 in water and 2 in
pyridine) were added dropwise to an apo-Cyt-bsg, solution in
DMSO/H,0O (1:4 v/v) over an ice bath. The mixture was

Abstract in Japanese:
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Scheme 1. Structures of the triad and the reference compounds.

incubated at 4°C for 6 h and then dialyzed against 10mm
phosphate buffer (pH 7.0). Purification of the mixture by gel
chromatography on Sephadex G-25 afforded Cyt-bsg,(1) or
Cyt-bs,(2) in about 70% yield (see Experimental Section).

Figure 1 shows the absorption spectra of 1, Cyt-bs,(1) and
Mb(1). The absorption spectrum of Cyt-bss(1) is similar to
that of Mb(1) (Figure 1), which shows a sharp Soret band at
428 nm, two Q-bands at 553 nm and 596 nm, a sharp band at
284 nm (LC of Ru**(bpy);) and a shoulder at 460 nm due to
the MLCT band of the Ru?*(bpy); unit. This spectrum is
nearly identical to the sum of the spectra of native Zn-Cyt-bsg,
(Amax =428 nm (Soret band), 553 nm and 596 nm (Q-bands))®!
and catenane 3 (A=460 nm (MLCT band) and 284 nm (LC
band)).l% Spectrophotometric titration of 1 with apo-Cyt-bse,
clearly showed 1:1 complex formation (inset of Figure 1).
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Figure 1. Absorption spectra of Cyt-bsg,(1) (solid line), Mb(1) (dash line)
and 1 (dotted line) in 50mMm phosphate buffer (pH 7.0). Inset: spectropho-
tometric titration curve of 1 with apo-Cyt-bs, in H,O.
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Similar spectral properties and titration behavior were
obtained for Cyt-bs,(2). These data confirm the successful
reconstitution of 1 and 2 with apo-Cyt-bsg,. Stoichiometry and
binding constants of 1 with apo-Cyt-bss, and apo-Mb do not
display significant differences from each other, as well as their
absorption spectra.

Molecular modeling

The distance and orientation between the electron donor and
acceptor in a linked system are very important for ET.) In
order to establish the geometry of 1, Cyt-bs, (1), and Mb(1),
molecular mechanics and molecular dynamics calculations
were performed using the Discover module of Insight II. The
calculated structures of 1, Cyt-bs,(1) and Mb(1) in water are
shown in Figure 2. In the absence of the protein matrix, the
ZnPP (donor) and BXV** (acceptor) moieties in 1 tend to be
close each other, leading to a U-shaped conformation, with
the Ru?*(bpy); unit at the bottom and the ZnPP and BXV**
moieties lying roughly in face-to-face planes. The distance
between the Zn-center and the nearest N* of the BXV** unit
is about 9 A, which is reasonable for solvent-mediated ET
between the ZnPP and BXV*" units in the U-shaped
conformation.l]

Figure 2. Energetically minimized structures by molecular modeling of a) 1, b) Cyt-bss,(1), and ¢) Mb(1) in

water. The water molecules and hydrogens were omitted for clarification.

Chem. Eur. J. 2000, 6, No. 11
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As shown in Figure 2b and 2c, the ZnPP moiety in Cyt-
bse,(1) and Mb(1), which is incorporated into the correspond-
ing heme pocket, is separated from the Ru?*(bpy); and BXV**
moieties by the protein surface. Thus the U-shaped confor-
mation of 1 changed to more extended ones in Cyt-bse,(1) and
Mb(1), leading to the extension of the donor (ZnPP)-acceptor
(BXV*#) distance. Moreover, the Cyt-bss;, and Mb protein
matrices give rise to different effects on the conformation of 1.
In Cyt-bsg,(1), the connector unit between the ZnPP and
Ru?*(bpy); moieties is on the outside of the protein matrix
and thus is relatively flexible. Careful investigation of the
conformational change of Cyt-bss(1) showed that the BXV4*
and Ru?*(bpy); units approach the Cyt-bss, surface via
electrostatic attraction with a domain of the anionic Glu
and Asp residues located on N-terminal region of the helix
(H,N-Ala-Asp-Leu-Glu-Asp-Asn-Met-Glu-Thr-Leu-Asn-
Asp-Asn-Leu-),l'% resulting in a triangle arrangement of the
ZnPP, Ru**(bpy),;, and BXV* moieties in the energy-mini-
mized conformation of Cyt-bse,(1). On the other hand, the
ZnPP moiety of Mb(1) is deeply inserted in the Mb pocket
compared with Cyt-bsg,(1), so that the connector between the
ZnPP and Ru**(bpy); moieties is rather rigidified by the
protein matrix. In addition, the electrostatic repulsion oper-
ates between the BXV*" unit and the Mb surface, since the
proximity of the heme crevice of Mb is mainly surrounded
with positively charged amino
acid residues such as Lys, Arg,
and His.'"'l These factors cause
further extension of the do-
nor—acceptor  distance  in
Mb(1) compared with that in
Cyt-bssx(1), and result in an
almost linear arrangement of
the ZnPP, Ru**(bpy);, and
BXV* units (Figure 2c). The
distance between the Zn-center
and the nearest N* of BXV* in
Cyt-bss,(1) is estimated to be
about 16 A, whereas it is about
23 A in Mb(1). Thus, the mo-
lecular modeling study clearly
suggests that the protein matrix
has profound effects on the
donor—acceptor distance and
orientation of the triad 1, which
may strongly affect the ET rates
and ET pathways in 1, Cyt-
bse(1) and Mb(1).

Emission study

In the absence of the protein
matrix, compound 1 exhibits
very weak fluorescence with
Amax @t 596 nm and 649 nm
(shoulder), the quantum yield
of which is about ten times
lower than that of ZnPP (the
parent) and 2. As demonstrated
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by molecular modeling, compound 1 exhibits a U-shaped
conformation in water with a donor-acceptor distance of
93 A, which is quite suitable for solvent-mediated ET
between the terminal donor and acceptor. Thus, the quench-
ing of the ZnPP fluorescence in 1 is attributable to the
effective ET from the excited singlet state, 'ZnPP, to the
BXV* moiety, that is ZnPP-Ru**-BXV* — ZnPP+-Ru?*-
BXV3**. The rate constant for this ET process is calculated to
be 4.8 x 10 s7! using Equation (1), where @ and &, are the
fluorescence quantum yield of 1 and 2, respectively, and 7, is
the emission lifetime of 'ZnPP of 2 which was measured to be
1.8 ns by single photon counting.

ker= (1/7,)(Py/D — 1) (6]

However, reconstitution of 1 with apo-Cyt-bsg, and apo-Mb
resulted in great recovery of the ZnPP fluorescence (Fig-
ure 3a). Fluorescence titration of 1 with apo-Cyt-bs, and apo-
Mb (inset of Figure 3a) indicates that the fluorescence
quantum yield of 1 increases dramatically with the increase
of the amount of apo-protein and saturates at the ratio of 1:1
([1]:[apo-protein]). These results suggest that incorporation
of the heme unit of 1 into the apo-hemoprotein matrix
changes the U-shaped conformation of 1 to a more extended
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Figure 3. a) Comparison of the emission spectra of Cyt-bsg,(1), Cyt-bsg,(2),
and compound 1 without the protein matrix in 10mM phosphate buffer.
Excitation wavelength: 428 nm. Dash line: Cyt-bss,(1); solid line: Cyt-
bss(2); dotted line: compound 1 without the protein matrix. Absorbances
of the three samples at 428 nm were adjusted to the same in the
measurements. b) Excitation spectra of Cyt-bs,(1) and Cyt-bse,(2) in
10mMm phosphate buffer (pH 7.0). Solid line: Cyt-bss(1); dash line: Cyt-
bse2(2). Emission wavelength detected is 596 nm.
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one and thus prevents the quenching of ZnPP fluorescence by
BXV*, which is consistent with the molecular modeling
study. Moreover, the shapes and intensities of the emission
spectra of Cyt-bss,(1) and Mb(1) are very similar to their
control proteins, Cyt-bss,(2) and Mb(2), which indicates that
quenching of the ZnPP fluorescence in Cyt-bse,(1) and Mb(1)
is completely prevented (Figure 3a). Therefore, within Cyt-
bse:(1) and Mb(1), ET from the excited singlet state of ZnPP
to the Ru**(bpy); or BXV** site can be ruled out.

We then checked the excitation spectra of Cyt-bse(1),
Mb(1), and their references, Cyt-bs,(2) and Mb(2), at
emission wavelength of 596 nm. Figure 3b displays that the
absorption peaks of both the ZnPP and Ru**(bpy); units are
reproduced in the excitation spectrum of Cyt-bsg(2) (428 nm
and 556 nm for ZnPP and 460 nm for Ru*"(bpy);); this
indicates that the emission of Ru?*(bpy); is buried in the
1ZnPP fluorescence spectrum (Figure 3a). However, in the
case of Cyt-bss,(1), only the ZnPP absorption peaks are
reproduced in the excitation spectrum. No absorption peak
from the Ru?*(bpy); unit (460 nm) is observed, which implies
that the Ru?*(bpy); emission is completely quenched. Sim-
ilarly, the absorption peaks of both the ZnPP and Ru?*(bpy),
units are observed in the excitation spectrum of Mb(2),
whereas only the ZnPP absorption is reproduced in that of
Mb(1). Consistently, single photon counting study showed
that both emissions of Cyt-bs,,(2) and Mb(2) decay biexpo-
nentially. The first component has a lifetime of 1.8ns,
attributable to the 'ZnPP moiety, and the second one decays
completely after hundreds of ns, which is due to the emission
of the Ru**(bpy); unit. However, the emissions of Cyt-bs,(1)
and Mb(1) decay monoexponentially with the same lifetime
of 1.8 ns, due to 'ZnPP moiety. Quenching of the Ru?*(bpy);
emission strongly supports that photoinduced ET from the
excited Ru**(bpy); to BXV** takes place in Cyt-bs,(1) and
Mb(1), leading to the formation of the CS state, Cyt-bsg,(Zn)-
Ru**-BXV3** or Mb(Zn)-Ru**-BXV3**. The one-electron
oxidation potentials of ZnPP and Ru?**(bpy); are 1.06 VI2¢ 12
and 1.25 V versus NHE.[* Thus, in Cyt-bss,(1) and Mb(1), ET
from the ZnPP moiety to Ru**(bpy); to generate Cyt-
bseo(Znt)-Rut-BXV3** or Mb(Zn*)-Ru?*-BXV3* is expect-
ed thermodynamically favorable. The detailed mechanisms
were investigated next by time-resolved laser photolysis
studies.

Laser flash photolysis study

Since ET in Cyt-bsg,(1) and Mb(1) can be initiated from both
of the excited states of the ZnPP and Ru**(bpy); moieties, the
two chromophores were excited separately in the laser flash
photolysis study for better clarification of the photophysical
mechanisms. The excitation of the Ru?*(bpy); unit was
performed at 460 nm, where more than 90 % of the light is
absorbed by the Ru**(bpy); moiety (MLCT band) and less
than 10% by the ZnPP moiety in Cyt-bs,(1) and Mb(1),
whereas the ZnPP unit was excited at the Q-band of 596 nm,
where the absorption of the Ru**(bpy); unit is negligible.

Cyt-bs,(1): As shown in Figure 4a, pulsed laser excitation of a
solution of Cyt-bs,(1) (phosphate buffer, pH 6.0) at 596 nm
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Figure 4. a) Excited state difference absorption spectra observed after
laser excitation (A=2596 nm) of Cyt-bss,(1) (8 um) in buffer solution
(pH 6.0, 50mMm phosphate) at the following delay times: 30 ns and 1 us.
The sample solutions (3 mL) were degassed with five freeze-pump-thaw
cycles before the photolysis. b) Same as a)but the excitation was
performed at 460 nm.

leads to prompt appearances of absorption bands at 385 nm,
470 nm, 610 nm (shoulder), and 670 nm, accompanied by the
bleaching of Soret and Q-bands (428 nm, 553 nm, and
596 nm). According to the literature,?* 2l the absorption
band at 470 nm can be assigned to the excited triplet state,
3ZnPP, which was populated from the excited singlet state
(ZnPP) via efficient intersystem crossing. The peak at 385 nm
and the shoulder at 610 nm are characteristic of the radical
cation of bipyridinium salt (i.e., BXV3**) [l and the band
centered at 670nm is characteristic of ZnPP* 3l which
partially overlaps with the absorption of the BXV3** radical.
The appearance of BXV3** and ZnPP* clearly imply the
formation of the CS state, that is Cyt-bs;,(Zn*)-Ru>*-BXV3+*,
The absorption bands of *ZnPP, BXV3**, and ZnPP* species
generated by excitation at 596 nm decay completely within
1 us, concomitantly with the recovery of the Soret and Q-
bands of ZnPP. Laser excitation of native Zn-Cyt-bsg, or Cyt-
bs(2) under the same conditions simply produced the
absorption of their ZnPP triplet states (*Zn-Cyt-bs,, or Cyt-
bse(*Zn)-Ru?*) and any other transient absorption was not
detected.

Figure 5a shows the time course of the ZnPP state of Cyt-
bsex(1), that is Cyt-bsg,(Zn)-Ru*>*-BXV*, monitored at
475 nm by excitation at 596 nm. Analysis of this curve yielded
an exponential fit with a lifetime of 84 ns for Cyt-bs,(*Zn)-

Chem. Eur. J. 2000, 6, No. 11
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Figure 5. a) Transient kinetic trace monitored at 470 nm (?ZnPP absorp-
tion) after laser flash excitation of a degassed buffer solution (pH 6.0,
50mm phosphate) containing Cyt-bse(1) (8.0 uM) at 596 nm. b) Transient
kinetic trace monitored at 470 nm (*ZnPP absorption) after laser flash
excitation of a degassed buffer solution (pH 6.0, S0mm phosphate)
containing Cyt-bs,(2) (8.0 uM) at 596 nm.

Ru?*-BXV*. The lifetime of Cyt-bse,(*Zn)-Ru** was deter-
mined to be 3.0ms from its decay curve in Figure 5b.
Apparently, the decay of Cyt-bss,(*Zn)-Ru**-BXV** is much
faster than that of Cyt-bs,(*Zn)-Ru?*. Since either energy
transfer or ET from 3ZnPP (E°(ZnPP*/*ZnPP) = —0.64 V vs.
NHE) to Ru?*(bpy); is energetically unfavorable (E°(Ru**/
Ru*)=-1.39 V vs. NHE), the quenching of Cyt-bs,(*Zn)-
Ru?*-BXV** is reasonably attributable to the direct, long-
distance ET from 3ZnPP to BXV*, that is Cyt-bss,(*Zn)-
Ru**-BXV* — Cyt-bss,(Zn*)-Ru?>*-BXV3**. The rate con-
stant (k¢g) for this ET process is calculated to be 1.1 x 107 s~!
using Equation (2), where 7 and 7, are the lifetimes of Cyt-
bse((Zn)-Ru**-BXV*+ and Cyt-bse,(*Zn)-Ru?+.

kes=1t—1/7, 2)

The kinetic behavior of the CS state, Cyt-bsg,(Zn*)-Ru**-
BXV3**, were monitored at 670 nm. The time course gen-
erated by excitation at the Q-band (596 nm) shows that the
rise of transient absorption at 670 nm is not “instantaneous”
but instead grows in on a rather slow time scale and then
decays subsequently within 1us (Figure 6a). This Kkinetic
behavior is consistent with a typical consecutive reaction (A
— B — (), in which A would correspond to Cyt-bss,(*Zn)-
Ru**-BXV**, B, to Cyt-bs,,(Zn*)-Ru?*-BXV3** and C, to the
initial ground state Cyt-bs,(Zn)-Ru?*-BXV*. A nonlinear
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Figure 6. a) Kinetic trace monitored at 670 nm, which was produced by
laser flash photolysis of a degassed buffer solution (pH 6.0, S0mm
phosphate) containing Cyt-bs,(1) (8.0 um) at 596 nm. b) Same as a) but
the excitation wavelength used was 460 nm. The fitting curves in a) and
b) are given by the solid lines.

least-squares fit of the data

laser flash and then decays with a rate constant quite close to
that measured from Figure 6a. The rate for the formation of
the absorption at 670 nm is faster than our instrument
resolution (fwhm =5 ns, i.e., both kg and kegy >2 x 108571,
CSH: charge shift). This rate is over 20 times faster than the
decay of Cyt-bs,(*Zn)-Ru?>*-BXV** (v =84 ns), which indi-
cates that the contribution of the direct ET pathway, that is
Cyt-bse,(*Zn)-Ru**-BXV* — Cyt-bsg,(Zn*)-Ru* -BXV3++, to
the formation of the CS state is negligible in the case of
excitation at 460 nm. Therefore, it is reasonably concluded
that the CS state is generated via the stepwise ET route, that is
Cyt-bse,(Zn)-*Ru?*-BXV* — Cyt-bse,(Zn)-Ru+-BXV3+: —
Cyt-bsg,(Zn™)-Ru*-BXV3+* the rate constants of which are
both faster than 2 x 108 s~1. Analysis of the decay curve yields
an exponential fit with a lifetime of 606 ns, which leads to a
rate constant kcg for the back ET of 1.7 x 10°s~%. The rate
constant is in good agreement with the kg obtained by
excitation at 596 nm (see above).

The rate constants for the direct ET from 3ZnPP to BXV**
(kcs) and the subsequent charge recombination of the CS
state (kcg) in Cyt-bse,(1) are pH dependent in the range of
pH 4.0-6.0 (Table 1). Decrease of pH value results in gradual
decreases in kqg and kqg.

The quantum yield of Cyt-bse,(Zn")-Ru?*-BXV3** was
determined by a comparative method based on the extinction
coefficients of the triplet state of TPPIS! and Cyt-bse,(Znt)-
Ru**-BXV3** (g70nm = 17000 cm~'mM~). Since the CS state can
be formed via two different ET pathways, that is direct ET
from 3ZnPP to BXV** and stepwise ET relay initiated from
the excited state of the Ru?*(bpy); unit, the quantum yield
was measured by excitation at different wavelengths. When

Table 1. Summary of the distances®! and photophysical properties in the CS and CR process.

(solid line) yielded a rate con-
stant (kgg) of 2.3 x107s7! for
the charge separation (CS)
process,  Cyt-bse,(*Zn)-Ru*-
BXV#* — Cyt-bsg,(Zn*)-Ru?t-
BXV3t: and a rate constant

Distance [A] pH Rates of CSI! Lifetimes (rates) of CR
4.0 33x10°s7! 990 ns (1.0 x 10%s71)
Cyt-bse(1) 16.3 5.0 7.0 1055 769 ns (1.3 x 10°s71)
6.0 1.2x107s7! 606 ns (1.7 x 10°s71)
47 %1055 (70%)1 11us (92 x 10°s7) (75%)H
Mb(1) 2.9 6.0-8.0 5.0x10*st (30%) 18.4 us (5.4 x 10*s7) (25% )¢l
1 9.3 - 4.8 x10° sl 300 ns (3.3 x 100 s~1)lel

(kcr) of 2.8 x10°s™! for the
charge recombination (CR)
process,  Cyt-bsg,(Zn*)-Ru**-
BXV3** — Cyt-bse,(Zn)-Ru?*-
BXV**+, The rate constant of k¢
is in good agreement with that
obtained from the decay of
ZnPP triplet state.

When the Ru?**(bpy); moiety of Cyt-bs,(1) was selected to
excite at 460 nm, 3ZnPP, BXV3**, and ZnPP+ species were
also formed promptly, but the efficiency of the formation of
3ZnPP was much lower than that excited at 596 nm (Fig-
ure 4b). The appearance of the 3ZnPP absorption is due to the
weak light absorption by the ZnPP moiety at 460 nm, and its
decay behavior is very similar to that generated by excitation
at 596 nm (Figure 5a). However, the transient kinetics moni-
tored at 670 nm (Figure 6b) exhibits a quite different profile
from that in Figure 6a. It shows that the CS state, Cyt-
bseo(Znt)-Ru*t-BXV3** is formed “instantaneously” after the

very similar results.
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[a] These values were estimated by the distance between Zn center and the nearest N* of BXV**. [b] These
values were determined by the decay of *ZnPP for CS and ZnPP* for CR upon photoirradiation at 596 nm,
respectively. All calculated values included experimental error within +14 %. [c] Kinetic traces were analyzed by
biexponential fitting. These values represent the contribution of the corresponding kinetic components. [d] This
rate constant was estimated from the singlet (!ZnPP) ET by the emission study. [e] Excitation at 460 nm yielded

excited at 460 nm (MLCT band of Ru**(bpy),), the quantum
yield for the formation of Cyt-bse,(Zn")-Ru**-BXV3** via the
stepwise ET relay was measured to be 0.33, whereas the
quantum yield via the direct ET pathway was determined to
be 0.38 by excitation at 596 nm.

Mb(1): When Mb(1) was excited by pulsed laser flash at
460 nm or 596 nm, transient absorption spectra consisting of
absorption bands of BXV3** (385 nm and 610 nm), *ZnPP
(470 nm), and ZnPP* (670 nm) were produced promptly,
which are very similar to those shown in Figure 4. These
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changes clearly imply the appearances of the CS state,
Mb(Zn*)-Ru?-BXV3**, and the triplet state, Mb(*Zn)-Ru?*-
BXV**. Laser excitation of Zn-Mb or Mb(Zn)-Ru?* under the
same conditions simply produced the absorption of their
ZnPP triplet states (*Zn-Mb or Mb(*Zn)-Ru?*) and any other
transient absorption was not detected.

The lifetime of Mb(*Zn)-Ru?** was determined to be 3.9 ms
by monitoring the decay at 470 nm, whereas Mb(*Zn)-Ru?*-
BXV*" decays biexponentially with lifetimes of 2.1 us (70 %)
and 19.8 us (30%) (Figure 7a). Apparently, the decay of
Mb(*Zn)-Ru**-BXV* is much faster than that of Mb(*Zn)-
Ru?*, which suggests the occurrence of the direct, long-
distance ET from 3ZnPP to BXV**, that is Mb(*Zn)-Ru?*-

a
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Figure 7. Transient kinetics of Mb(1) produced by 596 nm and 460 nm laser
excitation of a degassed buffer solution (pH 7.0, S0mm phosphate)
containing Mb(1) (8.0 um). a) Kinetic trace monitored at 470 nm (*ZnPP
absorption) by excitation at 596 nm. b) Kinetic trace monitored at 670 nm
by excitation at 596 nm. c¢) Kinetic trace monitored at 670 nm by excitation
at 460 nm. The fitting curves are given by the solid lines.
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BXV# — Mb(Zn*)-Ru**-BXV3**. The rate constants for this
ET process were calculated to be 4.7 x 10° s~' and 5.0 x 10*s~!
using the lifetimes of Mb(*Zn)-Ru**-BXV** and Mb(*Zn)-
Ru?*, which are much slower than that of Cyt-bss,(1) (see
above). Similar to the case of Cyt-bss,(1), when Mb(1) was
excited at 596 nm, the transient kinetic behavior at 670 nm
(Figure 7b) exhibits a slow rising and slow decay profile,
which is consistent with a typical consecutive reaction (A — B
— C). A would correspond to Mb(*Zn)-Ru*"-BXV**, B, to
Mb(Zn*)-Ru**-BXV3**, and C, to the initial ground state
Mb(Zn)-Ru>*-BXV*+, A nonlinear least-squares fit of the
data (solid line) yielded rate constants (kcg) of 7.6 x 10° s~}
(70%) and 5.0 x 10*s™! (30%) for the process, Mb(*Zn)-
Ru?*-BXV* — Mb(Zn")-Ru>*-BXV3**, and rate constants
(kcg) of 1.1 x10°s71 (70%) and 5.0 x 10*s~! (30%) for the
process, Mb(Zn*)-Ru**-BXV3** — Mb(Zn)-Ru?"-BXV*.
The constants of kqg are in good agreement with those
obtained from the decay of Mb(*Zn)-Ru**-BXV*+,

Figure 7c shows the transient kinetics at 670 nm generated
by excitation of Mb(1) at 460 nm, which exhibits much
different kinetic behavior from that in Figure 7b. The
transient absorption was formed “instantaneously” with a
rate faster than our instrument resolution (fwhm =35 ns, i.e.,
both kg and kegy >2 x 108 s71). Since this rate is over 500
times faster than the rate of the direct ET initiated by
Mb(*Zn)-Ru**-BXV*+ (kcg=4.8 x 10°s71), it is reasonably
concluded that the CS state is generated via the stepwise ET
route, that is Mb(Zn)-*Ru’>*-BXV*" — Mb(Zn)-Ru*+-
BXV3¥** — Mb(Zn*)-Ru>*-BXV3**, the rate constants of
which are both faster than 2 x 108 s~ Analysis of the decay
curve yields a biexponential fit with lifetimes of 1.1 us (75 %)
and 18.4 us (25%), which lead to rate constants kcp for the
back ETof 9.2 x 10° s~ and 5.4 x 10* s~.. These rate constants
are consistent with the k- obtained by excitation at 596 nm.

It was found that, in contrast to the case of Cyt-bs,(1),
change of pH has no obvious effect on the direct ET from
3ZnPP to BXV**+ and the charge recombination of the CS state
in Mb(1). The quantum yield for the formation of Mb(Zn*)-
Ru?*-BXV3** via the stepwise ET pathway was determined to
be 0.08 by excitation at 460 nm, and that via the direct ET
pathway is 0.16 by excitation at 596 nm.

Compound 1 in the absence of protein matrix: As demon-
strated by the fluorescence study, rapid singlet ET from
1ZnPP to BXV* takes place in 1 in the absence of the protein
matrix (kcs=4.8 x 10° s71). Consistently, pulsed laser excita-
tion of 1 at 596 nm in the absence of the protein matrix results
in prompt appearances of the absorption bands of BXV3*
(390 nm and 610 nm) and ZnPP* (670 nm) and the bleaching
of the Soret and Q-bands, which suggests the formation of the
CS state, ZnPP*-Ru?>*-BXV3** (Figure 8a). Any transient
absorption due to the ZnPP triplet state (*ZnPP) was not
observed; this indicates that the intersystem crossing from
1ZnPP to 3ZnPP is completely inhibited in 1. The CS state,
ZnPP+-Ru?*-BXV3** is generated by the direct ET from the
excited singlet state of the ZnPP unit ('ZnPP) to the BXV**
unit, which agrees well with the emission study. Fitting the
decay curve of ZnPP+-Ru?>*-BXV** (Figure 8b) yielded a
lifetime of 300 ns, which is relatively shorter than that of
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Figure 8. a) Excited state difference absorption spectra observed after
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matrix at delay times of 30 ns and 1 us. b) Kinetic trace monitored at
670 nm produced by laser photolysis of 1 in the abscence of the protein
matrix. The fitting curve is given by the solid line.
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Scheme 2. Photoreaction scheme of Cyt-bsg,(1) and Mb(1).

1914

Cyt-bsep(Zn")-Ru**-BX V3 (pH 6.0) and is much shorter
than that of Mb(Zn*)-Ru**-BXV?3**, Laser excitation of 1 at
460 nm yielded very similar results. Since both the ZnPP and
Ru?*(bpy); units of 1 exhibit strong absorption at 460 nm, the
stepwise ET pathway can not be separated from the direct ET
pathway in the case of 1 without the protein matrix. The
quantum yield of ZnPP*-Ru**-BXV3+** was measured to be
0.26 by excitation at 596 nm.

Discussion

On the basis of the fluorescence and laser flash photolysis
studies, the reaction scheme of Cyt-bse,(1) and Mb(1) can be
written as shown in Scheme 2, and the reaction scheme for 1in
the absence of a protein matrix is shown in Scheme 3.1
Scheme 2 shows that, when the Ru*(bpy); moiety of
Cyt-bss,(1) or Mb(1) is excited, a stepwise ET relay mecha-
nism occurs with the intermediate ion-pair, Cyt-bse(Zn)-
Ru*-BXV3** or Mb(Zn)-Ru**-BXV3**, as a real intermedi-
ate. On the other hand, excitation of the ZnPP moiety of Cyt-
bse(1) or Mb(1) leads to direct ET from the 3ZnPP state to
BXV**+, Both of these ET pathways finally generate the same
CS state, Cyt-bse,(Zn")-Ru*>*-BXV3+* or Mb(Zn*)-Ru?*-
BXV3*+. Direct ET from the excited ZnPP moiety to the
BXV* moiety is also involved in 1 in the absence of the
protein matrix (Scheme 3), but the excited state of ZnPP
involved in this pathway is !ZnPP, but not 3ZnPP.

The donor-acceptor distances and rate constants for the
direct ET and charge recombination in compound 1, Cyt-
bse(1), and Mb(1) are summarized in Table 1. We failed to
determine the rate constants for the stepwise ET in the
systems studied due to instrumental limitation. However,

1
(Ebwwﬁuz“-BXV“" ——( ( QZ%W*RUB-BXV‘"‘

Kcsi
2N RUB-BXV3*
L]
kcsH
CE——— Zn+
E>aRUH-BX V3
hv
(460 nm)
Kcr
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Scheme 3. Photoreaction scheme of 1 in the abscence of protein matrix.
Since we have not any direct evidence for the stepwise ET pathway
initiated from the Ru?*(bpy); excited state, it is not shown in this scheme.

Table 1 clearly shows that partial incorporation of 1 into
hemoproteins has profound effects on the direct ET from
ZnPP to BXV* and charge recombination of the CS states.
Similar observations were recently addressed by Willner and
co-workers.’" As demonstrated in the molecular modeling
study, compound 1 exhibits a thermodynamically favorable
U-shaped conformation with the terminal ZnPP and BXV**
moieties close to each other, which facilitates a solvent-
mediated ET between the two moieties.’! As a result, the
excited singlet state of the ZnPP moiety (!ZnPP) in 1 is
efficiently quenched by the rapid ET pathway of !ZnPP-Ru?*-
BXV# — ZnPP*-Ru?**-BXV3*** (ks in Scheme 3). The inter-
system crossing (kisc) from 'ZnPP to 3ZnPP in 1 is also com-
pletely prevented, since no 3ZnPP absorption was observed
upon laser excitation of 1 in the absence of protein matrix
(Figure 8a). On the other hand, molecular modeling study
clearly shows that, when the ZnPP unit of 1 is incorporated
into apo-Cyt-bsg, or apo-Mb, the U-shaped conformation of 1
is changed to a more extended one, which results in large
increase in donor —acceptor distance (Table 1). The extension
of the donor-acceptor distances in Cyt-bs,,(1) and Mb(1)
gives rise to great recovery of the 'ZnPP fluorescence and
inhibits the direct ET from 'ZnPP to BXV**; this leads to
efficient intersystem crossing from 'ZnPP to 3ZnPP. Thus,
when the ZnPP unit of Cyt-bse,(1) or Mb(1) is excited, the
direct ET pathway is regulated to proceed from *ZnPP to
BXV** with a relatively slow rate constant (see Table 1).
Since the isoelectric point of Cyt-bsg, is about pH 5.0, its
surface is negatively charged at neutral pH. More importantly,
an anionic cluster consisting of repeated Glu and Asp residues
is located on the proximity of the outside of the heme crevice.
Molecular modeling study indicates that the BXV*" and

Chem. Eur. J. 2000, 6, No. 11
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Ru?*(bpy); units of Cyt-bse,(1) tend to approximate to the
protein surface via electrostatic interaction with the anionic
cluster, and the flexibly connected ZnPP, Ru?**(bpy);, and
BXV*" units adopt a triangle conformation. However, in
Mb(1), the deeper insertion of the ZnPP moiety into Mb
rigidifies the connector between the ZnPP and Ru?*(bpy),
moieties by the protein matrix, which leads to large extension
of the donor—acceptor distance with respect to that of Cyt-
bse(1). In addition, since the exterior surface of the heme
crevice of Mb is positively charged at neutral pH,!'! the
donor —acceptor distance in Mb(1) might be further extended
by the electrostatic repulsion between the BXV** unit and Mb
surface. Therefore, the difference in interactions between the
protein matrices and BXV*+ in Cyt-bs,(1) and Mb(1) strongly
affects the donor—acceptor distances, orientations, and thus
the rate constants for charge separations and charge recombi-
nations. As demonstrated by the laser flash photolysis study,
at neutral pH, the rate constant for the ET from 3ZnPP to
BXV* (k¢s) in Mb(1) is about 20 times slower than that in
Cyt-bser(1) (Table 1). Moreover, the CS state of Mb(1),
Mb(Zn*)-Ru**-BXV3*+*, is about 2-30times longer-lived
than Cyt-bse,(Zn*)-Ru?*-BX V3. Thus, it is clear that, in
our systems, spatial arrangements of the donor and acceptor,
such as donor—acceptor distances and orientations, play major
roles in controlling the both processes; this suggests that these
ET proceed mainly via a through-space mechanism, althouth
a through-bond ET mechanism may also be involved.

In the pH range around the pI of Cyt-bse, (pH 4.0-6.0), the
rate constants for the direct ET (k¢s), and charge recombi-
nation (kcg) in Cyt-bsg,(1) are pH dependent. The ks and kcg
at pH 6.0 are faster than those at pH 4.0. The decreases in k¢
and kcg at pH lower than pI of Cyt-bsg, (pI 5.0) reflect that the
electrostatic interactions between the BXV*" unit and the
protein surface are lessened with the protonation of the
protein surface, and thus the donor-acceptor distance is
extended with the decrease of pH. In contrast to the case of
Cyt-bs,(1), change of pH in the range around the pI of Mb
(pH 6.0-8.0) has no obvious effect on the kg and kcg of
Mb(1), which indicates that the donor—acceptor distance in
Mb(1) can not be affected significantly in this pH range.

In summary, our study clearly demonstrated that protein
matrix plays crucial roles in biological ET, including i) iso-
lation of the redox partners in a multicomponent assembly to
prevent their stacking in the ground state, ii) fixation of the
conformation of a chromophore, depending on interactions
between the chromophore and the protein surface, iii) regu-
lation of the ET pathway among singlet ET, triplet ET, a
short-cut process and a stepwise process, and iv) control of the
lifetime of a resultant charge-separated state. We are con-
vinced that these effects are useful for advancing artificial
photoreaction systems.

Experimental Section

The syntheses of compounds 1 and 2 have been reported previously.!”)
Other chemicals were used without further purification.

Reconstitution of apo-Cyt-bs, with Zn-heme derivatives:['*l The apo-Cyt-
bss, was prepared by the similar method of Mb. The reconstitution was
conducted to the modified method reported previously by us. 1.5 equiv. of
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the cofactor dissolved in water or pyridine (1 in water, ZnPP and 2 in
pyridine) were added dropwise to an apo-Cyt-bs, solution in distilled water
and DMSO over an ice bath. The ratio of the organic solvent in the final
component was adjusted to be 20% (v/v). The mixture was incubated at
4°C for 6h and then dialyzed against distilled water three times and
phosphate buffer (pH 7.0) twice. After filtration through a cellulose
membrane (¢ =0.20 um), the clear supernatant was applied to gel
chromatography on Sephadex G-25 (eluent: 10mM phosphate buffer,
pH 7.0). The purified Cyt-bs,, solutions were concentrated by ultrafiltration
(amicon, YM 10 membrane). All of the semisynthetic Cyt-bss, proteins
were obtained in yields of the range of 55-75 %, which were determined
spectrophotometrically.

Fluorescence measurements: The fluorescence and excitation spectra were
recorded on 10~°Mm solutions with Hitachi F-4500 fluorescence photometer.
The fluorescence lifetimes were measured with a sub-nanosecond time-
correlated single photon counting system (PTI-3000, excitation at 430 nm,
and monitored at 600 nm). The sample solutions were degassed with five
freeze-pump-thaw cycles before the measurements. The experimental error
of the lifetime values was estimated to be within 10 %.

Laser photolysis experiments: The sample solutions (3 mL) degassed with
five freeze-pump-thaw cycles were subjected to pulsed laser photolysis at
20°C, using a third harmonic light (460 nm or 596 nm, fwhm =5 ns) from a
Q-switched Nd/YAG laser (Quanta-Ray DCR-11) for excitation equipped
with the optical parametric oscillator (OPO). A right-angle optical system
was employed for the excitation-analysis setup. Probe lights were detected
by a photomultiplier tube (Hamaphoto R 446) or a photodiode array
(Princeton IRY-1024 G/RB, gate width =4 ns). 100 flashes were set for
each measurement to determine the experimental error.

Determination of quantum yields: The quantum yields of the CS states
were determined by a comparative method based on the extinction
coefficients of the triplet state of meso-tetraphenyl porphyrin (790 nm) and
the CS states (670 nm).["]

Molecular modeling: Model buildings and molecular dynamics calculations
were performed with Insight II/Discover 98 packaged in the context of the
Molecular Simulations Inc. (MSI). All calculations were performed with
the extensive systematic force field (ESFF). The triad molecule 1 was first
constructed with Builder module of the Insight package. Initial calculation
was carried out in vacuo by molecular mechanics (MM), followed by
molecular dynamics (MD) minimization around 500 K. Some of the
conformations which were energetically stabilized was chosen for next
solvation analysis. The triad molecule 1 solvated on the surface of five
layers of water was used for the next MM calculations. The distance
between zinc and nitrogen of BXV*" was estimated from this final
minimized structure. Reconstruction of our semisynthetic Mb or Cyt-bsg,
was performed using Biopolymer modules based on the X-ray crystallo-
graphic data of Mb and Cyt-bss, in RSCB protein data bank (PDB),
followed by replacement of the metal center from iron to zinc and
adjustment of the coordination sphere of ZnPP. This semisynthetic protein
was treated as an assembled molecule in a waterbox, followed by MM and
MD calculations with the gradient minimization in a procedure similar to
the case of the triad 1.
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