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Synopsis. Photoinduced electron transfer proceeded
between zinc protoporphyrin reconstituted myoglobin and
methylviologen. The reduced methylviologen formed by
electron-transfer quenching was observed by means of laser
flash photolysis. The quenching rate constants were affected
by the change in the surface charges of myoglobin.

Zinc porphyrins have longer excited triplet state life-
times compared with other metalloporphyrins such as
Fe(11), Ni(Il), and Cu(II) porphyrins. Therefore, the
excited triplet states of zinc porphyrins are active as a
photosensitizer, and then are useful as a photochemical
probe to study photoinduced electron transfer. Zinc
porphyrin substituted for the native heme can also be
used as a photochemical probe in biological systems.
The photochemical properties and photoinduced energy
and/or electron transfer, for example, have been studied
in zinc cytochrome c,? zinc cytochrome c¢ peroxidase,®
zinc myoglobin,* and zinc hemoglobin.5

In this work, we report that photoinduced electron
transfer between zinc protoporphyrin reconstituted
myoglobin (ZnPP-Mb) and methylviologen takes place.
The transient absorption of reduced methylviologen was
observed when the sample solution containing ZnPP-
Mb and methylviologen was excited with a laser pulse.
This is the first direct evidence of electron transfer
between the excited triplet state of ZnPP-Mb and
methylviologen. The reaction rate constant was
strongly affected by the change of the surface charges of
ZnPP-Mb.

Experimental

Myoglobin from horse skeletal muscle was obtained from
Sigma Chem. Co., and was used without further purification.
Zinc protoporphyrin IX (ZnPP) was purchased from Por-
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phyrin  Products, Inc. ZnPP reconstituted myoglobin
(ZnPP-Mb) was prepared according to the literature,®
except that the reconstitution of the apomyoglobin was per-
formed in 50 mM (1 M=1 moldm~3) Tris-HCI buffer, pH 8.5.
After the reconstitution, ZnPP-Mb was purified by ion-
exchange DEAE-Sepharose Fast Flow chromatography in 50
mM Tris-HCI buffer, pH 8.5. ZnPP-Mb adsorbed on the
column was eluted by applying a linear gradient of NaCl
ZnPP-Mb fractions possessing A4es/ A280>>9.0 were combined
and dialyzed against 10 mM phosphate or 10 mM Tris-HCI
buffer at a desirable pH. The concentration of ZnPP-Mb
was determined by the absorbance at 280 nm (¢=1.58X10¢ M1
cm~1)40.  The absorption peaks for ZnPP-Mb prepared were
at 596, 554, 428, 355, and 279 nm. These values were in good
agreement with those reported previously.4

A Nd-YAG laser (Quanta Ray GCR-3) was used for the
laser flash photolysis. The wavelength of the laser pulse was
532 nm, and the pulse duration was about 20 ns. A Xe-lamp
(ILC Technology, LX-300) was used as a monitor light. The
decay of the transient absorption was measured on a digital
storage oscilloscope (Tektronix 11401). The signal was aver-
aged if necessary, and was analyzed on the oscilloscope. The
sample solution was deaerated by freeze-pump-thaw cycles to
remove dissolved oxygen for the laser flash photolysis. The
absorption spectrum of ZnPP-Mb was not changed by the
freeze-pump-thaw cycles.

Results and Discussion

The triplet-triplet (T-T) absorption spectrum as
shown in Fig. 1-(A) was obtained when ZnPP-Mb was
excited by a 532 nm laser pulse. The decay of the
transient spectrum obeyed first order kinetics. The
lifetime of the transient species was 15 ms. This value
was in good agreement with the reported lifetime of the
excited triplet state of ZnPP-Mb (3ZnPP-Mb*).4b.cd5c)

When ZnPP-Mb was excited in the presence of
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Transient absorption spectrum obtained when ZnPP-Mb (2.0)X10-5 M) was excited (A) in the absence of,

and (B) in the presence of MV2* (4.4X10-4 M) in 10 mM phosphate buffer (pH 7.0), 25°C. The spectra were
observed at (A) 50 us, (B) (O) 30 ps, (A) 130 ps after the excitation.
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MV2z*, the time resolved transient absorption spectra
were obtained as shown in Fig. 1-(B). These were
observed at 30 and 130 us after the excitation. A new
absorption band around at 610 nm was observed in
addition to the T-T absorption of ZnPP-Mb. This
absorption band is characteristic of reduced methylvio-
logen (MV*).? The intensity of this band increased
with time accompanied with the decrease of the T-T
absorption in the intensity. The lifetime of 3ZnPP-
Mb* decreased when MV2t was added to ZnP-Mb.
This means that 3ZnPPMb* was quenched by MV2+,
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Fig. 2. (A), (B) Typical oscillograms of the transient

absorption observed at (A) 470 nm and (B) 607 nm.
Conditions: ZnPP-Mb (2.0X10-% M), MVt (2.9X
10—+ M) in 10 mM phosphate buffer (pH 7.0), 25°C.;
(C), (D) semi-logarithmic plots of transient absorp-
tions.
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Typical oscillograms of the transient absorption are
shown in Fig. 2-(A) and (B) observed at 470 and 607 nm,
respectively. 3ZnPP-Mb* and MV* are the predomi-
nant species at 470 and 607 nm, respectively. Fig. 2
shows that the decay of 3ZnPP-Mb* corresponds to the
formation of MV*, i.e., MV2* quenches 3ZnPP-Mb* by
electron transfer to form MV* (Eq. 1).

3ZnPP-Mb* + MV2tfe, 7,PP_Mb* +MV+ )

Although it was reported that the quenching of
3ZnPP-Mb* took place by MV2*, there was no direct
evidence of electron-transfer quenching.5 The results
shown in Fig. 2 are the direct evidence of electron-
transfer quenching of 3ZnPP-Mb* by MV2*, The
decay of the T-T absorption and the formation of MV*
were also single exponential in the presence of MV2* as
shown in Fig. 2-(C) and (D). The observed quenching
rate constant (kobss in Eq. 1) was 2.7X10” M~1s~1in 10
mM phosphate buffer, pH 7.0 at 25°C.®

The value of k.usa was pH-dependent. The value of
kovsa increased with increasing pH as shown in Fig. 3.
This curve is similar in shape to the titration curve of an
acid-base equilibrium in which the pK, is about 7.8.
This suggests that the ionization of amino acid residues
plays an important role in the pH dependence of kobsa.
Judging from the apparent pK, value, lysine or histidine
residues should be responsible. The acidic amino acid
residues seem to be deprotonated under the conditions
in Fig. 3. So, the charges on ZnPP-Mb are changed by
the change in the degree of the dissociation of the basic
amino acid residues with pK, values of about 7.8.

The value of kova Was also dependent on the ionic
strength as shown in Fig. 4. The value of kobsu
decreased with increasing ionic strength at pH 7.0 and
8.2, but increased with increasing ionic strength at pH
6.5. This may have been caused by the change of
charges of ZnPP-Mb. To estimate the charges of
ZnPP-Mb, the logarithm of kosq Was plotted against
D2](1+81'2), where [ is the ionic strength. The plots
were based on the Brgnsted-Debye-Hiickel expression?
(Eq. 2) in which A and B are 0.509 and 0.329X108

T T )
10F b
TU)
T
b3
2 st -
£
1 1 1
06 7 8 9
pH

Fig. 3. The dependence of kq on pH. Conditions.
ZnPP-Mb (2.0X10-5 M) in (O) 10 mM phosphate
buffer, (A) 10 mM Tris-HCl buffer, 25 °C.



February, 1992]

7.8

Log kq

2] N

7.0 'l L L
4 6 8 10 12

121+ 81172 1 1072

Fig. 4. Plot of log kq as a function of IV/2/(1+81V2) at
different pH. Conditions: ZnPP-Mb (2.0X10-5 M)
in 10 mM phosphate buffer ((A) pH 6.5, (O) pH 7.0),
and in 10 mM Tris-HCl buffer (O) pH 8.2). The
ionic strength was adjusted by NaCl.

10g kovss =log ko + 24 Z1 Zo 12/ (1 + Bal'?) @

MV2 cm—1, respectively, in water at 25°C; Z;, and Z; are
the charges of MV2* and ZnPP-Mb, respectively. For
Z; and a (the distance of closest approach between the
reactants (center to center)), values of +2 and 2.50 nm!19
were used, respectively. From the slope of the lines in
Fig. 4, the charges of ZnPP-Mb were estimated to be
—4.7, —1.6, and +0.4 at pH 8.2, 7.0, and 6.5, respec-
tively. The negative charges of ZnPP-Mb increased
with increasing pH. ZnPP-Mb is negatively charged
under the condition that the basic amino acid residues
with apparent pK, values of about 7.8 are protonated by
50% (when the pH is 7.8). These charges estimated
here seem to be ones at a specific reaction sitel516)
(presumably around the entrance of the heme
pocket).

The dependence of kobsa on pH can be explained by
the change of the charges of ZnPP-Mb. As the depro-
tonation of the basic amino acid residues takes place by
raising the pH, the positive charges decrease, i.e., the
negative charges of ZnPP-Mb increase at higher pH.
The change of the charge of ZnPP-Mb makes the
degree of the electrostatic interaction between ZnPP-
Mb and MV2* change. The more negatively charged is
ZnPP-Mb, the stronger is the electrostatic interaction
with MV2*t  because MV2* is positively charged. So,
the value of ko increases with increasing pH because of
the increasing of the electrostatic interaction.
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