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Abstract —Microperoxidase 8 (MP8) has been prepared by sequential hydrolysis of cytochrome ¢ by pepsin
and trypsin. This five-coordinated hemc-octapeptide fragment provides a uniques structure to evaluate the
clectronic coupling efficiency to the iron through axial position and porphyrin edge. At alkali pH,
Ru(bpy),(im),** was bound to iron through imidazolate coordination. The lumincscence of Ru(bpy),(im),* is
completely quenched in AcMP8Ru complex. Transient kinetics measurement showed the decay rate to be ~ 1
» 10" s''. Ruthenium bipyridine complex with a carboxyl group substituted bipyridine has been prepared and
reacted with MP 8 to yield N-terminus bound RuMP8 complex. The luminescence decay rate has been
measured as 1 X 107 s7'. By using semiclassical electron transfer theory, we found the electron transfer
efticiency through axial position ol iron porphyrin is as good as through porphyrin edge.

INTRODUCTION

Microperoxidases arc hydrolysis products of cytochrome
¢ by proteolytic enzymes. Cytochrome ¢ contains 104 amino
acids and an iron protoporphyrin to carry out its natural
responsibility to transport electron. This protoporphyrin is
covalently attached to protein backbone throngh two thio-
ther linkages, i.e. cysteine 14 and 17. It has been shown that
treated with pepsin results a fragment from residue 11-21
(MP11), with trypsin results residucs 14-22 (MP9), and with
both pepsin and trypsin vidles the a fragment of residuc 14-
21 (MP8) heme-containing peptides.’ These hemec-contain-
ing peptide fragments all have the histidine-18 intact as the
fifth ligand and leave the sixth coordination site open. This
heme environvement resembles peroxidase structure and
exhibits peroxidase activity. The peroxidase activity gives
the name, microperoxidase, for these heme-containing pep-
tide fragments.

A lysine residue has remained in MP9 and MP11 fragments
and may act as the sixth ligand to iron. The peroxidase activ-
ity is dramatically reduced if iron has no open coordination
site. Even in MP&, the N-terminus can coordinate and from
inactive dimer at high concentration. To preserve peroxidase
activity, the acetyl protected on N-terminus AcMPS is often
used and is the main microperoxidase discussed in this
paper.

The open coordination on iron also provides a unique struc-
ture to evaluate electron transfer (ET) efficiency. Cytochrome
¢ 1s an important biological electron transport protein.

Extensive studies on ruthenium modified cytochrome ¢ have
indicated that electron transfer through both heme edges and
axial ligands ard highly efficient.? Many porphyrin based
synthetic donor/acceptor complexes have demonstrated
extremely fast ET reaction coupled through porphyrin edges.*”

However, the ET through axial site has not been thorough-
ly investigated.®”

Transition metal complexes are effective sensitizer for
many photoinduced electron transfer. Ruthenium-2,2"-bipyri-
dine(Ru-bpy)complexes, in particular, posscss many attrac-
tive features for this sort of chemistry. The metal-to-ligand
charge-transfer excited staies of Ru-bpy((Ru(bpy),**, Ru(bpy),
LL*)complexes have 0.1-1.0 gs lifetimes and arc potent and
efficient one-electron reductants (E,, ~ -0.8 V vs. NHE). One
electron oxidized ruthenium complexes are stable for sec-
onds and are power oxidants. Furthermore, the vast body of
research into the photophysics and photochcmistry of these
complexes provides nearly limitless information.®

Ruthenium complexes are perfect candidates for photoin-
duced reaction with AcMPS. In this paper we rcport the pho-
toinduced ET reactions of ruthenium cormplexes with AcMPS.

MATERIALS AND METHODS
Material

General. Ru(bpy),(im)»Cl.’ and 4"-methyl-2.2"-bipyridine-
carboxylic acid (CH;bpyCOOQOH)'? were prepared according to
the published methods.

Microperoxidase-8 (MPS). MP8 was prepared from horse
heart cytochrome ¢ (Sigma) by a modification of literature pro-
cedures.''"'* 500 mg of cytochrome ¢ and 13 mg of pepsin (Sigma)
were dissolved in 20 mL of water. The pH was adjusted to 2.1
by addition of 1 M HC1. After 30 min, another portion of pepsin
(13 mg) was added. Alier standing overnight, the solution was
brought to pH 8.1 by addition of ammonium, hydroxide (Fis-
cher) und trypsin(18 mg)(Sigma) was added. The resulting red
solution was allowed to stand at 30°C overnight. Crude MP8
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was precipitated by addition of solid anumonium sulfate (29g)
and collected by centrifugation. The supernatant was discard-
ed and the remaining red solid was dissloved in waler. Resid-
ual ammonium sulfate was removed by washing with water in
an Amicon ultrafiltration cell (YM1 membrance). The crude MP8
was purified by FPLC chromatography using a Pharmacia
PcpRPC 10/10 column running a 12-36% acetonitrile/water gra-
dient. FPLC solvents contain 0.1% trifluoroacetic acid. Purified MP8
was lyophilized and stored in a refrigerator. N-acelyl MP8 was prepal-
ed by slow addition of a 500-fold excess of acetic anhydride (Aldrich)
to a solution of purified MP& in 0.1 M potassium bicarbonate solu-
tion.”? Excess bicarbonate was removed by repeated washing with
water in an Amicon cell and purified by reverse phase FPLC. The
concentrations of stock solution of MP8 were determined spec-
trophotometrically (€55,= 1.57 mM-' cm'; pH 8).72

Ru(bpy),(CH ;bpyCO)MPS(RuMPS8). Ru(bpy),(CH;bpy-
COOH)CI, was prepared from reflux Ru(bpy),CO; with carboxyl
substituted bipyridine ligand./Y The carboxyl group was further
activated by N-hydroxysuccinimide to succinamide.’”” In large
excess, this ruthenium succinamide reacts with the N-lerminus
amine of MP& and yieds ruthenium covalently bounded o
MP&. Final purification is done by reverse phase column chro-
matography similar to the procedure ot MP8.

Methods

General. Absorption spectra were measured on a HP 8453
photodiode array spectrometer. Emission spectra were obtained
by using an Aminco Bowman Series 2 Luminescence Spec-
trometer.

Lifetime measurement. Lifetimes in ns-region were measured
by home constructed time resolved Laser spectrometer and was
described elsewhere.”’ Picosccond laser spectroscopic mea-
surements werc performed at the Laser Resource Center at Beck-
man Institute of California Institute of Technology. Transient
absorplion was measured by exciting the AcMP8Ru complex
at the third harmonic of an active-mode-locked ND:YAG laser
(FWHM = 10 ps). A continuum white light, generated from irra-
diating D,0/H,0 mixture, was used as the probe light for tran-
sient absorption. The luminescence decay was measured by using
Time-Correlated Single-Photon-Counting. Decay traces were
transferred to a personal computer loaded with the comrmercial
software Origin 3.5.

Electrochemical Measurements.  Thc rcdox potentials of
AcMP8Ru and RuMPS8 complexes were determined by cyclic
voltammetry by using a EG G Potentiostate/Galvan (Model
273). Electrochemical measurements in aqueous solutions (buffers,
# = 0.1M) were perfomed at room temperatured in a standard
three-electrode configuration consisting of a pyrolytic graphite
working electrode (6.2 mm dia.), a Pt wire as auxiliary electrode,
and a saturated calomel reference electrode(SCE).

RESULTS

Complex [ormation between AcMP8 and Ru(bpy),(im),**
(AcMP8Ru). The absorption spectrum of AcMP8 exhibils

a soret band at 396 nm which is a typical high spin five coor-
dination Fe porphyrin electronic transition.” The soret band
is very sensitive to the 1ron’s coordination environment and
is utilized Lo monitor the sixth ligand binding reaction. Upon
binding the sixth strong field ligand, it changes to low spin
iron and the sorel band shilts to longer wavelength. At neu-
tral pH, Ru(bpy),(im),>" has no free coordinate site and, there-
fore, no reaction occurred with AcMp8, but at pH 10, imi-
dazole is deprotonated and is a good ligand to iron. The com-
plex formation is evident by the soret band shift to 406 nm
as shown in Fig la. After gel filtration, a 1:1 complex of
AcMPS is isolated (Fig.1b).
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Figure 1. (a) Absorption spectra of ACMP8 with excess Ru(bpy),(im),?*.
Upper trace: pH = 7, lower trace: pH = 10. (b) Spectrum of 1:1
AcMPE8Ru complex.

Photoinduced electron transfer in AcMP8Ru complex. The
intense absorption of Ru(bpy),(im),”* around 450 nm has been
assigned to metel-to-ligand charge-transfer (MLCT) band
(Table 1). Excitation into the MLCT band of Ru(bpy),(im),>
results in a broad emission centered around 670 nm. How-
ever, there i8 no observable emission of AcMP8Ru complex
indicating the excited-state of Ru(bpy),(im),** is complete-
ly quenched. As one would expect the ET rate would be very
fast for donor-acceptor at such a short distance, the emis-
sion result is not surprising. Picosecond transient absorption
exhibits intense bleach in the soret region. The decay kinet-
ics monitored at 400 nm, as shown in Fig. 2, is very close
to the instrument response function. Deconvoluting the sig-
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Table 1. Absorption, emission, lifetime, and redox potential of
Ru(bpy),LL** complexes.

LL  Absorption Emission, Lifetime, Redox potential,
(MLCT), nm nim ns V vs. NHE
(Im), 490 670 70 (.98
CH;bpyCOO- 456 625 576 1.28

nal results a decay rate constant of ~ 1 x102g!,
Covalently bound RuMP8 complex. Ruthenium complex
with one carboxyl group substituted bipyridine ligand can
be activated and convalently bound to the N-terminus amine
of the MP8. The syntheses are summarized in Scheme 1.

i
- CH,

Scheme 1.

Mass spectrum measured by electrospray ionization tech-
nique is shown in Fig, 3, where the M?, M*, and M* are
at 1037.9, 705.6, 529 4, respectively.

Electron transfer through porphyrin edge. Ruthenium com-
plex, Ru(bpy),(CH;bpyCOO)*, exhibits a strong emission at
625 nm in pH 7, sodium phosphate solution, but the emis-
sion intensity is dramatically reduced in RuMP8 complex.
Emission decay measured by time-correlated singlc-photon-
counting gives a lifetime of 1 ns.

Redox potential of AcMP8Ru and RuMPS complexes.
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Figure 2. Transient kinetics of AcMP8Ru, monitored at 400 nm.

Direct cyclic voltammetry measurement of the AcMP8 Ru
complex al pH 10 exhibits two reversible redox couples at
-0.140 and 1.01 V vs. NHE. There is only onc redox cou-
ple at 0.98 V vs. NHE for Ru(bpy),(im),>* complex. Redox
potential of Ru(bpy),(CH,;bpyCOQ)* was measured at pH 7
and has one quasi-reversible peak at 1.28V vs. NHE.

DISCUSSION

Since AcMP8 does not absorb strongly in the emission
region of Ru(bpy),(im),™, energy transfer is less likely to be
responsible for the quenching. While the decay rate of
Ru(bpy),(im),™ itself is 1.4x107 s, the ET rate form Ru
complex to AcMPS§ through axial ligation is ~1 X 101257,

Based on the semiclassical theory,”” the rate constant is
expressed as Eq.l,

ker = uigexp{-( 4G™+4) Y44k, T} Q)

Where v, is the muclear motion frequency, £, is the elec-
tronic factor, and kg is the Boltzmann constant. For adiabatic
ET reactions, #;equlas unity and Eq.1 can be rewritten as
Eq.2.

kg ~ 10"%exp{-( 4G°+A) ¥4k, T} 2)

From the data listed in Table 1, the E,, for Ru(bpy),(im),2*
is estimated as 1.9 eV,# therefore, the excited-state redox redox
potential of Ru™/™ is -0.89 V vs. NHE. The reduction poten-
tial for bisimidazole heme protein is about ~ SmV vs. NHE
in AcMP8Ru complex.’s In AcMP8Ru complex, the nega-
tive charge from imidazolate will disfavor the reduction of
the 1ron. By using Lever’s ligand electrochemical series, it
may shift the reduction potential to as much as -0.15 V.7
The calculated value -0.145 V is in excellent agreement with
the experimental result of -0.14 V vs. NHE. The driving force
for electron transfer from excited Rul! to Fe!! is -0.75 eV in
AcMP8Ru complex. Both ruthenium and iron polypyridyl
complexes are known to have small reorganization energy.
From self-exchange reaction, it is estimated to be 0.57 and
0.59 eV.”>8 The iron corrdination in AcMP8Ru complex is
very similar to polypyridyl complexes, therefore, a similar
reorganization energy is expected. From Marcus cross-rela-



132 CHIEN-HUA Su et al.

A3 ‘
7056 2113 02 +0.86

A2
1067.9

400 600 300 100!

Jllk]\\ " ‘J“‘
01200 1400

Figure 3. Electrospray mass spectrum of RuMP complex.

tion theory (4,,=1/24,,+1/24,,), the reorganization energy of
the ET reaction is 0.58 eV. The predicted adiabatic ET rate
for AcMP8Ru complex, 6.2 10 s, is in the proximity of
our experimental result.

For RuMP§ complexes, the excited-state redox potential
of Ru"/™ is -0.77 V vs. NHE. The reduction potential for
MPS is -0.16 V vs. NHE at pH 7./% Simple calculation gives
the driving force for the ET reaction in RuMPS to be -0.61
eV. While the reorganization energy for ruthenium part
should be similar in both AcMP8Ru and RuMP8 complex-
es, it is not the same for the MP8 part. In AcMP8Ru, the
iron in coordinately saturated and hence has small reorga-
nization energy. In RuMP8 complex, the iron has one open
coordination site. Tt is well known that five corrdinated
hemoproteins favor H,O as sixth ligand in the oxidized form
while the reduced form favor five coordination under anaer-
obic condition. The change of the coordinated water elevates
reorganization energy. From the self-exchange ET rate? of
MP8, 1.3 X107 M-! 57! and assuming precursor formation con-
stant, K,, of 3 X10!, reogranization energy is calculated to
be 1.14 eV. Again from the cross-relation theory, the reor-
ganization energy of RuMPS is 0.855 eV. Assuming the reac-
tion is adiabatic, we can calculate the rate from Eq. 2 to give
5.1 10" g, This calculated rate is much faster than the
observed rate, therefore, the reaction cannot be adiabatic.

For nonadiabatic intramolecular ET (kgr). &5 is less than
one and Eq. 1 can be rewrite as Eq. 3.

ker = (4/2Ak,T) 2(HAp) exp{-( 4G+A) Y4k, T}  (3)

The H,g, the electronic coupling matrix element of the reac-
tant and the product, has been intensively investigated for
long-range ET. A tunneling pathway model to evaluate H,
has been proposed by Beratan and Onuchic.?’ In the model,
the electromic coupling can be assessed from the product of
each decay factor which from clectron transfer through cova-
lent bond, hydrogen bound, or space jump along the path-
way (Eq. 4)

[N No Mo N
Hag=—"F — ,Hlac(l) _HI‘GHU) kH]SS(k)
i= 1= =

e.=0.6
gy = 0.36 Xexp[-1.7(R-2.9)]
& = 0.5%0.6 Xexp[-1.7(R-1.4)] 4)

As shown in Scheme 2, there are four bonds between Ru
and Fe in AcMP8Ru, and 14 bonds in RuMPS. By using the
tunneling pathway model, the H,p value for RuMPS is 6.0
X107 of that for AcMP8Ru and the rate is 3.3 X108 5! for
RuMPS.

Scheme 2.

It is important to notice that these two systems are on the
different limit of the electron transfer reaction as we have
discussed in the previous section. It is not entirely adequate
to directly compare those two systems. Ruthenium modified
cytochrome c is a better comparison with RuMPS system.
Ru(bpy),(im),” modificd on histidine-33 of cytochrome ¢ has
been thoroughly investigated, and the system demonstrates
a nonadiabatic (#g<1) ET reaction. The direct route from Ru
to Fe involves 16 covalent bonds and 1 hydrogen bond of
3.16 A. The reported k, , and H,; for ET reaction are 2.9
x10% s' and 0.11, respectively.’ From tunneling pathway
model, the H,; for RuMPS is 12.0 times that for His33. Using
all the data, we calculated the rate to be 2.1 x10% s-'. Both
calculations give the rate in order of 10% s°!, which is slight-
ly slower than the observed rate, 1<10° "', Since the emis-
sion spectrum of Ru(bpy),(CH,bpyCOO)* complex has some
overlap with the Q band of MP8 absorption, the energy trans-
fer may also contribute to the quenching process.

CONCLUSION

The iron in the AcMP8 has a relatively small binding con-
stant from the axial position with most of the nitrogen and
sulfur ligands. However, imidazole and imidazolate do give
a stable AcMP8 derivatives. Metals in AcMP8Ru share a com-
mon ligand and lead to very fast electron transfer. The rate
of ~1 x 10" ¢! indicates a near adiabatic ET reaction in this
case. The result demonstrates that the capability to media elec-
tron transfer through metal center in iron-porphyrin complexes
is as through the porphyrin edge.

The electronic coupling matrix element (H,z) of RuMP8
complex, calculated from the ET rate is in agreement with
the ruthenium-modified cytochrome ¢ data. The ET route for
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His-33 in cytochrone ¢ is through axial ligand His18, and in
RuMPS8 complex it is connected through thioether linkage
to porphyrin cdge. These results further illustrate that the sim-
ilar electronic coupling efficiency of the axial position and
porphyrin edges to the iron center.

Acknowledgment—We are indebted to Dr. Jay R. Winkler for his
generous offer of the laser time at the Beckman Institute Laser
Resource Center. The financial support of the National Science
Council of the Republic of China is greatly appreciated.

10.

REFERENCES

. Adams, P. A., D. A. Baldwin and H. M. Marques (1996)

The hemepeptides from cytochrome c: preparation, physi-
cal and chemical properties, and their use as model com-
pounds for the hemoproteins. in R. A. Scott and A. G. Mauk
eds., Cytochrome ¢: A Multidisciplinary Approach, University
Science Books, pp. 635-692.

. Gray, H. B. and J. R. Winkler (1996) Electron transfer in

proteins. Annu. Rev. Biochem. 65, 537-561.

. Winkler, J. R., and H. B. Gray (1992) Elect5on (ransfer in

ruthenium-modified proteins. Cheni. Rev. 92, 369-379.

. Hidberle, T., I. Hirsch, F. Pollinger, H. Heitele, M. E.

Michel-Beyerle, C. Anders, A. Dohling, C. Krieger, A
Ruckemann and H. A. Staab (1996) Ultrafast charge sepoa-
ration and driving dependence in cyclophane-bridged Zn-
porphyrin-quinone molecules. J. Phys. Chem., 100, 18269-
18274,

. Wasielewski, M. R. (1992) Photoinduced electron transfer

in supramolecular systems for srtificial photosynthesis.
Chem. Rev. 92, 435-46].

. Fan, B. D., L. Fontenot, R. W. Larsen, M. C. Simpson. J.

A. Shelnutt, R. Falcon, L. Martinez, 8. Nin, $. Zhang, T.
Nicmezyk and M. R. Ondrias (1997) Synthesis and physi-
cal characterization of novel heme-based model systems for
photoinitiated electron transfer. 1. Complexation of a RuPro-
His bilunctional peplide and microperoxidase-11. Inorg.
Chem. 36, 3839.

_ Tmahori, H., K. Yamada, E. Yoshizawa, K. Hagiwara, T.

Okada and Y. Sakata (1997) Supermolecular complexation
of porphyrin and quinone with two coorination bonds and
intramolecular electron transfer. J. Porphyrins and Phihalo-
cyanines 1, 55,

. Kalyanasundaram K. (1992) Photochemistry of Polypyridine

and Porphyrin Complexes. Academic Press, London. San
Diego.

. Long, C. and I. G. Vos (1984) Acid-base chemistry of some

1,2,4-triazole and imidaxole complexes of ruthenium(II)bis
(2,2"-bipyridyl). Inorg. Chim. Acra 89, 125-131.
Peek, B. M., G. T Ross, 8. W. Edwards, G. J. Meyer, T.

11.

12.

14.

16.

17.

18.

20.

133

J. Meyer, and B. W. Erickson (1991) Synthesis of redox
derivatives of lysine and related peptides containing phe-
nothiazine or tris(2,2-bipyridine)ruthenium(Il). [nt. J. Pep-
tide Protein Res. 38, 114-123.

Aron, J., D. W. Baldwin, H. M. Marques, J. M. Pratt and
P. A. Adams (1986) Hemes and hemoproteins. 1: Prepara-
tion and analysis of the heme-containing octapetide
{Microperoxidase-8) and identification of the monomeric form
in aqueous solution. J. Inorg. Biochem. 27, 227-243.
Wang, I. -8. and H. E. van Wart (1989) Resonance raman
characterization of the heme ¢ group in N-acety!-microper-
oxidase: athermal intermediate spin-high spin statc mixture.
J. Phys. Chem. 93, 7925-7931.

. Su, C. -H., and I-Jy Chang (1998) Acid-Base Properties of

the -Ground and Excited States of Ruthenium(Il) tris(4’-
methyl-2,2 -bipyridinc-4-carboxylic acid). J. Chin. Chem. Soc.
45, 361-365.

Makinen, M. W. and A. K. Chung, in A. B. P. Lever and
H. B. Gray (1983) Iron Porphyrins, Part I, Physical Bioinor-
ganic Chemistry Series, Addision-Wiely, Reading, Massa-
chusells, pp. 141.

. Marcus, R. A. and N. Sutin (1985) Eleciron transfer in chem-

istry and biology. Biochem. Biophys. Acta 811, 265-322.
Reid. L. S., V. T. Taniguchi, H. B. Gray, A. G. Mauk (1982)
Oxidation-reduction cquilibrium of cytochrome b, J. Am.
Chem. Soc. 104, 7516-7519.

Lever, A. B. P, (1990) Electrochemical parametrization of
metal complex redox poteniials, using the ruthenium(ILI)/
ruthenium(IT) couple to generate a ligand clectrochemical
senies. Jnorg. Chem. 29, 1271-1285.

Browrn, G. M. and N. Sutin (1979) A comparison of the rates
of electron trnsfer exchange reactions of ammine com-
plexes of ruthenium(Il) and-(IT) with the predictions of adi-
abactic, outer-sphere electron transfer models. J. Am. Chem.
Soc. 101, 883-892.

. Santucci, R., H. Reinhard and M. Rrunori (1988) Dirrect

electrochemistry of the undecapeptide from cytochrome ¢
(microperoxidase) at a glassy carbon electrode. J. Am.
Chem. Soc. 110, 8536-8337.

Kimura, K., I. Peterson, M. Wilson, D. J. Cookson, and R.
I P. Williams (1981) A study of the electron transfer prop-
erties of the heme undecapeptide from cytochrome ¢ 1TH nmr
spectroscopy. J. Inorg. Biochem. 15, 11-25.

. {2) Regam, J. J., 5. M. Risser, D. N. Beratan, J. N. Onuchic

(1993) Protein electron transport: single versus muliiple path-
ways. J. Phys. Chem. 97, 13083-13088. (h) Onuchic, J. N.,
D. N. Beratan, J. R. Winkler and H. B. Gray (1992) Path-
way analysis of protein clectron-transfer rcactions. Ammuc.
Rev. Biophys. Biomol. Struct. 21, 349-377. (c) Beratan, D.
N_, J. N. Onuchic, J. R. Winkler and H. B. Gray (1992) Elec-
tron-tunneling pathways in proteins. Science 256, 1740-1741.
(d) Beratan, D. N., I. Betts and J. N. Onuchi¢ (1991) Pro-
tein electron transfer rates set by the bridging secondary and
tertiary structure. Science 252, 1285-1286.



