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Abstract: Using semisynthetic myoglobins (Ru(bpyibs) with covalently appended Ru(bpyppy = 2,2-
bipyridine), an oxidized Mb is photoproduced through an intramolecular electron abstraction reaction as a key
step. UV-vis spectra, electron paramagnetic resonance measurements, and reactivity tests identify the
photooxidized Mb as a ferryl species (i.e.,*Féeme). By circular dichroism (CD) spectroscopy, high-
performance liquid chromatography (HPLC), and Stp8lyacrylamide gel electrophoresis (SBBAGE), it

was confirmed that the photooxidation proceeds without damage of the protein structure. Significantly, we
report the first direct observation of ferryl-Mb photogeneration via the intermediate porphyrin cation radical.
As a consequence of this observation and proposed mechanism, the rate constants for each step can be clearly
determined. The photoexcited Rbpy); is oxidatively quenched by [Co(N#CI]2", a sacrificial acceptor,

to produce Re&(bpy), which then proceeds to abstract an electron from the porphyrin ring with a first-order
rate constant of 7.% 10° s71, in the first step. The electron transfer is followed by iron(lll) oxidation by the
porphyrin radical with concurrent deprotonation (a first-order rate constant of 4@ s™* at pH 7.5, and 2.0

x 1 s™1 at pH 9.0) in the second step. Consistent with this mechanism, it is demonstrated that the rate of the
fast step of the porphyrin radical generation is independent of pH, whereas the slower step of ferryl-heme
formation is dependent on pH. Simulation of the detailed pH dependence of the kinetics clearly shows that the
deprotonatior-protonation equilibrium of the protein matrix can control the ferryl-heme generation in a heme
pocket of Mb.

Introduction photooxidized Bso (Pssg") is reduced by the tetramanganase
. : . . . S . cluster of OEC. This step is apparently driven by the highly

Chemical Species with _hlghly positive o>§|dat|_on/ reduc_’uon positive redox potential ofdgst (+1.12 V vs NHE). It has been
(redox) potentlals _play cr_umal _roles in many biological reactions. speculated that a similar electron (or hole) transfer, driven by a
In t.he blosynthess of bioactive Compouﬂds or metabolism of highly positive redox potential, also occurs in ribonucleotide
toxic materials, for example, powerful oxidants are employed | ctasé.
as key reactive species in the active sites of diverse enzymes In the model studies for elucidation of biological ET
such as monooxygenase, d!oxygenase, peroxidase, and Céltalase\(:onsiderable efforts have been focused on ET processes driven
Most systems include an inner sphere electron-transfer (ET) by a highly negative redox potential. Most artificial model
process from or to an active oxygen species. Another |mportantcornpounds were synthesized to mimic a primary charge

exarr_]ptl_e IS tfhe I;\)Ahotcl)sytnth_etlc rtl)xtygen-te\r/;)zl;gr]:tg ceﬁtetr .(OEC) separation event of photosynthesis or the downbhill reactions of

gonsg 'Egl_ Of avin rfl us err] Ilr; %.0 osys et er ‘i 0 0'?{] the respiration chain without investigating ET driven by highly
uce rom chlorophyll dimer &g to acceptors, the positive redox potentidl Engineered proteins have been shown
*To whom correspondence should be addressed. E-mail: itarutem@ 0 e suitable model systems for determining ET events in

mbox.nc.kyushu-u.ac.jp. natural proteins for the past decadélowever, there are
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Phototriggered Oxidation of Ferric- to Ferryl-Heme

relatively few examples where highpositive redox potential,

not negatie redox potential, is the main driving force. Among
the former type of study, a pioneer work was carried out using
the flash quenching method developed by Gray, Winkler, and
co-workers® They recently succeeded in the intermolecular
photooxidation of heme-model peptides (MP8) and horseradish
peroxidase (HRP) Unfortunately, however, the intermolecular
electron-transfer process which is included in their systems made

the reaction mechanism too ambiguous to be clearly understood.

For the understanding of oxidative ET mechanisms, in general,
it is necessary to construct an appropriate model in which the
intramolecular ET is performed in the key steps of the reaction
driven by a highly positive redox potentialWe have synthe-
sized a semisynthetic myoglobin (Mb) bearing ruthenium tris-
(2,2-bipyridine) (Ru(bpy3-Mb) by cofactor reconstitution and
consider it to provide a suitable model for intramolecular ET.
Initially, we made an attempt to photoproduce the’Rstate

by oxidative quenching and subsequently attempted to inves-
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Scheme 1.Redox Potentials of the Chemical Species
Related to the Reaction and Schematic Electron Abstraction
of Ru(bpy)-Mb
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Co®*= [Co(NHy)sCIICI,
Ru?*= Ru(bpy)sCly

Sacrificial
Acceptor

Chart 1

tigate the electron abstraction process of heme instead of electron

injection using our engineered MUn this paper, we describe
our study on the phototriggered generation of oxidizing species
in the Mb active site in detail. Importantly, the facilitated
intramolecular ET makes it possible to detect directly a
porphyrin cation radical as a key intermediate by laser flash
photolysis. We have determined rate constants for the step of
the generation of the porphyrin radical intermediate and for
the subsequent ferryl-Mb generation step directly for the first
time.

Results

Steady-State Photooxidation of Ru(bpyg-Mb. Chloropen-
tamminecobalt(lll) ([Co(NH)sCI]2") complex was employed
as a sacrificial oxidative quencher for the photoexcited state of
R (bpy).t° Scheme 1 shows the order of the redox potentials
of the chemical species related to this reaction. The redox
potential of the ferryl-Mb (F&-heme) was found to b&0.896
V vs NHE!! Since Rd*(bpy)s is a powerful oxidant-{1.26 V
vs NHE, comparable in value tosgg"), the electron transfer
from the resting state of met-Mb(Fg to R (bpy) was
expected to be thermodynamically favorable.
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Ru(bpy}-Mb 1 (Chart 1) was prepared by reconstitution of
chemically modified hemel with apo-Mb according to our
previously reported methdd.To examine an effect of the spacer
connecting Ru(bpyg)with heme, other heme derivative® ¢r
3) (Ru(bpy)-Mb 2 or 3) were designed and synthesized. Hemes
2 and3 were reconstituted according to the same method used
for hemel. Visible light (>450 nm) irradiation to the deaerated
aqueous solution containing Ru(bpyhet-Mb (ferric (Fé")
state) in the presence of [Co(N}CI]?+ caused a UV-vis
spectral change as shown in Figure 1la. A strong peak at 408
nm and weak peaks at 505 and 630 nm due to the Soret- and
Q-bands of ferric-Mb, respectively, decreased, and new peaks
at 426, 540, and 560 nm increased. These changes were
synchronous (inset of Figure 1a). The ferryl Mb was conven-
tionally prepared by treatment of ferric-Mb with hydrogen
peroxide (HO,).1* The difference spectra of the generated
species in Figure la agree well with the difference spectra
between HO,-generated ferryl-Mb and ferric-Mb. The electron
paramagnetic resonance (EPR) spectrum of Rugbmpgt-Mb
before photolysis displayed a strong signalgat 6.0 and a
weak signal ag = 2.0, which are typical of the ferric high-
spin state. These two peaks were weakened and almost
disappeared after 65 min of photolysis (a very weak signal
aroundg = 2, probably due to some organic radical, was
observed}® When 2-methoxyphenol, a typical substrate of
peroxidase enzymes, was added to the photooxidized Rufbpy)
Mb, ferric-Mb was regenerated simultaneously with the disap-
pearance of the photoproduced species as monitored by the
UV —vis difference spectrum (Figure 1b). In addition, an extra

(14) (a) Yonetani, T.; Schleyer, H. Biol. Chem1967, 242, 1974. (b)
King, N. K.; Winfield, M. E. J. Biol. Chem.1963 238 1520.

(15) (a) Choe, Y. S.; Rao, S. |.; Ortiz de Montellano, PARCh. Biochem.
Biophys.1994 314, 126. (b) Wilks, A.; Ortiz de Montellano, P. R. Biol.
Chem.1992 267, 8827.
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Figure 1. (a) Difference spectra of Ru(bpyMb 1 upon steady-state
photoirradiation. Conditions: [Ru(bpyMb 1] = 14 uM; [[Co(NH3)s-
ClICl;] = 3 mM. Inset: Time courses of increase at 426 nm and
decrease at 408 nm during photolysis. (b) Difference spectra of the
photogenerated species of Ru(bpW)b 1 upon the addition of
2-methoxyphenol. (c) Difference spectra of the intermolecular system
upon steady-state photoirradiation. Conditions: [native Mb]Ru-
(bpy)] = 14 uM; [[Co(NH3)sCI]Cl;] = 3 mM. Inset: The spectral
change of this reaction. All experiments were performed in 50 mM
phosphate buffer, pH 7.5, at 2&.

peak at 470 nm due to the one-electron oxidation product of
2-methoxyphenol slightly but definitely emerg&dThese data
are consistent with the photoproduction of the ferryl species in
the buried active site of Mb. Circular dichroism (CD) spectros-
copy, high-performance liquid chromatography (HPLC), and gel
electrophoresis (SDSolyacrylamide electrophoresis (PAGE))
of the resultant ferryl-Mb confirmed that photodamage of Mb
did not occur upon EF’

(16) Maehly, A. C.; Chance, BVethods Biochem. Anal954 1, 357.
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Figure 2. pH dependence of the initial rates of photogeneration of
ferryl-Mb. Conditions: [Ru(bpyMb 1 (@), 2 (a), 3 (®)] = 14 uM;
[Co(NH;3)sCIClz] = 3 mM; pH 5.5-9.0. Initial rates were determined
by dividing the slope obtained from the time trace of the absorbance
(the inset of Figure 1a) by the difference molecular coefficiAat
between ferryl-Mb and ferric-Mb at 426 nm. All experiments were
performed in either 50 mM phosphate or borate buffer at@5

Table 1. Quantum Yields of Photooxidation of Ru(bgyyib 1, 2,
and 3

pH 6.0 pH 7.5 pH 9.0
Ru(bpyy»Mb1(x10% 1.94+03 10.3+19 3.1+0.1
Ru(bpy}-Mb 2 (x10% 3.7+ 0.2 8.2+ 0.6 4.6+ 0.7
Ru(bpyxMb 3 (x10% 0 1.0+ 0.4  0.3+0.2
intermolecular system 0 0 0

a At 25 °C under Ar atmosphere, [[Co(NJCIICl;] = 3 mM, 50
mM KH,PQ, buffer.

Next, we conducted a control experiment using an intermo-
lecular reaction system (an equimolar mixture of Ru(bpy)d
native Mb in the presence of [Co(NHCI]?t). As shown in
Figure 1c, new peaks due to ferryl-Mb did not appear during
photolysis and peaks due to ferric-Mb were greatly reduced to
become a noncharacteristic broad specttfithis evident that
the photoinduced reaction of the intermolecular control system
is different from the intramolecular reaction of the Ru(bpy)
Mb system.

Figure 2 shows the pH dependence of the initial rate of the
photogeneration of ferryl-Mb. At acidic pH (below pH 6), no
reaction occurred. The initial rate was greatly accelerated at
neutral pH (pH 6.57.5) and slightly declined at basic pH (pH
8.0—9.0). Ru(bpy}-Mb 2, having a longer spacer, showed
behavior similar to that of the above-mentioned Ru(bb
1 in both the initial rate values and its pH dependence. The
photooxidation efficiency for Ru(bpy¥Mb 3 having a short
spacer was very low over the wide pH range (pH-9),
compared to the other Ru(bpy}bs. The quantum yields)
of these derivatives are summarized in Table 1. The order is in
good agreement with that of the initial rate data shown in Figure
219

Laser Flash Photolysis Study To investigate the reaction
kinetics in detail, laser flash photolysis experiments were
conducted. The excited *Rtibpy): was oxidatively quenched

(17) In contrast, for the intermolecular reaction, negative peaks at 208
and 222 nm and a positive peak at 195 nm due to a typidalix in the
CD spectrum are gradually lessened and lost during photolysis. The results
obtained from HPLC showed that, during the photolysis, the peak intensity
due to protoheme and the protein skeleton is reduced for the intermolecular
system. In SDSPAGE, the original band due to apo-Mb is smeared, and
several bands are observed. These suggest that the Mb structure was
considerably damaged in the intermolecular photooxidation process.

(18) A sharp Soret-band is never regenerated by addition of 2-methoxy-
phenol.
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Figure 3. Transient absorption spectra monitored at (ajsland (b) Figure 4. Typical kinetic trace for Ru(bpyMb 1. (a) at 426 nm in
20—120us after laser flash photolysis of Ru(bpylb 1. Conditions: a 3us time range, (b) at 426 nm in a 1@8 time range. Data points
[Ru(bpy)x-Mb 1] = 20 uM; [[Co(NH3)sCIICl;] = 3 mM; 50mM from O to 1us in (a) and from O to 4@s in (b) were used for fitting.

phosphate buffer; pH 7.5; 2TC. These correlation coefficients for each analysis were satisfactory (0.940
. . . and 0.998 fork, andk;, respectively). Conditions: [Ru(bpyMb 1]
by a Co(lll) complex within 0.04s. Transient absorption of  _ 20 uM: [[Co(NH=):CICl;] = 3 mM: 50 mM phosphate buffer; pH

the intramolecular Ru(bpyMb 1 is shown in Figure 3. At1  75. oge°C,
us following laser pulses, a simple bleaching of a Soret band

region was detected (Figure 3a). Then, in the time range 6f 20  the pH dependence of the reaction rates of these two steps in
129ﬂs, a new peak at 426 nm rose and !ntep5|f|ed (Flgure 3Db). Ru(bpyy-Mb 1. The rate of the first step is practically
Thls spect.ral change suggests that.the klnet|cs'are b!pha5|c. Th"?ndependent of pH within the experimental errors (Figure 5a),
first step is a fast reaction, reaching completion withims5 ~ \yhich is reasonably explained by the proton uncoupling of the
after laser photolysis. This stage is monoexponential, and the yorphyrin ring oxidatior?! On the other hand, the reaction of
first-order rate constank{) was determined fo be 7.2 10° ~  the second step is gradually accelerated with an increase of the
s * by tracing the absorption change at 426 nm (Figure 4a). yH value (Figure 5b). This step can be considered as a proton-
The difference spectrum in this fast reaction is in close accord coupling process. When the flash photolysis experiments are
with that of an electrochemically generated iron(lll)-tetraphe- - congucted in RO solution, we can compare the isotope effects
nylporphyrin cation radical or the protoporphyrin cation radical 5y gach step. It is clear that the values in HO are identical
of photooxidized microperoxidase (MP8) (under acidic condi- \ith those in DO (ki(H)/ky(D) = 1.1-1.0), whereas thée
tions), suggesting that the fast bleaching of the Soret-band isyg|yes in HO are greater than those in® (kx(H)/kx(D) = 1.8
attributable to the oxidation of the porphyrin rifgg°In contrast, 4t pH 6.0, 2.5 at pH 7.5, and 4.6 at pH 9.0).
the difference spectra of the much slower second step, following The rate of the first step for Ru(bpyMb 2 (ki = 2.0 x 10°
the fast process, agree well with the difference spectra betweens,l) is slightly slower than that for Ru(bpyMb 1 ' but the
ferryl-Mb and ferric-Mb obtained in the steady-state photolysis second step proceeds with an identical rige=( 4 0)’( 10¢ 51
as shown in Figure 1a3 indicating that the slow process can beat pH 7.5). These observations are not inconsistent with the
ascribed to the formation of the fgrryl-hemg of Mb. The time above-proposed mechanism. In the case of the shortest spacer
course of absorbance at 426 nm (_F|gure 4b)in th_e slower pr_oceS?Ru(bpy)g-Mb 3), the emission lifetime of the excited Ru(bpy)
(.10_100”5 range) also gave a smgle-e_xlpor_]ennal curve with a was too short to be measured by our instruments (5 ns laser
first-order rate constank) of 4.0 x 10's™. Figure 5 displays pulse width) and we did not detect any transient absorption after
(19) We have previously determined that the ET rate from photoexcited laser excitation in the presence of Co(lll). For the transient
R *(bpy) to the ferric center of Mb is 4.4 107 or 3.7 x 107 s°* for absorption of the intermolecular control, the bleaching of Ru-

Ru(bpyy-Mb 1 or Ru(bpy}-Mb 2, respectively. The kinetics of Ru(bpy) .
Mb 3 could not be estimated due to the short lifetime of the charge separated(bpy)3 at 450 nm due to the photooxidation by Co(lll) complex

state. The order of the efficiency for the photoreduction of Ru(spihs and the slow recovery were detected simply.
was also the same as that of the present case (i.e., Ru{ldy)l = Ru-
(bpy)s-Mb 2 > Ru(bpy)j-Mb 3).8 (21) At pH 9.0, the second step is accelerated too fast for one to separately

(20) Gans, P.; Buisson, G.; DeieE.; Marchon, J.-C.; Erler, B. S.; Scholz,  determine thek; values. In DO, however, the second step is still slow
W. F.; Reed, C. AJ. Am. Chem. S0d986 108 1223. enough to estimate thg at pH 9.0 independently.
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Discussion 10.0x10°
: : . . a
Using the intramolecular electron abstraction reaction by s (@)
Ru*(bpy), an oxidative ferryl species was photoproduced in = 8.0x10° -
the active site of the semisynthetic Ru(bpi)bs. The photo- = .
oxidation mechanism was roughly described as follows: 6.0x10° - |
5 { 1 1 i L ul 1 |
Hﬂ hy H7°3+ 400" 50 7.0 8.0 9.0 100
i e e R T PH or pD
H,0 4.0x10°
o L (b)
P R (py)a + [CoflNHg)SCI T /
H,0 3.0x10% /T
ET 5
PO e Ru(bpy)s + [ColINNHSCIT - r // :
H;0 H:0 i";‘ 2.0x10% [ E
Fve""’ ki F'e3* x /
C 7 D RuM(bpy)y —— < _O~~Ru¥(bpy)s [1st step] L ;
- /
H,0 0 1.0x10° - »
F'es“ k2 Fe4" Y [ I,
C 7 D RuPbpy)y ——  C_D~Ru®(bpy)s + 2H'  [2nd step] " SR
T e -
5 .® -®° | — | | I |
0-0x10" =0 7.0 8.0 9.0 10.0
At the initial stage, the photoexcited Riibpy)s is oxidatively pH
qguenched by [Co(NbJsCl|2", a sacrificial acceptor, to give .0x10°
Ru*T(bpy)k. R (bpy) thus formed efficiently abstracts an . ©
electron from the porphyrin ring (the first step with a first-order r
rate constank; of 7.1 x 10° s1),2 followed by the iron 3.0x10°
oxidation (the second step) by the porphyrin radical. The
photogeneration of the ferryl-Mb was not observed in the PR
intermolecular system by either steady-state photolysis or laser 2 5 0x10°
flash photolysis. 2
Significantly, the laser photolysis experiments of Ru(kpy)
Mbs demonstrated that the photogeneration of ferryl-Mb 1.0x10°
proceeds via the porphyrin cation radical. The porphyrin cation
radical, proposed as an intermediate in MP8 photooxidation,
can be detected for the first time using an acceleratedmo- 0.0x10°
6.0 7.0 8.0 9.0 10.0
lecular electron transfer as a key stpn the previous study pH or pD

of MP8 by Gray’s group, the electron abstraction step was rather igyre 5. pH dependence of the photooxidation process of Rugbpy)
slow, relative to the following iron oxidation step. In the HRP  Mb 1: (a) Dependence of the rate of the porphyrin radical formation
case, a slower water coordination step before the ferryl speciesstep ki) on pH or pD; closed squarell) for k; in HO and open squares
formation prevented the quantitative determination of the kinetic (O) for ki in D20. (b) Dependence of the rate of the ferryl-Mb formation
value for the ferryl-heme generation step. The direct detection step from the porphyrin radicakd). Fitting curves followed by eq 4 or
of a key intermediate not only confirmed the photooxidation €d 8 in the text are given by the dotted line or the broken line,
mechanism of hemoproteins proposed by Gray, Winkler, and respectively. (c) Curve fitting of th(_e expenme_ntal_ data in the entire
co-workerg but also made it possible to determine the rate PH range of HO followed by eq 9 in the text is given by the solid

A line; closed circles®) for k; in H,O and open circlesq) for k; in
Eﬂoglsstants for each step of the photooxidation of Ru(Bpy) D,0. Data points are the average of3 kinetic runs. The errors in

the data points are in the range of24% of the average. The error
Detailed pH dependence studies clearly propose an overallpars that do not appear are smaller than the data points. Conditions:
scheme for the photooxidation of Ru(bpWlbs2* The rate of [Ru(bpy)k-Mb 1] = 20 uM; [[Co(NH3)sClICl;] = 3 mM; 20 °C; pH
was adjusted using either 50 mM phosphate buffer (pH-8.0) or
(22) The lifetime of R&"(bpy)s in Ru(bpyy-Mb was determined to be 50 mM borate buffer (pH 8:59.5).
2 us by monitoring the recovery of the bleached®?Rbpy)s, which is in

good agreement with &. ) . . . )
(23) Although the intramolecular rate constakt)(cannot be directly the ferryl Mb formation step l@ 'nCIUdmg prOton/eleCtron

compared to the intermolecular rate constants for MP8 and HRWas transfer processes is accelerated with the increase of pH, unlike
still more than 18fold greater than the pseudo-first-order rate constant the pH independence df;. Furthermore, we observed the

for HRP (300 s?), in which the heme is buried in the protein matrix, like | ff in th n not in the fir
that of Mb’® It is also 20 times greater than the corresponding pseudo- sotope effect in the second step)( but not in the first step

first-order rate for MP8 bearing the heme exposed to the soffent. (ka). Since the fzovalue of the Cf)ordinated Water of Ru(bpy)
These suggest the advantagéndfamolecular electron abstraction by Ru met-Mb1 was spectrophotometrically determined to be 7.9, met-
(bpy)s Mb 1 mainly exists in an Fe(lll)-60 form at acidic pH (pH

(24) The dependence of the steady-state photooxidation rate on pH was : R :
found to be rather inconsistent with thatlefunder the higher pH region. below 7.5) and in an Fe(ll)-OH form at basic pH (pH above

It is known that the decomposition of the Co(lll) ammine complex upon 8.5) as a resting statéTo analyze the reaction scheme simply,
oxidation requires five protons as shown in the following reaction: we initially considered the reaction under acidic pH conditions

[CO'”(NHg)5C|]ZJr + e + 5HF + 6H,O — [CO”(Hzo)s]z+ + 5NH4Jr + initi H H H
CI~. Thus, deceleration of the steady-state rate in the basic pH region canWhere the initial state is predominant in an Fe(lRdform.

be explained by lessening the sacrificial acceptability of the Co(lll) ammine 1€ above-mentioned equili.brium iSOFOpe effeCt suggests that
complex under basic pH. a deprotonated form of Mb is the active species in the ferryl-
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L= H,0 or OH"
L
F'e3+ ;
C 7 D Ru?t
Hy0
hv, Co(lll) H*'Mb_ pe3+ ”
Ru
+eo
H,0
H*Mb “V’ 34 pKa1=6.7 | +H*|| -H*"
P i
OH 0
ki=7.1x10° 5™ H*Mb_ pe3+ ka= 3.2x10% 571 [
PKag=7.9 4 H* || -HY ———> C 8 DR ——— \ PS5 gt
OH
H*Mb po3+

Ru3+

i 1st step | 2nd step

Figure 6. Overall scheme of the phototriggered electron abstraction reaction using Ruklips)

Mb generation step as follow#s: SinceK; is defined as a protonation constant, the corresponding
pKa2 value can be calculated from Id¢p. Fitting thek,'(app)
- “Fg‘z S— ”F;‘l values to eq 8 on the basic side yieldepandk, values of
8 e Ru™opy)y = D~Ru(bpyl (1) K
1-e , _ 4
H,0 oH ky'(app)= K [H+—] 1 (8)
H'Mb po3t H'Mb_ pg?t 2
Rubpy); = D~ Ru®(bpy)s +H" (2)
Ky + 9.0 and 4.0x 10° s, respectively. This curve, however, did
R .9 not show good agreement with the experimental data points
H'Mb_ Egdt I 7‘(%» H Mbde‘jmnua(bpy)g @) under acidic pH (the dashed line of Figure 5b). Finally, the
-H combined reaction routes in the whole pH range can give the

) ) ) ) overall photooxidation scheme as shown in Figure 6. The
The above mechanism affords a simple reIatlpnsh|p bet""eenrelationship ofka(app) with [H*] can be redescribed as eq 9.
the apparenk; (ky'(app)) and proton concentration {iH

ky(app)=
K 2
, _ 3
ky'(app)= m (4) ks(K1K2[H+]2 + Kz[H+] +1)+ k4(K1[H+] +1)—ks ©)
' (KyH™T + DKAHT? + K H] + 1)

Since K; is defined as a protonation constant here, the ] o
corresponding Ka; value can be calculated from ldg. From Using the preliminary calculated data dfq, pKaz ks, andks
the curve-fitting analysis at the acidic conditions, we preliminar- @S initial values, the curve fitting from data over the entire pH
ily obtained fK.i and ks values of 7.1 and 5.% 10¢ s, range (pH 6.6-9.5) yielded precisely the corresponding val-

respectively. But unfortunately, the simulation curve did not U€S: FKaElpKa?’ ks, andks of 6.7, 9.1, 3.2x 10*s™%, and 4.0

fit the experimental data under basic pH (see the dotted line of X 10° S* Figure 5 displays that the experimental data
Figure 5b). Above the i on the other hand, an Fe(lll)-OH complet.ely fit the simulation curve in the entire pH rart§e.
species exists predominantly in the resting form. In this case, Interestingly, the Ka of the coordinated water shifted to the
eq 2 is negligible due to the lowka and, instead, another ac@c region by 1_.2_pH units as a result of formatlon_ of the
equilibrium (eq 6) should be involved. Thus, the following cation radical. This is ascribed reasonably to a favoring of a

mechanism is suggested at basic $H: hydroxide form in the electron-deficient porphynn ca}tlpn radical,
rather than an aqua form. Th&p value is too acidic to be
oH oH regarded as a simpleKp of Fe(lll)-OH. In addition, the
H'Mb_ Fg3: N kg H'Mb_ g ” generation of an Fe(lll)-O anion species is not plausible
P Ru(bey)s SRR, (9) because the heme pocket of Mb is very hydrophobic. Instead,
OH OH this may be attributed to an acithase equilibrium of some
H'Mb_ peds I YA residues in the Mb matrix. Although the residue has not been
C - DwRubpy)y ———  _ D~~Ru*(bpy); +H*  (6)
*e Ko + (25) Inegs 3 and 7, it is not clear so far that electron and proton transfers
OH (o} are concerted or stepwise. It is only insisted that this process includes one
Mb F'es, ky Mb F‘Lat kinetic rate needed for fitting the present pH dependence.
C O DR bpy)y ——>  (___O~~Ru*(bpy)s (7) (26) Since we have only three data points igODwe cannot conduct
+e

-H the curve-fitting analysis.
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identified yet, Lys 45 is one of the most promising candidates. spectral changes were monitored by an-tiis spectrophotometer
The distal His 64 can directly interact with ligands of Mb, but (Shimadzu UV-160 or Hitachi U-3300).

the K is reported to be much lower (3.8 or 6.0, at the closed Quantum Yields of th_e Photogeneration of Ferryl-Mb. Quantum
or the open conformation of the heme pocket, respectiv@ly). Yields of the photoactivation for Ru(bpyMb 1, 2, and 3 were

It has been reported that th&pand the orientation of the determined according to a slight modification of a literature proce#ure.

- . . L . A 400 W Xe lamp (Ushio) equipped with a cutoff optical filter below
|m|dazole ring of His ,64 is influenced by Lys 45 (in hc_)rse OF 450 nm and a CuSfsolution was used. The light intensity absorbed
pig Mb) or Arg 45 (in sperm whale MB¥ It is possible,

) ! : by the solutions was measured by the use of potassium ferrioxalate
therefore, to consider that the protonation/deprotonation state 150 mm) as an actinometer.

of e-N of Lys 45 indirectly regulates the orientation of His 64, Laser Photolysis Experiments Sample solutions similar to those
so as to facilitate deprotonation of the hydroxide ligand in the of steady-state photolysis (3 mL, quartz cell) degassed with five cycles
heme pocket® The most important finding in the detailed of freeze-pump-thaw treatment were subjected to pulsed-laser pho-
kinetics is thatks is 10-fold greater tharks, indicating that ~ tolysis at 20°C, using third harmonic light (355 nm, fwhr¥ 5 ns)
deprotonation accelerates the formation of ferryl-Mb. Conceiv- from a Q-switched Nd:YAG laser (Quanta-Ray DCR-11) for excitation.
ably, the protein matrix controls the generation of a high-valent A right-angle optical system was employed for the excitation-analysis

. - - - setup. Probe lights were detected by a photomultiplier tube (Hamaphoto
Iron species through the C.O”form"?‘t.'o'?a' changes triggered by R446) or a photodiode array (Princeton IRY-1024G/RB, gate width 4
the protonation-deprotonation equilibrium.

- . . . ns).

In conclusion, this study shows that a phototriggered in- \jiscellaneous EPR measurements were done with a JEOL JES-
tramolecular electron abstraction is useful for trapping a short- 2x x-band spectrometer at liquid helium temperature. CD spectra were
lived active intermediate in an oxidation reaction in a protein measured with a Jasco J-720 spectropolarimeter E2Signals were
matrix. We now intend to detect and estimate the decay of averaged at least 10 times, and the solvent baseline was subtracted).
compound | of Mb (ferryl-heme/porphyrin radical), which has HPLC was carried out on a system consisting of a HITACHI L-7100
never been observed in the native Mb matrix, as the extensionpump and a L-7400 detector (monitored at 220 nm) coupled to a D-7500

of this techniqué? integrator (on a YMCG-Pack ODS-A column (4.6< 250 mm) and
eluted with a linear gradient from2 to acetonitrile (containing 0.1%
Experimental Section trifluoroacetic acid)). SDSPAGE was performed according to the

) ) ) procedure reported by Laemiliwith a BIO-RAD Mini-PROTEAN
Materials. Horse heart myoglobin was purchased from Sigma. The || system. The nonlinear least-squares curve-fitting analyses were carried
synthesis of protohemins tethered to Ru(aplips been reported  out by using KaleidaGraph Software (SYNERGY SOFTWARE). For

previously? Pentaamminechlorocobalt(lll) chloride ([(NHz)sCl]- the curve-fitting analyses shown in Figure 5b, four data points under
Cly) was synthesized according to a literature meffig@ther chemicals the acidic region and three data points under the basic region, all of
were used as received. which include at least three experimantal data, were used. All points
Reconstitution of Ru(bpy)-Hemins 1, 2, and 3 with apo-Mb with no weighting factor were used for the fitting analysis under the
Preparation of apo-Mb and reconstitution with the Ru(bp¥¢min has  entire pH range in Figure 5c. The correlation coefficient is estimated

been reported previous#:& Ferryl-Mb 1, 2, or 3 was formed by the to be 0.999.
addition of excess ¥D, (5-fold), and the molar absorption coefficient . . .
of ferryl-Mb was determined to be 74 10* (Ru(bpy)-Mb 1), 6.0 x Acknowledgment. Wg are grateful to Dr. Hitoshi Ish|da.
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