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ABSTRACT. Cytochromebse: in adrenal chromaffin vesicle membranes conveys electron equivalents from
extravesicular ascorbate to the intravesicular monodehydroascorbate radical. We conducted a stopped-
flow study on the reaction of ascorbate with purified cytochrdmg in the detergent-solubilized state

for the first time. The time course of the reduction of oxidized cytochrbggewith ascorbate could not

be fitted with a single exponential but with a linear combination of at least four exponential functions.
This result is consistent with the notion that cytochrdmgg contains two hemes, each having a distinct

redox potential and a function upon reactions with ascorbate and monodehydroascorbate radical. The
fastest phase, which was assigned to the first one-electron donation from ascorbate to trertie
extravesicular side, was further analyzed by transient phase kinetics employing a two-stepseiquential

ordered mechanism. The result showed= 2.2 mM for ascorbate at pH6.0. At a region below pH5.5,

there was a significant lag before the reduction of hemescurred. This time lag was interpreted as due

to a pH-dependent transient state before the first electron transfer to take place. The fastest phase was
completely lost byN-carbethoxylation of heme-coordinating histidyl residues (His88 and His161) and
Lys85 upon treatment with diethylpyrocarbonate. The presence of ascorbate during the treatment inhibited
the N-carbethoxylation of the histidyl residues and, thereby, restored the final reduction level oflnemes

But the reduction rate was still only one-twentieth of the native form. This result suggested an important
role of the conserved Lys85 for the interaction with ascorbate.

Vitamin C (L-ascorbic acid; AsA) is essential for many  as dopaming-hydroxylase and peptidylglycine-amidating
enzymatic reactions, in which it serves to maintain prosthetic monooxygenase3(4). Upon these monooxygenase reactions,
metal ions in their reduced forms. The brain and neuroen- the monodehydroascorbate (MDA) radical is produced within
docrine tissues have the highest AsA levels of any organ the vesicles by univalent oxidation of AsB)( Since neither
system {) because of the presence of a specific ASA AsA nor the MDA radical can pass through the vesicle
transporter system in neurons or neuroendocrine clls ( membranesg—8), it is believed that the intravesicular MDA
that maintain the steep intra/extracellular concentration radical is reduced back to AsA by membrane-spanning
gradient. In neurosecretory vesicles, such as adrenomedullaryytochromebse; and subsequently the oxidized cytochrome
chromaffin vesicles and pituitary neuropeptide secretory p, is reduced by AsA on the extravesicular side (i.e., the
vesicles, intravesicular AsA is believed to function as the cytosolic side). Thus, cytochronies; acts as a neuroendo-
electron donor for copper-containing monooxygenases, suchgrine-specific transmembrane electron carrier from very

rimitive animal Plathelminthes9) to higher vertebrates
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Ficure 1: Transmembrane structural model of bovine cytochrbege Two fully conserved sequencé84LLVYRVFR 77 and1?°SLHSW24)

and six conserved histidyl residues (His54, His88, His92, His110, His122, and His161) are indicated. His54 and His122 are likely the heme
axial ligands on the intravesicular side, whereas His161 and His88 are considered as the heme axial ligands on the extravesicular side.
Three major (Lys85, His88, and Hi161) and two minor (Tyrl192 and Tyr218) modification sites with DEPC are indicated in bold face.

(18, 19) based on the heme content analysis (1 heme chromaffin vesiclesq, 26) and for their ghosts7—32). It
b/monomer) 20) and the topological accessibility of antibod- was reported that reduction of cytochrofmg; in chromaffin

ies and Pronasel), the model had a difficulty to accom-  vesicles by external AsA exhibited MichaetidMenten
modate two heme prosthetic groups. On the other hand,kinetics with the apparen, of around 30Q«M (26, 27) or
Kamensky et al. proposed that cytochrobsg in chromaffin 4 mM (32). However, no detailed study has been reported
vesicles forms a dimer, with one herhger monomer and  for the reaction of AsA with purified cytochronige;, except
one hemd residing between the interfaces of two monomers for our pulse radiolysis studie23d, 24).

(22). However, there is no experimental evidence to suggest In the present study, we conducted a stopped-flow study

the dimer fomation in the vesicle membranes. on the reaction of AsA with purified cytochrontigs; in the
In our model (Figure 1), there are two fully conserved detergent-solubilized state for the first time. We have
regions in the sequences; the first oRALLVYRVFR ) succeeded to analyze kinetics of the multiphase electron-

is located on the extravesicular side @fhelical segment,  transfer reaction. Further, effect of the treatment of cyto-
and the second onéSLHSW?%) is located in an intrave-  chromebsg; with DEPC on the electron-transfer reaction was
sicular loop connecting twa-helical segmentsl@). These examined.
conserved sequences may form a part of the binding sites
for extravesicular AsA and the intravesicular MDA radical, MATERIALS AND METHODS
respectively 16). Therefore, the two hemels might be
located on each side of the vesicular membranes in close Purification of Cytochrome 43;.. Cytochromebss; was
contact with these binding sites, respectively)( Indeed purified from bovine adrenal medulla to a homogeneous state,
our pulse radiolysis analysis showed that the two héme as described previousi\t8). The purity of cytochromdse;
centers have distinct roles for the electron donation to the was analyzed with visible absorption spectra, heme content
MDA radical and the electron acceptance from AsA, analysis, and SDSpolyacrylamide gel electrophoresik3j.
respectively 23). We found further that the electron accept- All other reagents were commercially obtained as the
ing ability from AsA was selectively destroyed by the analytical grade. The concentration of cytochroogg was
treatment of oxidized cytochronit®s; with diethylpyrocar- determined using a millimolar extinction coefficient of 267.9
bonate (DEPC). However, the electron donating activity from mM~1 cm! at 427 nm in the reduced stat&3}.
the reduced hemie center to the MDA radical was retained Modification of Cytochromedg, with DEPC.Concentrated
(24). Matrix-assisted laser desorption/ionization-time-of-flight - cytochromebse; solution was acidified to pH 6.5 by adding
(MALDI-TOF) mass spectrometric analyses revealed that 0.5 M potassium phosphate buffer (pH 6.0) and was oxidized
two fully conserved histidyl residues (His88 and His161), py stepwise additions of potassium ferricyanide solution (100
possible heme ligands on the extravesicular side, and Lys85mM). Complete oxidation was checked with visible absorp-
were the modification sites with DEPQ‘O Further, the tion Spectroscopy_ The oxidized Cytochroml was ge|-
electron accepting ability from AsA could be protected by filtered through a PD-10 column (Amersham Pharmacia
the presence of AsA during the DEPC treatment, suggestingBjotech) equilibrated with 50 mM potassium phosphate
the AsA-binding site on the extravesicular sidb) buffer (pH 6.0) containing 1.0% (w/v) octg-glucoside and
The kinetics of the reactions between cytochrdmgand was then diluted with the same buffer to an appropriate
AsA or MDA radical has been studied in some detail for concentration. The diluted sample was treated with DEPC
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for 30 min, as previously described?4). The DEPC against the AsA concentrations. The plots showed a satura-

treatment of cytochromiese; in the presence of 20 mM AsA  tion behavior at higher AsA concentrations and indicated

was done similarly. The DEPC-treated samples were gel-that ES< E*(+P) was much slower than £ S< ES. In

filtered through a PD-10 column equilibrated with 50 mM  this casekapp1 could be expressed as the following expres-

potassium phosphate buffer (pH 6.0) containing 1.0% (w/v) sion:

octyl S-glucoside to remove unreacted DEPC. The DEPC-

treated cytochromésg; sample was then analyzed for the _ K([E] + [S]) 4)

reactivity with AsA with a Shimadzu UV-2400PC spectro- ppLT K+ ([E] + [S]) —2

photometer (Kyoto, Japan). Finally, the sample was fully

reduced with sodium dithionite, and its absorption spectrum where [E] and [S] denote the concentrations of E and S in

was recorded to check the integrity of the heme moiety.  equilibrium, respectively, an&s = k-1/k;. In our present
Stopped-Flow MeasuremenBRapid kinetic measurements case, [E] could be neglected in comparison with [S], and

were carried out using an SX.18MV stopped-flow spectrom- further, [S] could be approximated to the initial concentra-

eter (Applied Photophysics, Leatherhead, U.K.). One cham-tions of AsA. Closer examination of the plots showed that

ber of the apparatus contained oxidized cytochrbgsg(2.0 the k—, could be neglected, and therefore, the Michaelis

uM) in 50 mM sodium acetate (pH 5.0 and 5.5) or 50 mM Menten-type reaction (i.e., a rapid equilibrium between E

potassium phosphate buffer (pH 6.0, 6.5, 7.0, or 7.5) + S< ES) is operative. Finallyjks andk, were determined

containing 1.0% octyls-glucoside. The other chamber using a least-squares method to fit the double reciprocal plots

contained a test concentration of sodium ascorbate (AsA) in of the kypp1 and the AsA concentrations.

the same buffer. The temperature of both chambers and the At a lower pH region, we observed a significant time lag

sample holder was maintained at 20 with a connection  before the reduction of the heniecenter occurred (see

to a thermobath. The mixing was carried out with 1:1 ratio, Results). This kind of unusual time courses could not be

and cytochromddse; reduction was followed spectrophoto- analyzed by the procedure described above. We, therefore,

metrically at 427 nm. Data points were collected in every 5 conducted a different approach by assuming the presence of

ms from 0 to 1 s and in every 0.25 s from 1 to 50 s. The an intermediate(s) before the ES complex formation. In actual

data obtained were analyzed with following procedures.  analyses, we assumed following relaxation steps to describe
Analysis of the Stopped-Flow Dalde time courses of  the whole reduction process

the absorbance change were fitted by use of a nonlinear least-

squares method of Igor Pro (v.3.1) with a single (or a linear ASA + bgg, == ASAebyg, = ASAeby* == MDA eb5q*

combination of) exponential equation (5)
A=At (A~ AHL—exptkpfll (1) ASA+ MDAeby ™ = ASA + byt =
+
AZAO+(A1_A0){1_eXp(_kapp1t)} e+ MDA
(A= Ay 1= expthpt)} () ASAsbee = MDAsbo ™ (6)

For the analyses based on eq 2, we used a macro progranhere eq 5 denotes the first one-electron-transfer reaction
for Igor Pro to obtain a first rough estimation for the values, and eq 6 indicates the second one-electron-transfer reaction.
Ao, A1 — Ao, ... An — An-1, Kappr > Kapp2™ ... > kapm, @ccording  The asterisk indicates the activated form of cytochrdme

to the following protocol. We assumed that, in the slower after the binding of an AsA molecule to the AsA-binding
time domain where the faster processes already completedsite, and only within this form can the electron transfer from
only the slowest process was dominant. Therefore, this AsA to the hemeb center at the extravesicular side take
process could be fitted with a single-exponential equation, pjace. Under the assumption of this kind of multistep
like eq 1. This led a rough estimation Af — A1 andkapp. reversible reactions, the first one-electron-transfer reaction

Subtraction of thetth exponential function from the original  process (eq 5) could be treated with following three
data allowed the estimation of the { 1)th term, the second  rglaxations:

slowest process, in a similar manner. After repeating similar y y o
procedures, we could complete the rough estimatiod§pr -3, N * o, *~

estimated values were then used as the starting values to fit (7)
the data based on the eq 2. The entire procedure gave a Qn the other hand, the relaxation process (eq 6) was further
satisfactory fit to the original data. approximated to eq'@or the simplicity.

The fastest phase, which was considered as the first one-
electron donation reaction from AsA to the helmeenter
at the extravesicular side, was analyzed further according to
a transient kinetic method based on a two-step upii
sequential ordered mechanism, as shown in eq 3:

K .
ASA + MDA b *~—> MDA + MDAeb*>  (6)

In addition to these two major processes, there might be slow
relaxation processes corresponding to a direct one-electron
K, K transfer from AsA to the hemecenter on the intravesicular
E+ S<ESTE(+P) (3)  side and a reoxidation of the reduced hemwith MDA
radical (see Discussion). We assumed that these slow
The apparent rate constants of the fastest phiagg)( processes corresponded to the slowest phase observed at pH
expressed as units of inverse seconds)(swere plotted 6.0 and 6.5, and therefore, these processes were treated as a
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Ficure 2: Time course of the reduction process of oxidized cytochrbggewith AsA at pH 6.0 and its fitting analysis with exponential
functions. Oxidized cytochromigse; in 50 mM potassium phosphate (pH 6.0) buffer containing 1.0% gtplucoside was mixed (1:1 in
volume) with sodium AsA (16.0 mM) in the same buffer. Time course of the reduction was followed by absorbance change at 427 nm and
is shown on a logarithmic time scale (traces a in panels A and B). The observed trace was fitted (traces b in panels A and B) either with
four exponential functions (broken traces in panel A) or with three exponential functions (broken traces in panel B) using the procedure
described in Materials and Methods. Parameters for the fitted four exponential functions (panel A) were as fajlows; = 46.3% of

total absorbance chandeppi = 28.6 s1; Ay — Ap = 32.1% ,Kappo= 2.76 S%; Ag — Ay = 12.5%,kappz= 0.429 s%; Ay — Ag = 9.1%, Kappa

= 0.0321 s. Parameters for the fitted three exponential functions (panel B) were as folls: Ay = 50.3%,kapp1 = 24.89 s1; A, —

A; = 37.5%,kappo= 1.88 s, Ag — Ay = 12.2%,kapps= 0.0080 s. Residuals (observed curmeinusfitted curve) either with four (panel

C) or three (panel D) exponential functions are also shown to clarify the validity of the fitting.

single relaxation process for the simplicity. The corrected Under this special caseks' could be expressed by the
trace, which was obtained by the subtraction of the slowest following eq 8:

relaxation process from the original trace, was used for the

next fitting procedure. B[AsA]

All three relaxation processes in eq 7 and one relaxation ks =AT C + [AsA] ®
process in eq '6were treated as sequential first-order
reactions, and the buildup of the MDWBss*~ and In this equationA = k_s, B = ksK4/(1 + Kj), andC = 1{ Kz
MDA ebse*2~ species was fitted to the corrected trace (14 Ky)}; whereKs = ks/k_s, K4 = ko/k_4, and [AsA] means
assumingss’ > ki’ > ks' > kg'. The estimated values were, the AsA concentration. In our experimental conditiéns
then, used as the starting values for the final fitting to the and, therefore, the term A could be neglected. Least-squares
observed trace, where egsdhd 7 and the slowest single fittings were conducted for thks' versus [AsA] plots for
relaxation process were included. For the simplicity of the various pH.
analyses, we further assumed that the final reduction level
of the two heme centers were identical. The entire fitting RESULTS
approach was conducted for various AsA concentrations, and  Reduction of Cytochromesh with AsA at pH 6.0Upon
the results showed a satisfactory match (Figure 4A,B). A mixing of AsA (final 8.0 mM or 4.0 mM) with oxidized
similar fitting approach was employed for the analyses of cyiochromenss; at pH 6.0, the absorbance at 427 nm (Soret
the data obtained at higher pH (i.e., pH 6.0 and 6.5). Then yang peak of the reduced form) showed a rapid increase, as
the apparent first-order rate constarks, (k', ks', andks) shown in Figures 2 and 3. The time course, however, could
were plotted against the AsA concentrations. Careful analysesyot pe fitted with a single-exponential function at all (Figure
of the plots showed that botky and ks' followed the ) \we found that a linear combination of at least four
hyperbolic nature against the AsA concentration (Figure 5). exponential functions was required to obtain a satisfactory
The curves were found to follow the multistep syste38)( fit (Figure 2A). In Figure 2B, a best fit using three
with a special case d, k-3 > ki, k-2> ks, k-s, where we  exponential functions is also presented. Comparison of the
assumed a following eq':7 residuals confirmed the requirement of four exponentials
) ’ (Figure 2C,D). The re§ult is consistent with our proposa}l that
AsA + bselk‘:’3 ASA.b551% cytochromebse, contains two hemess centers, each having
3 4 . a dlspnct m]dhpgn; potgnﬂal ﬁrE)dA a p(?yzlé)gg::cal r:ole upon
.S, = reactions with AsA and the radicaR4). Further, an
ASAsbge, I MDA<bser* (7) internal electron transfer between the two helmeenters
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Table 1: Statistics of the Fitted Parameters for the Reaction of Cytochbgyneith Various Concentration of AsA at pH 6.0

AsA (final) first phase second phase third phase fourth phase
8.0 mM

Kappn(S7Y) 32.02+ 3.14 4.69H 1.916 0.7635+ 0.3337 0.050% 0.0137

An — An-1(%) 4251+ 3.28 27.62+ 4.95 20.26+ 7.26 9.49+ 0.75
4.0 mM

Kappn(S7Y) 22.56+ 3.17 4.48% 2.572 0.8275 0.3875 0.064@: 0.0150

An — An-1(%) 38.10+ 3.81 26.94+ 7.17 24.67+ 10.20 10.29+ 0.88
2.0 mM

Kappn(S74) 14.674+ 0.75 2.585+ 1.029 0.5445k 0.1724 0.0392+ 0.0112

An — An-1(%) 33.26+ 2.27 30.37+ 6.20 26.17+7.19 10.20+ 0.63
1.0mM

Kappn(S7Y) 13.67+ 3.35 2.962+ 0.972 0.5839+ 0.0438 0.055% 0.0065

— An-1(%) 25.66+ 5.29 35.91+ 5.96 26.44+ 8.66 11.98+ 1.07

aMean =+ SD with four independent data.

014 Table 2: Ks Values Obtained from the Analyses on the First
Reduction Phase
~ o012 pH Ks (mM) ko (s79)
g 75 1.15+0.44 17.7£ 3.7
S 7.0 452+ 1.75 85.9+ 31.1
N 6.5 8.02+ 0.59 98.0+ 7.0
g 0.104 6.0 2.18+ 0.60 347475
-§ 2 Ks (=ki/k-1) values were obtained based on the eq 4 as described
Z in the text.? The data for pH7.5 were analyzed differently as described
<€ 0.08+ in the text, assuming that only the heimeenter at the extravesicular
side could be reduced with AsA.
0.06 -

Time (sec)

Ficure 3: pH dependency of the reduction of oxidized cytochrome
bse; with AsA (2 mM). The stock solution of oxidized cytochrome
bse1 (~300 M) in 50 mM potassium phosphate (pH 6.0) buffer
containing 1.0% octyB-glucoside was diluted with an appropriate
buffer (pH 5.0, 5.5, 6.0, 6.5, 7.0, or 7.5) in a final concentration of

with AsA. This alkaline denaturation occurred very quickly
(within 30 min after the preparation of the sample in the
alkaline condition for the stopped-flow measurements). This
is apparently due to a denaturation of the hémmeoiety on

the intravesicular side, as previously reported for the oxidized
cytochromebsg; in an alkaline condition X6). Indeed, as
shown clearly in the Figure 3, the rapid increase of

room temperature for at least 30 min, the sample was mixed with

the AsA (4.0 mM) solution (1:1 in volume), and the reduction

conserved at pH 7.5, indicating that the hemeenter on

process was monitored by absorbance change at 427 nm. The timéh€ extravesicular side was still intact.

courses are shown on a logarithmic time scale.

TheKs andk, values for pH 6.5 and 7.0 were calculated
by the same procedure employed for the analysis of the data

might occur. In addition, at a later stage of the reaction, the obtained at pH 6.0. At pH 7.5, we assumed that only the

accumulated MDA radicals might cause oxidation of the
reduced hemé center on the intravesicular side by direct
interaction with the accumulated MDA radical®3]. Sta-
tistics of the fitted parameters (with four exponential func-
tions) for the reaction of cytochroni®g; with various AsA

hemeb on the extravesicular side could be reduced with AsA
as described above and, therefore, the trace could be
approximated by comprising only two phases (i.e., a major
fast hemeb reduction phase with AsA and a following minor
phase, including the reduction of the residual hénoa the

concentrations are tabulated in Table 1. The fastest phaséntravesicular side and its reoxidation with the accumulated
corresponded to about 40% of the total absorbance changeMDA radical). Fittings were satisfactory (data not shown),
at higher AsA concentrations and was reasonably assignedand theKs andk;, values were obtained similarly as for pH

to the first one-electron donation from AsA to the hetne
center on the extravesicular side. It followed the Michaelis

6.0. Results were summarized in Table 2.
Reduction of Oxidized Cytochromespwith AsA in the

Menten-type transient kinetics, saturating at high concentra- Acidic pH RegionlIn a lower-pH region (pH5.0 and 5.5),

tions of AsA. TheKs andk, values at pH 6.0 were estimated
as 2.2 mM and 34.7°8, respectively, based on the procedure
as described in Materials and Methods.

pH Dependency of CytochromespReduction with AsA.
The effect of pH on the reduction of oxidized cytochrome
bse1 With AsA was examined (from pH 5.0 to 7.5). We found
that the time course of the reduction of cytochrdogg was

very dependent on the medium pH as shown in Figure 3.

In a higher pH region (pH 7.0 and 7.5), a significant

the reduction process became extremely slow (Figure 3).
Further, there was a significant time lag before the reduction
of cytochromebss; occurred (Figure 3). However, it must
be noted that the final reduction level reached to around 85%,
a level similar to those observed at pH 6.0 or 6.5. A
representative time course for pH 5.0 is shown on a
logarithmic time scale (Figure 4A). The time lag may be
interpreted as due to a presence of pH-dependent intermedi-
ate(s) before the first electron transfer to hdmiakes place.

decrease in the final reduction level was observed. Particu-To test the feasibility of this scheme, we conducted a

larly, at pH 7.5, only a half of the heniecenter was reduced

simulated fitting to the entire time course according to the
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FIGURE 4. Reduction of oxidi;ed cytochron’_[gel with AsA at pH g'g B% ;(15 ngi 204'3
5.0. Oxidized cytochrombsg; in 50 mM sodium acetate (pH 5.0) 50 95+ 07 2644 1.1

buffer containing 1.0% octy#-glucoside was mixed (1:1 in volume)
with sodium AsA (16.0 mM) in the same buffer. Time course of @ Details are described in the text.
the reduction was followed by absorbance change at 427 nm (trace
a) and is shown on a logarithmic time scale (panel A). The observed

trace was fitted (trace b) with the extent of the reduction level of 0.11 4 a
two heme centers (i.e., the heme center with a lower redox potential
(trace c) and the heme center with a higher one (trace d)) using the £ 0.10
procedure described in Materials and Methods. Fitted parameters £
in panel A are as followsks’ = 19.30 s1, ky = 17.44 s, ks' = I 0099
12.02 s, ki = 0.94 s1, andky = 0.089 s, wherek; is for the 8
slowest single relaxation process as described in the text. In panel _§ 0.08 c
B, residual (observed curveinus fitted curve) is shown on a 3 0074
logarithmic time scale to clarify the validity of the fitting. =2 ’
0.06
procedure described in MATERIALS AND Methods (equa- b
tions (5), (7), and (7). The fitting was conducted at various 0.05 ! - T T - A

AsA concentrations for pH 5.5 and 5.0. We found that at Time (sec)

Ieast one Intirmedlate was reqqlred bF_,'fore the I,ES gompIeXFIGURE 6: Effects of the DEPC treatment of cytochroiing; on
(i.e., AsPebser) formation to obtain a satisfactory fit (Figure  the time course of the reduction process with AsA at pH 6.0.
4A,B). The analysis was extended to the data obtained atOxidized cytochromése; in 50 mM potassium phosphate (pH 6.0)
higher pH (pH 6.0 and 6.5). Again, the results showed a buffer containing 1.0% octy$-glucoside was treated with DEPC
satisfactory fit with the observed traces (data not shown). (0-5> mM). The DEPC-treated cytochrorbg, in the same buffer

. Loy ) was mixed (1:1 in volume) with sodium AsA (4.0 mM) in the same
The apparent first-order rate constarks, ks, ks', andks') buffer. Time course of the reduction was followed by absorbance

obtained for eq 7 were plotted against the AsA concentration. change at 427 nm (trace b). The DEPC treatment was conducted
Careful analyses of the plots showed that kfefollowed in the presence of 20 mM AsA, and after oxidation with ferricyanide
the hyperbolic nature against the AsA concentration (Figure followed by a gel filtration, the reduction with AsA was monitored
5). The plots were analyzed with a least-squares fitting (trace c). For a control, reduction process was monitored similarly
approach, assuming that eq 8 holds. Results were tabulategior the nontreated cytochrontes, (trace a).
in Table 3. cytochromebsg; caused an almost complete loss of the first
Effect of DEPC Treatment on the Electron Transfer from three phases observed for the untreated sample and only the
AsA. We analyzed the effect of DEPC treatment on the slowest phase remained (Figure 6, trace b). Khgfor this
electron-transfer activity from AsA to oxidized cytochrome phase was estimated to be 0.023, svhich was only 1/400
bse1. At an AsA concentration of 2.0 mM (final) at pH 6.0, of the fastest phase of the untreated sample. The double
oxidized cytochromdsg; (1.0u4M) was reduced quickly with  reciprocal analyses showég = 0.025 s? for the DEPC-
the apparent rate constamtd) of 8.13 s for the fastest  treated cytochroméss;. We have previously shown that a
phase (Figure 6, trace a). The DEPC treatment of the oxidizedloss of the electron accepting ability from AsA upon the
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DEPC treatment was protected by the inclusion of AsA (20
mM) during the treatmen®§). Present stopped-flow analy-

ses confirmed our previous observation (Figure 6, trace c);

the electron-accepting ability from AsA recovered signifi-
cantly. and thek,,, for the fastest phase (of the two phases
fitted) was estimated to be 0.338'san increase of 16-fold.

Takigami et al.

presence of a pH-dependent intermediate before the first
electron transfer to the hentecenter on the extravesicular
side, was satisfactory as shown in Figure 4A,B. Examination
of the results in Table 3 gave us following implications. (a)
If the ks value was independent of pH (this is a reasonable
assumption since this process is actually an intramolecular

The final reduction level reached around 75%, very close to electron-transfer event), the significant decrease in B-term

the untreated cytochromges;. However, it must be noted
that thekapp value was still only 1/24 of the fastest phase of
the untreated sample.

DISCUSSION

In the present study, we conducted a stopped-flow study

on the reaction of purified cytochrom®e; with AsA for
the first time. In the detergent-solubilized state, the hydro-
phobic surface of cytochromigss; might be shielded with
detergent molecules (i.e., octgtglucoside), and only two
hydrophilic surfaces are exposed to the medium (i.e.
extravesicular and intravesicular side34<36) to allow the

access of negatively charged AsA molecules (Figure 1). Since

there is one hemb center on each side, each hetmean
receive electron equivalent(s) from AsA but with different

affinities and rates. Internal electron-transfer events will also

take place. Further, reoxidation of reduced hdmeenter
on the intravesicular side with the MDA radical might occur
as the reduction level of henteincreases. As expected, the

observed time course of the reduction of oxidized cytochrome

bse; with AsA was very complex and could not be fitted
with a single exponential (Figure 2A). We found that a linear
combination of, at least, four exponential functions was
required to obtain an adequate fit (Figure 2A,B). This result
was consistent with the notion described above.

as pH decrease means the significant decreakg (Ks <

1). This is probably accomplished by a significant decrease
in Kk, or significant increase ik, in the acidic pH region.

(b) The decrease K4 (K4 < 1) in the acidic pH region
suggest that th&s (=ks/k-3) must be independent of pH.
These implications suggest a working hypothesis that a pH-
dependent conformational change occurs at the bound AsA
moiety before the first electron transfer to the hemmenter

on the extravesicular side takes place. The conformational
change may be a gross tertiary structural change or a local
conformational change including a deprotonation process

' from key amino acid residue(s) witiKgaround 5-6 at the

AsA-binidng site. Indeed, we had previously proposed that
the two histidyl imidazole ligands of the henbecenter on

the extravesicular surface may also participate in the proton
acceptor from bound AsA25). The importance of histidyl
residues in the electron transfer from AsA to cytochrome
bse1 was also discussed by Njus et &1(32). Unfortunately,
however, we do not have appropriate means to discriminate
between these two possibilities at present.

In our previous report, we found that the ability of the
fast electron acceptance from AsA was completely destroyed
by the DEPC treatment of oxidized cytochromg; (24).
However, the electron-donating activity from reduced heme
b to MDA radical was retained2d). Three major DEPC-
modification sites (His88, His161 and Lys85) were identified

The fastest phase was reasonably assigned to the first Onépy MALDI-TOF mass spectrometric analyse24(. The

electron donation from AsA to oxidized henbecenter on
the extravesicular side. It followed MichaeliMenten-type

presence of AsA during the DEPC treatment was found to
suppress thé\-carbethoxylation of the heme-coordinating

transient kinetics, saturating at high AsA concentrations. The histidyl (His88 and His161) residues, whereas the modifica-

calculatedKs value for AsA (2.2 mM) was slightly lower
than theK, value (~4 mM) obtained for the chromaffin
ghost at pH 6.032), but it might be reasonable considering
Ko(= koi/ki)) < Km(= (k-1tko)/ki). These values were,
however, somewhat at variance with tig of 0.34 mM at
pH 6.5 reported by Flatmark and Terlar¥). On the other
hand,Vmax values for the hemb reduction with AsA were
found around 4 & for chromaffin ghost (regardless of pH
from 5.5 to 7.5) 82), which were considerably lower than
the corresponding value & obtained in the present study
(Table 2).

tion level of Lys85 was not affecte®%). Concomitantly,
the final reduction level of hemiewith AsA was protected,
although the fast reduction process was not fully restored
(25).

It is obvious that theN-carbethoxylation of the heme-
coordinating histidyl residues (His88 and His161) on the
extravesicular side exerted two apparent effects on the
inhibition of the electron transfer from AsA. First, the final
reduction level of the total hentedecreased to about 35%
due to a significant decrease in the midpoint potential of
hemeb on the extravesicular sid2%). Thus, the hemb on

We were surprised to observe a significant pH dependencythe extravesicular side could not be reduced at all with AsA

of the reduction process of cytochromg; when AsA was

after the DEPC treatment. On the other hand, the heore

used as a reductant. In an alkaline region above pH 7.0, thethe intravesicular side did not suffer so much from the DEPC
hemeb center on the intravesicular side was extremely labile, treatment, and therefore, it could receive electron equivalent
as previously reportedLf). As a result, only a half of the  from AsA as for the untreated cytochrorhg;. Second, the
hemeb center (i.e., only the hemigcenter on the extrave-  rate of electron transfer from AsA to cytochronige;
sicular side) could be reduced with AsA at pH 7.5, as shown decreased remarkably-(/400) upon the DEPC treatment
in Figure 3. It must be noted that the fastest reduction phase,(Figure 6). However, in this case, the observed slow heme
which might be participated by the henbecenter on the  reduction did not reflect the electron transfer from AsA to
extravesicular side, was fully conserved after the alkaline the hemeb on the extravesicular side but was due to the
treatment. This result was fully consistent with our view.  direct electron transfer to the herbeenter on the intrave-

At pH 5.5 and 5.0, we observed a significant time lag sicular side. Simultaneously, oxidation of the reduced heme
before the reduction of hemecenter occurred (Figures 3 b on the intravesicular side by MDA radical just produced
and 4A). The simulated fitting, in which we assumed the by the univalent oxidation of AsA should occur, since this
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site has a significant electron donating activity toward MDA
radical 3). Therefore, the slow reduction of the DEPC-

In conclusion, we have conducted stopped-flow analyses
on the reaction of AsA with cytochromése; in the

treated cytochrombsg; with AsA is actually a reflection of

solubilized state for the first time. The time course of the

the two opposing effects (i.e., reduction by AsA and reduction of oxidized cytochromhss; with AsA could be

oxidation by MDA radical at the hemb center on the

fitted with a linear combination of four exponential functions.

intravesicular side). Being consistent with this view, the rate The fastest phase assignable to the first one-electron donation
constant of this slow reduction was in the same order with reaction from AsA to the hemecenter on the extravesicular
that of the slowest phase observed for the untreated cyto-side followed the MichaelisMenten-type transient kinetics

chrome bsg; (Figure 2 and Table 1). Further, we found with Ks

recently that the final reduction level 6f35% of the DEPC-
treated cytochrombse; with AsA could be increased up to

2.2 mM (pH 6.0). This fastest phase was

completely lost upon a treatment with DEPC in the oxidized
state due to thBl-carbethoxylation of the heme-coordinating

50% if MDA radical concentration was decreased in the histidyl residues (His88 and His161) on the extravesicular
system by the inclusion of ferrocyanide (Takeuchi et al., side. Presence of AsA during the treatment protected the final

unpublished).
Protection from theN-carbethoxylation of the heme-

reduction level of cytochroméss;, but the reduction rate
was still inhibited significantly. This result suggested the

coordinating histidyl residues (His88 and His161) but not importance of the fully conserved Lys85 for the interaction
Lys85 by the inclusion of AsA (20 mM) resulted in a with AsA. At a pH region below 5.5, we observed a
significant restoration of the final reduction level up to 75% significant time lag before the reduction of hetmeccurred.

(25). This fact indicated that henteon the extravesicular

This time lag was interpreted as due to a pH-dependent

side was now reducible with AsA. Further, the reduction rate transient state before the first electron-transfer reaction to

with AsA was also restored significantly. But it was still
only 1/24 of the original rate constant, as shown in Figure

occur.
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