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ABSTRACT. Transient kinetic analysis of biphasic, single turnover data for the reaction 'ed2r-bis-
[3-ethylbenzthiazoline-6-sulfonic acid] (ABTS) with horseradish peroxidase (HRPC) compound I
demonstrated preequilibrium binding of ABTE.§{ = 7.82 x 10* M~ s71) prior to rate-limiting electron
transfer k1 s = 42.1 s'1). These data were obtained using a stopped-flow method, which included ascorbate
in the reaction medium to maintain a low steady-state concentration of ABTS (pseudo-first-order conditions)
and to minimize absorbance changes in the Soret region due to the accumulation of ABTS cation radicals.
A steady-state kinetic analysis of the reaction confirmed that the reduction of HRPC compound Il by this
substrate is rate-limiting in the complete peroxidase cycle. The reaction of HRP®@-difihenols has

been investigated using a chronometric method that also included ascorbate in the assay medium to minimize
the effects of nonenzymic reactions involving phenol-derived radical products. This enabled the initial
rates ofo-diphenol oxidation at different hydrogen peroxide andiphenol concentrations to be determined

from the lag period induced by the presence of ascorbate. The kinetic analysis resolved the reaction of
HRPC compound Il witto-diphenols into two steps, initial formation of an enzyaseibstrate complex
followed by electron transfer from the substrate to the heme. Wdlphenols that are rapidly oxidized,

the heterolytic cleavage of the-@ bond of the heme-bound hydrogen peroxike & 2.17 x 10°s™1)

is rate-limiting. The size and hydrophobicity of thediphenol substrates are correlated with their rate of
binding to HRPC, while the electron density at the C-4 hydroxyl group predominantly influences the rate
of electron transfer to the heme.

Peroxidases are ubiquitous in the plant and animal Scheme 1
kingdoms (see rel and references therein). The cationic

ka
: . : HRPC +H,0, —2 > HRPC-1+H,0
isoenzyme from horseradish peroxidase (HRPC) has been = z

intensively studied not least because of its commercial use HRPC-1+RH, X, HRPC_IL +RH"
in diagnostic assays and potential application in bioreme- .
diation 2—5). The normal peroxidase cycle for HRPC is HRPC-T+RH, =% » HRPC + RH+H,0

shown in Scheme 16f where HRPC-I and HRPC-Il are the

oxidized states of HRPC often referred to as compounds I not the porphyrin cation radical. Both of these reactions can
and Il, respectively. Rbis a reducing substrate, and Risl yield free radical products that may undergo subsequent
a free radical product. The catalytic cycle is initiated by a chemistry. The rate of the peroxidation cycle usually depends
rapid k.= 1.7 x 10/ M~1s™%) 2e” oxidation of the enzyme  on the nature of the reducing substrate, with the reduction
by hydrogen peroxide (or other organic peroxides) to give a of HRPC-II to resting enzyme being rate-limiting)( This
green enzyme intermediate, HRPC-I, with the heme iron oxi- model does not consider Michaetidenten complexes of
dized to the oxyferryl state [Fe(I¥)O] and ar-cation rad-  ferric enzyme with HO, or of compounds | and Il with
ical on the porphyrin ring. To complete a peroxidation cycle, reducing substrate since early experimental observations did
HRPC-I is converted back to the resting enzyme Fe(lll) state not reveal evidence of saturation kineti@& 9). This also

by two successive single electron-transfer reactions from implied that the peroxidase cycle is irreversit8g However
reducing molecules; the first yielding a second enzyme Wang et al. 10) recently reported clear kinetic evidence for
intermediate, HRPC-II, which retains the oxyferryl group but a Michaelis-Menten complex between HRPC-Il and the
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reactions of compounds | and Il with some reducing Aldrich (Madrid, Spain)L-Ascorbic acid was obtained from
substrates have been studied by stopped-flow spectrophoSigma, and its concentration was determined by the lag
tometry (7), there are experimental difficulties. The excess period induced in the diphenolase activity of tyrosinase using
of substrate required for pseudo-first-order kinetics can L-dopa as substrate2?). Stock solutions of reducing
increase the rate of the reaction beyond the range of stoppedsubstrates were prepared in 0.15 mM phosphoric acid to
flow methods k.ps > 10° s71), and the formation of intensely  prevent autoxidation. All reagents and buffers were sparged
colored products can make analysis of spectrophotometricwith N,. All other chemicals were of analytical grade and
data difficult. Thus, the value of the second-order rate supplied by Merck (Germany). Milli-Q system (Millipore
constant for the reaction of HRPC-I with the common Corp.) ultrapure water was used throughout this research.
substrate 2,2azino-bis[3-ethylbenzthiazoline-6-sulfonic acid] Pre-Steady-State KineticSransient kinetics were moni-
(ABTS) (ko in Scheme 1) was unknown until Goodwin et tored in a stopped-flow spectrophotometer (model SF-51,
al. (17) developed a method that uses excess ascorbate tddi Tech Scientific, Salisbury, U.K.). Data were recorded and
rapidly reduce substrate derived radicals. This keeps theanalyzed on a PC running software provided by manufac-
concentration of the intensely colored ABTS radicals very turer. HRPC-Il was prepared from the purified native enzyme
low, thereby minimizing interference with the small ab- by adding 1 equiv of KD, and 0.9 equiv of ascorbic acid.
sorbance changes associated with interconversion of differentThe maximum change in extinction on conversion of HRPC-
states of the heme. Steady-state kinetics has been used tt to native HRPC Pegoznm= 95.3 mM?* cm™ (23)] was
study the peroxidase cycle (see teind references therein). used to monitor the reaction with ABTS in the presence of
However, since HRPC-I usually reacts considerably fastera 3-molar fold excess of ascorbic acid over reducing
than HRPC-II with the reducing substrate, the rate constantsubstrate. The rapid reduction of radical products by ascor-
for the former reaction cannot usually be determined. Smith bate ensures a constant substrate concentration (i.e., maintains
et al. (L8) deduced from a steady-state kinetic analysis that pseudo-first-order conditions) and avoids the formation of
two first-order steps are needed to describe the reaction ofcolored products, such as ABTS cation radicil)( Tem-
HRPC-II with ABTS. Of these, the second step, the dis- perature was controlled at 28 using a Techne C-400
sociation of the ABTS radical product from ferric enzyme, circulating bath with a heatercooler.
is rate limiting. Steady-State Kinetics of the Reaction of HRPC with ABTS.
The oxidation of phenols by HRPC produces extremely Spectrophotometric measurements were made with a Perkin-
reactive free radical intermediates which, following release Elmer Lambda-2 UV-visible spectrophotometer interfaced
from the enzyme, readily condense to yield polymeric on-line with a PC-compatible computer. Steady-state kinetics
products of variable stoichiometry. The kinetics of these were studied by measuring the initial rates of ABTS oxidation
reactions is not described by classical MichaeMenten at 25°C as a function of reducing substrate concentration.
equations. Saturation kinetics are often not observed becaus@BTS cation radical (ABTS) formation was followed at
of the limited solubility of many of these substrates. In 414 nm €414 nm= 31.1 MM cm™2). The reaction mixture
addition, the rates at which some substrates are oxidized arecontained 10 nM HRPC, 20V H,O,, and ABTS at various
so high that they cannot be determined accurately, even withconcentrations in 30 mM sodium phosphate, pH 7.0. Initial
very low substrate concentrations. To our knowledge, there steady-state rates were also determined using a chronometric
is very little evidence for the formation of a Michaetis method in which absorbance changes at 414 nm were
Menten complex between HRPC-Il and a phenolic substrate measured and the initial rates at different ABTS concentra-
(10, 19). In this paper, we demonstrate for the first time that tions were calculated from the length of the lag period
HRPC-II forms a MichaelisMenten complex in its reaction  induced by the presence of ascorbate (see also Results and
with ABTS ando-diphenolic substrates. We have optimized Discussion).
methods based on the rapid reduction of free radical products Steady-State Kinetics of the Reaction of HRPC with
by ascorbate for both pre-steady-state and steady-state kinetio-Diphenols. The chronometric method detailed in the
measurements. The factors that determine the strength ofResults and Discussion section was also used to determine
binding and rate of oxidation of phenolic substrates by the kinetic constants for all of the-diphenols except for
HRPC-II are also discussed. epinine,L-isoproterenol,-dopa, and -a-methyldopa. Moni-
toring was at 400 nm (corresponding to tlequinone
MATERIALS AND METHODS product) when 4-methylcatechol, tért-butylcatechol, N-
ReagentsHRP isoenzyme C was purchased from Sigma acetyldopamine, DHPPA, DHPAA, pyrogallol, or catechol
(type VI; Rz= 3.2) and used without further purification. were assayed and at 475 nm (corresponding to the amino-
The concentration of HRPC was determined spectrophoto-chrome product) when dopamine aneoradrenaline were
metrically using a Soret extinction coefficient of 102 mM assayed. Epinine,isoproterenol;-dopa, and.-a-methyl-
cm* (20). Reagent-grade 4@, (30% v/v) was obtained from  dopa gaveo-quinones with high cyclization rate constants
BDH/Merck (Poole, U.K.), and its concentration was cal- (24—27), which prevented significant reduction by ascorbate.
culated by iodide titration with HRPC2(). ABTS in the Thus, initial steady-state rates were determined following
crystallized diammonium salt form, 4-methylcatechit, the appearance of the corresponding aminochromes at 490
acetyldopamine, dopamine hydrochloride, epinin&sopro- NM (€490 nm= 2.8 x 10° M~ cm™1) and at 500 NMés00 nm=
terenol,L-dopa, and.-o-methyldopa were purchased from 4.3 x 10 M~! cm™) in the case of epinine and-
Sigma (Madrid, Spain). 3,4-Dihydroxyphenylpropionic acid isoproterenol, respectively, and at 475 négd n\m= 3.6 x
(DHPPA), 3,4-dihydroxyphenylacetic acid (DHPAA); 103 M~ cm™) in the case of-dopa orL-a-methyldopa. In
noradrenaline hydrochloride, catechol, anted-butylcat- all cases, the reaction medium contained 30 mM sodium
echol were from Fluka (Madrid, Spain). Pyrogallol was from phosphate, pH 7.0.
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Scheme 2 0.040
200 15
ks kyg . 112
HRPC-Il + ABTS === [HRPC-I"PABTS]——+HRPC + ABTS™ + H, 150 |
ks z_ 100 Z —‘:?.
Reaction of Ascorbic Acid with Hydrogen Peroxidée g 0030F &, 50 13 )
oxidative degradation of ascorbic acid by®3 was inves- 8 1) /A
tigated by observing the decay of ascorbic acid at 290 nm < °0 O'iBTOS's ;9 "
[€200 nm= 2.8 x 10° M~1 cm™! (28)]. Primary plots ofug ° (ABTSL ()
versus [AH)] at different HO, concentrations were linear 0.020 Ve ©
with a slope corresponding ta,s = kJH20,]. Secondary
plots of kyps Vs [H202] gave a straight line, whose slope is 0.000 . L L 1
the second-order rate constant for the reaction of ascorbate 00 01 02 03 04
with HxO;, k. Time (s)

Kinetic Data AnalysisPre-steady-state kinetic data were . ' .
| fitti h . Ficure 1: Stopped-flow time courses at 423 nm for the reaction
analyzed by fitting the absorbance versus time Curves to of HRPC-II (4.54M) with ABTS in 30 mM phosphate buffer, pH
exponentlal functions using a Ieast-squares minimization 7.0. Curves ac correspond to 0.1, 0.3, and 0.5 mM ABTS,
program supplied by Hi Tech Scientific Ltd. The values of respectively. In each experiment a 3-fold excess of ascorbic acid

: : app, ; over ABTS was used. The filled circles are simulated data points
the apparent Michaelis constankf 3 and maximum using the rate constant from Table 1 and Scheme 1. Inset:

steady-state rate/f7) for HRPC when ABTS was varied  pependence of apparent first-order rate constant@®) and 1,
at fixed concentration of §0, were calculated by triplicate  (O) for the reaction of HRPC-Il with ABTS on [ABTS] at pH 7.0.
measurements aef at each reducing substrate concentration.
The reciprocal of the variances of were used as weighting
factors in the nonlinear regression fitting af vs [ABTS]
data to eq 2. The fitting was carried out by using a
Marquardt’s algorithmZ9) implemented in the Sigma Plot
2.01 program for Windows3(). Initial estimates o2
andV;® were obtained from the HaneVoolf equation, a
linear transformation of the Michaelis equatiodl). The
absolute kinetic constant4,.x (maximum steady-state rate),

K292 (Michaelis constant of HRPC toward hydrogen per-

between HRPC-Il and ABTS occurs by a two-step mecha-
nism wherek,s is the second-order rate constant for the
binding of ABTS to HRPC-Il,k_s is the first-order rate
constant for ABTS dissociation from the transient complex,
andk,¢ is the first-order rate constant for electron (and/or
coupled proton) transfer step(s) associated with substrate
oxidation. Since the plot of, vs [ABTS] passes through
the origin, the second step must be essentially irreversible,
as indicated by the omission &f¢ from Scheme 2. Initial
estimates of the elementary rate constants for the partial

. S . .
oxide), andKy, (Michaelis constant of HRPC toward- reactions of Scheme 2 showed that both steps occur at
diphenols) were calculated from primary and secondary plots comparable rates, and so no simplifying assumptions can be
of 1/vo vs 1/[S} (eq A8). made with regard to the rate expressions necessary to obtain

NMR Assays!*C NMR spectra ofo-diphenols were  ihe yajues of the individual rate constants. A mathematical
obtalned. at pH 7.0 on a Varian Unity spec_trophotometer (300 ggution was given by Bernascor82) and the elementary
MHz) using®H,0 as solvent. Chemical shift value) (vere rate constants can be obtained from plots of the sum or the
measured relative to those for tetramethylsilahe-(0). The product of the first-order rate constants of the two phases vs
maximum accepted error for each peak wi#03 ppm. [ABTS]. The values of these elementary rate constants are
RESULTS AND DISCUSSION givenin Ta_lble 1. Simulations of the absorbar_we versus time

curves using these values were made using a computer

Pre-Steady-State Kinetics of the Reaction of HRPC-II with program written by GafarSevilla et al. 83). These are
ABTS.The second-order-rate constants for the reduction of shown overlaid on the stopped-flow data in Figure 1.
HRPC-II (k5 in Scheme 2) by ABTS has previously been  Steady-State Kinetics of the Reaction of HRPC with ABTS.
calculated from steady-state kinetic dai&)( Although the Childs and Bardley 34) described a complex scheme for
reaction is sufficiently slow for it to be determined by ABTS oxidation while Smith et all8) gave a fuller treatment
stopped-flow spectrophotometry under pseudo-first-order of steady-state data albeit over a limited range of substrate
conditions ¢ 10-fold excess of ABTS), the formation of the concentrations. These latter authors studied the reaction of
intensely colored ABTS has previously prevented direct both glycosylated and recombinant HRPC with ABTS at pH
monitoring of HRPC-Il reduction in the Soret region. 5.0, while we have now carried out similar experiments at
However, we have now been able to monitor this reaction pH 7.0 (Figure 2) in order to compare pre-steady-state and
at 423 nm in the presence of a 3-fold molar excess of steady-state results. ABTS is a peroxidase substrate which,
ascorbate (over ABTS), which rapidly reduces ABTS when oxidized in the presence ob®h in a typical peroxi-
radicals as they are formetl4). The absorbance/time curves dative reaction, generates a metastable radical, ABTsth
were biphasic (Figure 1) and could be fitted to a two- a characteristic absorption spectrum and an absorption
exponential functionA(t) = As exp(—A4it) + Az exp(Aat). maximum at 414 nm. The initial steady-state rate of
Under pseudo-first-order conditions with ABTS in large formation of ABTS* (1) showed a hyperbolic dependence
excess over HRPC-I}}; increased linearly with increasing on ABTS concentration (Figure 2A). A conventional ping-
ABTS concentration (0.051.0 mM; Figure 1, inset). The  pong (ordered two substrates, two products) mechanism
second exponentiak,, exhibited a hyperbolic dependence assuming dissociation and transformation steps is depicted
on the concentration of ABTS (0.68..0 mM; Figure 1, in Scheme 3 where E,-B,0;, E-l, E-I-S, R, E-Il, and E-l
inset). This dependence can be explained if the reactionS represent HRPC, the complex HRIPIGO,, HRPC-I, RH,
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Table 1: Kinetic and Elementary Rate Constants for the Reaction of HRPC and HRPC-II with ABTS at pH 7.0%&hd 25

method kis (M~1s7Y) Ko (s7D) Keat (S72) K3 (mM)
Pre-Steady-State
stopped flow (7.82:0.61)x 10* 42,1+ 2.0 0.54+ 0.08
Steady-State
ABTS* formation (7.02£ 0.42) x 10¢ 455+ 2.0 0.64+ 0.08
chronometric (6.7@- 0.81) x 10* 453+ 1.8 0.67+ 0.06

aThe Michaelis constant of HRPC-Il toward ABTS can be calculated according to the exprigsiortk_s + Kig)/kis. Assumingk s << Kyg,

the calculateK,, value is that indicated in this table.

v, (UM/s)

v, (WM/s)

[ABTS] (mM)

Ficure 2: Dependence of the steady-state initial ratg ¢ersus
[ABTS]. v values were calculated by using the ABT$rmation

(A) or the chronometric method (B). In both cases the reaction
mixture contained 2 nM HRPC and 0.2 mM,® in 30 mM
phosphate buffer (pH 7.0). In panel B, 2M ascorbic acid was
added to the reaction medium.

Scheme 3
k k
E+H,0, =2~ EH,0, —2 > B-1+S
K )
0o |k,
keg
R E-I*S
Ro ks
ks
E-TPS S+E-I
ks

the complex HRPC-RH,, RH, HRPC-II, and the complex
HRPC-II-RH,, respectively. A complete kinetic treatment of
Scheme 3 is given in the Appendix. Substitution of eqs-A5
A7 into eq A3 (see Appendix) gives the following expres-
sion:

B 2kafH;051o[SI[E]
0=, o @)
E;[Hzoz]o + ETS]O + [H,0,][Sl,

Note that this equation is obtained from the kinetic analysis
of Scheme 3, which includes binding and transformation rate
constants for all the enzyme intermediates. Equation 1 can
be rearranged to

V)
O Vs sl, ?
where
2K, oH,0,[E],
Va — 3
= (ko) + [H,0yl6 ©)
KaPPS— (KeafK5)[H205lg )

(Keafk+1) + [H205]0

The experimental data shown in Figure 2A were fitted to
eq 2 by nonlinear regression. The kinetic parame&p§
and K¥*Swere determined, and the valueslaf; and ks
were calculated according egs 3 and 4. The value.pf1.7
x 10" M~ s71) was obtained from stopped-flow measure-
ments as previously described3]; the concentration of
hydrogen peroxide was 0.2 mM. As can be seen in Table 1,
thekesvalue is similar to those &, obtained from stopped-
flow data. These data show that when ABTS is a substrate,
the reduction of HRPC-II is rate-limiting (i.ekyz, kig4 >
kie). In addition, the saturation kinetics observed for ABTS
show that reduction of HRPC-Il is a two-step process.

Chronometric Method for Determining Peroxidase Steady-
State Actiity. ABTS is used in peroxidase assays because
of its special physicochemical characteristics: high chemical
stability, high water solubility, and U¥visible absorption
spectrum Amax = 340 nm). The reaction product, ABTS
is a very stable radical, has a high molar extinction
coefficient, and is generated directly from its precurs#; (
35). However, kinetic studies with other types of substrate,
such as phenolic compounds, are more difficult. This is
because many phenolic substrates after oxidation give rise
to complex mixtures of polymers with of poorly defined
stoichiometry. Therefore, we have developed a chronometric
method, which can be used for determining peroxidase
activity with a wide class of substrates. We first checked
the validity of this method using ABTS as the peroxidase
substrate. Ascorbate reduces many radicals and quinones at
high rates (5x 10—2 x 10° M~! s7%) (36—38). When
ascorbate is present in excess, the reaction between ascorbate
and the product radical should be the fastest reaction in the
system. The reaction between the peroxidase intermediates
and substrate should then become rate-limiting. Therefore,
the product radical will be reduced back to substrate as
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Scheme 4
2ABTS™ +2AH, — 2ABTS +24H™
2AH" — AH, +A

0.2 flleld c b

rapidly as it is generated by the peroxidase. The stoichiometry
of the reaction between ascorbate and ABTS radical is well-
known 39) (Scheme 4). The overall reaction is 2ABTS 01
+ AH, — 2ABTS + A, where AH is ascorbic acid and A
represents dehydroascorbic acid. Therefore, the presence of
ascorbate in the peroxidase system gives the following
Ztaichiometry: 1 mol of HO,/2 mol of ABTS*/1 mol of 00 oo 00 300 200
2.

A lag period ¢) is induced in the ABTS assay when AH

is present. The value of depends on the initial AH Ficure 3: Time course of ABTS accumulation in the presence

; of HRPC (2 nM), ascorbic acid (20M), H,0, (0.2 mM), and
concentration. In the absence of AHthe measurable ABTS (curves af correspond to 0.1, 0.25, 0.5, 1.0, 1.5, and 2.0

A414nm

Time (s)

concentration of ABTS at a given time is mM) in phosphate buffer (pH 7.0).
[ABTS™] = u4t 5) For short times &0 ~ 1 — kJH,0,]r and by substituting
into eq 9:
In the presence of Akl the measurable concentration of
ABTS' at a given time s/t minus the amount of ABTS _ 2[AH,](1 — k[H,0;]7)
reduced by the Aklpresent initially: Vo= T (12)
[ABTS™"] = ygt — 2[AH,] (6) Equation 12 can be used for the accurate determination

of v at different concentrations of reducing substrates. The
If 7 is the time required for the enzyme to produce a reaction between ascorbate and HRPGkH=(10°* M1 s7?)

concentration of ABTS equal to 2[AH] then can be minimized by using a low concentration of ascorbate
(typically less than a 10% of the initial concentration of

vot = 2[AH)] (7) hydrogen peroxide). This also ensures a low consumption

of H,O,, which is a necessary condition for steady-state
and determinations. Figure 3 shows the time courses of ABTS
7= 2[AH, )/, ®) formation at different concentrations of ABTS using this

chronometric method. The dependence 1gfon ABTS
f concentration is shown in Figure 2B. The direct monitoring
Cof ABTS'* formation and the chronometric method gave very
similar values for the kinetic and elementary rate constants

Therefore,7 depends directly on the concentration o
ascorbate and on the hydrogen peroxide, ABTS, and HRP
concentrations, as shown by the analytical expressionfor .
(eq Al). Peroxidase activities for ABTS oxidation in the shown in Table 1.

presence of ascorbate can therefore be determined using the S.teady—State Kinetics of the Reac.tion. of HRPC. with
following equation: 0-Diphenols. HRPC catalyzes the oxidation of various

aromatic secondary metabolites, hydroquinones, and cat-
vo = 2[AH, )/t 9) echols by HO, to the corresponding quinones by a well-
characterized, peroxidative, one-electron transfer mechanism.
However, several factors need to be taken into account if The peroxidative oxidation aé-diphenols ¢-D) by HRPC
this method is to be used rigorously. First, ascorbic acid may has been studied by ESR spin stabilizatida, (42). This
be decomposed by a variety of reactions such as itsinvolveso-semiquinoned-SQ) as the primary one-electron
autoxidation by molecular oxygen. However, under the oxidation producto-SQ then undergoes either a disproportion
anaerobic conditions used in the present study, this reactionreaction with anothen-SQ molecule or a nonenzymatic
cannot occur. The most significant degree of ascorbic acid aerobic oxidation 43, 44). Both processes produce the
degradation during the assay time will be due to its oxidation corresponding-quinone ¢-Q). The latter possibility was
by hydrogen peroxided4Q). This reaction becomes important avoided in our experiments by the use of anaerobic condi-
for long lag periods. The reaction of ascorbic acid wit©k tions. In the case of catecholamines, deprotonation of the
can be considered as a second-order reaction, whose rate i@mine side chain causes the&) to undergo a 1,4 intramo-
defined by lecular cyclation to form leucoadrenochrome, which may be
rapidly oxidized to adrenochromé¥). Another problem with
d[AH,J/dt = K[AH ,][H,0,] (10) steady-state kinetic determinations of this type of substrate
) __is the redox reaction 0b-Q with o-D, which becomes
wherek is the second-order rate constant for the oxidation jmportant when the concentration of reducing substrate has
of ascorbic acid by b, which was calculated to be 1.03  tg pe increased to reach saturation kinetics. Reactions of this
+ 0.1 M™* s™%. Integrating eq 10 between= 0 ([AH]o) type have produced kinetic artifacts such as the apparent
andt ([AH2]) gives inhibition of tyrosinase by an excess reducing substep (
. o H,05] _In our peroxidase sy_stem, ascorbic acid_ can react either
[AH 1, = [AH ], e (11) with 0-SQ oro-Q according to the chain reactions in Schemes
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Scheme 5 necessary to maintain the rate within the stopped-flow range
20-SQ +2AH, —= 20-D + 2AH"™ (Kobs < 1000 s%) are too low. Since the reaction of HRPC-
Il with a reducing substrate occurs by the two-step mecha-

= AH, +A . X )
24H : nism described in Scheme 2, the observed rate constant has

Scheme 6 the following expressionksps = ki¢[SI/KS, + [S] whereK?,
20-SQ —= 0-Q+0-D = kye¢/kss assumingkys > ks . Therefore, in conventional
0-Q+AH, — = 0-D+A stopped-flow experiments with [Sk K2, the rate-limiting

step is the second-order rate constant for the binding of the

5 or 6. Thus, when ascorbic acid is present, the samefeducing substrate to HRPC-lk.s (k. in Scheme 1).
stoichiometry, 1 mol of HO,/2 mol of 0-SQ/1 mol of A, C_om_panson of this second-order rate (_:onsfcants fo_r the
is expected in both cases (Schemes 5 and 6). Therefore, e@inding of ABTS to HRPC-I and HRPC-II gives information
12 can be used for initial steady-state rate determinations.On the nature of the interaction between substrate and both
Although phenoxyl radicals are known to react rapidly with €nzyme intermediates. Thus, ABTS binds to HRPC-I with a
ascorbate, the reaction betweer8Q and ascorbate was Second-order rate constant cax20° M~* s™* (17), 30 times
reported to be slow3g). This together with the fact that faster than to HRPC-Il (Table 1). The origin of this
catecholamines with a fast cyclization rate constant, such assignificant difference in rate is intriguing considering the
epinine L-isoproterenol,. -dopa, and.-a-methyldopa, are not previously assumed structural similarities between HRPC-I
reduced by ascorbate suggest that ascorbic acid reduces @&nd HRPC-II.
the level ofo-Q (Scheme 6). Table 3 shows a range of 3 orders of magnitude for the
Using the chronometric method described above, we havesecond-order rate constarik.§) for the oxidation ofo-
studied the effect of the concentration of severdiphenols diphenols used in this study (values calculated according to
on vo. Hyperbolic dependencies (Figure 4) were observed eq A6). The value ok;s is higher for hydrophobic substrates

for all the substrates assayed, exceptfatopa and.-o- than for those with a charged side chain. These data are
methyldopa. Since saturation kinetics were not observed fortherefore best explained in terms of polar effects and to a
these two latter substrates, we concluded Ih%tvalues lesser extent steric hindrance, as has been previously

could not be measured, and only the calculatiok.gfwas proposed foio-substituted phenolstf). Since 4tert-butyl-
possible (Table 3). For all the other substrates, we obtainedcatechol, 4-methylcatechol, and catechol haye values

a linear dependence of experimentabMalues versus 1/[3] within a factor of 2 of each other, the binding site on HRPC
at different concentrations of hydrogen peroxide (data not must be able to accommodate bulky, hydrophobic side chains
shown). The straight lines obtained were essentially parallel at the 4 position on the substrate. However, the most polar
since, according to eq A8, the slopes are independent ©f [S] and bulky o-diphenols in this study,-dopa andL-o-
Secondary plots of thg-axis ordinate obtained from primary  methyldopa, are the poorest substrates of HRPC both in terms
plots versus 1/[KHO;]o gave straight lines according eq A9. of rates of binding and oxidation.

The kinetic constants calcglate_d using this analysis for all N-Acetyldopamine, despite its relatively bulky side chain,
the o-diphenols used are given in Table 2. For some of the a5 ak,s value similar to that of 4-methylcatechol (Table
substrates, the ordinate intercepts obtained from the primarys) s side chain resembles that of BHA in terms of the-NH
plots were independent of hydrogen peroxide concentration, - group. BHA reacts with HRPC-Il with a second-order
and so theirk;” values could not be determined. These rate constant of 7.8 10° M1 -1 (48), similar to that found
data show that the value & depends on the nature of  for N-acetyldopamine (1.2% 1CF M~ s°%). Recently, the
the reducing substrate. This dependence could have beemrystal structure of the HRPEBHA complex was deter-
predicted from eq A7 sinc[”* is directly related tdca mined at 2.0 A resolution4@). The aromatic ring of BHA
which includes the first-order rate constant for the electron is surrounded by a hydrophobic pocket, which is formed by
transfer of the substrate to HRPC-K.§). This relationship His42, Phe68, Gly69, Alal140, Phel41, and Phel79 and heme
is observed in Figure 5, whete; can be calculated from  C18, C-18-methyl, and C-20. The closest aromatic residue
the inverse of the slope according to eq A7. The calculated to the BHA is Phe179. In the ferric enzyme, the hydrophilic
value ki1 = 1.69 x 10’ M~! s7%) agrees with the value  side chain of BHA makes hydrogen bonds with the two distal
previously measured by stopped-flow spectrophotometry [1.7 residues involved in catalysis His42 (BHA ©6lis42N.,
x 10" M~1 571 (13)]. The kinetic parametergmay, K3, and distance 2.8 A) and Arg38 (BHA OSArg38N,, distance
K:202 for the HRPC-catalyzed oxidation of severai 2.9 A). Additional hydrogen bonds are formed between a
diphenol substrates are given in Table 2. This table alsobackbone oxygen (BHA N33Pro1390 distance 2.7 A), and
includes the values ok.y calculated according eq A5. with two solvent molecules above the heme iron (BHA O5-
Unexpectedly, 4-methylcatechol, TBC, pyrogallol, and cat- water distance 2.6 A and BHA O6-water distance 3.1 A).
echol showed, within experimental error, the sd@evalue Similar interactions between HRPC-II and the side chain of
of ca. 2.17x 1 s, N-acetyldopamine could explain the highs value of this
Factors Controlling the Binding of Reducing Substrates substrate. This hydrogen bonding potential with the active
to HRPC.In general, the rates of reaction of each of the site residues of the distal heme pocket suggests Khat
peroxidase intermediates with a given substrate are so fasicetyldopamine is, like BHA, an atypical reducing substrate
that stopped-flow or similar methods are required to measureof HRPC @9). Clearly the kinetics of substrate binding,
the rate constant for each individual step of the catalytic orientation of the substrate at the active site, and closeness
cycle. Often saturation kinetics are not observed using of approach to the heme edge (a key determinant of electron-
stopped-flow methods because the substrate concentrationfransfer rate) will depend on the nature (polar or hydropho-
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Ficure 4: Hyperbolic dependence of vs [o-diphenol]. v, values were obtained by the chronometric method usingM@scorbic acid
and 0.2 mM HO; in 30 mM phosphate buffer (pH 7.0). (A) Plot fo®) catechol, ©) 4-methylcatechol, andT) DHPPA assayed with 1
nM HRPC. (B) Plot for ) DHPAA, (v) dopamine, andl) L-noradrenaline assayed with 0.5 nM HRPC.

Table 2: Steady-State Kinetic Constants for the Reaction of HRPC

with o-Diphenol$

Vinax Keat K Kpio

o-diphenol (uM/s) (s (mM) (uM)
4-methylcatechol 4.3 0.20 2155+ 105 1.3+0.1 128+8
catechol 4.4G: 0.30 2200+ 150 2.3+0.1 129+8
TBC 4,29+ 0.20 2146+ 100 2.6+£0.2 125+7
pyrogallol 436+ 0.4 2180+130 4.9+0.5 127+10
N-acetyldopamine 3.6& 0.15 1800+ 75 1.44+0.1 112+ 6
DHPPA 3.12+ 0.12 1558+ 120 4.3+0.3 97.4+5
DHPAA 0.9440.10 469+ 49 8.4+ 0.6 34.4+5
epinine 0.90+ 0.10 451+51 20.6+1.0 25.9+4
dopamine 0.89-0.08 447+42 16.8+1.3 27.3t4
L-isoproterenol 0.320.03 186+16 21.5+1.2
L-noradrenaline  0.340.04 172+22 8.1+0.7

a Conditions were 30 mM phosphate buffer, pH 7.0, and 1 nM HRPC.

Results are means SD for three separate experiments.

Table 3: Steady-State Kinetic Constants for the Reaction of HRPC

with o-Diphenol$

Kis Kis 03 04
o-diphenol (M5 (s (ppm) (ppm)
4-methylcatechol (1.66: 0.20)x 10° > 2.0x 10* 146.43 144.06
catechol (9.56t 1.06)x 10° > 2.0 x 10* 146.59 146.59
TBC (8.254+ 1.02)x 10> > 2.0x 10* 146.24 144.07
pyrogallol (4.48+0.51)x 10° > 2.0x 10* 146.7 138.00
N-acetyldopamine (1.2% 0.15)x 10° 1.06x 10* 146.44 144.82
DHPPA (3.62+ 0.53)x 10° 5.52x 10° 146.58 144.85
DHPAA (5.58+£0.98)x 10* 5.98x 1(* 146.59 145.51
Epinine (2.19+ 0.35)x 10* 5.69x 107 146.81 145.66
dopamine (2.66:0.45)x 10* 5.63x 1(? 146.86 145.66
L-isoproterenol  (8.65: 1.22)x 10° 2.04x 10 146.88 146.83
L-noradrenaline  (2.12 0.45)x 10* 1.87x 1(? 146.88 146.88
L-dopa (1.12+ 0.20) x 10° 146.83 145.98
L-a-methyldopa  (9.3@: 0.31) x 1(? 146.67 146.13

a Conditions were 30 mM phosphate buffer, pH 7.0, and 1 nM HRPC.

Results are means SD for three separate experiments.
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Ficure 5: Dependence oszoz vs kear vValues for different
o-diphenolic substrates. Data are presented in Table 2.

However,0-diphenols with a polar side chain may bind in a
different orientation that maximizes hydrogen bond forma-
tion. This is likely to be a major factor in controlling electron-
transfer rates from the bound substrate to the ferryl heme in
compound Il Ki).

Assignment of the First-Order Rate-Limiting Constant
(k) for the Reaction of HRPC with o-Diphenol Substrates.
Electron donation to the electron-deficient porhpyrination
radical of HRPC-I is accompanied by addition of a single
proton to the protein ). For HRPC-II, the electron is
transferred to the ferryl group at the center of the porphyrin
in a reaction coupled to two proton transfers to the ferryl
oxygen atom to give water as a leaving group. Recent data
(51, 52) have indicated that the proton transfer does not occur
in the rate-limiting step, but rather that the reaction is
kinetically controlled by electron transfer. The data presented
in Table 2 are not consistent wikh, being the rate of product
dissociation because, if this were &g,;would be expected
to be faster for hydrophilic than for hydrophobic substrates.
Therefore, we suggested that this first order-rate constant

bic) and size of the side chain. The ability to form hydrogen corresponds to electron transfer from the substrate to either
bonding interactions, as demonstrated for BHA by X-ray the protein or, more likely, directly to the hem&3j. Since
crystallography, may also be important. The peripheral there is a correlation between NMFC chemical shift values
hydrophobic patch in HRPC should favor the access of (d) and electronic density at the carbon atdd, (55), it is

hydrophobico-diphenols to the binding site. Thus 4-meth-

not surprising that a linear correlation betweewalues and

ylcatechol, catechol, and TBC are more likely to bind with ¢ has also been reportefid). We therefore determined the
their hydrophobic side chains orientated toward the hydro- d; andd, values for theo-diphenols used in the present study
phobic pocket formed by Phel79, Phe68, Prol41, Alal40,in order to correlate these with oxidation rates. Bhend

and Gly69 and heme C18, C-18-methyl, and C-29 60).

04 values for all theo-diphenols were very low (Table 3).
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The oxygen atoms of the hydroxyl groups at C-3 and C-4 in APPENDIX
theseo-diphenols must have relatively high electron density.
Since the electron density at C-4 is higher than that at C-3
(03 > 04), the electron transfer in HRPC-II is presumably

from the oxygen atom at the para position to the ferryl group.
The k.ot values for the diphenol substrates, except for
catechol, correlate reasonably well with théix values

The conventional ping-pong mechanism (ordered two
substrates, two products), assuming dissociation and trans-
formation steps, is depicted in Scheme 3. To analyze the
kinetic data corresponding to initial rate of radical production,
vo, the following equation was derived:

(Tables 2 and 3). Interestingly, catechol has essentially the a,[H,0,][SI4[Elo

same ke value as pyrogallol, 4ert-butylcatechol, and Vg = (A1)
4-methylcatechol (Table 2). This may be because the PiH205l0 + BolSo 1 AoH,02lo[Slo
EXPression fOkea [keat = Kiokie/(kio + kig)l is afunction — \hore the coefficientsy andi—f3s are as follows:

of two first-order rate constants, the heterolytic cleavage of

the O—-0 bond of hydrogen peroxidé,), and the electron oy = 2K KoKy gk K 5K g

transfer from the reducing substrate to compoundJk)(

Thus, ifk2 < kyg, the expression for the catalytic constant 3, = Kk, K, K, sk g(k 5+ K, ) +

is simplified tokear = Ki2, and so thek.s would essentially K. K.k .k (k .+k
be independent of the nature of the reducing substrate. This #iKedsdsalkos +Kio)
effect has been reported for the oxidation of substrates by =K, .K. K. Ko o(K .+ K

the His42Leu HRPC varianiif). His42 is thought to act as P = Kiksaksssolkor 1 Kea)

an acid-base catalyst during the heterolytic cleavage of Ba =K1K 3K, 4K sKig + KK K 5K Ko g+

hydrogen peroxide by HRPC. Therefore, replacing it by R NY)
leucine makeg, rate-limiting in the oxidation of reducing P2
substrates. The value &f, = 2170 s* (average ok, for In deriving the steady-state rate of radical product forma-

the first four entries in Table 3) is not very different from tion, it has been assumed that the free enzyme is ||m|t|ng,
those that can be indirectly calculated from the data of Baek i_e_, that the initial concentration of hydrogen peroxide and
and Van Wart {1). These authors studied the reaction of s (reducing substrate), f@]o and [S}, are much higher
HRPC with hydrogen peroxide by stopped-flow cryo- than that of the free enzyme (HRPC), §Ehnd that the

enzymology. They proposed a value Kf?? = 46 uM reaction time is such that it the concentrations of the
when extrapolated to 28C. In the absence of reducing substrates remain essentially constant.

substratei!'?%2 = (k_; + k;,)/k.1. Therefore, assuming that ~ Equation 1 can be rewritten as

k1 <kpandki; = 1.7 x 100 M1 s a value of 780 ¢

can be calculated fdk;». It is quite reasonable th&te > V= VimadH20210[Slo (A3)

ki, for good peroxidase substrates with electron transfer
occurring faster than the heterolytic cleavage of bound
peroxide. Thus, the values kfs for 4-methylcatechol, TBC,  If in the mechanism shown in Scheme 2 we assume the
pyrogallol, and catechol must be at least an order of following relationships ¢, 18, 58):

magnitude higher thak,, for it to be make a negligible

K3[H,0,], + KI2%[S], + [H,0,],[S],

contribution in the expression fd¢,. However, assuming Kip>k g

the value ofk;, previously calculated (21709, the value

of k4 for the othero-diphenols can be obtained (Table 3). Kig™>Kg

These values show an excellent correlation wittvalues. Kook

The high value ofk.s predicted for pyrogallol can be 6 s

explained by its lowd, value. The high value obtained for K.y>k,

catechol, which has a very high, value, can be explained 8 5

if it binds optimally to the active site of HRPC-II. Thus, the Kya> Ko Kig (A4)

distances for electron transfer could be optimal in the case

of substrates with a hydrophobic side chain. The differential  the analytical expression fdyax (Maximum steady-state
behavior of phenol and aniline derivatives during oxidation rate),Kfq (Michaelis constant of HRPC towamdiphenol),

by HRPC has also been explained in terms of the different ., 4 Hz0. (Michaelis constant of HRPC toward hydrogen
distances and orientations of these substrates with respecberoxﬂ‘je) are given after rearrangement by

to the ferryl group of HRPC-I1§7).

In conclusion, the reaction of HRPC-Il witrdiphenols  Vimax= 0[Elo/Bs = 2K, K g[E] /(K + Ky ) = 2k ,{E]g
has been shown to occur by a two-step mechanism in which (A5)
the first step corresponds to the formation of an enzyme s
substrate complex, and the second step corresponds to the Ky = B1/Bs = K K o/[Kis(Kip + Kig)] = KeafKis
electron transfer from the substrate to the iron atom. The (A6)
size and hydrophobicity of these substrates control their H.0, . .
access to the hydrophobic binding site of HRPC. Electron K™ = Ballfs = KiokiglKya(kip T ki)l = kca/kJr(%\?)
density in the hydroxyl group of C-4 and its distance to the
ferryl oxygen atom are key determinants of the rate of The reciprocal plot of %4 vs 1/[S} has the following
electron transfer. expression:
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NS T LA N S
Yo Vmax[s]o Vmax [HZOZ]O Vmax

where they-axis intercept of the primary plots vs 148;]o
has the following expression:

K% g L1

y-axis= (A9)

ax

From primary and secondary plots ofd ks 1/[S}p and the
y-axis intercept of the primary plots vs 148;]o, the kinetic

constants for the reaction of HRPC with reducing substrates
can be calculated.

REFERENCES

1.

o © 0

1

11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24.
25.
26.
27.

Dunford H. B. (1999) irHeme Peroxidasepp 92-97, Wiley-
VCH, New York.

. Klibanov, A. M., Tu, T., and Scott, K. P. (1988kience 221

259-261.

.Wada, S., Ichikawa, H., and Tatsumi, K. (19%ptechnol

Bioeng 45, 304—309.

. Buchanan, I. D., and Nicell, J. A. (199B)otechnol Bioeng.

54,251-261.

. Tatsumi, K., Wada, S., and Ichikawa, H. (19%iptechnol

Bioeng. 51,126—130.

. Dunford, H. B. (1991) inPeroxidases in Chemistry and

Biology (Everse, J., Everse, K. E., and Grisham, M. B., Eds.)
Vol. 2, pp 1-24, CRC Press, Boca Raton, FL.

. Dunford, H. B., and Stillman, J. S. (1976pord. Chem. 19

187—251.

. Chance, B. (1943). Biol. Chem. 151553-567.
. Brill, A. S. (1966)Compr. Biochem. 14447-477.
. Wang, W., N6k S., Desmadril, M., Gueguen, J., and Michon,

T. (1999)Biochem. J. 340329-336.

Baek, H. K., and Van Wart, H. E. (1988)jochemistry 28
5714-5719.

Baek, H. K., and Van Wart, H. E. (1992) Am. Chem. Soc
114 718-725.

Rodriguez-Lopez, J. N., Smith, A. T., and Thorneley, R. N.
F. (1996)J. Biol. Chem. 2714023-4030.

Rodriguez-Lopez, J. N., Smith, A. T., and Thorneley, R. N.
F. (1996)J. Biol. Inorg. Chem. 1136—-142.

Newmyer, S. L., and Ortiz de Montellano, P. R. (1923iol.
Chem. 27019430-19438.

Howes, B. D., Rodriguez-Lopez, J. N., Smith, A. T., and
Smulevich, G. (1997Biochemistry 361532-1543.

Goodwin, D. C., Yamazaki, |., Aust, S. D., and Grover, T. A.
(1995) Anal. Biochem. 231333—-338.

Smith, A. T., Sanders, S. A., Thorneley, R. N. F., Burke, J.
F., and Bray, R. R. C. (199Zur. J. Biochem. 207507—
519.

Critchlow, J. E., and Dunford, H. B. (1972) Biol. Chem.
247, 3703-3713.

Schonbaum, G. R., and Lo, S. (197R)Biol. Chem. 247
3353-3360.

Cotton, M. L., and Dunford, H. B. (197&an. J. Chem. 51
582-587.

Ros, J. R., Rodriguez-Lopez, J. N., and Ga€aovas, F.
(1993) Biochem. J. 295309-312.

Patel, P. K., Mondal, M. S., Modi, S., and Behere, D. V. (1997)
Biochim. Biophys. Acta 13399-87.

Jimenez, M., Garcia-Carmona, F., Garcia-Canovas, F., Iborra,
J. L., and Lozano, J. A. (198%)t. J. Biochem17, 885-890.
Jimenez, M., Garcia-Canovas, F., Garcia-Carmona, F., Iborra,
J. L., and Lozano, J. A. (198®iochem. Int. 1151—-59.

Jimenez, M., Garcia-Canovas, F., Garcia-Carmona, F., Tudela,

J., and lborra, J. L. (198@ht. J. Biochem18, 39—47.
Garcia-Carmona, F., Garcia-Canovas, F., Iborra, J. L., and
Lozano, J. A. (1982Biochim Biophys. Acta 717124-131.

28.

29

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

Biochemistry, Vol. 39, No. 43, 2003209

Chen, G. X., and Asada, K. (198BJant Cell Biol. 3Q 987—
998.

. Marquardt, D. W. (1963). Soc. Ind. Appl. Math. 1431~

441.

Jandel Scientific. (19948igma Plot 2.01 for Windowsandel
Scientific, Corte Madera.

Wilkinson, G. N. (1961Biochem. J. 80324—332.

Bernasconi, C. F. (1978elaxation KineticsAcademic Press,
New York.

Garcia, R., and Varon, R. (200BjoSystems 54151-164.
Childs, R. E., and Bardsley, W. G. (1978ipchem. J. 145
93-103.

Arnao, M. B., Acosta, M., del Rio, J. A., VarpR., and
Garcia-Canovas, F. (1998)jochim. Biophys. Acta 10443~

57.

Schuler, R. H. (1977Radiat. Res. 6§3417-433.

Pelizzetti, E., Meisel, D., Mulac, W. A., and Neta, P. (1979)
J. Am. Chem. Soc. 106954-6959.

Bahnemann, D., Asmus, K. D., and Willson, R. L. (1983)
Chem. Soc, Perkin Trans. 2669-1673.

Arnao, M. B., Cano, A., Hernandez-Ruiz, J., Garcia-Canovas,
F., and Acosta, M. (1996\nal. Biochem. 236255-261.

. Deutsch, J. C. (199&)nal. Biochem255 1-7.
41.

Kalyanaraman, B., and Sealy, R. C. (19B®)chem. Biophys.
Res. Commun. 108119-1125.

Kalyanaraman, B., Felix, C. C., and Sealy, R. C. (1984)
Biol. Chem. 259354—-358.

Sawada, Y., lyanogi, T., and Yamazaki, |. (19B&)chemistry

14, 3761-3764.

Adak, S., Bandyopadhyay, U., Bandyopadhyay, D., and
Banerjee, R. K. (1998Biochemistry 3716922-16933.
Garcia-Canovas, F., Garcia-Carmona, F., Vera, J., Iborra, J.
L., and Lozano, J. A. (1982). Biol. Chem. 2578738-8744.

Zawistowski, J., Biliaderis, C. G., and Michael Eskin, N. A.
(1991) inOxidative Enzymes in Food®obinson, D. S., and
Eskin, N. A. M., Eds.) pp 217273, Elsevier Science, London.

Dunford, H. B., and Adeniran, A. J. (1988)ch. Biochem.
Biophys. 251536-542.

Aviran, I. (1981)Arch. Biochem. Biophys. 21283-490.

Henriksen, A., Schuller, D. J., Meno, K., Welinder, K. G.,
Smith, A. T., and Gajhede, M. (199Bjochemistry 378054~
8060.

Gajhede, M., Schuller, D. J., Henriksen, A., Smith, A. T., and
Smith, A. T. (1997)Nat Struct. Biol. 4 1032-1038.

Candeias, L. P., Folkes, L. K., and Wardman, P. (1997)
Biochemistry 367081-7085.

Folkes, L. K., and Candeias, L. P. (199HBS Lett. 412
305—-308.

Garcia-Moreno, M., Moreno-Conesa, M., Rodriguez-Lopez,
J. N., Garcia-Canovas, F. and Vardr. (1999)Biol. Chem.
380,689-694.

Ginther, H. (1980) Nuclear magnetic resonance of fluorine-
19 and carbon-13. INMR Spectroscopyp 364-374. John
Wiley and Sons, New York.

Farnun, D. G. (1975) Charge density-NMR chemical shift
correlations in organic ions. lAdvances in Physical Organic
Chemistry(Gold, V., and Bethell, D., Eds.) Vol. 11, pp 123
173, Academic Press, New York.

Shogo, T., Shogo, S., Tomihiro, N., and Fukiko, Y. (1993)
Bull. Chem. Soc. Jpn. 6@99-304.

. Van Haandel, M. J. H., Claassens, M. M. J., Van der Hout,

N., Boersma, M. G., Vervoort, J., and Rietjens, I. M. C. M.
(1999) Biochim. Biophys. Acta 14322—29.

.Job, D., and Dunford, H. B. (197@ur. J. Biochem. 66

607—-614.
BI001150P



