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ABSTRACT. Reduction potentials for the catalytic compound I/compound Il and compoundifEdox
couples, and for the two-electron compound #Fesdox couple, have been determined for ascorbate
peroxidase (APX) and for a number of site-directed variants. For the wild type enzyme, the values are
E° (compound I/compound IE= 1156 mV,E* (compound Il/F&") = 752 mV, andcE®’ (compound I/F&")

= 954 mV. For the variants, the analysis also includes determination®offé&" potentials which were

used to calculate (experimentally inaccessiféjcompound II/Fé&") potentials. The data provide a number

of new insights into APX catalysis. The measured valuesBd¢compound I/compound II) an&®'-
(compound II/F&") for the wild type protein account for the much higher oxidative reactivity of compound

| compared to compound Il, and this correlation holds for a number of other active site and substrate
binding variants of APX. The high reduction potential for compound | also accounts for the known
thermodynamic instability of this intermediate, and it is proposed that this instability can account for the
deviations from standard Michaelis kinetics observed for most APX enzymes during steady-state oxidation
of ascorbate. This study provides the first systematic evaluation of the redox properties of any ascorbate
peroxidase using a number of methods, and the data provide an experimental and theoretical framework
for accurate determination of the redox properties offFeompound I, and compound Il species in
related enzymes.

The catalytic cycle of a heme peroxidase is initiated by oxidase, cytochromes P450), the determination of reduction
oxidation of the F& heme by hydrogen peroxide to form a potentials for the CI/fl and CII/Fé* couples has been a
two-electron-oxidized intermediate, compound | (CI), which difficult experimental problem. As a result, there are still
contains an oxyferryl iron (Fé=O) and either a porphyrin-  fairly limited examples of published redox information for
or, less commonly, a protein-based cation radical. This these processes (although numerous methodologies have been
intermediate is subsequently reduced by the substrate baclkemployed). The first measurements (ere for the CI/CII
to the resting (F&) state in two, sequential, one-electron- and CII/Fé* redox couples in horseradish peroxidase (HRP)
transfer steps through a second intermediate, compound lland were based on the finding, (3) that HRP could be
(Cll), egs -3 (where HS= substrate, S= one-electron-  oxidized by KirCls in one-electron steps so that Cll was
oxidized form of substrate). Although the involvement of formed directly from the F& enzyme and prior to CI. The

same approach was later usédl for HRP and myoglobin

K in which modified heme derivatives had been introduced,

Fe" + H,0,— Cl + H,0 1 : :
2=2 2 (1) and for Arthromyces ramosugperoxidase §). The main
ky drawback of this method is the instability of hexachloroiridate
Cl+HS—=Cll+S @) in neutral and alkaline solutions and the difficulty of
Cll t HSZESt 4 o 4 H,0 3) obtaining reversible equilibria. As an alternative, optically

transparent thin layer electrode® {) offer a more direct
way of determining redox potential8)(and this method
was first used 9, 10) for HRP using potassium hexachlor-
oiridate as a mediator. A more recent development is the
use of cyclic voltammetry to extract the two-electron ClI/

high-valent heme iron is now well established in the
peroxidases and other heme enzymesg,( cytochromec
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Fe** reduction potential in cytochrome peroxidase 11).
Finally, stopped flow methods have been used to extract CI/
Fe**, CI/CIl, and CII/Fé" reduction potentials for myelop-

1 Abbreviations: APX, ascorbate peroxidase; rsAPX, recombinant
soybean cytosolic ascorbate peroxidase; HRP, horseradish peroxidase;
CcP, cytochromec peroxidase; HRP, horseradish peroxidase; ClI,
compound I; Cll, compound II.
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Table 1. Reduction Potentials (mV vs NHE) for the’HEe*",
CI/Fe**, Cl/Il, and ClI/Fé" Redox Couples in rsAPX and Various
Site-Directed Variants

K30$" ; : 1 ‘ w41 E°/mV
enzyme Fe&'/Fet P CI/IFet ¢ ClllY Cll/Fet
Asc rsAPX —206 954 1156 792
active site variants

R38A —239 917 1049 785
R31 R38K —214 912 1064 760
H163 H42A —274 nc nd 820
w179 H42A/R38A —249 nd nd 79%
WA41A —227 906 1039 773
W179F —209 904 1053 755

Ficure 1: Diagram showing the structure of rsAP30j, showing substrate binding variants
the positions of variants studied in this work. Active site residues ~ K30A —203 942 1135 749
(H42 (32), R38 and W41 16)) are indicated, and the residues K31A —196 891 1040 742
involved in binding of the ascorbate (K308), R172 (8, 30)) are K30R —200 913 1080 746
also shown. Arg31 is not involved in substrate bindpeg se but K31R —205 907 1063 751
itis directly adjacent to the binding sit&g). The heme macrocycle K30D —211 855 953 75
is shown in red; Ase= ascorbate. Image was prepared using Pymol ~ K31D —225 nd nd 771
K30R/K31R —192 926 1114 738
. . R172A —202 913 1078 748
eroxidase 1_2—14) and_lactoperoxldasq.ﬁ), and_ the CI/F& R172D 505 903 1055 751
(12) reduction potential for eosinophil peroxidase. R172K —198 915 1086 744
In this work, our intention was to establish a complete  K30A/R172A —202 934 1120 748
description of the redox properties for the CI and ClII Eggi//gﬁ;l(qnm :igg 338 1;32 ;;g
derivatives of ascorbate peroxidase (APX), and to correlate 500 /k31R/R172A _186 923 1114 732

this information with mechanistic data on the substrate
binding and heme reduction processes. At the same time
and as part of a more detailed framework of studies aimed
at dissecting the thermodynamic and kinetic features that
control substrate binding and catalysis in APX, we intended
to systematically examine the redox properties of a number
of site-directed variants in which key active site residues
(R38, H42, W41, Figure 1) and residues involved in substrate
binding (R172, K30, K31, Figure 1) have been replaced. The

aErrors are estimated a5 mV for the experimentally determined
values.? Determined using the phenosafranin/xanthine/xanthine oxidase
method.c Determined using the OTTLE methadtiCalculated potentials
derived from CI/F&" and CII/Fé* potentials. Not determined! De-
termined using redox potentiometfCalculated using Fé&/Fe’freduction
potential according to the method of r25.

dithionite. The reverse oxidation of Feto Cll was carried
out by titration with KIrCle. The UV—visible spectra and

data provide the first assessment of this kind for an ascorbatethe relative potential were recorded after each addition of

peroxidase.

MATERIALS AND METHODS

Materials. Recombinant soybean cytosolic ascorbate per-
oxidase (rsAPX) and the W41 and R38 point mutants were
prepared according to published procedulés-(8). All the

titrant. Data were fitted to the Nernst equation for a single
electron process. The mediators used were phenazine metho-
sulfate (2 uM), 2-hydroxy-1,4-naphthoquinone (aM),
methyl viologen (0.5uM), benzyl viologen (1xM), and
ferrocenedicarboxylic acid (2ZM).

Thin Layer Spectroelectrochemist®eduction potentials

substrate binding variants and the H42A, H42A/R38A, and for CI/Fe" were determined using an optically transparent
W179F variants were prepared from an expression vectorthin layer electrode (OTTLE). The thin layer spectroelec-
for the pea cytosolic enzyme (rpAPX). Although rsAPX has trochemical cell was assembled as described previo@sly (
>90% sequence identity to rpAPX, it contains a conservative 8). Applied potentials were controlled using a potentiostat,
substitution at position 30 (K30R), Figure 1. However, the and electronic spectra at various applied potentials were
crystal structure of rsAPX shows that R30 overlays closely recorded using a Perkin-Elmer Lambda 14 spectrophotometer
with K30 in rpAPX (19). that had been modified to hold the thin layer cell. Gold mesh
Samples of KIrCls and KolrClg (99.99%) were purchased electrode, platinum grid, and silver wire were used as
from Sigma. Agueous stock solutions oflkClg were stable; working, counter, and reference electrodes, respectively. The
aqueous solutions of #Clg were stable when kept con- silver reference electrode was calibrated using the/Fe*t
centrated at 515 mM with addition of HCI (to 10 mM). potential of the W41A variant{227 mV, Table 1) measured
Concentrations of these solutions were determined usingusing phenosafranin/xanthine/xanthine oxidase. The W41A
published absorption coefficient$)( Deionized water was  variant was reduced using an OTTLE cell (Supporting
used in all experiments. Information, Figure 1), and the potential of the silver
Redox PotentiometryRedox titrations were carried out reference electrode was determined. The same procedure was
in a glovebox under nitrogen atmosphere, in 100 mM KPi, repeated for rsAPX and produced the shift for AgfAg
pH 7.0, 10% glycerol, as described previoush)( Pt foil electrode only 8 mV more positive. Enzyme and the mediator
was used as a counter electrode and a saturated calomel a$;IrCls were added to the same concentration~df60—
a reference electrode. Cll was formed by addition of 1 equiv 200uM. The absorption coefficient of the mediator is much
of both H,O, and ascorbate to the enzyme (%M) and lower than that of the enzyme; therefore its contribution to
subsequently reduced to ¥Feby additions of sodium  the total absorbance was insignificant. To attain equilibration,
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the potential was scanned slowly at a rate gf\&'s and 0.4
UV —visible spectra were recorded at 30 min intervats, 035 v
every 5.4 mV. The same procedure was repeated for rsAPX, ' ;

> 4—

25 IN(Ey/E o) / MV
a
3
AR

and a similar value was obtained for the reference electrode 03

(=219 mV). g 025 T
Xanthine/Xanthine Oxidase Method for Determination of £ o2 e

Fe**/Fe" Reduction Potentiak-e*t/F&* reduction potentials 2015

for rsAPX and its site-directed variants were determined by 0.1

simultaneous reduction with a dye of known potenti)( 0.05

This method has the advantage over the OTTLE method in 0

that it allows better equilibria to be obtained because electron 340 440 540 640

exchange occurs in the bulk solution; this means that the Wavelength/nm

method is quicker than the OTTLE method and does not FiIGURe 2: Representative family of spectra collected during

ire th t choi f mediat Th tai etermination of F&/Fe*" reduction potential in rsAPX (50 mM
require the correct choice or meadiators. 1n€ assay contain€d,gassium phosphate, pH 7.0). Arrows indicate direction of absorp-

xanthine (300uM), xanthine oxidase (50 nM), benzyl tion changes at various parts of the spectrum during the reductive
viologen (0.2uM), enzyme (3-4 uM), and the dye phe- titration. Inset: the corresponding linear Nernst plot.

nosafranin E°' = —252 mV 2)). Potassium phosphate

buffer (50 mM, pH 7.0) was made oxygen free by using
glucose (5 mM), glucose oxidase (2@/mL), and catalase

(5 ug/mL). Absorbance changes corresponding to reduction 101
of heme were measured at the isosbestic point for phenosa- 0.8p
franin (407 nm). Reduction of the dye was measured at 520
nm, where the change due to heme reduction was negligible.

141
1.2p

0.85
644 684 724 764 804
E/mV vs NHE

Absorbance

In all cases examined, linear Nernst plots for one-electron 2':

reduction of heme (25 mV i /Eeg) and two-electron '

reduction of dye (12.5 mV Iff,/Dre), WhereEoy, Ereq and ..
Dox, Dreg are the concentrations of oxidized and reduced 300 400 500 600 700 800
forms of enzyme and dye, respectively, produced the Wavelength/nm

expected slope of 1 across a wide range of potentials, andFIGURE 3: Potentiometric titration of rsAPX by #Cle, showing

the intercept gives a reliable value taE*' with an error of spectra recorded during oxidation to CIl. Inset: absorbance
+2 mV changes at 404 nm and the corresponding nonlinear fit to the Nernst

equation for a one-electron process. Arrows indicate direction of
Data AnalysisUV —visible spectra obtained in all experi- absorption change at different wavelengths during the oxidative

ments were analyzed using SPECFEB)(for singular value titration.

decomposition based on factor analysis. All potentials ) ) _

reported in this paper are given B (22) and are reported ~ duickly reduced back to Fée by xanthine oxidase/xanthine

versus the normal hydrogen electrode (NHE). without reduction of the dye. The corresponding'fiee’*
reduction potentialsE°'(Fe*t/Fe#t), are summarized in
RESULTS Table 1 and are used again below for determinatioB°6f
(ClI/Fe¥).
Determination of E'(Fe**/Fe?*). The Fé"/F&* reduction Determination of E(ClI/Fe3*) for rsAPX.Selected spectra

potentials were used to calculate CIFFesduction potentials  gbtained during redox titration of EersAPX to ClI by Ko-
for APX variants ¢ide infra); therefore we begin with a  |rClg are shown in Figure 3. The reduction to3Fevas
description of these measurements. Value&EftiFe* /Fe*") carried out by titration with dithionite. Although the redox
were determined against phenosafrariifi’ (= —252 mV process was reversible, satisfactory equilibration was not
(22)) using the xanthine/xanthine oxidase method. For obtained in a reasonable time for the reductive reaction, and
rsAPX, the reduction potential was found to 5206 mV, the apparent midpoint potential determined from the reduc-
Figure 2 and Table 1. This differs from an early determi- tjve reaction wasv40 mV lower than that obtained for the
nation on the same enzyme 159 mV @24)). However, we  oxidative titration. Dithionite is a powerful reductant, and
believe the data presented here are more reliable becausge believe that this discrepancy between values for the
the derived potential is extracted from considerably more oxidative and reductive reactions reflects the difficulties
data points (in the previous work the long equilibration times  associated with establishing equilibration with dithionite in
required made it difficult to collect more than a small number the reductive reaction compared to that for oxidation with
of data points) collected over a considerably shorter time K,IrCls. For these reasons, we have used the oxidation data
(ca. 30—60 min compared to about-82 h). only. Upon oxidation from F& to ClII, there is a red shift
Similar families of spectra were obtained for two different and an increase in intensity of the Soret band, and bands at
categories of site-directed variants: those involved in 560 and 525 nm in the visible region appear with a clear
substrate binding and those at the active site (data notisosbestic point at 409 nm, Figure 3. These changes are a
shown). In these experiments, some formation of peroxide clear indication of the formation of CIl and are consistent
(as an oxidation product of glucose) leads to initial oxidation with previously published spectra for this intermediét@)(
of the Fé' enzyme to CII (spectra not shown). However, From the principle of reversibility (eq 3), and since there is
since ClI has a very high reduction potential compared to no peroxide present (as in a normal catalytic cycle), we
that for phenosafranin and the ¥4¢€" couple, it was presume that the source of the ferryl oxygen in Cll is water.
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085 405 425 445 465 485 FiGURE 5: Representative family of spectra collected during
Wavelength/nm electrochemical oxidation of R31A using an OTTLE cell. Inset:

. . . absorbance changes at 407 nm and a nonlinear fit to the Nernst
Ficure 4: Representative family of spectra collected during equation for a two-electron process WER (CI/Feé*) = 891 mV
electrochemical oxidation of rsAPX using an OTTLE cell. The o NHE.

arrow shows the direction of absorbance changes with the increase

of potential. Inset: absorbance changes at 409 nm and theFe3+).According to Koppenol and Liebmag#) the reduc-

corresponding nonlinear fit to the Nernst equation for a two-electron . - :
processE® (CI/Feé) = 954 mV vs NHE. tion potential for reduction of Cll to Pe, eq 4,

- + 3+
Changes in absorbance at the Soret maximum, Figure 3 Cli+e +2H —Fe +H)0 (4)
(inset), were analyzed according to a single-electron process, . .
and the calculated value of RT/A 19 + 4 mV is close to can pe calculated from the potentials of the following
the expected 25 mV. The midpoint potentiaf, (CIl/Fe*"), reactions, eqs 4ec and eq 5,

derived from these data was 7525 mV vs NHE. T

This method was found not to be applicable to any of Cll —Fe" + 0(9) (4a)
the site-directed variants examined above because FE™ - Fet + e (4b)
oxidative degradation of the heme (evidenced by lowering " _
of Soret absorbance) was observed during oxidation with O(g)+2H" +2e —H,0 (4c)
KolrCls.

The reduction potential for eq 4a was calculat2f) @sE®

Determination of E(CI/Fe*t). Figure 4 shows a family ~3.00 V from gas-phase data for the reaction shown in

of spectra for rsAPX collected using the OTTLE method at —
different applied potentials during anodic scanning (from 700 €q s,
to 1100 mV vs NHE). The decrease in amplitude of the Soret + +
band is consistent)with the formation oF; Cl. During the FeO'(9) —~ Fe'(9) + O(9) ®)
cathodic sweep, the amplitude of the Soret band was partiallyyhich assumes that the solvation energies of Cll arfd Fe
(~30%) recovered, indicating that incomplete rereduction are equal and cancel out. The standard potential for eq 4c is
to the F&" state occurs. Following this, another positive 2ge' = 4,04V at pH 7. Expressing eq 4 as the sequence eqs

sweep reproduced the original CI spectrum, though with 45-4c, the following relationship can be derived, eg 6.
lower amplitude (data not shown). The Nernst plot, Figure

4 inset, is the best fit to a two-electron oxidation witt(CI/ E°(CII/Fe*") = constant- E”'(Fe*' /IFE")  (6)
Fe't) = 954 mV vs NHE, Table 1.
Similarly, two-electron reduction potentias?' (CI/Fet), The constant in eq 6 can be calculated directly from known

were also obtained for other variants and are given in Table pairs of values folE*'(Fe**/Fe?*) and E”'(CII/Fe*), both
1. A representative family of spectra are shown for the R31A 0f which were measured for rsAPX. Thus, from eq 6 one

variant, Figure 5. obtains constant E°'(CII/Fe*)sapx + E°' (FE/FE)1sapx
Calculation of E'(CI/CII) for rsAPX from Experimentally ~ = 792 — 206= 546 mV. For the purposes of this analysis,
Determined Values of HCI/Fe**) and E'(ClI/Fe*"). For we have assumed that this value is independent of the protein

rsAPX, the measured two-electron reduction potential, €nvironmentand is therefore constant for all variants. Hence,

E°'(CI/Fe¥t) = 954 mV, and one-electron reduction potential,

E°'(Cll/Fe*t) = 752 mV, were used to calculais'(CI/CIl) 2 On first glance, it is counter-intuitive that the ¥#-€** reduction

; ; ior +) — 1 or potential appears in eq 6 with a negative sign. Analytically, it follows
uf,mg th;Jrrelatlonf,hIFE (CI/Ee3 )o, /225 (CI/COI,I) + from eq 4b, which describesxidation (rather than reduction, Fe—
E*'(Cli/Fe*")] (or E*(CI/ICIl) = 2E _(CVF_ ) o E*(Cll/ Fet) of Fe#t, therefore the sign of the potential needs to be reversed.
Fe*t)). The value forE®(CI/CIl) derived in this way was  Qualitatively, an explanation was given in rfin the Fé* state, the
1156 mV, Table 1. net charge on the iron porphyrin isO, which can be written as

. , e . (FETN4?7), where N2 represents the fact that 2 of the 4 pyrrole
Calculation of E'(ClI/Fe") from Experimentally Deter- nitrogens are negatively charged. Similarly, the’'Fetate has an

mined Values of E(Fe*/Fe?"). For the variants, we were  apparent charge of1 (denoted as FéN,2), Cll of 0 (FE+0? N2°),
not able to derive values foE*'(ClI/Fe*") by means of and ClI of +1 (F&""O?"N42")port. Therefore reduction of CIl to Fé
oxidation using KIrCls (vide suprd. An alternative proce- proceeds with amcreaseof positive charge on iron, which accounts

. ’ for the negative sign in eq 6 (this is opposite to the change in the charge
dure was therefore applied that uses the measur&dHes” on reduction of both Clife., from +1 in Cl to 0 in Cll) and F&* (i.e.,

potential for each variant to estimate a value Et(ClII/ from +1 in Fé* to 0 in F&*)).




The Redox Properties of Ascorbate Peroxidase

Biochemistry, Vol. 46, No. 27, 2008021

Table 2: Summary of Reduction Potentials for APX and Other Peroxidasé$HE)
enzyme F&/Fet Cl/Feit Cl/ClI Cll/Fe3* method ref
ascorbate peroxidase —206 954 1156 752 OTTLE, potentiometry this work
horseradish peroxidase A —190 33 900 920 880 f/Ir+ oxidation 1)
horseradish peroxidase C —278 (34) 910 900 920 ff/Ir*+oxidation (1, 4)
883 898 869 OTTLE 9)
933 948 918 OTTLE (10)
A. ramosugperoxidase —183 35) 943 915 982 f/Ir** oxidation (5)
cytochromec peroxidase —194 36) 740 cyclic voltammetry (12)
myeloperoxidase +24 (37) 1160 1350 970 stopped flow (12, 14)
eosinophil peroxidase nd 1100 nd nd stopped flow (12)
lactoperoxidase —190 (38) 1090 1140 1040 stopped flow (15)

the values foE®' (Cll/Fe*") for the variants can be calculated
using the measured values Bf (FE*/F€) in each case,
eq7:

E°(ClI/IFE*") = 0.546 V— E'(FE' IFEY)  (7)

This predicted dependence has been observed experimentall
(4) in separate work on HRP and supports our use of this
method heré.These values are given in Table 1.

Finally, E*'(CI/CIl) was calculated for each variant from
the measured value fdE®' (CI/Fe*") given above and the
estimated values fdg®' (CII/Fe*") (usingE®' (CI/CIl) = 2E°'-
(CI/IFet) — E(CIlI/Fe*")). These values are also listed in
Table 1.

DISCUSSION

In this paper, our objective was to obtain a complete
description of the redox properties of ascorbate peroxidase.
To achieve this, several different methods have been used
Redox potentiometry allowed determination of a ClfFe
reduction potential for rsAPX: to our knowledge, this is the
first time that a redox potential for a heme peroxidds;
(Cll/Fe*t), has been obtained by direct potentiometric
titration. Thin-layer spectroelectrochemistry was used for
controlled oxidation of the F& enzyme although, with the
exception of rsAPX, only the two-electron reduction potential
(E°'(CI/Fe*t)) could be directly measured by this method.
Separately, Fé/Fet potentials for rsAPX and numerous
site-directed variants were determined using a xanthine/
xanthine oxidase assay: this was important for the variants
because it allowed estimation &' (Cll/Fe*"), and hence
of E°'(CI/CII), neither of which were experimentally acces-
sible. Below we describe the implications of these results in
the context of the known redox properties of other peroxidase
enzymes, and also in terms of our existing understanding of
substrate binding and catalysis in APX.

Comparisons with Other Peroxidasddie values for the
Cl/Cll, Cll/Fe?", and CI/Fé" reduction potentials derived

potentials have been reported previously for APX, although
computational workZ6) has estimate&*' (CI/Cll) = 1080
mV, which is in agreement with the value reported in Table
1. Broadly, all the peroxidases for which information is
available show similar behavior. The most striking similarity
is between the measured potentials for APX and myeloper-
pxidase, in the sense thgt'(CI/CIl) > E°(ClI/Fe*") for
both enzymes. This is consistent with the fact that for both
proteins compound | is particularly unstab®y), a feature
which, for APX, was noticed but not rationalized in very
early papers48, 29). This is discussed in more detail below.
Correlations with Mechanistic DataFor APX and all
known variants the rate constant for reduction of IGI(eq
2), is 2-3 orders of magnitude faster than the corresponding
rate constant for reduction of Cl; (eq 3). The data in Table
2 help to rationalize this observation. All values &t (CI/
ClI) are more positive than the corresponding value&for
(Cll/Fe*™) by ~300—-400 mV. For a reaction rate controlled
by electron transfer and using a Marcus activation formula
with large reorganization energy, theory can predict the
relative magnitudes ok, and ks from the corresponding
reduction potentials, eq 8:

ko/ky = exp@(E®'(CI/CII) — E*'(CI/F€*))/RT) (8)

(wherea is the transfer coefficient 0.5). Using the data

in Table 1 forE®'(CI/CIl) and E°'(CII/Fe*"), this equation
predicts a value foky/ks ~ 10° for rsAPX, which is fairly
close to the expected value ef1(* from the published
experimental rate constants7( 18). A similar analysis for

the substrate binding variants, in which the mutated residues
are not located directly at the active site, can also be used to
show that the relationship in eq 8 is also valid, because there
is a linear correlation betwedR T/ In(ko/ks) vs E*'(CI/CII)

— E*'(CIl/Fe*"), Figure 6 (in this ploto = 1/2, which is
predicted by Marcus theory both for proton and electron
transfers). This correlation, Figure 6, spans over 200 mV
for these substrate binding variants, and it shows that

in this work are summarized in Table 2. Also collated in controlled changes in reduction potential are reflected in the

Table 2, for comparison, is a summary of previous measure-kinetic constants. However, it appears to be valid only for

ments of these potentials in other peroxidases. None of thesenutations at the substrate binding locatioe.( at~10 A

from the active site), which we assume is because the effect
2 Our method of calculation okE® (CII/Fe*) uses eq 7X1), which on the reduction potential is purely electrostatic for variants

can be rewritten ad\E*'(Cll/[Fe*") = —AE° (Fe*'/Fe?t). For HRP which are distant from the heme iron. Accordingly, the active

reconstituted with porphyrins that have been modified at the 2- and sjte variants at R38, H42, and W41 would not be expected
4-vinyl positions, it was shown that the induced changeddsn(where

K3 is the third protonation constant of pyrrole nitrogens of the heme)
are related to the variations in potentials as follows=®' (Fe*"/Fe*™) 4We have used a ratio d&/ks in this analysis because the redox

= —59 mV ApKs, AE*'(ClI/Fe*t) = +57 mV ApKs, andAE®' (CI/CII) potential of the substrate, which may change between different variants,
—57 mV ApKs. From these equations, eq 8 follows after exclusion cancels out and does not need to be considered (because of this, attempts
of ApKa. to correlate eithek, or ks separately with potential are not successful).
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. . or phosphate buffer at 25.TC). The solid line represents a fit to eq
Ficure 6: Dependence of RT In(ko/ks) as a function ofe®'(Cl/ 9 with ks = 1.5 x 106 ML s1, klk, = 56 uM. The linear

Cll) — E°'(Cll/Fe*t) for variants in the substrate binding site. dependence is also indicated (dashed line)
Kinetic constants are from ref8. P ’

to correlate linearly in the same way because other, non-acceleration of reaction rate at certain concentrations of

electrostatic, changes to the active site environment are alsgubstrate (explained in more detail below) and to a deviation

ref 16). This is indeed observed, because no linear correla- €xpanded kinetic scheme, eqs3, 2, using a steady-state

tion, according to Figure 6, could be obtained (data not @Pproximation 81) and assumings < ki, ka (which is the

shown). case for_ all APXs examined so far), leads to the following
Stability of Cl and Effect on Steady-State Turen As a expression, eq 10, for the steady-state rate of substrate

result of its high reduction potential (1156 mV, Table 1), | ©0xidation, v:

in APX is expected to be unstable. Indeed, kinetic and

spectroscopic data from this laboratory and others clearly vy 2ky[HS] + ky 9

show that decay of ClI to ClI occurs very rapidly,{~ 20 [E] = kol ]—kZ[HS] Fky 9)

ms) (L7). In contrast, Cll has a reduction potential of 752

mV, Table 1, and is therefore expected to be more stable:

this is consistent with published spectroscopic data from

numerous laboratorie28, 29) which report that Cll is stable

on a time scale of several minutes.

where [E] is the enzyme concentration in the assay and where
ko, ko, and ks represent rate constants in egs3land 2
above. In eq 10, only the initial part of the Michaelis

This diff i stability bet the two int diat Menten curve is calculated (when [HS} Kq): at higher
IS difterence in stabiiity between the o iIntermediates - ., o ntrations of substrate { mM) rate saturation takes
also provides some rationalization for the unusual concentra-

: ; R lace (L7, 18) and is not analyzed here. From eq 10, at low
tion dependence observed during steady-state oxidation Oi!sjubstrate concentrations [HS} k/ks, and it follows that

ascorbate. We and_others have repeatedly reported th_at th%/[E] = ke[HS]; at high substrate concentrations [HS]ky/
steady-state oxidation of ascorbate by APXs from various k,, and it follo'ws thats/[E] = 2ke[HS], so that the linear
sogrceshdoes EOt (r)ibeyhstar;]dard Michaelis kmgﬂdesgg)_, slope is doubled at high substrate concentrations. A repre-
and we have show Ot atthe most pronounced deviations — goative set of data for oxidation of ascorbate fitted to eq
from Michaelis behavior are at low substrate concentrations, 10 is shown in Figure 7, with the corresponding linear part
where a sigmoidal dependence of reaction rate on substrat%f the Michaelis—Menter; dependence also shown. Nonlin-
concentration is observed. We originally suggested (hat earity is clearly present in the observed data compared to

the pLestence of moret ;thatr;] one su_t:jstlr?:e I?_inging s(ijte fOrthe theoretical Michaelis dependence. From the fit to eq 9,
ascorbate may account for the sigmoidal KInetic depenaence.y, point at whiche/k, = 56 uM is the “break point”,i.e.,

However, subsequent structural analys3) have failed to the concentration at which 50% of the first reduction step

idgntify a ;econd 'binding site, and so 'if.a second site doesgoes througlk, and the other 50% throudé. At concentra-
exist then it certainly has very low affinity for ascorbéte_. tions below the break point, the cycle follows the reaction
The redox data presented in Table 1 offer an alternative sequencé; — ky — ks, and at concentrations above the break
rationalization. Hence, an additional step in the catalytic cycle point, the cycle is dominated Hg. APX variants show less

can now be introduced, ed:2 deviation from nonlinearity, which can be explained by an
Ky alteration in the relative ratios & andky (i.e., an increase
Cl—Cll (2" in the stability of Cl) so that the “break point” concentration
is not in the experimental range. The same argument

tion and becomes more significant to the overall reaction gyajacol by APX, which always obeys Michaelis kinetics
rate at low concentrations of the substrate. Consequently, a31, 3.

low concentrations of substrate only one molecule of
ascorbate is oxidized in the cycle, whereas two are consumedaCKNOWLEDGMENT
at high concentrations. This gives rise to a greater than linear
We thank Professor Grant Mauk and Dr. B. Lue Peter

5We have, however, observed more than one binding orientation (University of British Columbia) for providing the sticky-
for structures of other substrates bound to APX (unpublished data). backed plastic used for construction of the OTTLE cell.
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SUPPORTING INFORMATION AVAILABLE

UV —visible spectra of W41A during reduction using an
OTTLE cell, for calibration of the silver electrode. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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