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Factors Controlling the Substrate Specificity of Peroxidases: Kinetics and
Thermodynamics of the Reaction of Horseradish Peroxidase Compound | with
Phenols and Indole-3-acetic Acids
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ABSTRACT. The rates of oxidation of reducing substrates by heme peroxidases have previously been thought
to be controlled only by their ease of oxidation. In the present study, we have compared the kinetics and
thermodynamics of the oxidation of indole-3-acetic acid and derivatives and of phenols by horseradish
peroxidase. Different dependencies of the reaction rates on the thermodynamic driving force reveal substrate
specificity controlled by the enzymesubstrate complexes dissociation constants (MichaMisnten
constants) and by the reorganization energies of electron-transfer within those complexes.

Heme peroxidases are widespread in eukaryotes andwas calibrated spectrophotometrically usiag= 92 M
prokaryotes (Everse et al., 1991). They catalyze the oxida-cm™ at 292 nm (Eriksen et al., 1981). All solutions were
tion of a broad range of substrates by organic peroxides orprepared with water purified by a Millipore Milli-Q system.
hydrogen peroxide, usually but not always via free-radical  \ethods. Stopped-flow measurements used a Hi-Tech SF-
intermediates. Except in a few cases, they do not exhibit g1 px2 sequential-mix instrument equipped with a 100 W
saturation kinetics, suggesting a loose enzymubstrate  Xe Jamp and two (detection and reference) photomultipliers
interaction, i.e., a large Michaetisvlenten K, constant. (Brandenburg type 4409). The solutions were prepared in
Within some classes of substrates, it has been shown thattg mm phosphate buffer at pH 7.0 containing 0.1 M

the rates of reaction correlate with substituent parameterspotassium nitrate. The drive syringes and the reaction cell
(Job & Dunford, 1976, Dunford & Adeniran, 1986, Candeias \ere maintained at 2%C by circulating water. Sequential
etal., 1996). However, the reactivity of the enzyme toward mix mode was used. HRP was mixed with stoichiometric
structurally unrelated substrates can only be compared ongmounts of hydrogen peroxide in the age-loop; the compound
the basis of the thermodynamic driving force of the reaction. | sojution formed this way was mixed with the reducing
This requires the determination of the reduction potentials sypstrate after 1 s. The final concentration of HRP in the
of the substrate radicals and of the enzyme active intermedi-ce|| was typically~ 0.54M, and the reducing substrate was
ates. The latter have been estimated from stopped-flowin 10-fold excess, at least. Under these conditions, the
measurements (Hayashi & Yamazaki, 1979; He et al., 1996). conversion of compound | to compound II, monitored at 426
Reduction potentials of unstable, organic radicals are bestnm followed exponential kinetics. The observed rakgs)(
determined by pulse radiolysis (Wardman, 1989). determined by nonlinear least-squares fit, varied linearly with

In the present study, we have compared the kinetics andthe concentration of reducing substrate. The rate of reaction
thermodynamics of the oxidation of indole-3-acetic acid and of compound | with the substratek.f; ) was determined
derivatives and of phenols by horseradish peroxidase (MRP). from the slope of this line. Up to the fastest rates observed
The results lead to a new model of substrate specificity of (ks ~ 500 s1), no evidence for saturation kinetics was
peroxidases which combines Michaelldenten kinetics and  found.

the Marcus treatment of electron-transfer (Marcus & Sutin,  Measurement of reduction potentials of radicals by pulse

1985). radiolysis were performed ugira 6 MeV linear accelerator
that delivered 0.6:s pulses. Doses per pulse of ca. 1.5 Gy
EXPERIMENTAL SECTION were used, which corresponds to a concentration of radicals

of ~1 uM. The redox equilibriation with a reference couple
was determined by kinetic spectrophotometry, before any

tion. Phenols, from Aldrich and Sigma, were purified by radicals could otherwise decay (tens of microseconds)
i ) ; ; (Wardman, 1989).
recrystallization. The indole-3-acetic acids were purchased

from Aldrich or prepared as described previously (Candeias RESULTS
etal., 1996). The concentration of sodium chlorite solutions

Materials. Peroxidase from horseradish was purchased
from Sigma (type VI-A) and used without further purifica-

The catalytic cycle of heme peroxidases, is initiated by
* Correspondence address: Luis P. Candeias Gray Laboratory Cancef€ rapid oxygen transfer from a peroxide to the ferric
Research Trust P.O. Box 100, Mount Vernon Hospital Northwood, enzyme (formally a two-electron oxidation), followed by two
Middlesex HA6 2JR, U.K. Tel:+44-1923-82 86 11. Faxt44-1923- consecutive one-electron transfer steps (Dunford, 1991). In

83 52 10. e-mail: candeias@graylab.ac.uk. ; ; ; ;
® Abstract published idvance ACS Abstractdfay 15, 1997. this cycle, the enzyme goes through two intermediates in

1 Abbreviations: HRP, horseradish peroxidase; cpd I, compound I; addition to the (resting) ferric state (E): (?OmPOL_md I (cpd 1)
cpd Il, compound II. and compound Il (cpd Il). In these, the iron is in the ferryl
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Table 1. Rates of Reaction of HRP Compound | with Phenols and substrate were equilibrated with the deuterated solvent for
Indoleacetic Acids and the Mid-Point Reduction Potentials of the ~ €a. 1 h prior to the measurement to allow exchange of all
Respective Radicals at pH 7.0 the mobile protons, including the proton that is lost upon

substrate and substituent E/Va Kepa /M1 571 oxidation of the substrate. Only small kinetic isotope effects

phenols were found: ka/kp = 1.23 + 0.04 and 1.34+ 0.07 for

1 H 097 (2.8+0.3)x 10° 3-hydroxybenzaldehyde and indole-3-acetic acid, respec-

2  mCHO 1.05 (8.3:0.6)x 10" tively. Kinetic isotope effect&./kp > 10 have been found

3 mOH 09F  (1.2+0.1)x 10;': when the proton/deuteron are exchanged during the rate-

‘51 B:ngS 8'82 E‘Z‘ii 8?21;;( 187,1 determining step (Bishop & Davidson, 1995); therefore, the

6 pCN 11?7  (1L5+0.1)x 10* smallki/ko values observed here suggest a different mech-

7 p-COO” 1.04  (47+01)x 10 anism.

8 pF 093  (12£02)x 107" The thermodynamic driving force for reaction of com-

?0 B::\le 8:32 ggi é:igi igg'f pound | with the_ redgcing subs_trates (eq 2) is the difference

11 p-CeHs 0.96 40x 1079 between the mid-point potentials of the compound I/com-

12 p-OCHs 072  (1.3+0.2)x 108' pound Il (cpd l/cpd Il) and substrate radical/substrate (S
indoleacetic acids H*/SH) redox couples:

13 H 0.96  (3.8+£0.1)x 1¢®

15 54O 082 E?I?i 8:Z§§ T AE = E(cpd l/cpd I1)— E(S',H*/SH) (4)

16 5-OCH 0.966  (2.2+£0.1)x 10 ) . . , . .

17 2-CH 0.94¢  (4.4+0.1)x 10P [Mid-point potentials are defined as the potential at which

18 2-Ch, 5-OCH; 0.92¢ (L7+£0.1)x 10° the concentrations of reduced, and oxidized forms of the

19 2-CH;, 5-OCH;, 6-OCH; 0.85¢ (3.9+0.1) x 107

aEstimated uncertainty: 10 mV.PFrom Lind et al. (1990).
¢ Calculated from the value in Armstrong et al. (1996Lalculated
from the value in Easton et al. (1996)Calculated from the value in
Candeias et al. 1996)from Job & Dunford (1976)¢ From Hodgson
and Jones (1989).0ur values are=2-fold higher than those given by
Job and Dunford (1976).Our value is 1 order of magnitude higher
than that from Hodgson and Jones (1989).

couple are equal (Wardman, 1989)]. The mid-point potential
of compound | at pH 7 has been estimatedegspd I/cpd

II) = 0.879 V (Hayashi & Yamazaki, 1979, He et al., 1996),
on the basis of redox equilibration with hexachloroiridate
(er|527/|rC|637).

Reduction potentials of a series of phenoxyl radicals have
been determined by pulse radiolysis (Table 1). Here, the
v_ _ N . ] _ reduction potential of than-formylphenoxyl radical was
(FEV=0) state; the additional oxidizing equivalent i yetermined by equilibration with chiorine dioxidg®(ClO,/
compound | is stored as an organic radical which can be atCIO{] = 0.934 V; Wardman, 1989) at pH 13m-
an oxidizable amino acid, as in cytochrorogeroxidase Hydroxybenzaldehyde and NaGI@sum of concentrations
(Sivajara et al., 1989) or as a porphyrin radical cation, as in 1 mM) were dissolved in 10 mM agueous NaOH containing
the peroxidase from horseradish used in this study (Dolphin § 05 M sodium azide and saturated with nitrous oxide.
etal, 1971). Under these conditionsn-hydroxybenzaldehyde deproto-
(1) nated to give thanformylphenolate anion. Irradiation of

these solutions formed the azidyl radicat” NAlfassi &
Schuler, 1985) which reacted both with chlorite and the
m-formylphenolate anionn—CHO—CgH,—0O"). The for-
mation of mformylphenoxyl radical th—CHO—CH,—0O")
was evidenced by the increase of absorbance at 400 nm,

The three states of the enzyme have characteristic, intens&/hich was complete=100us after the pulse. This plateau
absorption spectra (extinction coefficients on the order of Value of the absorbance {f.) was found to depend on
~10F M~ cm™1), which allow the individual reaction steps the C(_)ncentratlons ofrformylphenolate anion gnd chlorite,
1-3 to be monitored by stopped-flow with spectrophoto- showing that a redox equilibrium was established:
metric detection (cf. Experimental Section). In Table 1, we _ . .
have compiled data on the reactivity of compound | with CIO, +m—CHO-CH,~O = CIO, +
phenols and indoleacetic acidg&. |) obtained by this m—CHO-C,H,—O (5)
method. Rate constants spanning over 5 orders of magnitude
were observed. A nonlinear least-squares fit of the appropriate equations
At pH 7, the reduction of compound | to compound Il is (Wardman, 1989) to a plot &400nmVSs [CIO;"}/[m—CHO—
accompanied by protonation of the enzyme, whereas one-CgH,—O~] (not shown) yielded the equilibrium constagy
electron oxidation of phenols and indoles is generally = 0.688+ 0.071. The [, of m-hydroxybenzaldehde was
associated with deprotonation of the incipient radical cations. determined by measuring the absorption at five wavelengths
Phenol radical cations haveKp < 0 (Dixon & Murphy, (238, 258, 276, 316, and 358 nm) of ZM deaerated
1976), and the I, values of the indoleacetic acid radical aqueous solutions, buffered with 5 mM sodium borate at pH
cations are in the range4—7.7 (Candeias et al., 1996). Thus, values between 6 and 12. The measurements at all the
the oxidation of these substrates by compound | (eq 2), wavelenghts yielded idealKpcurves with inflection points
involves complex prototropic equilibria. In order to inves- at 9.084 0.01. This value and the redox equilibrium with
tigate the effect of proton transfer on the rate of reaction, chlorite at pH 13 were used to determine the mid-point
we compared the rate of the reaction of compound | with a
phenol (3-hydroxybenzaldehyde) and with indole-3-acetic 2 al reduction potentials are relative to the normal hydrogen
acid in water and deuterium oxide. Both enzyme and electrode.

E + H,0,—cpd |+ H,0
cpdI+SH—cpd Il + S 2

cpd Il + SH—E+ S + H,0 3)
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Kobs = ket [SHIA K, + [SHI} )

wherekqpsis the observed rate constant at substrate concen-
3 tration [SH] andkgr is the rate of the electron (and proton)

] transfer step (eq 7). However, in this work, as well as in

] numerous previous studies (Dunford, 1991), no saturation
E kinetics were observed. Exceptions to this behavior have
been reported for some substrates under particular conditions
(Critchlow & Dunford, 1972), but in generd,,s depends

108 [ _ linearly on the substrate concentration. This can be taken
: I L L L E as evidence for larg&,, values (loose enzymesubstrate
E(cpdl/cpdll)- E(S",H" /I SH) /V
FiIGURE 1: Dependence of the rate of reduction of horseradish Kops ™ Koy ker[SH] = Kepa [SHI (10)

peroxidase compound Kkdq 1) by phenols (solid symbols) or
indoleacetic acids (open symbols) on the thermodynamic driving According to this hypothesis, the observed rate of reaction

force. The numbering of the points is given in Table 1 and the : : o
solid lines are the nonlinear least-squares fits described in the textdepends oni) the dissociation constant of the enzyme

with parameters given in Table 2. substrate complex (Michaetisvienten constant,) and (i)

the rate of reaction of this complex. The first factor can
potential of them-formylphenoxy! radical at pH 7.@E(m— explain the different rates observed with phenols and indoles
CHO—CgHs4—0", Ht/m—CHO—CgHs—OH) = 1.05 V. of similar redox properties. However, the different slope of

The redox equilibria between radicals of indoleacetic acids the semilogarithmic graph of the rate as a function of the
and promethazine or hexachloroiridate were studied recentlydriving force (Figure 1) is surprising.
(Candeias et al., 1996). The reduction potential of the I & pioneering study, Job and Dunford (1976) measured
promethazine radical dication and the dependence on ionicthe rate of oxidation of a series of phenols and anilines by
strength have been subsequently re-evaluated (Candeiascompound | and correlated them with Hammetf (or
1997). Table 1 shows the revised values for the mid-point Brown—Okamoto ¢*) substituent parameters. They found
potentials of the indolyl radicals at pH 7.0 (Table 1) and & linear correlation witl but not witho™; since the Brown-

ionic strength 0.1 mol drrs. Okamoto parameters introduce a correction for the stabiliza-
tion of developing positive charges in the transition state,
DISCUSSION they concluded that the oxidation of the organic substrates

. . .. by the enzyme intermediate proceeded either via electron
_InFigure 1, the rates of reaction of HRP compound | With 3nsfer accompanied by proton transfer or via hydrogen atom
indoleacetic acids and phenols have been plotted against thg ansfer. This is consistent with the stoichiometry of the
thermodynamic driving force of the reaction at pH 7.0. raaction (eq 2), which requires the deprotonation of the
Within each class of substrates (indoles or phenols) theinient substrate radical cation and the protonation of the
reaction rates increase with increasing thermodynamic driv- enzyme. However, the small isotope effect observed in the

ing force. In addition, two other features are eviden). ( yregent study implies that the proton transfer does not occur
the dependence of the rates on the driving force is much i, e rate-determining step, but rather that the reaction is

steeper for the indoleacetic acids than for the phenols; andynetically controlled by electron transfer. In the following,
(if) in the endothermic region the indoleacetic acids are much i il be demonstrated that the noncorrelation with is a

less reactive than phenols when the driving force of the ;5nsequence of the electron-transfer mechanism.
reaction is similar. We conclude from these results that the According to the Marcus treatment of electron-transfer

rate of reaction is governed mainly by the oxidizability of o5 c4ions; the steepness of the (parabolic) curve representing
the substrate within one substrate class, but substrates O{he dependence of the logarithm of the rate constant on the
different structure may be oxidized by compound | at very ynermqdynamic driving force is associated with the reorga-
different rates, even if the thermodynamic driving force is .- 41ion energy A), i.e., the energy necessary to take the
similar. The enzyme does exhibit substrate specificity, at rgaciants into the transition state conformation (Marcus &

least with respect to the reduction of compound 1. Sutin, 1985). This is expressed in eqs 11 and 12:
Substrate specificity of an enzyme is a consequence of
the formation of enzymesubstrate complexes with different ker = ko EXp(— AG*/R'I) (11)
dissociation constants corresponding to the Michaelis T
Menten constants,. For the case of reduction of compound AGH = AL- FAE/1)2/4 (12)
I:
where AG* is the activation free energ, is the rate of
cpd I+ SH= (cpd | —=SH) (6)  activationless electron transfer in the enzyrsebstrate
complex, F and R are the Faraday and gas constants,
(cpd =SH)—cpd Il + § Q) respectively, and is the absolute temperature. The work

) o terms have been neglected in first approximation, consistent
Saturation kme'qcs may be observed as a consequence ofyith reaction within an enzymesubstrate complex. They
complex formation: would be expected to have a negligible effect on the

steepness of the lines. Eqgs 4 and-1@ can be combined
Kn = [(cpd I=SH)]{[cpd I][SH]} (8) to yield an expression on the bimolecular rate of compound
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Table 2: Reorganization Energiek) @nd Pre-Exponential Factors
Estimated for the Oxidation of Substrates by Compound |

AMleVa (ko/Km)/M~1 571
phenols 0.5 5 10°
indoleacetic acids 0.01 8 107

a1 eV =96.5kJ mot?

| with substrates (eq 13):
log Kepg 1 = 10g(k/Kry) — (4/4)(1 — AE/2)*10.059 (13)

whereAE is in V andA is in eV. With electron-rich phenols,
the rate of reaction has been suggested to approach
diffusion limit of kgx = 2.3 x 108 M~1 s71; this has been
taken into account by calculating a correcteg | (eq 14):

l/kcpd | = 1/kcpd 1+ kg (14)

The expression fork,q | contains only two adjustable
parameters,ki/Kn,) andA. A nonlinear least squares fit to
the experimental points yielded the values listed in Table 2.
The reorganization energy for the oxidation of phenols
estimated by this method+0.5 eV) is on the order of the
typical values for oxidation of organic compounds in aqueous
solution. For example, recent measurements yielled
0.6 eV (57.7 kJ mal') for the electron transfer between
phenoxyl radicals and phenylthiols (Armstrong et al., 1996).
The value obtained with indoleacetic acids0(01 eV) is
surprisingly low. In principle, different self-exchange rates
between phenoxyl radicals/phenols and indolyl radicals/
indoles could account for the observed differences in
reorganization energy. To test this possibility we estimated
the self-exchange ratek; () on the basis of the reported rates
of reaction of forwardK,,) and reversekg;) electron transfer
between IrC#~ and indole-3-acetic acids (Candeias et al.,

Candeias et al.

Km) factor which, according to the fit procedure described,
is 2 orders of magnitude lower for indoles than for phenols
(Table 2). The reasons for this can be that either the
indoleacetic acids bind at a larger distance from the heme
or the Michaelis-Menten constant§, for the enzyme
indoleacetic acids are larger. Rates of electron transfer
decrease exponentially with increased distance between donor
and acceptor, but NMR data suggest the hesstrate
distance is consistentl10 A (Veitch, 1995). However,
dissociation constants obtained from NMR and optical data
vary from the nanomolar to the millimolar range, with indole-
3-propionic acid at the top of this range (Veitch, 1995). This
may explain the higher reactivity of phenols, despite the

Ehigher reorganization energy.

CONCLUSIONS

Evaluation of the kinetics and thermodynamics of the
reduction of peroxidase compound | by phenols and in-
doleacetic acids reveals a much smaller reorganization energy
in the latter case but also lower reactivity for equal
thermodynamic driving force. These observations indicate
the formation of enzymesubstrate complexes of different
characteristics in each case. This hypothesis is supported
by NMR data on some enzymsubstrate complexes (Veitch,
1995, Gilfoyle et al., 1996). We conclude that the substrate
specificity of heme peroxidases is controlled by the reorga-
nization energy of the electron-transfer step, which deter-
mines the redox dependence of the reaction rate within one
substrate class, and by the dissociation constant of the
enzyme-substrate complex (MichaetidMenten constant),
which influences the different reactivities of the enzyme
toward structurally unrelated substrates.
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