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ABSTRACT. The catalytic mechanism of recombinant soybean cytosolic ascorbate peroxidase (rsAPX) and
a derivative of rsAPX in which a cysteine residue (Cys32) located close to the substastEo(bic acid)

binding site has been modified to preclude binding of ascorbate [Mandelman, D., Jamal, J., and Poulos,
T. L. (1998)Biochemistry 3717610-17617] has been examined using pre-steady-state and steady-state
kinetic techniques. Formatiok(= 3.3+ 0.1 x 10’ M~1 s71) of Compound | and reductiork{ = 5.2

+ 0.3 x 10° Mt s71) of Compound | by substrate are fast. Wavelength maxima for Compound | of
rsAPX (Amax (nm) = 409, 530, 569, 655) are consistent with a porphyrination radical. Reduction of
Compound Il byL-ascorbate is rate-limiting: at low substrate concentratiorb@ «M), kinetic traces

were monophasic but above500uM were biphasic. Observed rate constants for the fast phase overlaid
with observed rate constants extracted from the (monophasic) dependence observed belbivabo0
showed saturation kinetics; rate constants for the slow phase were linearly dependent on substrate
concentrationkKz—gow = 3.1+ 0.1 x 10* M~ s71). Kinetic transients for reduction of Compound Il by
L-ascorbic acid for Cys32-modified rsAPX are monophasic at all substrate concentrations, and the second-
order rate constank{ = 0.9 4+ 0.1 x 10° M~! s71) is similar to that obtained from the slow phase of
Compound Il reduction for unmodified rsAPX. Steady-state oxidation-a$corbate by rsAPX showed

a sigmoidal dependence on substrate concentration and data were satisfactorily rationalized using the Hill
equation; oxidation of-ascorbic acid by Cys32-modified rsAPX showed no evidence of sigmoidal behavior.
The data are consistent with the presence of two kinetically competent binding sites for ascorbate in
APX.

The ascorbate peroxidase (APXnzymes are class 1) the APX enzymes are similar to the class lll, classical
heme peroxidases which, under physiological conditions, peroxidases4) — the most notable member of which is
catalyze the HO,-dependent oxidation of ascorbate in plants horseradish peroxidase (HRP)and have provided a useful
and algaeZ, 3). The catalytic mechanism involves formation experimental framework for the examination of the structural
of an oxidized Compound | intermediate, which is subse- determinants of substrate binding specificity in various class
quently reduced by substrate in two, sequential single | and class Ill heme peroxidases.
electron-transfer steps, eqs 3 (HS= substrate, S= one- Although crystallographic information is available for the
electron oxidized form of substrate): recombinant pea cytosolic APX (rpAPX) enzyn®),(there

. is no structural information on the location of the substrate
APX + H,0, = Compound H H,0 (1) binding site. The best information available at present comes
from two sources. First, NMR-derived distance constraints
K, and molecular modeling work indicated two possible binding
Compound H- HS— Compound I+ S (2) sites for ascorbate6): one close to the 6-propionate-(
meso position) and one close to theneso position of the
Compound IH HSE APX + S + H,0 3) heme, Figure 1. Second, a series of experiments utilizing a
combined mutagenesis/chemical modification approdch (
8) were consistent with an ascorbate binding interaction at
they-heme edge close to Cys32 and Arg172 (which is close
{o they-meso position implicated by NMR)). Interestingly,
oxidation of classical aromatic substrates, more typical of
'the class Ill peroxidase enzymes, were found to be unaffected

Most APXs are somewhat indiscriminate in their choice
of redox partner and are also able to catalyze the oxidation
of nonphysiological, aromatic substrates, in some cases a
rates comparable to that of ascorbate itself. In this sense
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PAGE. Purity was also assessed using the ratio of absorb-
ancies at the Soret and 280 nm peaks: for rsAPX, samples
with Aso7Azso greater than 2.1 were considered pure. Control
reactions with recombinant pea cytosolic APX (rpAPX) were
also carried out in some cases: rpAPX was purified
according to published procedur&} &nd the purity assessed
as above AuwdAcs0 > 1.9). Protein concentrations were
determined using published absorption coefficients of

= 107 mM* cm™ (11) for rsAPX andess = 88 mM!
cm1 (6) for rpAPX. Specific activities of rsAPX (283 9

units per mg) and rpAPX (256& 6 units per mg) were
determined according to published procedurEd.(

Protein modification with Ellman’s reagent (58ithiobis-
(2-nitrobenzoic acid)) was according to published procedures
(7). The integrity of modified samples was confirmed by
electrospray mass spectrometry (data not shown). Samples
were analyzed using a Micromass Quattro BQ (Tandem
Quadrupole) electrospray mass spectrometer. Horse heart
myoglobin (Sigma) was used to calibrate the spectrometer
in the range 6081400nVz. Protein samples were introduced
into the instrument at a flow rate of A_/min. Removal of

by either removal or modification of Cys32 or removal of the trace salt content was achieved using a Centricon-10
Argl72 (7, 8), consistent with the idea that aromatic concentrator (Amicon) and successive centrifugation and

substrates bind at an alternative location, probably close todilution with highly purified water (Elgastat). Samplesg
the 6-meso position ). mg/mL, 20uL) were then diluted 10-fold with a solution of

50:50 (v/v) acetonitrile:water containing 0.1% acetic acid.
The electrospray spectrum of rsAPX yielded a mass for the
apoenzyme of 28 3184 0.7 Da, which compares with the
theoretical calculated mass of 28 318.62 Ba {The apo-
enzyme mass of Cys32-modified rsAPX was 28 515.8.6

Ficure 1: Structure of rpAPX. The heme, the proximal (His163)
and distal histidine (His42) residues, and Cys32 are indicated.

We have initiated a detailed study aimed at dissecting the
catalytic mechanism of soybean cytosolic ascorbate peroxi-
dase (sAPX)9—11), which has 91% sequence identity with
the more well-characterized pea cytosolic enzyme and for

which there is currently no mechanistic information. During Da- this 197 7 Da increase in mass was consistent with the

the course of our analyses, there were two features of the . o ;
kinetic data that were curious. First, pre-steady-state kinetic phemlcal modification of Cys32 with DTNB (calculated mass

transients for reduction of Compound Il of rsAPX by increase= 198.17 Da). In control experiments, similar mass
ascorbate, eq 3, were observed to be biphasic at highincreases (a difference of 198.0 Da) were obtained for

; P APX: mass of apo-enzyme= 27 192.8 + 0.4 Da
substrate concentrations. Second, steady-state oxidation ogp ] o
ascorbate by rsAPX showed a sigmoidal dependence of rate calculated mass: 27 192.77 Da); mass of Cys32-modified

on substrate concentration and did not conform to normal rPAPX N 27 390'8# 0.'2 Da. .
Michaelis-Menten kinetics. Although this deviation from Transient-state kinetics were performed using a SX.18 MV

: o - ; i lume stopped-flow spectrophotometer (Applied
Michaelis-Menten behavior has been noted previously for MIcrovoiume s _ . .
this and other APXsg, 10, 12), the origin of this behavior Photophysics) fitted with a Neslab RTE200 circulating water

is unclear. Since our initial workéf on rpAPX had suggested bath & 0.1°C). All experiments were caomed out using
the possibility of two distinct substrate binding sites, we SCdium phosphate buffer, pH 7.0, 500.1°C, u = 0.10
considered the possibility that this may be responsible for M. For both rsAPX anq rPAPX, d'ﬁere”t. batches of enzyme
the unusual kinetic behavior. To assess this, we have prepare(ﬁ"epa.r,ed at ('j|ffelrent tlmes were examined to ensure repro-
a derivative of rsAPX in which one of the ascorbate binding ducibility of kinetic transients (also for steady-state kinetics,
sites has been modified7) The data provide the first ~P2€low). Reported values d¢;s are an average of at least
evidence for the existence of two kinetically competent, thre(_a measurements. All kmetl_c data were analyzed.usmg
ascorbate binding sites in APX. nonlinear least squares regression analysis on an Archimedes

410-1 microcomputer (Applied Photophysics) using Spectra-
EXPERIMENTAL PROCEDURES kinetics software (this uses the Marquartievenberg
algorithm). All curve fitting was performed using the
Guaiacol and 5,5dithiobis(2-nitrobenzoic acid) (DTNB)  Grafit32 software package (Grafit32 version 3.09b, Erithacus
(Sigma Chemical Co.),-ascorbic acid (Aldrich Chemical  Software Ltd.). Pseudo-first-order rate constants for Com-
Co.) and the chemicals used for buffers (Fisher) were of the pound | formation Ki on9 Of rSAPX were obtained at 407
highest analytical grade (9%6 purity) and used without  nm in single mixing mode by mixing enzyme (Q«#) with
further purification. Hydrogen peroxide solutions were varying concentrations of #,. Pseudo-first-order rate
freshly prepared by dilution of a 30% (v/v) solution (BDH):  constants for Compound | reductioky g») were collected
exact concentrations were determined using the publishedin sequential mixing mode by mixing enzyme M) with
(13) absorption coefficientegso = 39.4 Mt cm™?). a stoichiometric amount of 40, (1 uM); after a suitable
Recombinant cytosolic soybean APX (rsAPX) was ex- aging period €250 ms), the substrate was then mixed with
pressed and isolated according to published procedli@es (  the solution and reduction monitored at the ferric/Compound
Purified samples of rsAPX showed a single band by SDS Il isosbestic point (409 nm for rsAPX and 407 nm for
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rpAPX). Pseudo-first-order rate constants for Compound I
reduction ks on9 Were measured at the ferric/Compound |
isosbestic point (427 nm for rsAPX and 421 nm for rpAPX)
according to published procedurdgl) in single-wavelength
mode. In this case, one syringe contained substrate and the
other a mixture of enzyme (&M) with a stoichiometric i
amount of HO, (1 uM) that was allowed to age for two ol
minutes to allow complete conversion to Compound Il prior
to analysis. To avoid complications from Compound I*
formation (L5), in which protein radical formation has been
established in Compound | over longer time scales, an
alternative method was used for Compound Il reductid).

In this case, M enzyme was reacted with;@aM H,0O, and

2 uM L-ascorbic acid to obtain authentic Compound II; after
a delay of 1 s, the newly formed Compound Il was reacted
with substrate. Both methods yielded almost identical rate 0
constants (spread of valuels 8%). In control reactions,

Compound Il reduction was also monitored at the Compound ) i . . .
/Il isosbestic (395 nm (rsAPX) or 391 nm (PAPX)) USING  reapX (colls ne) and! 1S oxiised Compound | (datted ine) and
both the single mixing and sequential methods (above). Compound Il (dasheddot line) intermediates. Bottom: The
Monophasic transient traces were fitted to a single- corresponding spectra in the visible region.

exponential process, eq 4, to obtain pseudo-first-order rate
constants
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Michaelis—Menten equation, or to the Hill equation, eq 6

@ v BT

A=Ce ™+ —
Vinax K"+ [S]"

(6)

whereA is the absorbance change over tir@ds a constant

related to the initial absorbanck,s is the observed rate
constantt represents the time in seconds, dnid an offset

wherev is the initial raten is a qualitative indication of the
level of cooperativity,K is the substrate concentration at

value to account for a nonzero baseline. Biphasic transientswhich the velocity is half-maximal, andaxis the maximum

were fitted to a two exponential process, eq 5

A=C(l—e*=) 4 C(1—etd)+p (5

wherekypsa andkqpsg are the observed rate constants for the

fast and slow phases, respectivaBf,andC, are related to
the initial absorbance, andlis an offset, again to account

velocity. Whenn = 1, the Hill equation reduces to the more
usual Michaelis-Menten equationy(= Vmad(1 + Ku/[S])).

RESULTS

The spectra of Compounds | and Il of rsAPX obtained
using photodiode array experiments are presented in Figure
2. Isosbhestic points between ferric enzyme and Compound |

for a nonzero baseline. Time-dependent spectra of the variousoccur at 427 nm, between Compound | and Compound Il at
reactions were performed by multiple wavelength stopped- 395 nm, and between ferric and Compound Il at 409 nm.
flow spectroscopy using a photodiode array detector and The spectrum of Compound | for rsAPXin(ax (NM)le

X-SCAN software (Applied Photophysics). Spectral de-

(mM~tcm™1) = 409 (74), 530, 569, 655) is similar to those

convolution was performed by global analysis and numeri- previously published for rpAPXA{ax (nm)le (MM~1cm™1)

cal integration methods using PROKIN software (Applied
Photophysics).

Steady-state measurements (sodium phosphate, pid 7.0,

= 0.10 M, [enzyme]= 25 nM, 25.0°C) were carried out
according to published protocol43). In brief, in a 1 mL

= 404 (59), 529, 588, 650 Q0)) and pAPX {max = 404

nm (21)) and provides the first unambiguous evidence for a
porphyrin sz-cation radical for this intermediate in rsAPX.
Wavelength maxima for Compound lAfax (nm)k
(mM~tcm™Y) =417 (119), 529, 560) are essentially identical

quartz cuvette, varying concentrations of substrate and 25to that previously reported for rsAPX {ax (nm) = 418, 527,
nM enzyme were preincubated for 3 min in buffer. Reactions 561 (L0)) and for rpAPX @max (nm) = 414, 528, 55920)).

were initiated by addition of D, (~2.5ul, ~30 mM) to a
final concentration of 0.1 mM: this avoided complications
arising from the potential inactivation of rsAPX by pre-
incubation with HO,. In other control experiments (sodium
phosphate, pH 7.0 = 0.10 M, [enzyme}= 25 nM, 1 mM
EDTA), the preincubation step was omitted. Sigmoidal

Chemical modification of Cys32 of rsAPX resulted in no
significant shift in the wavelength maxima for the ferrig4x
(nm)= 407, 516, 636), Compound 1§« (nm) = 409, 531,
565", 656), or Compound I Anax (NM) = 417, 529, 560)
derivatives.

Observed pseudo-first-order rate constarkson) for

behavior was detected with both methods. Disproportionation Compound | formation in rsAPX (data not shown) showed
of the monodehydroascorbate radical (generated by oxidationa linear dependence on®, concentration. The second-order
of ascorbate) to ascorbate and dehydroascorbate ikfast ( rate constantk;, obtained from the slope of this plot was
10 M~tstatpH 7.0 7). The wavelengths and absorption found to be 3.3t 0.1 x 10’ M~ s7, which is comparable
coefficients used for various substrates were as follows: to that obtained for pAPXk = 8.0 x 10" M~1 s71 (21))
L-ascorbic acidgago = 2.8 mM™t cm™! (18); guaiacol,es7o and rpAPX g = 6.1 x 10 M1 s71(20); ky = 8.3 x 10’

= 22.6 mM?! cm! (19). Data were fitted either to the M™1s1(20°C) (7); ky =9 x 10’ M1 s71(22)). This rate
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300 infra) was between 91% and 97% of the theoretical maxi-
mum absorbance change (calculated using the enzyme
concentration and the absorption coefficients of the ferric
200 and Compound Il spectra). Absorbance changes for the slow
stage increased from20% to~30% of the total absorbance
change over the concentration range studied. Saturation
behavior of this kind is consistent with a mechanism
involving preassociation of the substrate (HS) with Com-

k2,obs (S.1)

0 | ! ! ! pound Il, egs 7 and 8
0 50 100 150 200 250
Ka
[L-ascorbic acid] (uM) Compound IH HS==[Compound IFHS] (7)
FIGURE 3: Plot of ky ops VS L-ascorbic acid concentr_a_tion for the .
Eg(;.uctlon of rsAPX Compound &) and Cys32-modified rsAPX [Compound IFHS] 3—fast ferric+ S ®)

. ... and an expression fdg ops-rast CAN be derived, eq 9
constant for rsAPX was unaffected by chemical modification

of Cys32 k= 2.8+ 0.1 x 10/ M1s). Ks_fast

Reduction of rsAPX Compound | to Compound Il was K3 ops-fast = 1+ K4[HS] (©)
monitored at pH 7.0, the pH optimum for ascorbate activity
(10). Absorbance-time plots were monophasic in all cases, where [HS] is the concentration of ascorbate #quds the
and a linear dependence lafops0n L-ascorbic acid concen-  equilibrium dissociation constant for the substrate-bound
tration was observed between 0 and/A0, Figure 3. The  complex Kq = 1/K,). A nonlinear fit of the combined data
second-order rate constaky, derived from this dependence set to eq 9, Figure 4A, yielded values laf . = 67 & 11
was 5.2+ 0.3 x 10° M~* s, which is slightly lower than 51 and Ky = 578 + 93 uM for rsAPX. Observed rate
the corresponding value obtained for pARRX € 8.2 x 107 constants for the slow phaséspssow, Were linearly
M~ st (21)) and rpAPX & = 2.7+ 0.1 x 10/ M7t s}, dependent on substrate concentration between 500 and 1000
this work, data not showrk, = 3.4 x 10’ M~!s™%, 20°C uM, Figure 4A, and the second-order rate const&tou,
(7)). For Cys32-modified rsAPX, the corresponding rate calculated from the slope of the plot was 3:10.1 x 10
constant was 4.4 0.3 x 10° M~*s%: although this value ~ M~1 s™L. Similar biphasic kinetic behavior was observed at
is ~10-fold lower than that for rsAPX itself, it is still too  high substrate concentrations in parallel control experiments
rapid to account for the substantially reduced activity seen on the reduction of Compound Il of rpAPX (examined at
in the steady state (vide infra), indicating that the conversion hoth 421 and 391 nm using both single- and sequential-
of Compound | to Compound Il is not rate-limiting under mixing methods): in this case, the derived parameters were
steady-state conditions. Ks-fast = 83 £ 18 5%, Kq = 691 & 141 uM, and ks_siow =

In contrast to the very rapid reduction of Compound I, 4.0+ 0.1 x 1® M~ s™%, Figure 4B.
reduction of Compound II is relatively slow and is rate- Reduction of Compound Il by-ascorbic acid for Cys32-
limiting in the mechanism, Figure 4. Between 0 and 500 modified rsAPX is slow and is linearly dependent on
uM L-ascorbic acid, kinetic traces for rsAPX were satisfac- substrate concentration without approaching saturation at any
torily fitted to a monophasic profile, Figure 4C, and the accessible substrate concentration, Figure 5. Most important,
dependence of the observed rate constégtss on substrate  all kinetic traces are monophasic, evenLaiscorbic acid
concentration showed saturation kinetics, Figure 4A. The concentrations greater than 508, Figure 5 (inset). The
total absorbance (amplitude) changes for all monophasicsecond-order rate constarks, derived from this linear
traces (including for rpAPX, vide infra) was between 95% dependence was 08 0.1 x 10®* M~! s L. Similar mono-
and 98% of the theoretical maximum absorbance change.phasic behavior was observed in control reactions with
At L-ascorbic acid concentrations higher tha500 uM, Cys32-modified rpAPXK; = 1.4+ 0.1 x 10° M1 s%).
kinetic traces were biphasic, Figure 4D, and the data were These rate constants are very similar to those obtained from
fitted to a two-exponential function, eq 5, which included a the slow-phase of Compound Il reduction for unmodified
fast and slow stage. In control reactions, Compound Il rsAPX and rpAPX (3.14 0.1 x 1¢°® and 4.0+ 0.1 x 10°
reduction was also monitored at the Compound I/1l isosbestic M~ s71, respectively) and are therefore assigned as reporting
using both the single mixing and sequential mixing methods on the same process.
(see Experimental): kinetic transients at both wavelengths Steady-state oxidation of ascorbate by rsAPX (sodium
using both methods resulted in almost identical kinetic phosphate, pH 7.Qy = 0.10 M, 25.0°C, [rsAPX] = 25
behavior in all cases, eliminating stopped-flow artifacts as a nM) did not obey Michaelis Menten kinetics. Plots of initial
source of the biphasic transients. In further control experi- rate (M s™) versusL-ascorbic acid concentration showed
ments, the concentration of phosphate<{800 mM) was a nonhyperbolic (sigmoidal) response, and the data were
found not to affect the kinetic behavior. Observed rate fitted to eq 6, Figure 6. Values fo/max K, andn derived
constants for the fast phade vs-tas) Of this biphasic process  from these fits werd/ma= 6.8+ 1.7 uM s, K = 389 +
overlaid with observed rate constarksens extracted from 64 uM, andn = 1.5 4+ 0.2. The pH optimum for steady-
the (monophasic) dependence observed below&0@&nd state oxidation of ascorbate was at pH (data not shown).
the entire data set for this stage showed saturation kinetics,Sigmoidal behavior was also observed in control reactions
Figure 4A. The total change in absorbance (amplitude with rpAPX (data not shown), and the corresponding values
change) for all biphasic traces (including for rpAPX, vide derived from a fit of the data for eq 6 weké,.x = 6.2 +
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reduction of rsAPX Compound Il by ascorbic acid (4M). The dashed line is a fit of the data to a single-exponential function. (D)
Representative biphasic trace for the reduction of rsAPX Compound utdscorbic acid (70@&M). The dotted line is a fit of the data to

a two-exponential function, whereas the dashed line is a fit of the

data to a single-exponential function.

Table 1: Steady-State Kinetic Parameters and Selectivity Coefficients for the OxidatieAsabrbic Acid and Guaiacol by rsAPX,

Cys32-Modified rsAPX, rpAPX and Cys32-Modified rpAPX

L-ascorbic acid guaiacol
specific activity KealKm® Keal Km®
enzyme (units/mg) Keat (S71) Kwm (uM) uM~1s™ Keat (571 Kv (MM) (mM~ts™)
rsAPX 283+ 9 272+ 32 3894 64° 0.69 68+ 3 129+ 1.3 5.3
Cys32-rsAPX 11 0.2 - - 3.5x 10734 594+ 0.9 16.1+ 0.4 3.7
rpAPX 256+ 6 248+ 28 4104+ 39 0.61 66+ 3 12.3+ 0.9 54
Cys32-rpAPX 7+t0.8 - - 2.9x 10734 63+ 2 13.7+ 1.1 4.6

2 All data were fitted using the MichaelisMenten equation, excepivh

ere data were fitted using the Hill equatiérselectivity coefficients

were derived arithmetically from the values fag: andKy, exceptiwhen selectivity coefficients were obtained from a linear fit of the velocity vs

substrate concentration profile.
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Ficure 5: Plot of pseudo-first-order rate constar$ebs-siows VS
L-ascorbic acid concentration for the reduction of the Compound
Il derivatives of Cys32-modifed rsAPX®) and Cys32-modified
rpAPX (O). Inset: a representative monophasic trace for reduction
of Cys32-modified rsAPX ([-ascorbic acidl= 750 uM]) at 427

nm.

0
0

0.7uM s, K =410+ 39uM, andn= 1.6+ 0.7. Aty =

K =456+ 33 uM, andn = 1.6 £+ 0.9 for rsAPX;Vmax =
58+ 0.5uM st K=398+ 18uM, andn= 1.6+ 0.4

for rpAPX. In contrast, the oxidation of guaiacol by rsAPX
exhibited conventional Michaetigvienten type kinetics (data
not shown). In this case, a fit to the Michaelislenten
equation yielded values f&fmax andKy of 1.71+ 0.05uM
stand 134 1.3 mM, respectively; the corresponding values
for oxidation of guaiacol by rpAPX, which has been
previously shown to obey Michaelis kineticg)(wereVmax

= 1.65+ 0.07uM st andKy = 12.3+ 0.9 mM. Values
for ket (derived fromVpmax by dividing the maximum rate of
activity (uM s™1) by the enzyme concentratiorigy, and the
selectivity coefficientke.a/Ky, for rsAPX and rpAPX are
given in Table 1. Values fok., for oxidation of ascorbate
(25.0°C) are in reasonable agreement with the limiting rate
constants for reduction of Compound Il (50), with values
for keat ~4-fold higher for both rsAPX and rpAPX. Although
other, more complex, kinetic schemes are possible, for
example 23—27), fits of the data obtained in this work to
such models did not yield significantly improved fits to the

0.50 M, the same sigmoidal response was observed (datelata (not shown).

not shown) for both rsAPX and rpAPX, and similar values
for Vimax K, andn were derived:Vimay, = 6.1+ 1.1uM s74,

The steady-state oxidation ofascorbic acid by Cys32-
modified rsAPX was also examined: rsAPX shows&b5%
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FiGURE 6: Steady-state oxidation afascorbic acid by (A) rsAPX

(@, left-hand axis) and Cys32-modified rsAP®,(right-hand axis)

and (B) rpAPX @, left-hand axis) and Cys32-modified rpAPKI(

right-hand axis). Data were fitted to the Hill equation (solid lines)

and to the Michaelis Menten equation (dotted lines). The Cys32-

modified rsAPX and rpAPX were fitted to a conventional linear
regression (dashedlot line).

drop in specific activity, Table 1, at 500M substrate
concentratior. The dependence of the initial rate of oxidation
(M s on L-ascorbic acid concentration for Cys32
modified rsAPX is shown in Figure 6. Over the experimen-
tally accessible substrate range-@0uxM) for this modified
protein, a linear profile was observed, with no suggestion
of sigmoidal kinetic behavior. As a result of the low activity,
a full kinetic profile for Cys32-modified rsAPX could not

Biochemistry, Vol. 41, No. 46, 200243779

c (34), between manganese peroxidase and?*M(85),
between horseradish peroxidase and benzhydroxamic acid
(36) and ferulic acid (including the ternary horseradish
peroxidase/cyanide/ferulic acid complegy), and between
myeloperoxidase and its halide (chloride, bromide) substrates
(38). Although cytochromec peroxidase exhibits rather
atypical substrate binding propertiethe utilization of a large
macromolecular substrate rather than a small organic
substrate-the P enzyme has been the subject of such
extensive experimental investigations that it has become the
benchmark against which other peroxidase enzymes are often
compared. The publication of a crystal structuk é&nd
bacterial expression systel®9j for another class | peroxi-
dase, ascorbate peroxidase, provided a new opportunity to
reassess the properties affCand to establish in more detalil
whether it was truly representative of the class | peroxidase
subgroup. It later emerged that APX has some rather
unexpected features of its owifior example the utilization

of a porphyrin-based, not protein-based (as aPXradical
during turnover, a dimeric structure, and unusual steady-
state kinetic behaviefrthat have challenged our existing
views of peroxidase structure/function relationships.

In terms of substrate binding, our initial work using NMR-
derived distance restraints was consistent with two possible
binding locations for ascorbate in rpAPX)( one close to
the 6-propionate )(-meso position) and one close to the
0-meso position of the heme, Figure 1. On the basis of
comparisons with other heme peroxidases (e.g., HRP), which
use the exposed-heme edge for small molecule oxidation
(36, 37, 40—42), we initially suggested that thiemeso site
was the more likely location for ascorbate. Subsequently, a
series of experiments utilizing a combined mutagenesis/
chemical modification approacltr,(8) were used to show
that the ascorbate binding interaction was, in fact, at the
y-heme edge in rpAPX, which was close to both Cys32 and
Arg172 and to the’-meso position originally implicated by
NMR (6). Most notably, oxidation of guaiacol, a classical
aromatic substrate, was found to be unaffected by either

be generated, and the direct determination of the kinetic modification of Cys32 or mutation of Argl727( 8),

parametersu, Kea) Was not possible. Instead, selectivity
coefficients k.a/Km) were obtained directly from the gradient
of linear fits to the kinetic profiles, Table 1. The oxidation
of guaiacol for Cys32-modified rsAPX was not significantly

suggesting that classical aromatic substrates bind at an
alternative location, probably close to themeso position
identified by NMR and heme modificatior6), For APX,
therefore, the working hypothesig<8) has been as follows.

altered Compared to the unmodified enzyme, as has beenThere are two substrate blndlng locations: the first, close to

previously reported for rpAPX7); the derived parameters
are shown in Table 1.

DISCUSSION

While mechanistic studies have been a prominent feature

of the heme peroxidase literature (revieweddB8+33)), our

overall understanding of the structural features that define

the diverse substrate specificity exhibited by various per-

oxidases has developed more slowly. The absence of
structural information has been at least partly responsible

for this: structural information is limited to the complexes
formed between cytochromeperoxidase and cytochrome

the y-heme edge, is utilized by ascorbate; the second, close
to the 0-heme position, is utilized by classical aromatic
substrates.

During the course of our mechanistic analyses on recom-
binant soybean cytosolic ascorbate peroxidase, which has
91% sequence identity with the pea enzyme, there were two
aspects of the data that were unusual. First, pre-steady-state
kinetic transients for reduction of Compound Il by ascorbate
were biphasic at high substrate concentrations; second,
steady-state oxidation of ascorbate by soybean APX showed
a sigmoidal dependence of rate on substrate concentration
and did not conform to normal MichaetidMenten kinetics.

We considered the possibility that the two substrate binding
sites described above were not, in fact, mutually exclusive

2 For the Cys32-modified enzymes, a linear dependence on substratsn APX and might be responsible for the unusual kinetic
concentration was observed and saturation was not detected at anyyahavior. As we discuss below. our data suggest that two

accessible concentration. Hence, specific activities are reported at th

same ascorbate concentration which was used to measure the specifi

activities of (unmodified) rsAPX and rpAPX.

e

substrate binding locations are utilized for electron transfer

in APX under certain conditions.
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The spectroscopic properties of the Compound | derivative satisfactorily account for the data and show that a fit to the
of rsAPX are very similar to those previously observed for Hill equation is able to satisfactorily account for the data.
rpAPX (20) and pAPX @1) and provide the first unambigu-  Although the pea and soybean enzymes are known to exist
ous evidence for a porphyrim—cation radical formulation ~ as homodimersy, 9), allosteric effects are unlikely to be
for this intermediate in rsAPX. AlthoughdP is known to the source of the sigmoidal kinetic4§). In this work, we
form a tryptophan radical at position 191 in its Compound also observed essentially identical behavior at high ionic
| derivative @43—45) and although APX contains the corre- strength, also indicating that subunit interactions are unlikely
sponding tryptophan residue (Trp179), there is now generalto be responsible for the unusual kinetics. Sigmoidal behavior
agreement from various studies5( 21, 46, 47) that the is also consistent with a mechanism in which binding of
Compound | species formed immediately after reaction of substrate at one site induces conformational changes that
APX with H,O, contains a porphyrime-cation radical and  affect binding of substrate at another: in this case, the
not a protein-based radical as observed aPC observed kinetics will be similar to that observed for an

Reduction of Compound Il is rate-limiting in the APX allosteric enzyme (cooperative binding). Our data for both
mechanism, and our data provide the first unambiguous rsAPX and rpAPX are most sensibly rationalized by impli-
kinetic evidence for the formation of an enzymsubstrate cating a model that incorporates cooperative binding involv-
intermediate prior to electron transfer, followed by rate- ing a second substrate binding site for ascorbate. The positive
limiting reduction of Compound Il to ferric at high substrate values i = 1.5 for rsAPX andh = 1.6 for rpAPX) for the
concentrations, Figure 4. Previous kinetic analyses of Hill coefficient derived from this analysis have no physical
Compound Il reduction in APX either did not detect limiting meaning but do indicate a positive cooperativity in which
kinetics @1) or did not fit the (nonlinear) data to any kinetic the affinity of the enzyme for the substrate increases with
model (7, 8). While the kinetic transients observed in this substrate concentration. Similar analyses have been used to
work were found to be monophasic at low substrate explain the sigmoidal kinetics observed in some cytochrome
concentrations, biphasic transients were clearly observedP450-catalyzed oxidation&3, 25). The 26-30-fold decrease
above ~500 uM substrate concentration. Rate constants in specific activity, Table 1, for the Cys32-modified deriva-
derived from the fast stage of these biphasic transientstives of both rsAPX and rpAPX indicates a dramatically
overlaid with rate constants derived from monophasic impaired ability to catalyze oxidation of ascorbate in both
transients at low substrate concentration, clearly indicating cases. Most importantly, the Cys32-modifed enzymes show
that they report on the same process, Figure 4. Mostno evidence for a sigmoidal dependence on substrate
significantly, when rsAPX is modified at the site (close to concentration, providing further support to the hypothesis
Cys32) which has been showid, (8) to be necessary for that the unusual steady-state behavior derives from the
ascorbate oxidation, no evidence for biphasic transients isexistence of more than one substrate binding site for
observed and the second order rate constant for Compoundiscorbate.

Il reduction in the modified enzyme is essentially identical Taken together, the data presented in this work provide
to that observed for the slow stage in the unmodified enzyme. new insight into the substrate binding properties of the APX
These data strongly implicate both high- and low-affinity enzyme. In the wider context of substrate binding and
binding sites for ascorbate, with both sites competent for catalysis in other heme peroxidases, it is interesting to note
electron transfer. (The fact that the biphasic dependence isthat Cytochroma‘; peroxidase49—56), manganese peroxi-

eliminated on modification of the enzyme argues against a dase %7), and lignin peroxidase5@) have all been shown
mechanism in which two distinct forms of the enzyme  to have more than one substrate binding site.

which either interconvert slowly or do not interconvert at

all—exist and both react with ascorbate but with different ACKNOWLEDGMENT
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