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’ INTRODUCTION

Activation of oxygen is a classic feature of the chemistry of
heme enzymes. Oxygen activation by a heme group is achieved
through formation of a high-valent Compound I (ferryl) heme
species, which is an intermediate in a number of well-known
heme enzymes (e.g., the cytochrome P450s, nitric oxide synthases,
cytochrome c oxidases, and the heme peroxidases) and most
likely also features in the reactivity of other heme systems which
are, so far, less well characterized. There are different routes for
formation of Compound I that are used in different enzymes. The
most direct is reaction with hydrogen peroxide, releasing water
(in, for example, the heme peroxidase enzymes); the other is
initial reaction of ferrous iron with dioxygen followed by a further
reduction by a suitable reductase (in, for example, the P450s and
NO synthase). In all cases, turnover of the enzyme depends on
rereduction of Compound I with the concomitant release of 1 mol
equiv of water. As well as electrons, this also requires two protons.
On the whole, however, our understanding of the detailed mechan-
isms underpinning these proton transfers in heme proteins is very
poorly formulated and lags a long way behind our understanding
of Compound I itself. This is in part because structural informa-
tion for representative enzyme/substrate complexes has been
slow to emerge and because structural characterization of the
relevant Compound I intermediates has been equally challenging.

The heme peroxidases provide a useful test bed in this context.
For these enzymes the overall processes of electron and proton
transfer are well-established (eqs 1�3),1,2

FeIII þ H2O2 sf
k1

FeIV¼O, P•þ þ H2O ð1Þ

FeIV¼O, P•þ þ HS sf
k2

FeIV¼O þ S• ð2Þ

FeIV¼O þ HS sf
k3

FeIII þ S• þ H2O ð3Þ

where HS represents a generic protonated substrate that can
deliver one electron and one proton (equivalent to H•) and P
represents porphyrin. There is hardly any mechanistic infor-
mation on how protons are transferred in any heme perox-
idase, and it is important to address this deficiency. We have
previously defined the binding orientations of numerous small
substrates bound to ascorbate peroxidase3�7 and have found
that different substrates bind in different places, with ascor-
bate binding at the so-called γ-heme edge and aromatic
substrates binding at the δ-heme edge. This is helpful because
it has allowed us to propose4,7 a pathway for proton transfer
involving Arg172, the heme propionate, Arg38, and two water
molecules (Figure 1). In this work, we have used the proton
inventory method together with crystallography and solvent
isotope effects to dissect this proton transfer process in detail
and to examine the individual roles of key residues (Arg172,
Arg38). Together with emerging information on the structures
of Compound I and Compound II in the heme peroxidases,8,28,35

this provides a more detailed picture of the proton transfer
mechanism.
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ABSTRACT: We test the hypothesized pathway by which protons are passed from the substrate,
ascorbate, to the ferryl oxygen in the heme enzyme ascorbate peroxidase (APX). The role of amino acid
side chains and bound solvent is demonstrated. We investigated solvent kinetic isotope effects (SKIE) for
the wild-type enzyme and several site-directed replacements of the key residues which form the proposed
proton path. Kinetic constants for H2O2-dependent enzyme oxidation to Compound I, k1, and subsequent
reduction of Compound II, k3, were determined in steady-state assays by variation of both H2O2 and
ascorbate concentrations. A high value of the SKIE for wild type APX (Dk3 = 4.9) as well as a clear nonlinear
dependence on the deuterium composition of the solvent in proton inventory experiments suggest the
simultaneous participation of several protons in the transition state for proton transfer. The full SKIE and
the proton inventory data were modeled by applying Gross�Butler�Swain�Kresge theory to a proton
path inferred from the known structure of APX. The model has been tested by constructing and determining the X-ray structures of
the R38K and R38A variants and accounts for their observed SKIEs. This work confirms APX uses two arginine residues in the
proton path. Thus, Arg38 and Arg172 have dual roles, both in the formation of the ferryl species and binding of ascorbate
respectively and to facilitate proton transfer between the two.
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’EXPERIMENTAL PROCEDURES

Deuterium oxide (99.9% purity) was acquired from Sigma and not
purified further. L-Ascorbic acid (Aldrich Chemical Co.) and all buffers
(Fisher) were all of the highest analytical grade (99%+ purity) and used
without further purification.
Site-directed mutagenesis on recombinant soybean cytosolic APX

(rsAPX) was performed according to the Quikchange protocol (Stratagene
Ltd., Cambridge, U.K.). The wild type protein and all variants were
purified as described elsewhere.9,10 Enzyme purity was assessed using
the Rz (Asoret/A280) value (which was between 1.9 and 2.1 in each case).
Purified samples of ferric R38K showed wavelength maxima at 407, 525,
and ≈630 nm; for R38A, these maxima were at 403, 525, and 630 nm
(for rsAPX, the maxima are at 407, 525, and ≈630 nm11). Absorp-
tion coefficients for R38K and R38A were determined using the pyr-
idine-hemochromogen method12 as ε407 = 107 mM�1 cm�1 and ε403 =
97 mM�1 cm�1, respectively.
Steady-state measurements (50 mM potassium phosphate, pH 7.0,

25.0 �C) for oxidation of ascorbate were carried out according to published
protocols11 using the decrease in absorbance at 297 nm. The absorption
coefficient of ascorbate in aqueous 0.1M potassium phosphate at pH 7.0
is εH (297 nm) = 1.0 mM�1 cm�1; in D2O at pD 6.6, εD (297 nm) =
0.9 mM�1 cm�1. The measured rates have therefore been appropriately
corrected. Concentrations of enzyme in the assay were adjusted allowing
for the different activities in order to obtain linear kinetics at low con-
centrations of substrate, that is, fairly low for more active enzymes
(4.5 nM for rsAPX) and higher for less active variants (50 nM for R38A,
R38K). Absorbance values were corrected for the disproportionation
of substrate, according to the methods described earlier.4 Acidity was
adjusted to pH 7.0 for water and pD 6.6 for D2O by mixing stock
solutions of 0.1 M K2HPO4 and 0.1 M KH2PO4 dissolved in H2O or in
D2O (since pH = pD + 0.4, so that the solutions in both H2O and D2O
are at equivalent pH, this correction is used throughout). The enzyme’s
activity is insensitive to pH in the region of pH 7 ((1 unit).13 Enzyme
preparations were preincubated in the chosenH2O/D2Omixture for 1 h
prior to taking kinetic measurements.
Crystals of R38A and R38K were prepared by vapor diffusion with

Li2SO4 in the manner described earlier.6 In each case, diffraction data
were collected by the rotation method.14 Crystals were cooled to 100 K
in a stream of boiled-off nitrogen using anOxford Cryosystems Cryostream

600 instrument. An initial exposure was used to determine the optimal
data collection strategy using the autoindexing and strategy routines
within MOSFLM,15 and 90 oscillations of 1� were taken using an
RAXIS-IV image plate device mounted on an RU2HB rotating anode
X-ray generator with a copper target (Rigaku/MSC, The Woodlands,
TX). Diffraction data were measured using MOSFLM15 and scaled with
SCALA.16 For the subsequent calculation of Rfree,

17 5% of the data were
flagged. Rigid-body refinement using REFMAC516,18 was used to orient
thewild-typemodel (PDB ID1OAG) andSIGMA-weighted anddifference
maps calculated16,19 and inspected with COOT.20 This allowed the
adjustment of the structure for the engineered mutations. Subsequent
refinement and rebuilding cycles were undertaken with REFMAC516,18

and COOT.20

’RESULTS

Protein Crystallography. These experiments were designed
to test the model of proton transfer4,7 in the structure shown in
Figure 1. To ensure the construction of site-directed variants does
not cause secondary structural changes and to aid the detailed
analysis of the proton transfer pathways, structures of the R38K
and R38A variants have been determined and refined; the relevant
statistics are shown in Table 1. These structures and the 2FO�FC
electron density maps (blue) of the residues discussed here are
shown in Figure 2. The side chains and solvent molecules are
defined, showing the effects of the mutations on the structure.
The overall structure of the R38K variant is very similar to the
wild type enzyme; however, the smaller lysine residue is flexible
and the structure (Figure 2A) clearly shows a second conforma-
tion of the side chain of Lys38. Because of this, this variant cannot
simultaneously accommodate the two water molecules that are
visible in the active site of the wild type enzyme (shown as W2
and W3 in Figure 1 for the wild type), and only one water
molecule is left on the proton pathway for R38K, which is shown
as W1 in Figure 2A.

Figure 1. Structure of the ferric APX�ascorbate complex,6 showing the
hydrogen bonds which comprise the proposed4,7 proton transfer path-
way. The C2�OH group of the ascorbate and the heme-6-propionate
group are labeled. There is an additional hydrogen bond from the
C3�OH group of the ascorbate to Arg172,6 but this is not shown since it
is not part of the proposed proton transfer pathway. W3 is in the
approximate position of the ferryl oxygen in Coumpound II.8

Table 1. Data Collection and Refinement Statistics for the
Variants Examined in This Work

protein

R38A R38K

data collection

space group P42212 P42212

cell dimensions (Å) a = b = 82.1, c = 75.0 a = b = 82.5, c = 75.0

range of spacing (Å)a 41.0�1.9 (2.0�1.9) 27.2�1.90 (2.0�1.9)

total no. of observations 72 041 (9941) 71 932 (10 040)

no. unique reflections 21 100 (3013) 20 947 (2968)

I /σI 26.5 (4.8) 17.8 (3.6)

completeness (%) 99.8 (99.7) 99.9 (99.7)

Rmerge 0.055 (0.289) 0.045 (0.217)

refinement statistics

Rwork 0.152 0.175

Rfree 0.207 0.241

rms devation from

ideal bonds (Å)

0.014 0.016

angles (deg) 1.41 1.39

PDB code 2Y6A 2Y6B
aValues in parentheses refer to the outer shell.
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The overall structure of R38A, Figure 2B, is again very close to
that of the wild type, with one additional water (W2) in place of
guanidinium group of Arg38. The hydrogen bonding arrange-
ment suggests that this water is likely to be involved in the proton
transfer pathway,which forR38A includes the threewatermolecules
indicated in Figure 2B. These structures are considered in our
kinetic analyses.
Steady State Analyses. The overall reaction scheme for APX

is according to eqs 1�3.Microscopic rate constants (k1, k2, and k3)
in the reaction scheme have been previously determined in stop-
ped flow experiments using single (k1) or double (k2 and k3)
mixing stopped flow experiments.4,11,21 Examination of kinetic
isotope effects using stopped flow is not straightforward because
each stage has its own solvent isotope effect; in consequence, the
delay time used in double mixing experiments depends on
completion of the previous reaction step and will be different
for solutions of various D2O content. Also, for some variants, the
magnitude of k1 becomes comparable with k3 in D2O, which
invalidates observations derived from sequential mixing experi-
ments. To avoid these complications, and to obtain rate con-
stants that can be reliably compared across all variants and in all
solvent mixtures, a steady state assay in which both ascorbate and
hydrogen peroxide concentrations are varied has been used instead.

The steady state rate, V, when k2 . k3
11 (k2 involves only

electron transfer and is expected to be fast, whereas k3 involves
both electron and proton transfer and is slower), is expressed by
eq 422 (where E = enzyme, HS = ascorbic acid).

V ¼ 2k1k3½E�½HS�½H2O2�
k1½H2O2� þ k3½HS� ð4Þ

Hence, by variation of both ascorbate and H2O2 concentrations,
it is possible to determine values for k1 and k3 with high accuracy
in mixtures of H2O/D2O. Primary (Figure 3A, C) and secondary
(Figure 3B, D) Lineweaver�Burk plots of the reaction rate as a
function of concentration of both ascorbate and H2O2 in steady
state assayswith rsAPXwere carried out in bothH2O(Figure 3A, B)
and D2O (Figure 3C, D).23 The primary plots (Figure 3A, C)
show strictly parallel lines; a linear dependence passing through
the origin is also observed in the secondary plots (Figure 3B, D).
This confirms the validity of eq 4 for the reaction mechanism,
which predicts that plots of 1/V versus 1/[HS] are linear with the
same slope. The primary plots allow determination of the
microscopic rate constant k3 in H2O (k3,H = 2.0 ( 0.1 � 105

M�1 s�1, Figure 3A) and the corresponding value, k3,D, in D2O
(k3,D = 4.1 ( 0.2 � 104 M�1 s�1, Figure 3C). The value for the

Figure 2. Structures of (A) R38K and (B) R38A. Electron densities calculated with coefficients 2FO�FC and FO�FC are shown in blue and green,
respectively. Ordered water molecules (W1,W2,W3,W4, red spheres) are indicated. The ascorbate molecule shown (A) and (B) has beenmodeled into
the structure of the R38K and R38A variants, based on the equivalent location in the wild type enzyme (Figure 1). Hydrogen bonding interactions are
indicated with dashed lines. In panel (A), two positions of the flexible Lys38 residue are observed, with the second position shown by the FO�FC density.
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isotope effect, Dk3 = k3,H/k3,D = 4.9, can thus be derived. The
observed value is quite high compared to a typical solvent kinetic
isotope effect of 2.0 for a single proton and is consistent with the
concerted movement of several protons. This is discussed below.
Further, from the slopes of the secondary plots (Figure 3B, D),
which are equal to (2k1[E])

�1, k1,H = (1.03( 0.05)� 107M�1 s�1

for H2O and k1,D = (1.32( 0.06)� 107 M�1 s�1 for D2O, with
Dk1 = k1,H/k1,D = 0.78. Data obtained in this way for the wild type
enzyme, rsAPX, are presented in Table 2.
We have used the same analysis to examine a number of other

variants which are expected to perturb the proposed proton
pathway (R172K, R38A, R38K variants). Corresponding data for
all of these variants are also presented in Table 2.
Proton Inventories. The proton inventory method, in which

the ratios of solvent (H2O, D2O) are varied, allows kinetic

assessment of the proton transfer mechanism from examination
of the dependence of reaction rate as a function of the fraction of
D2O in solution.
Figure 4 shows proton inventory data measured for k3 for

rsAPX only.We report values for k3,n, which is k3measured under
conditions where the fraction of D2O in the solvent (H2O) varies
and is defined by n (where n = [D2O]/([D2O] + [H2O])). As
shown in Figure 4, k3,n decreases nonlinearly with increasing
concentrations of D2O to a final value that is approximately 20%
of that in pure H2O. As was the case for the steady state data
above, this nonlinearity also suggests participation of several
protons in the transition state.24 This is discussed in detail below,
together with the roles of individual residues in this proton transfer
process.
Analysis of the Proton Transfer Pathway during Substrate

Oxidation. The above kinetic data, from both steady state and
proton inventory analyses, indicates the participation of more than
one proton in the transition state. The proton transfer pathway is
analyzed further here with reference to the rate constants obtained
for k3 in either H2O or D2O. In our analyses, we have assumed
that ascorbate is anionic in solution (pKa of C

3�OH = 4.0,
Scheme 1); one-electron oxidation gives the protonated mono-
dehydroascorbate radical which has a C2�OH group which is
muchmore acidic (pKa =�0.45) than that in the original anionic
form (pKa = 11.3) and will thus rapidly deprotonate (Scheme 1).
From the structure of the ferric APX�ascorbate complex (Figure 1),
we conclude that upon oxidation of the substrate one proton is
transferred from the 2-OH group of ascorbate (pK = �0.45 in
water25) to Arg172, another from Arg172 to the ordered water
molecule W1, and a third from Arg38 to the ordered water
molecule W2 in a concerted manner and finally to the ferryl
oxygen, whose approximate position8 is shown by W3. In this
way, we model a transition state that consists of a deprotonated
Arg38, Arg172, and two protonated watermolecules (W1 andW2).
This assumption is supported by our recent neutron diffraction

Figure 3. Steady state kinetic data for ascorbate oxidation by rsAPX in
H2O (A, B) and D2O (C, D). For primary Lineweaver�Burk plots,
reciprocal rates are shown as functions of reciprocal ascorbate concen-
trations at constant H2O2 concentration for each line, which is indicated
on the plot; experiments in both H2O (A) and D2O (C) are indicated.
Secondary Lineweaver�Burk plots, in which the intercepts from the
linear fits in (A) and (C), respectively, are plotted as a function of reciprocal
H2O2 concentration are shown in (B) and (D), respectively. Ascorbate
oxidation was calculated from a decrease of absorbance at l = 290 nm,
using e=1mM�1 cm�1.Conditions: 50mMKPi, pH7, 25.0 �C, [enzyme] =
4 nM. Plots against ascorbate were corrected for the change in absorp-
tion coefficient of ascorbate in D2O (see Experimental Procedures).

Table 2. Summary of Kinetic Constants (M�1 s�1)Derived in
This Work (k1,H and k3,H Measured in H2O; k1,D and k3,D
Measured in D2O) and Derived Values of Dk1 and

Dk3
a

enzyme k1,H k1,D
Dk1 k3,H k3,D

Dk3

rsAPX 1.0� 107 1.3� 107 0.8 2.0� 105 4.1� 104 4.9

R38A 6.0 � 105 9.0� 104 6.6 6.0� 105 1.3 � 105 4.6

R38K 8.5� 106 3.8� 106 2.2 4.4� 105 3.1� 105 1.4

R172K 3.9� 105 3.1� 105 1.3 1.6� 104 7.7� 103 2.1
a Error is 10% for all values.

Figure 4. Proton inventory data for rsAPX. k3,n/k3,H denotes k3,n
measured at n = [D2O]/([D2O] + [H2O]) divided by k3,H (measured
in H2O). Kinetic constants were determined in steady state assays where
[enzyme] = 10 nM, [H2O2] = 100 mM, [ascorbate] = 600 mM, and n is
varied between 0 and 1. The solid line is a fit of the data to eq A26 in the
Supporting Information using literature values l = 0.69, jNH = jNH2 =
0.92, jNH3 = 0.97. The dashed line is calculated considering only water
molecules k3,n/k3,H = (1 � n + nl)5. Conditions: 50 mM potassium
phosphate buffer, pH 7.0, 25 �C.
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studies of the related heme peroxidase cytochrome c peroxidase
enzyme (unpublished) which confirms that the protons of the
residue positioned equivalently to Arg38 (Arg48) are exchange-
able with the deuterium in D2O.
Theoretical analysis of deuterium/protium equilibria has been

of long-standing interest, as reflected in quite early literature,26�28

and below we describe such an analysis for the proton inventory
data presented above. All of the necessary derivations are
provided in the Supporting Information. The resulting eq 5,
which is eq A26 in the Supporting Information, describes the
analysis of proton inventory data for the case of a simultaneous
transfer of three protons:

krsAPX3, H

krsAPX3, n
¼ kascH

kascn

kH
kn

� �2

¼ ð1� n þ njNH2Þ5
ð1� n þ nlÞ5ð1� n þ njNH3Þ2ð1� n þ njNHÞ2

ð5Þ
where the notations l andj are the fractionation factors (defined
in the Supporting Information) which report, respectively, on the
equilibrium protonation/deuteration processes for the solvent
molecules (eqs A1 and A2) and arginine residue (eq A18) involved.
Analysis of this model (see Supporting Information eqs A22�
A26) shows that the most important contribution to the depen-
dence of the SKIE on the D2O content, n, comes from the fra-
ctionation factor of water l and is proportional to ∼(1 � n +
nl)�5 in eq 5.29 The experimental proton inventory data for
rsAPX have been fitted to eq 5 using established literature
values24,30 for l (= 0.69) and jNH = jNH2 (= 0.92), and jNH3

(= 0.97). Although there may be medium effects in a complex
enzymatic process and thus the combined influence of multiple
small changes of fractionation factors of solvent in the transition
state compared with ground state may be significant,31 there is

nevertheless a good correlation between the data and eq 5
(Figure 4), showing agreement with the assumptions regarding
the transition state, and the involvement of three protons. The
same figure also shows the calculation considering only water
molecules, i.e. k3,n/k3,H =(1� n+ nl)5. This shows that contribution
from jNH,jNH2, jNH3 fractionation factors is small, but not
negligible.
The structure of the enzyme constrains the possible proton

pathways, and the proposed pathway is consistent with the
analysis afforded by eq 5. The fractionation factors for NH bonds
are close to 1, and thus, the inventory curve (Figure 4) reflects
only the fractionation factors for water molecules and the
theoretical formula is close to single exponent with n = 5. Thus,
the choice of proton path is restricted by the available water
molecules, whose locations are known from structure. Conse-
quently, the solvent isotope effect is defined by a number of
participating O�H bonds (fractionation factor of 0.69), whereas
N�H bonds are again added by necessity from the structure.
This allows determination of the unique path. In the case of
mutations (below), only the total isotope effect is analyzed.
To calculate a full isotope effect for rsAPX (i.e., in 100%D2O),

by making n = 1 in eq 5. This leads to eq 6.

krsAPX3, H

krsAPX3, D
¼ ðjNH2Þ5

l5ðjNH3Þ2ðjNHÞ2 ð6Þ

This leads to a calculated value for k3,H/k3,D for rsAPX of 5.29,
which is very close to the experimentally measured value of 4.9
(Table 2). The agreement of these values is consistent with the
proton inventory analysis above and indicates that the unexpect-
edly large SKIE of 4.9 corresponds to a transition state in which
three protons are transferred simultaneously, two of which reside
on ordered waters W1 and W2 (forming two H3O

+, Figure 1).32

In the following analyses, we further dissect the proton transfer
pathway, by examination of the individual role of key residues.

Scheme 1. Chemistry of Ascorbate,55�57 Showing Relevant Reduction Potentialsa

aThe doubly protonated form (AH2) is readily deprotonated in water at neutral pH (pKa of C
3�OH = 4.0) to give the anionic form (AH�). Binding of

AH� to APX and one-electron oxidation by Compound I/II leads to the mondehydroascorbate radical (AH•) which is very acidic. This radical thus
readily deprotonates at the C2�OH group (pKa =�0.45) and transfers a proton to Arg172 (Figure 1), which initiates the sequence of concerted proton
transfers discussed in this paper and leads ultimately to protonation of Compound II.
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The Role of Arg172. The structure R172K is not available, but
for the purposes of this analysis and by analogy with the
structures of R172A4 and R38A (Figure 2A), in which the void
volume is occupied by water molecules in both cases, we have
assumed that a water molecule also occupies the space vacated by
the (bulkier) Arg172 side chain in the R172K variant. In this case,
the SKIE for R172K arises from (assumed to be rate-limiting)
transfer of the proton from the C2�OH group on ascorbate to
this water molecule but the overall process is not fully concerted
because of the mutation. In this case, the fractionation factor
would be l1 (= l) arising from transfer of the single proton from
theC2�OHbondof the ascorbate to an adjacentwatermolecule. In
this case, eq 5 reduces to eq 7 because Arg172 is missing and is
replaced by a water molecule (see eqs A27 and A28, Supporting
Information):

kR172K3, H

kR172K3, D
¼ l

l3
ð7Þ

This leads to a calculated value for k3,H/k3,D for R172K of 2.1,
which is in agreement with the experimental value Dk3 = 2.1
(Table 2). This confirms our analyses and shows that the
concerted process is interrupted by the Arg172 mutation.
The Role of Arg38.We have examined two variants, R38K and

R38A, the structures for both of which are shown (Figure 2).
Inspection of Table 2 reveals that the R38K variant has a SKIE
effect (Dk3) that is significantly smaller (Dk3 = 1.4) than that for
rsAPX (Dk3 = 4.9). Values for the SKIE of less than 3, which
correspond to a situation where l�3 = (0.69)�3 = 3, are a result of
the participation of only one water molecule, which again suggests
that the concerted mechanism is disrupted. As explained above,
the lysine side chain is mobile in the R38K structure and only one
conserved water molecule is visible in the structure when compared
to rsAPX (Figure 2A). In this case, the full solvent isotope effect
for R38K is obtained from eq 6 by removing the fractionation
factor l3 for water, which is missing in the structure, from the
denominator, as well as by removing all terms for Arg38 (eq 8).

kR38K3, H

kR38K3, D
¼ ðjNH2Þ3

l2ðjNH3Þ3jNH
ð8Þ

This gives a calculated value of 1.95, which compares well to the
experimental value (k3,H/k3,D) of 1.4 (Table 2). This demon-
strates that proton transfer in this case is disrupted by the Arg38
mutation and is thus not concerted. Interestingly, the data in
Table 2 for R38A also show differences in relative effect of the
mutation on k1 and k3, with values of k1,H≈ 17 times lower than
rsAPX and values for k3,H approximately the same as those for
rsAPX. The lower value of k1,H is most likely due to the absence
of potential hydrogen bonding interactions, either to the bound
ferric�peroxide complex (which is too transient to detect) or in
the resulting Compound I species (the X-ray structure shows the
oxygen atom of Fe(IV)dO is within hydrogen bond distance of
the guanidinium of Arg38).8

According to Table 2, R38A has a SKIE (k3,H/k3,D) closer to
the wild type value. The crystal structure (Figure 2B) confirms
that the smaller Ala side chain allows accommodation of another
water molecule (W2) in the active site which is not present for
the R38K variant. Proton transfer between water molecules does
not contribute to the measured solvent isotope effect, because
the initial and final states in eq A6 (Supporting Information) are
the same. Therefore, the expression for the full SKIE is different

from that for rsAPX by factors attributable only to the guanidine
group of Arg38, eq 9:

kR38K3, H

kR38K3, D
¼ ðjNH2Þ2

l5ðjNH3Þ2jNH
ð9Þ

In this case, the calculated theoretical value of k3,H/k3,D = 6.25
which is in reasonable agreement with the experimentally observed
value of 4.6 (Table 2). The difference may be due to the movement
of the three protons not being fully concerted, which is assumed
in the derivation, or a function of the additional positional freedom
of the water molecules.
Analysis of Proton Transfer in Compound I Formation.

The steady state analyses presented in Figure 3 also generate
calculated values for the k1 microscopic constants (Table 2). We
are therefore able to extract isotope effects for the first stage of
the catalytic cycle (i.e., the dependence of k1 on solvent), and our
analyses as described above for k3 allows rationalization within
the same framework.
According toTable 2, Dk1 = 0.8 for rsAPX. If the rate-determining

step is transfer of hydrogen from the bound peroxide to His42,
then the following equilibrium defines the SKIE:

His�N þ H�O�O�H 3 3 3 Fe S ½His�NHþ
3 3 3

�O�O�H 3 3 3 Fe�
ð10Þ

where H�O�O�H 3 3 3 Fe denotes peroxide in active site, His-
N denotes His42, and His-NH+ is the protonated form of His42..
= Applying the same rules as derived in the Supporting Informa-
tion, we the obtain SKIE as follows:

krsAPX1, H

krsAPX1, D
¼ l

jNH
¼ 0:75 ð11Þ

which agrees well with the experimental value of Dk1 = 0.8,
confirming that the rate limiting step is a protonation event. This
step may be water-mediated as described for HRP and analyzed
with density functional theory,33 but this would not affect our
calculation because the corresponding fractionation factors to an
intermediate water would cancel out. The R172K mutation would
not be expected to affect the mechanism of Compound I formation
(because R172 is not in the heme active site), and so it follows
logically that the SKIE for k1 in this variant would be close to the
value obtained for rsAPX; as expected, the experimental value of
Dk1 = 1.3 for R172K in fact is close to that for rsAPX (0.8).
The Arg38 variants do, however, affect the SKIE dependence

of k1, with values for
Dk1 of 2.2 and 6.6, respectively, for R38K and

R38A. Since the values for k1,H and k1,D for R38K are both lower
than those for rsAPX, we assume that transfer of proton from
peroxide to His42 as described above (eq 10) is no longer rate-
limiting. In this variant, the structure permits the accommodation
of an additional water molecule in the space opened by the flexible
Lys38 side chain, so we suggest that the rate-limiting step is,
instead, proton transfer from peroxide and this proceeds via this
additional water molecule and eq 10 should be adjusted as follows:

H2O þ H�O�O�H 3 3 3 Fe¼½H3O
þ
3 3 3

�O�O�H 3 3 3 Fe�
ð12Þ

In this case, SKIE would be

k1, H
k1, D

¼ l
l3
¼ 2:1 ð13Þ
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which is consistent with the measured SKIE for R38K (Dk1 = 2.2).
In the case of R38A (Figure 2B), the structure shows the presence
of yet another water molecule which multiplies eq 13 by the factor
l�3, so that

k1, H
k1, D

¼ l
l3l3

¼ 6:4 ð14Þ

This agrees with the measured value for R38A (Dk1 = 6.6) and is
consistent with the involvement of Arg38 in Compound I formation.

’DISCUSSION

In the peroxidase enzymes, the process of proton transfer from
the substrate to Compound II and the concomitant release of
water in the final step are still very poorly defined. This is in part
because structural information for representative peroxidase/
substrate complexes has been very slow to emerge and because
the various substrates bind in a variety of positions and the most
studied examples (e.g., cytochrome c peroxidase and manganese
peroxidase) have “atypical” substrates (i.e., not a small organic
molecule) and so have not provided the necessary generic insight
(see ref 3 for a recent review). Furthermore, rigorous structural
description of the relevant ferryl intermediates has been challen-
ging, although important structural information is now beginning
to appear.8,34�41

The APX�ascorbate system provides a new paradigm for
small organic molecules as substrates for heme peroxidases and
an opportunity to dissect proton transfer in further detail. It is
notable that, aside from the heme propionates, there are no acidic
residues on the proton pathway that might mediate the proton
transfer process: the only possibility is proton transfer mediated
by Arg172, Arg38, and intervening water molecules (Figure 1).
All of the data presented in this paper support a concerted
mechanism for proton transfer involving three water molecules,
so that the entire proton transfer event comprises the loss of a
proton from theC2�OHgroup of the substrate, with the concerted
transfer of protons through a path defined by two arginine residues
and two solvent molecules. There are two key arginine residues
identified, Arg172 and Arg38, and our data support a dual role for
both. On the one hand, they are important for binding of
substrate (Arg172) or peroxide (Arg38), and on the other they
are intimately involved in the proton transfer pathway. Such a
role for Arg38 as part of the proton deliverymechanism is consistent
with the fact that it is conserved across all heme peroxidases. The
transfer of protons via water molecules has been shown in human
carbonic anhydrase where there is 15 Å hydrogen bonded water-
mediated proton transfer “wire” from a Zn2+-bound water to a
histidine side chain that acts as a proton shuttle.42 The observa-
tions recorded here are consistent with the pathway for proton
transfer hypothesized from the crystal structure4 and shown in
Figure 1; furthermore, we have shown that the movement of
protons is a concerted process43 involving the simultaneous loss
of a proton from the ascorbate substrate with the donation from
the distal arginine to the oxy-ferryl intermediate. This concerted
process whereby the addition of a proton at one end of a hydrogen-
bond network results in the loss of a proton at the other end,
“the Grothuss Mechanism”43 (see ref 44 for a recent review), is
analogous to the transmission of electron through metal wire.

Arg38 (Figure 1) or its equivalents is conserved in many heme
enzymes, but its apparent role is limited to being a hydrogen
bond donor and not a proton donor. InHRP, the substrate ferulic
acid is bound close enough to heme, so that proton delivery is

mediated by a single water molecule.45�47 Arg38 of HRP
(equivalently positioned) donates a hydrogen bond to the active
water and to the phenolic oxygen of the substrate, but it is not
deprotonated during the catalytic cycle. In this sense, APX is
exceptional, because its Arg38 plays double role: it participates in
binding of peroxide as a hydrogen bond donor and in reduction
of Compounds I and II as a proton donor.

Arginine normally has a high pKa (12.5) and would thus not
automatically be expected to be a good proton donor; however,
the protons are rapidly exchangeable in an aqueous environment
and arginine is implicated as being involved in enzymatic proton
transfer, for example, in fumarate reductase.48,49 In cytochrome c
oxidase,50 Arg481 and Arg482 are associated with propionates of
hemes a and a3 in similar way as Arg172 is associated with the
heme propionate in APX. It is supposed that those propionates
participate in proton movement.
The Role of the Heme Propionates. There has been recent

discussion relating to the role of heme propionates in heme
reactivity.51,52 The configuration of hydrogen bonds depicted in
Figure 1 suggests that the proton relay path could equally well
proceed through the heme 6-propionate. This pathway is indis-
tinguishable by studying the isotope effect alone in rsAPX, since
it also has three water molecules, which give maximal contribu-
tion to the total effect. However, the R172K mutation decreases
the rate constant k3 by an order of magnitude (Table 2), which
we interpret as showing that the concerted proton transfer has
been perturbed by the R172K mutation. Consequently, we
conclude that in rsAPX the path is through Arg172 and not the
heme propionates. The role of the heme propionates is more
likely to be through hydrogen bond stabilization of the bound
ascorbate;4 similar interactions are used to hold MnII in place at
the analogous site in manganese peroxidase.53,54 This structure
may allow electron transfer from the substrate to the heme
through these bonds, but our data do not support a similar role in
controlling proton delivery in this case.
Role of Active SiteWater Molecules.All the mutations studied

in this work create space filled by crystalline water. It can replace
Arg38 in the active site, with slightly diminishing k1 and increasing
k3, therefore, without dramatic changes in catalysis. This is under-
standable, because the distal pocket is buried inside the protein and
thus confines the substrate. Replacement of the Arg172 side chain
by a smaller residue (R172K, R172A4) also opens the ascorbate site
to the bulk solvent and results in dramatically reduced activity.
This work has demonstrated the concerted pathway of proton

transfer in ascorbate peroxidase catalysis and revealed the role of
solvent and arginine side chains in the process.
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