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The haem-containing peroxidase enzymes catalyse the
H2O2-dependent oxidation of a wide variety of substrates
and have provided a focal point for our more general
understanding of structure/function relationships in other,
more complex haem enzymes. Mechanistically, the haem
peroxidases are well characterised: they share a common
catalytic cycle that involves formation of a high-oxidation-
state (ferryl) intermediate. In contrast, our understanding
of the structural features that control the diverse substrate
specificity are less well defined. In this review, we discuss
how recent spectroscopic and structural information for
ascorbate peroxidase has provided new insight into the
modus operandi of this enzyme and how this has helped to
clarify certain aspects of the catalytic and, in particular, the
substrate binding properties of the closely related cyto-
chrome c peroxidase enzyme, which has been a benchmark
for peroxidase catalysis over more than 20 years.

Introduction
There is an overwhelming body of evidence now available that
establishes beyond doubt that the reactivity of a particular
metal ion or metal complex can be altered when incorporated

into a protein structure. The iron complex of protoporphrin IX,
Fig. 1, is a good example. This simple macrocycle – or modifi-
cations of it – is an integral component of a very large group of
proteins and enzymes and is capable of delivering an astonish-
ing range of reactivity depending on the environment of the
protein into which it is incorporated. Broadly, this includes elec-
tron transfer (the cytochromes), oxygen transport and storage
(the globins) and redox catalysis (the haem enzymes). The
availability of different oxidation states of the metal ion means
that the haem group can be tuned into a particular reactivity
according to the particular function required. Nature has been
very efficient in her design and we are left to wonder precisely
how this simple macrocycle, when incorporated into different
protein structures, can deliver such a rich diversity of function.
Or, in other words, how does the structure of the protein that
surrounds the metal centre control its function?

This question has occupied the minds of many scientists over
many years. We do not have a complete answer but there are
several variables that are known to be influential. These include
the identity of the axial ligands that occupy the fifth and sixth
coordination positions of the haem, the solvent accessibility
and the polarity of the haem environment. For the catalytic
haem enzymes, the utilisation of different substrates, and

Katie Sharp was born in Oldham,
Lancashire in 1979 and graduated with
a Master of Chemistry with Drug
Design and Toxicology from the
University of Hull in 2001. She is
currently studying for her PhD in
chemistry at the University of
Leicester. Her research work involves
the molecular evolution of haem
proteins for enhanced biocatalysis,
and her PhD work is sponsored by
the Institute of Applied Catalysis
(iAc).

Peter Moody is a protein
crystallographer with interests in
enzyme structure and function. He has
a BA in Biochemistry from the
University of York and a PhD in
Biophysics from Imperial College.
Since then he has worked with William
N. Lipscomb at Harvard, Andrew
Leslie at Imperial College and Guy
Dodson at York, before taking a post in
the Biochemistry Department at the
University of Leicester in 1995. He is
currently a Senior Lecturer.

Emma Raven was born and brought up in
Northamptonshire and obtained her BSc in
Chemistry from the University of Leicester in
1988 and her PhD in Chemistry from the
University of Newcastle Upon Tyne in 1991
(with Professor A. G. Sykes, FRS). She then
moved to the west coast of Canada to work
with Professor Grant Mauk at the University
of British Columbia (Vancouver). In 1995,
she returned to the UK to a Lectureship in
Inorganic Chemistry at the University of
Leicester and was promoted to Senior
Lecturer in 2002. She currently holds a
research fellowship from the Wellcome Trust.

Katie Sharp Peter Moody Emma Raven

D
O

I:
1

0
.1

0
3

9
/ b

3
0

9
6

4
8

n

4208 D a l t o n  T r a n s . , 2 0 0 3 ,  4 2 0 8 – 4 2 1 5 T h i s  j o u r n a l  i s  ©  T h e  R o y a l  S o c i e t y  o f  C h e m i s t r y  2 0 0 3



variations in the accessibility of these substrates to the haem
macrocycle, is also important.

There are various experimental routes through which one
might address this question but, on the whole, isolation of any
one of these variables, while keeping all others constant, is
not a trivial exercise. By far the most powerful experimental
approach is the application of site-directed mutagenesis
methods 1,2 to the protein, or proteins, of interest. Using this
technique, it is possible to alter one (or more than one) amino
acid for any another of the remaining 19 amino acids at target
positions in the protein architecture. This can provide unique
information on the specific role(s) of individual amino acid resi-
dues in controlling function and can be used to build an overall
picture of the modus operandi. This technique has been success-
fully applied to numerous haem-containing proteins and
enzymes over the past 15–20 years (reviewed in refs. 3–21) and,
collectively, the information that has emerged has allowed us to
build a more integrated picture of haem structure/function
relationships.

An absolute pre-requisite for site-directed mutagenesis work
is that an expression system is available for production of the
protein of interest in quantities that are sufficient for functional
studies. If such a system is available, it is highly desirable (but
not essential) that a high-resolution crystal structure for the
protein also exists because it allows detailed rationalisation of
functional data at the molecular level. A few haem proteins
(cytochrome c, cytochrome b5, myoglobin) met both of these
criteria at an early stage and, inevitably, were therefore sub-
jected to such intense experimental scrutiny that they provided
an important benchmark against which all other haem proteins
could be compared. One of these benchmark enzymes was
cytochrome c peroxidase (CcP), which was first studied by
mutagenesis in 1986.22 In this Perspective, we describe how the
study of the closely-related ascorbate peroxidase enzyme has
provided an important new framework against which the estab-
lished properties of CcP can be directly compared, and how
very recent advances in our understanding of ascorbate per-
oxidase have helped to clarify our appreciation of some of the
anomalous properties of CcP.

Haem peroxidases
We begin with a general introduction. The haem peroxidases
(reviewed in refs. 6, 8, 10, 13, 14 and 23) are a very important
family of enzymes that have provided a focal point for our more
general understanding of haem enzymes and a workable
experimental framework against which this can be measured.

Fig. 1 The structure of iron protoporphyrin IX. The identity of the
eight substituent groups bound to the porphyrin vary amongst different
haem proteins,25 but are not discussed here. Five- and six-coordinate
haem proteins are known. For five-coordinate haem proteins, the axial
ligand is provided by a protein residue capable of metal ligation
(e.g. histidine, tyrosine, cysteine); six-coordinate haem proteins contain
either two protein ligands, as above, or one protein ligand and an
exogenous ligand (e.g. H2O, O2, CO etc). Haem nomenclature is non-
systematic. The word haem is a general term that communicates no
information about the structure of the porphyrin or the oxidation state;
this nomenclature will be adopted in this Perspective.

They are involved in a diverse range of biological processes,24

from lignin degradation through to antibacterial and antifungal
action. In general, they contain iron protoporphyrin IX, Fig. 1,
as prosthetic group; although there are some exceptions to this
(in the mammalian peroxidases),25,26 these will not be con-
sidered here. They catalyse the H2O2-dependent oxidation of a
very wide variety of substrates, usually (but not exclusively)
organic substrates, and comprise two separate groups: the plant
peroxidases and the mammalian peroxidases. The plant per-
oxidase family – which contains plant, fungal and bacterial
enzymes – is by far the most well characterised, and has been
classified 27 into three types. Class I peroxidases contain the
prokaryotic enzymes (examples include cytochrome c peroxid-
ase (CcP) and ascorbate peroxidase (APX)), class II peroxidases
contain the fungal enzymes (e.g. lignin peroxidase and man-
ganese peroxidase) and class III contain the classical secretory
peroxidases (e.g. horseradish peroxidase (HRP)).

Structural and mechanistic aspects

From a structural and mechanistic standpoint, the haem per-
oxidases are very well characterised. For many years, CcP was
the only peroxidase for which a crystal structure was avail-
able 28,29 but, after a lengthy gap, new structures emerged for
other peroxidases. These included horseradish peroxidase,30

manganese peroxidase,31 myeloperoxidase (a mammalian
enzyme),32,33 barley peroxidase,34 A. ramosus peroxidase,35 C.
cinereus peroxidase 36 (A. ramosus and C. cinereus peroxidases
are identical), lignin peroxidase,37–40 peanut peroxidase,41 ascor-
bate peroxidase 42,43 and a (class I) catalase-peroxidase 44

enzyme. (A crystal structure for chloroperoxidase is also avail-
able,45 but this enzyme is not part of the mammalian or plant
superfamilies and has properties that liken it to cytochrome
P450.) The active site structure of CcP is shown in Fig. 2(a).
With the exception of Trp51 and Trp191, these active site resi-
dues are invariant across the plant peroxidase family and the
active site topology is highly conserved.

Their intimate mechanism has been studied in detail and site-
directed mutagenesis work on CcP, and later HRP, has revealed
an intricate picture of the roles of various active site amino
acids. This work has been reviewed extensively (see, for
example, refs. 10, 12–14, 21 and 46) and will not be rehearsed
here. All peroxidases examined to date share a common cata-
lytic cycle that involves reaction of the ferric haem with hydro-
gen peroxide in a rapid (k ≈ 107 M�1 s�1) reaction that leads to
formation of a high-valent ferryl intermediate, known as Com-
pound I, through heterolytic cleavage of the O–O peroxide
bond and loss of a water molecule. Compound I is a two-elec-
tron oxidised intermediate that, for most peroxidases, contains
a FeIV��O haem and a porphyrin π-cation radical. The distal
histidine (His52 in CcP and His42 in HRP) is particularly
important in Compound I formation.10,12,14,21,46 Formation
of Compound I is followed by one-electron reduction of

Fig. 2 The active site of (a) cytochrome c peroxidase 69 and
(b) ascorbate peroxidase,43 showing the haem and various active site
residues.104,105
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Compound I by substrate, first to Compound II and then back
to ferric haem (although direct reduction of Compound I to
ferric haem is also known, for example in the mammalian per-
oxidases), Scheme 1.

A consistent picture has therefore emerged for Compound I
formation in the haem peroxidases: they have broadly
similar active site structures that have been designed to support
a catalytic mechanism that, in all cases, favours formation of a
common, high-oxidation state, haem intermediate. The precise
structural features that favour stabilisation of ferryl haem, as
opposed to ferrous haem (for example in the globins), have been
examined extensively using mutagenesis but are not completely
understood, although the presence of charged residues in the
peroxidase active are thought to encourage separation of the
O–O peroxide bond. This has been reviewed previously 17–19 and
is not considered further here.

Substrate binding

In contrast to the structural and mechanistic aspects, the iden-
tity of the substrate that reduces Compound I, Scheme 1, varies
enormously. It is this variety, and not the active site architecture
(vide supra), that delivers such rich diversity of biological func-
tion across the family. For example, the substrate can be a metal
ion (Mn2� in manganese peroxidase), a halide (Cl� in myelo-
peroxidase), an organic (-ascorbate in ascorbate peroxidase)
or phenolic (ferulic acid in horseradish peroxidase) substrate, or
a protein molecule (cytochrome c in cytochrome c peroxidase).
Quite often, the peroxidase will oxidise more than one sub-
strate; in these cases it is difficult to establish which is the
physiological substrate and to assign a biological role (horse-
radish peroxidase is an example).

Because the substrate identity is so varied, and because struc-
tural information for peroxidase/substrate complexes 47,31,33,48–53

has been slow to emerge compared to the mechanistic inform-
ation, defining the structural features that control substrate
binding and recognition – the substrate specificity – has been
much more challenging. Indeed, this has been prohibitive in
terms of our complete understanding of how functional diver-
sity is achieved in this group of haem enzymes. Below, we dis-
cuss very recent advances in our understanding of substrate
binding in ascorbate peroxidase, a class I haem peroxidase, and
describe how this has shed new light on more general our
understanding of the functional properties.

The class I haem peroxidases – cytochrome c peroxidase and
ascorbate peroxidase. Cytochrome c peroxidase. Of all the per-
oxidases, cytochrome c peroxidase (CcP) was the first to have its
crystal structure solved 28,29 and the first to be over-expressed in
E. coli for mutagenesis work.54 These developments paved the
way for extensive structure/function studies that defined many
mechanistic aspects of peroxidase catalysis for the first time.
Because of this, CcP became the benchmark against which all
other peroxidases were normally compared. However, although

Scheme 1 The catalytic mechanism of haem peroxidases. The thick
black line represents the haem ring. In the first step, the enzyme in the
(ferric) resting state reacts with H2O2 in a very fast second-order
reaction that leads to formation of the catalytic intermediate
Compound I. Compound I is then reduced by the substrate in two
sequential single electron transfer reactions, to regenerate the resting
enzyme. A histidine residue (His) provides the fifth ligand to the haem
iron.

many of the key features of the CcP enzyme are duplicated
across the rest of the peroxidase family, it has two anomalous
features that are not typical of other peroxidases:

(i) CcP uses an atypical Compound I intermediate that con-
tains a protein-based radical – localised on Trp191,55–59 Fig. 3 –
rather than the more usual porphyrin-based radical as observed
in other peroxidases (e.g. HRP), Fig. 3;

(ii) CcP uses an atypical protein substrate, cytochrome c, that
is not representative of other, small molecule (usually organic)
peroxidase substrates.

The working hypothesis that emerged over several years to
account for the first of these anomalies was based on amino
acid sequence comparisons. CcP contains an oxidisable amino
acid (Trp191) close to the haem that is used in Compound I
formation. Most other peroxidases lack an oxidisable residue at
this position (replaced by a phenylalanine residue): oxidation of
Phe is energetically less favourable (higher reduction potential)
and a porphyrin π-cation is used instead, Fig. 3.

Ascorbate peroxidase. The first opportunity to directly test
the above hypothesis was provided when it realised that another
class I haem peroxidase, ascorbate peroxidase (APX), had high
(>30%) sequence identity 60 to CcP, including the residue equiv-
alent to Trp191 in CcP. Here we describe how functional studies
on APX have helped to clarify our overall appreciation of the
anomalous features of the CcP enzyme.

Ascorbate-dependent peroxidase activity was first reported in
1979,61,62 but early isolation procedures did not generate work-
able amounts of enzyme and very little detailed progress was
made for another 15 years. All APXs (reviewed in refs. 63–65)
identified to date contain iron protoporphyrin IX, Fig. 1. They
catalyse the H2O2-dependent oxidation of ascorbate in plants,
algae and certain cyanobacteria, eqn. (1). 

APX enzymes show high specificity for -ascorbate, Scheme
2, as electron donor, but will also oxidise non-physiological
(usually organic) substrates that are characteristic of the class

Fig. 3 The structures of the Compound I derivatives in (a) HRP,
(b) CcP and (c) APX. The thick black line represents the haem ring and
the axial histidine ligand is shown. For HRP, the second oxidising
equivalent resides on the porphyrin ring (porphyrin π-cation radical);
for CcP, an aromatic tryptophan residue, Trp191, adjacent to the haem
is used (Trp�� radical); for APX, a porphyrin π-cation radical is used
despite APX containing the same Trp residue as is found in CcP.

2ascorbate � H2O2 
2monodehydroascorbate radical � 2H2O (1)
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III peroxidases, in some cases at rates comparable to that of
ascorbate itself.63–65 Hence, and in direct contrast to the anom-
alous CcP molecule, the physiological substrate (ascorbate)
in APX is much more typical of other peroxidases (this itself
was a key driver for studies on APX). In fact, the substrate
specificity of APX places it at the interface between the class
I and class III peroxidases, a distinction that has been high-
lighted recently.66 In principle, APX therefore provided a
perfect opportunity to reassess the unusual properties of
CcP and its status as the benchmark peroxidase, and at the
same time provided a very convenient comparative frame-
work that was important for our understanding of substrate
binding and oxidation across the entire peroxidase family.
The development of recombinant bacterial expression
systems for pea cytosolic (rpAPX) 67 and soybean cytosolic 68

(rsAPX) APXs, together with new structural information,42

provided the first major step towards this overall aim and
made structure/function studies on APX feasible for the first
time.

The first crystal structure to appear for an APX was that for
the recombinant pea cytosolic enzyme (rpAPX), which was
published by Patterson and Poulos in 1995.42 Subsequently, a
crystal structure for the closely related recombinant soybean
cytosolic APX enzyme (rsAPX) appeared 43 (rsAPX has 91%
sequence identity to rpAPX). The overall structure of the
rsAPX enzyme is shown in Fig. 4 and was very similar to that
rpAPX (r.m.s. deviation between Cα positions for the 249 resi-
dues in the A-chain of rpAPX and the refined rsAPX structure
is 0.443 Å); both APX structures are similar to that of CcP.69

The active site of rsAPX is shown in Fig. 2(b) and, as expected
from the high sequence identity, is essentially identical to that
of CcP. These structural similarities were discussed when the
crystal structure of rpAPX first appeared 42 and are not
repeated here.

Scheme 2 The structure of -ascorbic acid, showing the  configur-
ation at C5. The 2-OH and 3-OH groups have pKa values of 11.3 and
4.0, respectively,106 so that at neutral pH the 3-OH group is
deprotonated and the molecule is anionic.

Fig. 4 The overall structure of rsAPX,43 showing the haem and the
active site residues.105,107

With its high sequence identity to CcP 60 and an almost iden-
tical three-dimensional structure,42 APX was fully expected to
duplicate the properties of the anomalous Compound I inter-
mediate of CcP, to reconfirm the working hypothesis (above)
and to revalidate CcP as the benchmark for other peroxidases.
There was a very keen interest, therefore, in defining the nature
of the Compound I intermediate in APX. This had not been
attempted before the crystal structure was published, most
probably due to low quantities of workable enzyme and the
experimental difficulties associated with detection of the transi-
ent Compound I intermediate. Quite unexpectedly, however,
APX was found not to duplicate the properties of CcP. Hence,
despite containing exactly the same Trp residue (Trp179, Fig.
2(b)) that is used in CcP (Trp191, Fig. 2(a)) in almost exactly
the same structural environment,42 it was unambiguously
demonstrated using EPR spectroscopy 70 that Compound I of
rpAPX uses a porphyrin π-cation radical, Scheme 1. Spectro-
scopic work 71–75 from various laboratories has confirmed this
original assignment for several other APXs, including rsAPX,75

and there is complete agreement on this point.
A refinement to the original hypothesis was clearly necessary.

It was proposed 70 that a potassium ion, located within 8 Å of
Trp179 in rpAPX but not present in CcP (the residues ligating
to the K� ion in APX – Thr164, Thr180, Asn182 and Asp187 –
are replaced with Ala176, Gly192, Ala194 and Thr199, respect-
ively in CcP,65 Fig. 5), might destabilize radical cation formation
at Trp179 on electrostatic grounds. Theoretical data were sub-
sequently published in support of this hypothesis.76 Although
electrostatics may be influential, there are several reasons why
we believe that this hypothesis is unlikely to provide a complete
rationalisation of the results. First, we have shown 43 that the
crystal structure of rsAPX contains no K� ion at the equivalent
site and yet rsAPX also uses a porphyrin π-cation radical and
not Trp179.75 Second, we have evidence 77 that suggests that
(slow) protein radical formation – most likely Trp radical form-
ation – is possible in rpAPX if no substrate is present. Both
observations argue against the K�-destabilisation hypothesis.
Finally, ab initio calculations 78,79 do not support a role for K� in
defining Compound I structure. †

There was an additional complication. Site-specific removal
of Trp179 in APX (Trp179Phe variant) has only a marginal
effect on the ability of the enzyme to oxidise ascorbate,85 in
direct conflict with the CcP data which clearly indicate that
Trp191 is absolutely essential for oxidation of cytochrome c. 86

No hypothesis had been advanced to explain this.

Development of a new hypothesis
We had suggested 64 that the key to defining these important
functional differences might lie in understanding the conspicu-
ously different substrate binding properties of the CcP and
APX enzymes. In other words, that the properties of Com-
pound I and the substrate binding specificity might be linked.
To address this, we clearly needed information on the exact
nature of the APX/ascorbate complex.

The first information on the substrate binding interaction
came from NMR-derived distance restraints,87 which indicated
that the substrate was bound between 9.0 and 11.2 Å from the
haem iron (NMR had been previously used in the study of
substrate binding interactions in HRP, reviewed in ref. 46).
These distances were consistent with two possible binding
locations for the substrate: one close to close to the 6-propion-

† We note, however, that it has been possible to engineer a K�-site,
analogous to that found in APX, into CcP through a series of iterative
mutations.80–83 These experiments have shown that the new metal site
destabilises protein radical formation at Trp191 but porphyrin π-cation
formation was not observed instead. The corresponding experiment
(removal of the K�-site) has not been possible in APX because this
leads to destabilisation of the active site structure.84
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Fig. 5 Structural alignment of rsAPX and CcP (adapted from Veitch and Smith 46). The numbering is as for the pea cytosolic APX enzyme.60 The
rpAPX sequence is identical to rsAPX except at positions 10 (Pro in rAPX), 16 (Ile), 21 (Arg), 31 (Lys), 36 (Ile), 49 (Ser), 50 (Lys), 63 (Gln), 69 (Gly),
84 (Ile), 86 (Glu), 87 (Gln), 91 (Val), 107 (Ile), 152 (Ser), 196 (Thr), 200 (Asp), 213 (Thr), 215 (Ser), 222 (Glu), 230 (Val), 240 (Leu) and 249 (Glu).
Active site residues, Fig. 2, (�), the residues involved in binding of the potassium site in rpAPX (�), the residues involved in binding of ascorbate in
APX (�) and the residues involved in binding of cytochrome c in CcP (�) are indicated. The additional loops in CcP and the C-terminal truncation
in APX can be seen.

ate (γ-meso) and the other close to the δ-meso position of
the haem, Fig. 1. (There is other (kinetic) evidence that APX
may utilize a second binding site for ascorbate under certain
conditions,75 but the location of this second site is not known.
CcP is also known to have more than one binding site for cyto-
chrome c.88–95) Later, chemical modification and site-directed
mutagenesis experiments 96,97 were used to show that Cys32 was
close to the ascorbate site 96 and that the positively charged
Arg172 residue (Arg172), located close to Cys32, was important
in binding of the (anionic) ascorbate molecule.97 These data
implicated an ascorbate interaction close to Cys32 and the
haem propionate groups, which was close to the γ-meso
position originally implicated by NMR 87 but was not consistent
with the substrate binding behaviour of most other peroxidases,
which were known to use the δ-haem edge.46,50–52,98

In 2003, the crystal structure of the rsAPX enzyme in com-
plex was ascorbate was published.43 This structure confirmed
the original predictions from NMR 87 and was consistent with
the mutagenesis and chemical modification work.96,97 In the
absence of substrate, there are several ordered water molecules
directly or indirectly hydrogen bonded to the side-chains of
Arg172 and the haem 6-propionate group, Fig. 6(a), which are
replaced by ascorbate in the rsAPX/ascorbate complex,
Fig. 6(b). The ascorbate is bound to enzyme through hydrogen
bonds between the 2-OH and 3-OH groups of the substrate,
Scheme 2, and Arg172, and between the 2-OH group of the
substrate and the (deprotonated) haem 6-propionate. The side
chain of Lys30 swings in from solvent to provide additional
hydrogen bonding stabilization (6-OH group of the substrate);
this was not predicted from any functional work. Cys32 is close
to the substrate binding site, but has no direct interaction with
the substrate, which is consistent with the modest (≈3-fold)
effect on ascorbate activity in the Cys32Ser variant.96 The
shortest distance from the substrate (oxygen of the 2-OH
group) to the haem iron is 11.2 Å, in excellent agreement with
the original NMR data 87 that predicted that the substrate binds
between 9.0 and 11.2 Å from the iron.

Functional correlations
The rsAPX/ascorbate structure provides us with much more
than just a glimpse of the ascorbate binding site. It has brought
the more general question of substrate binding in other per-
oxidases – and how this is linked to functional diversity – into
much sharper focus and has cast new light on the functional
differences between the CcP and APX enzymes that is of rele-
vance to our understanding of substrate binding and electron

delivery in other haem enzymes. The main findings are most
easily visualised with reference to Figs. 5–8.

Substrate binding

Despite high sequence identity, Fig. 5, and very similar three-
dimensional structures,29,42,43 the structural architecture of the
APX and CcP enzymes is very subtly different and it is this that

Fig. 6 (a) The structure of rsAPX showing the solvent water
molecules bound in the ascorbate-binding site.104,105 The γ-meso and
δ-meso positions of the haem, Fig. 1, are indicated. (b) The rsAPX/
ascorbate complex, showing refined electron density (blue) and the
bound ascorbate. Hydrogen bonds are indicated (dotted lines).
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defines the substrate specificity. Hence, the key features required
for substrate binding in APX (Arg172, Lys 30, Fig. 6) are
not present in CcP (replaced by Asn184 and Asp33, Fig. 5).
Similarly, the residues 47 required for substrate binding in
CcP (Asp34, Glu35, Asp37, Glu290) are not present in APX
because the loop containing residues 34–41 in CcP is com-
pletely missing in APX (replaced with Arg31) and because
Glu290 in CcP is missing in APX because of a C-terminal
truncation, Figs. 5 and 7. Superposition of the CcP and APX
structures in this loop region is especially revealing and shows
that the additional loop in CcP and the side chain of Tyr36
together prevent binding of ascorbate at the equivalent site,
Fig. 8. We have proposed 43 that these differences account for
the low activity of CcP towards ascorbate 99 and the low activity
of APX towards cytochrome c. 63

It is clear, therefore, that the additional loop in CcP (resi-
dues 34–41) and the residues in it (which were already known
to be involved in binding of cytochrome c 47), along with the
C-terminal truncation in APX, are critical in defining substrate
specificity. These differences are very easily visualised from a
simple structural alignment, Fig. 5, and were even noted when

Fig. 7 Superposition of the CcP (green) and rsAPX (red) struc-
tures.104,105 (a) Diagram showing the additional C-terminal tail (labelled
C) and β-sheet structure (labelled �) in CcP; the N-terminus of CcP is
also indicated (labelled N). (b) Diagram showing the additional loop
(residues 34–41) in CcP (labelled *) that replaces Arg31 in rsAPX.

the crystal structure of rpAPX 42 first appeared. (CcP also con-
tains additional β-sheet structure, residues 210–224,42 that is miss-
ing in APX, Figs. 5 and 7(a), although we do not know whether
this is functionally important.) Indeed, with the benefit of hind-
sight, is now much easier to predict that the loop may be import-
ant in fine-tuning substrate specificity. In practice, of course, our
understanding of substrate specificity is not sufficiently sophisti-
cated for accurate predictions of this kind to be made.

Compound I structure

As mentioned above, one of main incentives for studying APX
was to establish whether it used the residue analogous to
Trp191 in CcP during catalysis. APX was fully expected to
utilize Trp179, but this has been clearly shown not to be
the case.42,71–75 The rsAPX/ascorbate structure provides some
rationalization as to why not. For APX, there is direct coupling
of the substrate to the haem, through the haem 6-propionate
(γ-haem edge) – the substrate is ‘hard-wired’ directly to the
haem, Fig. 6(b). Reduction of Compound I in APX therefore
most sensibly occurs through a porphyrin π-cation intermedi-
ate, completely by-passing the need for involvement of Trp179.
This would explain the unexpected observation that mutagenic
replacement of Trp179 (Trp179Phe variant) does not affect
catalytic oxidation of ascorbate by APX.85 This contrasts with
the CcP/cytochrome c interaction,47 which has cytochrome c
binding in an orientation that involves Trp191 as part of an
electron transfer pathway to the haem in Compound I, Fig. 8.
Accordingly, Trp191 of CcP would be expected to be essential
for catalytic activity, which is indeed observed.86

For APX at least, it appears that it is the substrate binding
orientation that defines the structure of the catalytic Com-
pound I intermediate. If this is the case, a further question
arises: is it the substrate, in the correct orientation, that pre-
cludes formation of a protein radical in Compound I of APX?
There is no complete answer to this question, but this hypo-
thesis would be consistent with experiments on rpAPX 77 in
which protein radical formation has been observed in the
absence of substrate (migration of the radical from the por-
phyrin to the the protein has also been observed in HRP 100,101).

Electron delivery

The rsAPX/ascorbate structure also raises important questions
in terms of our existing views on electron transfer in the haem

Fig. 8 Structural alignment of the CcP/cytochrome c 47 (residues 23–
45, green) and APX/ascorbate 43 (residues 20–35, red) structures 104,105

showing the additional 8-residue loop in CcP (residues 34–41) that that
replaces Arg31 in rsAPX and obscures the ascorbate binding site in
rsAPX.104,105 The side chain of Tyr36 in CcP is also shown (green) close
to the bound ascorbate (Asc, black/red). The proposed pathway 47 for
electron transfer from the haem in cytochrome c to CcP is shown
(Ala193 to Trp191) superposed with the equivalent residues in rsAPX
(Trp179-Ser181).
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peroxidases, in which substrate binding and oxidation at the
δ-haem edge, and not the γ-haem edge as seen in APX, Fig. 6,
has been widely assumed.98 In this context, we note that
manganese peroxidase (a class II enzyme) 31 and NO syn-
thase 102,103 both use the same γ-haem edge site. It remains to be
seen whether that this represents a more widespread mechanism
for electron delivery in other haem peroxidases or, indeed, haem
enzymes more generally.

Summary
The role of the protein environment in controlling Compound I
formation in the haem peroxidases has been studied extensively
and a consistent mechanistic picture has emerged. Our under-
standing of the precise structural features that control substrate
binding, and hence functional diversity, in the haem peroxid-
ases is less well understood. In the case of APX, the sequence
and structural similarity with that most famous of peroxidases,
CcP, provides a particularly useful comparative framework that
has raised questions that are relevant across the haem peroxid-
ase family. A consensus view has not yet been reached, but the
emergence of new crystallographic information for various
peroxidase–substrate complexes is providing some answers and
posing new questions that can subsequently be tested.
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