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Abstract
The following is a brief review of peroxidase structural biology since the initial structure
determination of cytochrome c peroxidase (CCP) 30 years ago. An emphasis will be placed on
what CCP has taught us about peroxidase mechanisms, especially Compound I formation and
electron transfer.
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Introduction
Peroxidases hold a venerable position in the history of enzymology and especially in
enzyme kinetics. Using horseradish peroxidase (HRP), rapid reaction methods were
developed by Britton Chance in the 1940s [1]. The distinct spectroscopic characteristics of
the famous Compounds I and II intermediates formed by HRP made it relatively
straightforward to detect the green Compound I and red Compound II. Given the relative
ease of preparing HRP and the extensive amount of kinetic information known, it may seem
surprising that HRP was not an early target for crystallography once crystal structure
determination became feasible. HRP was likely the victim of the “low lying fruit” dictum
which governed the early days of protein crystallography. Not only was it necessary to be
able to prepare large amounts of pure protein, but a critically important second criterion was
that the protein must easily crystallize and diffract well. Here is where HRP fell short. In
hindsight it appears that heterogeneity in carbohydrate content was a problem. Indeed, it was
not until HRP was recombinantly expressed and purified free of carbohydrate that it became
possible to grow decent crystals [2].

The initial breakthrough in peroxidase crystallography came with the early discovery [3] and
subsequent characterization of yeast cytochrome c peroxidase (CCP) by Yonetani and
colleagues [4]. CCP is simpler than HRP in having no carbohydrate, no S-S bonds, and no
metal ions (other than the heme iron). CCP also exhibited the convenient property of
crystallizing by dialysis against water [5]. With somewhat greater care it was possible to
obtain diffraction quality crystals [6]. This ultimately resulted in the first heme peroxidase
crystal structure published 30 years ago [7] (Fig. 1). At that time a total of 57 protein
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structures had been deposited in the PDB while as of today there are over 50,000. Of the 57
structures in the PDB in 1980, the known heme protein structures included myoglobin,
hemoglobin, 2 eukaryotic cytochromes c (3CYT,1CYC), and one prokaryotic cytochrome c
(155C). Therefore, the structure of CCP represented both the first peroxidase and heme
enzyme structure to be solved. Twelve years later the second peroxidase structure was
solved, myeloperoxidase [8], followed by lignin peroxidase [9], Coprinus peroxidase [10],
ascorbate peroxidase [11] and plant peroxidases in 1996-1997 [2, 12]. Today there is at least
one representative structure form each of the main 3 main classes, as defined by Welinder
[13]. The primary reason for the long lapse between the first and second peroxidase structure
followed by the relatively rapid solution of several other peroxidase structures in the mid
1990s was due to recombinant DNA technology. This also opened the way to using protein
engineering to probe peroxidase structure and function and has been of enormous benefit in
understanding peroxidase function.

The following is a brief review on what crystallography coupled with mutagenesis and other
biophysical tools has taught us about peroxidase structure and function since solution of the
CCP structure. Although there have been many elegant studies in this area on many
peroxidase, here we focus primarily on yeast CCP not only because a majority of our lab’s
peroxidase effort has been with CCP but because CCP was the first heme peroxidase where
it became possible to probe structure function relationships using crystallography and
protein engineering.

Solving the CCP Structure
The CCP structure was published in 1980 [7] although the crystallographic details were
published in 1978 [14]. This was just prior to a renaissance in structural biology that began
in the early 1980s when it became almost routine to produce proteins using recombinant
DNA technology. Crystallographers now had the ability to produce large quantities of
protein instead of relying on the natural host. Some companies in the newly emerging
biotechnology industry recognized the importance of structural biology and began investing
in protein crystallography. This growing interest provided the market driving force that
helped spur the wider spread use of other major technological developments critical to
protein crystallography. The first of these was relatively cheap computing which became
more widespread in the 1980s with easy-to-use operating systems. The most noteworthy of
these was the VMS (Virtual Memory System) developed by Digital Equipment Corp. and
the famous VAX computers. This made programming much easier and computing more
accessible which resulted in the rapid development of some key software packages for
protein structure refinement, one of the most noteworthy being PROLSQ [15]. Computer
graphics was also just starting to develop. Another important advance was the first area
detector systems for rapid data collection which was first commercialized in the early 1980s.
The CCP structure was solved just as these new technologies were being developed. What
was not routinely available for several more years was synchrotron data collection.

During this transition point in the development of protein crystallography, the work on CCP
was able to take full advantage of these advances. Most importantly was the strong
commitment that the University of California at San Diego (UCSD, where the initial work
on CCP was carried out) had made to structural biology especially considering that protein
crystallography was still considered expensive, esoteric, and took way too long to solve
structures. The UCSD Chemistry Department had cutting edge computational resources that
were heavily used by local crystallographers and was one of the first universities to invest in
the development of computer graphics for protein structure determination. Very importantly,
the first area detectors for x-ray data collection were developed by Nh Xuong and colleagues
at UCSD [16] (Fig. 2A) and, in fact, CCP was the second structure to be solved using the
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Xuong data collection system. The first electron density maps were displayed by stacking
photocopies of electron density sections on to plastic sheets (Fig. 2C). The CCP project also
was to be the first test case for building a structure using the new Evans and Sutherland
Picture System together with locally developed software as opposed to the brass model
optical comparators or “Richard’s box” used by most groups (Fig. 2B). The author was the
guinea pig for this adventure but frustration soon set in with the cumbersome commands
required to simply rotate around a bond and the frequent computer crashes. Therefore, the
first CCP structure was constructed the old fashion way with an optical comparator. Thus,
the CCP project had a bit of the new (data collection) and a bit of the old (model building)
and was very likely the last structure built at UCSD using the brass model approach.

Compound I Formation
Prior to solution of the CCP structure, much was known about peroxidases, primarily
through studies with HRP. The kinetics of Compounds I and II formation and reduction had
been worked out in addition to many of their biophysical properties and several critical
papers contributed to this work. However, a select few were particularly influential in
developing the so-called Poulos-Kraut model of Compound I formation [17]. Using
hydroperoxides to form Compound I, Schonbaum and Lo [18] found that there is a
quantitative release of the alcohol, ROH. This meant that the O-O bond cleaved
heterolytically leaving behind an oxygen atom with only 6 valence electrons, a potent
oxidizing agent. The term “oxene” intermediate was adopted [19] in honor of the similarly
reactive and better understood carbene. It also was known from magnetic susceptibility
studies [20] and Mossbauer [21] that the redox state of the iron is Fe(IV). Taken together
these data coupled with the finding that peroxidases and catalases form π cation radicals in
Compound I [22], consistent with model heme studies [23], meant that the oxene O atom left
behind after herterolysis of the O-O bond removes one electron from the iron and one from
the porphyrin. This, then, provided the basis for a stereochemical mechanism for Compound
I formation once the CCP structure was solved [17]. Acid base catalysis was anticipated in
peroxidases and the location of the conserved distal side His52 was the obvious candidate
(Fig. 3). What was unexpected was the active site Arg. In fact, the Arg was initially mis-
interpreted as a Tyr (unpublished) for two reasons. First, the CCP sequence was not yet
available when the first electron density maps were obtained. Second, since it was generally
believed that active sites are usually hydrophobic it made no sense to have a large charged
polar amino acid side chain situated directly over the heme in the active site so a Tyr was
placed at this position even through the density was not consistent with Tyr. In those days
one had to be a bit more creative in fitting electron density maps owing to the generally poor
quality of heavy atom phases. It thus seemed more reasonable to place an aromatic group at
this position despite the poor fit to the electron density map. Once the sequence became
available [24] the active site structure was corrected in less than an hour.

As might be expected, replacement of the distal side His has a dramatic effect on Compound
I formation. Substituting the distal His52 with Leu lowers the rate of Compound I formation
by 5 orders of magnitude [25] while replacing the active site Arg48 with Leu decreases the
rate of Compound I formation by only 2 orders of magnitude [26]. Initially it was proposed
that the active site Arg provides H-bonding stabilization to the transition state. This still may
be the case but clearly such stabilization is not essential since even a 102 decrease in the rate
of Compound I formation is still a decent rate. However, the stability of Compound I is
substantially lower in the Arg48Leu mutant [26]. More recent crystal structures are relevant
to this potential function of Arg48. The 1.2Å structure of CCP [27] clearly shows that Arg48
occupies two positions: one termed “out” and the other “in”. In the 1.3Å structure of
Compound I Arg48 occupies only the “in” position where it can H-bond with the iron linked
O atom (Fig. 4). The active site Arg is similarly positioned in HRP Compound I [28].
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Therefore, the main role of Arg48 may be in stabilizing the ferryl center in Compound I.
Such interactions should influence the reactivity of Compound I. Here it is useful to briefly
mention cytochrome P450. It is normally assumed that P450s form a peroxidase-like
Compound I although a true Compound I has never been experimentally observed in an O2
supported P450 catalytic cycle despite claims to the contrary [29]. Even so, if we assume
P450s and peroxidases both utilize ferryl intermediates, we are left with the problem of why
P450 Compound I is such a potent hydroxylating agent while peroxidase Compound I is not.
Structural restrictions such as lack of substrate access to the iron-linked O atom in
peroxidases is one reason. However, modulation of ferryl reactivity by the protein is likely
to be the predominant control. A major difference is that P450s use a Cys axial ligand while
peroxidases use His or Tyr, in the case of catalases [30]. The obvious experiment here is to
switch ligands but the interpretation of such results can be problematic. Of particular
importance is the significant steric differences between His and Cys and local H-bonding
environments which are nearly impossible to engineer correctly. For example, His is simply
longer than Cys so the ligand-Fe bond length will be extremely difficult to reproduce in the
engineered protein. In addition, in P450s the Cys accepts a H-bond from a peptide NH while
in peroxidase the His donates a H-bond so the local electrostatic environments are totally
different. Sadly to say, swapping ligands cannot give us the answer. On the other hand,
changing ligands has shown that the rate of Compound I formation is not so dependent on
the nature of the axial ligand but that the reactivity and stability of Compound I is highly
ligand dependent [31]. Thus the Cys vs. His difference in P450s and peroxidases no doubt
plays a large role in controlling the reactivity of Compound I although it is very difficult to
get an experimental handle to shed further light on this problem. Here is where
computational biology can contribute and much insight has been provided by recent DFT
calculations [32]. The most notable difference in the distal pockets is that peroxidases have a
distinctly more polar distal environment than P450s owing to the His and Arg. This could
well be a key factor in controlling Compound I reactivity. The ability of Arg to donate a H-
bond should promote greater electronegative character to the ferryl O atom thus decreasing
its electron deficiency which, in turn decreases its reactivity. Another important factor
controlling ferryl reactivity that has come to light recently is the state of protonation of the
iron linked oxygen. Green et al [33] have found that in some cases the ferryl center exhibits
a high pKa so the predominate species is Fe(IV)-OH and not Fe(IV)=O. Strong electron
donation by the Cys thiolate ligand in chloroperoxidase and P450s favors Fe(IV)-OH which
also favors the radical rebound hydroxylation process in P450s as opposed to the one
electron oxidations of the traditional peroxidase Fe(IV)=O.

Chasing Down Radicals in Compound I
The structure of CCP also nicely explained a major difference between CCP and other
peroxidases. CCP does not form a porphyrin radial but instead forms an amino acid free
radical which generates a large and very stable EPR signal [34] and there was evidence that
the location of the radical might be Trp [35]. The CCP structure has Trp51 directly adjacent
to where peroxide will bind (Fig. 1) and from the limited sequence data available at the time
[36] it was known that HRP has a Phe at this location. Since Trp is easier to oxidize than
Phe it was no great leap in logic to conclude that Trp51 which must directly interact with the
peroxide is the location of the Compound I free radical in CCP and that owing to the higher
redox potential of Phe, the porphyrin is oxidized in HRP.

Even so a Trp radical was judged to be inconsistent with ENDOR data and instead a radical
center consisting of at least one Met residue was proposed [37]. Remarkably enough the
CCP structure shows three Met residues (172, 230, and 231) in the proximal heme pocket
(Fig. 1) which are not present in HRP lending credence to the Met radical idea. However,
the very first protein engineering studies of CCP proved that neither Trp51 nor Met172 are
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the free radical sites [38, 39]. The issue was finally settled by an elegant isotope substitution
study [40] which showed that Trp191 is the radical site while mutagenesis showed that
Trp191 also is essential for activity [41].

Although the location of the CCP radical moved over time before finally settling on Trp191,
the simple idea that the relative ease of oxidation of Trp191 compared to the Phe at this
position in most other peroxidases is why CCP forms a Trp191 radical and other peroxidases
form a porphyrin radical remained intact. This idea was further strengthened by the
observation that if Trp191 in CCP is replaced by Phe, a short lived porphyrin radical forms
in the mutant Compound I [42]. This picture changed when ascorbate peroxidase (APX) was
recombinantly expressed [43] thus providing sufficient material for detailed studies.
Sequence comparisons showed that APX has both the distal and proximal side Trp residues
[44] which later was substantiated by the APX crystal structure [45]. It was fully anticipated
that APX would form a Trp radical but instead freeze-quench EPR [46] and stopped flow
spectroscopy [47] showed that APX forms the traditional porphyrin radical. However, APX
Compound I decays to a species that exhibits EPR properties consistent with a Trp radical
similar to CCP [48]. It thus appears that the initial porphyrin radical formed in APX
Compound I is able to oxidize the proximal Trp analogous to Trp191 CCP. This internal
redox reactions requires about one minute indicating that the predominant form of
Compound I under steady state conditions is the porphyrin radical

That APX forms a porphyrin radical, although unexpected, turned out to be a very useful
result. Since APX and CCP are so similar in sequence and structure, it should be possible to
work out precisely what structural variations are responsible for the differences in
Compound I radical location and as such CCP and APX provided a means for probing in
some detail how proteins stabilize radicals. That the Trp191 radical is a cation [49] helps a
great deal since proteins are exquisite at electrostatic stabilization and modifying the local
electrostatic environment can readily be achieved by mutagenesis. It thus seemed reasonable
that CCP might be better able to stabilize the positive charge on the cationic Trp radical than
APX by suitably positioned side chains that can stabilize a cation. Indeed, structural and
small molecule binding data clearly showed that the proximal pocket surrounding Trp191
favors a positive charge. When Trp191 is converted to Gly the resulting cavity can be filled
with various small molecules and those carrying a positive charge bind best [50]. The same
mutant can also bind K+ in the engineered cavity [51]. It thus was clear that a cationic
Trp191 radical would be electrostatically stabilized by the protein environment and
subsequent computational approaches supported this view [52]. Not surprisingly it was
shown that the buried and conserved Asp235 (Fig. 1) plays a major role in the binding of
cations to the Trp191Gly mutant [53]. However, Asp235 cannot be the full story since APX
also has this Asp but fails to form a stable Trp radical. Thus the answer must lie elsewhere.

One of the more obvious structural differences between CCP and APX that might influence
cation radical stability is the proximal side metal ion binding site also found in plant
peroxidases (Fig. 5) but not CCP. While in HRP this site is occupied by Ca2+ [2, 12], in
APX this is a monovalent cation and was identified as K+ in the initial crystal structure [11].
The monovalent cation site in APX is about 8Å from the proximal Trp leading to the
hypothesis that the presence of the K+ in APX would destabilize a Trp cationic radical.
Engineering out the K+ site in APX proved difficult since in the K+ free mutant, the distal
His drops down to coordinate the heme showing that the K+ helps to maintain the correct
active site architecture [54]. The inverse experiment, however, worked and it was possible to
engineer in the APX K+ site into CCP [55]. The characteristic intense EPR signal due to the
Trp191 radical was absent in the K+ CCP mutant clearly showing that the cation site plays
an important role in controlling radical stabilization. The mutant enzyme also exhibited very
low activity [55]. Once again the picture appeared complete. Weather or not a Trp or
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porphyrin radical is formed depends on the relative stability of each and that in APX the K+

destabilizes the cationic Trp radical and thus, a porphyrin radical is formed. Further
experimentation, however, showed that this picture also was a bit too simplistic. The K+

CCP mutant enzyme activity could be recovered depending on ionic strength and which cytc
substrate is used. These differential effects of ionic strength and cytc are well known and
associated with changes in the rate limiting step depending on the assay conditions [56].
This lead to the hypothesis that adding the K+ to CCP decreases the stability of the Trp191
radical but not its formation. That is, the initial reaction with H2O2 results in a full
equivalent of Trp191 radical but that this rapidly decays [57], most likely to the nearby
Tyr236 [58].

Another important difference in the proximal pocket is the presence of Met230 and 231 in
CCP which are Leu and Gln in APX. It was reasoned that the electronegative sulfur atoms of
Met might also help to stabilize the Trp191 radical. It already was known that converting
both Met residues to Leu perturbs the Trp191 EPR signal [59]. By both introducing the K+

site into CCP and mutating Met230 and 231 to the corresponding residues in APX, the
Trp191 radical was eliminated [57]. The inverse experiment where the Leu and Gln in APX
were both converted to Met resulted in formation of a Trp radical [60]. There is a third Met
in the active site of CCP, Met172, which is Ser160 in APX. However, mutating APX Ser160
to Met causes some interesting modifications. This mutation results in the peroxide-
dependent crosslinking of Met60 with a heme vinyl [61] and so this mutant was not included
in our APX engineering work. These cumulative results indicate that, as anticipated, the
unusual stability of the Trp191 radical can be fully explained by electrostatic stabilization.
The one remaining problem is why none of these mutants form a porphyrin radical. Only
when Trp191 is converted to Phe does CCP form a detectable porphyrin radical. One
explanation for this apparent conundrum is that the initial preferred site of oxidation is
always Trp191 no matter what mutants are introduced and that the key factor is stability of
the Trp191 radical. It also is possible that the initial reactions results in a transient porphyrin
radial too short lived to be observed which rapidly oxidizes Trp191. Thus changing the local
electrostatic environment of the Trp191 radical does not prevent its initial formation but
greatly effects its stability. One possibility for why the radical does not end up on the
porphyrin in these mutants is the large number of alternate radical sites in CCP owing to the
unusually high content of aromatic residues, 7 Trp and 14 Tyr, for a 30kDa protein. Indeed,
when Compound I is allowed to decay CCP forms a small amount of intermolecular
crosslinks in a complex and highly variable reaction via Tyr residues indicating that the
radical site can migrate to surface Tyr residues [62]. Apparently oxidation of these sites is
preferable to oxidation of the porphyrin. In the following scheme the radical migrates to
other sites no matter where it initially forms.

In wild type CCP the radical eventually migrates to Tyr residues. Even though we appear to
understand what controls Trp cation radical stability, what remains to be explained is why
HRP forms such a stable porphyrin radical. Why doesn’t the porphyrin radical rapidly
migrate to other sites as in CCP? Clearly the porphyrin radical is much more stable in HRP
and understanding what structural features control this relative stability of porphyrin radicals
in peroxidases remains an unsolved problem. However, recent computational studies [63]
suggest that the heme propionates may play a role. The general idea is that a “naked”
propionate with no H-bonding partners would be free to back-fill the positively charged hole
of the porphyrin radical thus destabilizing a porphyrin cationic radical. Thus one might
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anticipate that peroxidases with strongly H-bonded propionates would form more stable
porphyrin radicals. Indeed, a cursory examination of various peroxidase structures lends
credence to this idea. CCP heme propionates are not H-bonded to either Arg or Lys while
nearly all other heme peroxidases use Arg and/or Lys to balance the heme propionate
charges and, unlike CCP, these peroxidases form porphyrin radicals. Even so, the limited
mutagenesis data available does not support this notion. For example, introducing an Arg
into CCP which forms a new charge pair with one heme propionate does nothing to help
stabilize a porphyrin radical [64].

Non-Porphyrin Radicals in Other Peroxidases
CCP is not alone in producing amino acid centered radicals. One of the most notable
examples is lignin peroxidase (LiP). The crystal structure of LiP showed a large lobe of
electron density very near Cβ of Trp171 [65] (Fig. 6) which resulted in the finding that
Trp171 is hydroxylated at Cβ during reactions with peroxides. Subsequent mutagenesis
work showed that Trp171 is essential for activity in the oxidation of the natural substrate,
veratryl alcohol [66]. It now is thought that veratryl alcohol undergoes oxidation near
Trp171 and that Trp171 is involved in directing oxidizing equivalents to veratryl alcohol
thus implicating Trp171 as forming at least a transient radical. Recently it has been possible
to capture an EPR signal consistent with a Trp171 radical [67]. A second example is
versatile peroxidase or VP. VP exhibits activities characteristic of both manganese and
lignin perxoidase [68], hence the name “versatile”. Trp164 in VP is analogous to the redox
active Trp171 in LIP (Fig. 6) and Trp164 parallels quite closely the behavior of Trp171 in
LiP. EPR studies identified a radical centered on Trp164 [69] while mutagenesis showed
that Trp164 is essential for the oxidation of high potential substrates like veratryl alcohol
[70, 71].

From the studies just discussed, it would appear that the location of the Compound I radical
and location of the substrate binding site might be coupled. Multiple substrate binding sites
also are implicated in other peroxidases with the earliest examples being CCP and APX. The
most obvious place for small organic substrates to bind is near the exposed heme edge (Fig.
1). Chemical modification of the exposed heme edge of CCP blocks the ability of CCP to
oxidize aromatic substrates but has little effect on the ability to oxidize cytc [72]. Likewise,
the ascorbate binding site in APX contains the single Cys residue. Modification of this Cys
blocks APX activity, presumably by preventing ascorbate from binding, but not the activity
using aromatic substrates [73]. One final example is a newly characterized APX from
Leishmania major (called LmAPX) which exhibits both APX and CCP activities [74]
clearly implicating two substrate binding sites. LmAPX has a Trp208 which is analogous to
Trp191 in CCP and Compound I of LmAPX shows no hint of the traditional peroxidase
Compound I porphyrin radical. We have recently shown using EPR that LmAPX Compound
I forms a very stable radical similar to Trp191 in CCP. Most interestingly, the W208F
mutant in LmAPX exhibits very low cytc peroxidase activity but is fully active using
ascorbate as the substrate [75].

Just like the corresponding mutant in CCP, the W208F mutant forms a transient porphyrin
radical [75] . It thus appears that the path of electron transfer in LmAPX requires the redox
active Trp208 for cytc oxidation but either the porphyrin or a Trp208 radical work fine in
the oxidation of ascorbate.

Although the number of examples is limited, it does appear that the “generic” peroxidase
substrate binding site is near the exposed heme edge while for the physiologically relevant
substrates, Nature has evolved more specialized sites. In some cases, as in CCP, LiP, and
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VP, it also is necessary to provide redox active amino acid side chains as part of the electron
transfer path.

Electron Transfer
CCP also has served as a model system for protein electron transfer. Early on CCP and cytc
were one of the few redox pairs that could be prepared in sufficient quantities for detailed
studies so here again CCP had a practical advantage in serving as a paradigm for inter-
protein electron transfer reactions. Elegant chemical modification studies [76] showed that
the necklace of Lys residues sprinkled over the surface near the exposed edge of cytc is
critical in the reaction CCP. This strengthened the generally accepted picture that
complementary electrostatic interactions are important in forming the redox complex. In the
early days horse heart cytc was utilized for many studies with CCP and as expected, CCP
activity decreased with increasing ionic strength presumably because at high ionic strength
the complex is weakened. However, this simple picture became clouded with more detailed
studies and it was found that with yeast cytc the activity actually increases with increasing
ionic strength and only at moderately high salt concentrations does the activity decrease
[77]. The reason for such behavior may be related to a change in rate limiting step as a
function of ionic strength [56] and to best understand this explanation we refer to the
following scheme fashioned after [78].

In this scenario the Trp radical is reduced by the first cytc electron but then there is an
internal electron transfer from Trp191 to Fe(IV). The species that receives the second
electron is Fe(III)Trp+. and thus, the Trp191 radical is the site of entry for both cytc
electrons. At low ionic strength dissociation of cytc from CCP is rate limiting but at high
ionic strength the off rate is fast and the redox equilibrium between the iron and Trp191
becomes limiting. The requirement of Trp191 in both electron transfer steps is consistent
with the mutagenesis data [41]. The main problem with this mechanism is that the rate of
intramolecular electron transfer from Trp191 to Fe(IV) is too slow to account for CCP
turnover rates [78, 79]. There are two different scenarios to explain these apparent
inconsistencies. First, CCP has a second site of electron transfer that directly reduces Fe(IV)
which is consistent the work of Zhou&Hoffman [80] although why Trp191 would be needed
for the second site model remains an open question. Second, the experimental conditions
used to measure the Trp191/Fe(IV) internal electron transfer is far from what CCP
experiences under steady state conditions and it could be that in the CCP-cytc complex the
dynamics of the intramolecular electron transfer reaction favors rapid reduction of Fe(IV).
This second explanation lacks direct experimental evidence for or against. Another
interesting explanation [81] requires intermediate states of Compound I which,
unfortunately, have not been detected but the general idea looks reasonable. However, the
1.3Å structure of peroxide-treated CCP does reveal some interesting structural changes that
may be relevant to the problem of intramolecular electron transfer. Although there is some
concern that the Compound I structure we reported a few years ago [27] may have been
partially reduced in the x-ray beam, the structure revealed some clearly defined changes
relative to the resting Fe(III) enzyme. First, the O atom is 1.87Å from the iron with strong
continuous electron density between the two clearly indicating strong coordination. Second,
the iron has moved into the plane of the porphyrin which is consistent in going from high-
spin to low-spin. Third, Arg48 occupies only the “in” position and is ideally located to
donate an H-bond to the iron-linked O atom. Fourth, two regions of the protein become
more ordered in the peroxide-treated crystal. Met171 (see Fig. 1) is partially disordered in
the Fe(III) enzyme as is a short section of polypeptide centered on Asn194. Asn194 is very
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near the CCP-cytc interface and also is quite close to Trp191. In the peroxide-treated
structure these regions become ordered and effectively tighten the structure around Trp191
suggesting that the local environment adjusts upon formation of Compound I in order to
stabilize the Trp191 radical. Early on it was suggested that one possible reason for why the
observed intramolecular rate of electron transfer from Trp191 to Fe(IV) is so slow is that
under normal steady state conditions the enzyme adopts a conformation [82] that favors
rapid intramolecular electron transfer. The conformational changes we observe upon treating
CCP crystals with peroxide may be related to the adjustments thought to be necessary of
rapid internal electron transfer. Precisely how these changes alter the energetics in favor of
electron transfer remains unknown but is a possible avenue for future studies.

Structure of the CCP-cytc Complex
Some of these issues were settled when the CCP-cytc structure was solved. The first attempt
at solving the crystal structure of the CCP-cytc complex was reported in 1987 [83]. The
complex crystallized as a dimer with only CCP clearly visible. Horse heart cytc, shown to be
present by analysis of the crystals, occupied large open “solvent” regions in the crystal
lattice but was not sufficiently ordered to contribute to the electron density. Given that cytc
is a very stable well ordered molecule, the lack of cytc electron density must mean that the
cytc was either orientationally disordered or experienced large rigid body motions around a
favored orientation. This result was taken by many as evidence supporting the dynamic
picture of protein-protein redox complexes. A few years later Pelletier and Kraut [84]
succeeded in solving the CCP-horse heart cytc structure using the same crystal form
reported in [83] but this time one cytc molecule was visible. Pelletier and Kraut [83] also
obtained the CCP-yeast cytc. structure (Fig. 7) and since then, this model has been the
paradigm for understanding CCP-cytc electron transfer. There are two important features of
the structure worth emphasizing. First, there are no strong ionic interactions in the complex.
This was somewhat unexpected given the strong ionic strength dependence of the CCP-cytc
interaction and the well known requirement of surface Lys residues in cytc in forming redox
complexes. Second, the heme of cytc. directly contacts the region of CCP involving Ala193
and Ala194. Therefore, Trp191 is only a few peptide bonds removed from the cytc. heme
which could well provide a direct electron transfer path to the CCP Trp191 radical.

One further advance was made by crosslinking the CCP-cytc complex using engineered S-S
bonds. The CCP-cytc. complex was used as a guide on where to engineer in Cys residues
and this resulted in a very stable S-S linked complex that generated crystals that diffracted
much better than the non-covalent complex [85]. The main advantage of this structure (Fig.
8) was a better picture of the CCP-cytc interface which showed no direct ionic interactions
but several ordered water molecules. These water molecules bridge between polar groups.
Ordered solvent serving as the main bridge between redox partners also was observed in the
complex formed between P450BM3 and its redox partner [86]. One possible requirement for
solvent at the interface is to “smooth” the interacting surfaces. The surfaces, while
complementary in terms of charge, may not be quite complementary in terms of shape. Thus
solvent serves to shape the surfaces for a better fit although the price paid is decreased
affinity owing to solvent screening of complementary charges. This, however, may be an
advantage since for efficient turnover the on and off rates must be balanced and dielectric
solvent screening should help to provide such balance.

Although the CCP-cytc crystal structure now is generally accepted as a true representation
of the physiologically important complex, the question remains on whether or not CCP has
two different sites of electron transfer. Since the Trp191 radical is the point of entry for both
cytc-derived electrons, it would appear that a single site would be favored. Even so it is well
established that CCP does have a second, weak affinity site [80, 87, 88]. Theoretical
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approaches have been used to predict the location of alternate sites [89] and one such site
was predicted to be near Asp148 of CCP. To test if this might be a functionally relevant
region, cytc was selectively crosslinked to CCP in a region that will block access to the
predicted second cytc binding site. To achieve selective crosslinking Lys149 in CCP and
Lys79 of yeast cytc were converted to Cys, the two Cys residues crosslinked to give an
intermolecular S-S bridge, and the complex purified and characterized [90]. As shown in
Fig. 9 the crosslinking site is far removed from the location of cytc in the crystal structure.
This complex exhibits near wild type levels of steady state activity which indicates that the
cytc attached to CCP is not blocking a functionally important docking site. This initial effort
has been followed by a more extensive analysis of various CCP-cytc crosslinked complexes
[91, 92] that resulted in similar conclusions with all crosslinks giving near wild type
activities except the one crosslink that mimics the crystal structure. An equally important
observation from these studies was that in this covalent complex cytc reduces CCP
Compound I very slowly, ≈1s-1, and that it is the Trp191 radical and not Fe(IV) that is
reduced in a single turnover experiment [90]. Given the restrictions of the intermolecular S-
S bond in this complex, there are only so many ways that cytc can be oriented relative in
CCP and of the small number of possible orientations, the distance between hemes is shorter
than the distance between the cytc heme and Trp191 yet Trp191 is reduced and not Fe(IV).
It thus appears that independent from where the electron enters, it ends up reducing the
Trp191 radical indicating that the Trp191 cation radical is the thermodynamically favored
site of reduction.

The intermolecular S-S complex designed to mimic the crystal structure also provided some
interesting kinetic results relevant to the one or two site model [85]. This complex exhibited
about 7% wild type steady activity while intramolecular electron transfer from cytc to CCP
Compound I in the covalent complex was too fast to measure by stopped flow methods. It
later was shown that this 7% activity is due to a slight contamination of the complex with
free CCP and that the highly purified complex exhibits <0.1% activity [91]. In a single
turnover experiment about 10 min was required for Compound I in the complex to oxidize
exogenously added reduced cytc. These data, coupled with mutagenesis/chemical
modification experiments [93], point toward the CCP-cytc complex observed in the crystal
structure as being the only complex relevant for electron transfer. However, it is quite
possible that a second weaker site modulates the binding and/or affinity of the functionally
important site. This would be consistent with the rather complex steady state kinetic
behavior of CCP [56].

Conclusions and Future Prospects
Progress on peroxidase structure and function has been most impressive. A good deal of this
is due the ability to clone and express a large number of peroxidases which has provided
sufficient material for detailed biophysical investigations. The most immediate impact of
peroxidase structural biology was unraveling the mechanism of Compounds I and II
formation. This effort was greatly aided by the exceptional level of model heme chemistry
prevalent in the 1970s and 1980s. The author was fortunate to have one of the leaders in this
area, the late Teddy Traylor, close-by at UCSD so any naive notions about peroxidase
function could be checked out with a real chemist who had a deep understanding of heme
chemistry. With respect to CCP specifically, several problems can be considered solved. The
acid base catalytic mechanism for Compound I formation is well understood and it now is
clear that CCP has one predominant binding site for cytc. and that both electrons from cytc
require Trp191. It also is most fortunate that CCP has proven to be such a forgiving protein
since it is possible to make rather dramatic changes using mutagenesis yet the modified
CCPs usually tolerate this abuse and crystallize. As a result CCP has provided an
exceptional laboratory for some creative and novel engineering studies [94].
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What remains unknown is why the porphyrin radical is so stable in some peroxidases and
not in others. The simple electrostatic arguments employed to explain the stability of the
CCP Trp191 radical are not sufficient. Part of the problem is the far more complex
electronic structure of heme compared to a simple indole side chain. Moreover, as with
much of biology, we are trying to explain fairly small differences. We often forget that
activation free energy for reactions is related to the log of the rate so a difference of 1,000
fold in rate translates into only about 4kcal/mol which can be achieved by one good H-bond.
Thus, subtle structural differences can result in large changes in rate. So far simple
mutagenesis approaches have proven inadequate in understanding porphryin radical
stability. This clearly is an area where some fresh approaches would benefit.

Peroxidases are not normally discussed in terms of biomedical relevance. However,
peroxidases that have a very close structural and functional similarity to both CCP and APX
now have been found in human pathogens. The most well studied of these is the Leishmania
major LmAPX discussed earlier. Quite recently it has been found that over expression of
LmAPX protects the organism against oxidative stress and associated protein damage [95,
96]. It remains to bee seen if LmAPX is essential for survival but it is clear that interfering
with peroxidase activity should increase susceptibility to oxidative stress.

Peroxidases have long been of interest from a practical biotechnological perspective. The
degradation of lignin is perhaps the premiere example. One very promising area is in
altering substrate specificity. We now know that some peroxidases have specially designed
binding sites for physiologically important substrates. Some key examples include APX,
MnP, and probably LiP. Given the striking conservation in the three dimensional structure of
peroxidases, it has been possible to swap side chains without effecting the overall fold and,
indeed, there have been some recent successes in introducing new substrate sites into
peroxidase (see Emma Raven’s chapter). It should then be possible to engineer sites that
bind to interesting substrates for bioremediation or other useful purposes. We have all the
tools in hand to accomplish this goal. Even so, the main issue will not be substrate binding
but reactivity. Peroxidases catalyze electron/H atom transfer/abstraction reactions to
generate substrate radicals. Here thermodynamic driving force is a key problem since the
redox potential of Compounds I and II must be higher than the substrate. In this regard,
peroxidases face a much different problem than P450s where the binding forces between
substrate and protein hold the substrate in place near the iron-linked ferryl O atom for regio-
and stereo-specific reaction so thermodynamic barriers to C-H bond rupture can be
overcome by strong substrate-protein binding and orientation. Moreover, there is no need, as
in peroxidases, to form a semi-stable Compound I so in P450s the “hot” ferryl center reacts
as soon as it forms. This is why one has never observed a P450 Compound I in the normal
catalytic cycle. In peroxidases, however, substrates are restricted from directly contacting
the ferryl center so long-range electron transfer and driving force become key factors. To
tackle the problem of novel substrate oxidation thus requires more than building in substrate
binding sites but also requires a tuning of Compounds I and II reactivity in order to
overcome thermodynamic barriers to electron transfer. We are, of course, limited by the
redox potential of H2O2 itself. This presents a formidable problem. If Compound I reactivity
is increased too much, then lifetime and stability become too short to enable substrates to
bind, transfer an electron/H atom, and then dissociate. Increasing reactivity too much also
could result in enzyme self-destruction. That protons and electrons are involved further
complicates the chemistry. The rate limiting process, proton or electron transfer, may be
different for different substrates. Thus to be able to exploit peroxidases for practical
applications, we need a more complete understanding on how the enzyme tunes the
reactivity and stability of Compounds I and II. With a recognition on the limits of what we
can push peroxidases to do, the technologies and structural information are in hand to solve
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some of these remaining problems and more fully exploit peroxidases for practical
applications.
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CCP cytochrome c peroxidase

cytc cytochrome c

APX ascorbate peroxidase

LiP lignin peroxidase

VP versatile peroxidase

Poulos Page 15

Arch Biochem Biophys. Author manuscript; available in PMC 2011 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Crystal structure of yeast CCP. The location of the binding site for typical aromatic
peroxidase substrates is indicated as the “exposed heme edge”.
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Figure 2.
Some historical figures highlighting the state of crystallographic technology at the time the
CCP structure was solved. A) One of the early area detectors developed by Xuong and
colleagues at UCSD (cira mid-1970s). B) The type of optical comparator used to build the
first CCP model. C) One of the early 2.6Å electron density maps of CCP. This is a 5Å thick
section looking along the heme plane.
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Figure 3.
Peroxidase catalytic cycle. R is the site that forms a radical in Compound I which is the
porphyrin in most peroxidases but Trp in CCP.
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Figure 4.
A close-up view of the CCP active site derived from the 1.2Å structure [27]. Note that
Arg48 occupies two positions termed “in’ and “out”. In the “out” position, partially
occupied water molecules occupy the space vacated by the Arg48 side chain. Conversely,
when Arg48 occupies the “in” position, the vacated “out” space is occupied by water. In
Compound I Arg48 is permanently “in” where it is able to H-bond with the ferryl O atom.
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Figure 5.
The CCP and APX structures showing the location of the K+ ion in APX relative to the
proximal active site Trp.
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Figure 6.
The structure of LiP showing the location of the redox active Trp171.
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Figure 7.
The CCP-cytc structure [84].
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Figure 8.
Crystal structure of the CCP-cytc crosslinked complex highlighting the ordered solvent
molecules at the interface.
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Figure 9.
The red cytc indicates the location of cytc crosslinked S-S bond in the cytc K79C and CCP
K149C mutant. The green cytc shows the location of the cytc binding site identified in the
crystal structure.
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