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4 Redox Enzymes: Correlation of Three-Dimensional
Structure and Mechanism for Heme-Containing
Oxygenases and Peroxidases

Alycen E. Pond, Amy P. Ledbetter, Masanori Sono, David B. Goodin, and
John H. Dawson : -

4.1 Introduction

Heme proteins are arguably the most versatile class of proteins in biology. This
group of metalloproteins contains a common heme prosthetic group, yet performs a
wide variety of chemical reactions including electron transfer (cytochromes) (1, 2],
oxygen activation and insertion (cytochrome P450s) {3-6], oxygen transport (he-
moglobin and myoglobin) [3, 7, 8], substrate oxidation (peroxidases and catalases)
[9-11], and nitric oxide biosynthesis (nitric oxide synthase) [12, 13]. The heme
prosthetic group consists of a highly symmetrical and conjugated protoporphyrin
IX macrocycle coordinated to an iron atom [2]. As shown in Figure 1, this group,
also termed heme b, has two propionate groups, two vinyl groups, and four methyl
groups as substituents on the porphyrin ring system. A unique property of the heme
prosthetic group is the significant electron and spin delocalization possible among
the porphyrin macrocycle, the centrally ligated iron, and the two axial ligands [14--
18]. The ability of the porphyrin macrocycle to efficiently redistribute the net atomic
charges and unpaired spin density plays a key role in the formation and stabiliza-
tion of the various heme species required for function [14-18]. Modifications in either
the level of conjugation or the substituents on the ring structure influence the elec-
tronic properties of the system, and thus result in distinct reactivity and spectro-
scopic properties [19].

The utilization of heme b in the coupling of substrate oxidation to dioxygen or
peroxide reduction is seen for three types of heme-containing proteins: oxygenases
(Reaction 1A/1B), oxidases (Reaction 2), and peroxidases (Reaction 3). There are
two classes of oxygenases where either one oxygen atom from molecular oxygen (or
hydrogen peroxide, Reaction 1B) is incorporated into the substrate and the second
atom is reduced to water (monooxygenases) or both oxygen atoms are incorporated
to give a doubly oxygenated product (dioxygenases). Oxidases and peroxidases do
not produce an oxygenated product, rather substrates are oxidized as molecular
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Figure 1. Structure of protoheme IX (iron

protoporphyrin IX, heme b). Coo COO
Monooxygenase R-H + 0, +2H* —2¢™ — R-OH + HO (1A)
Peroxygenase R-H + H;0; — R-OH + H,0 (1B)
Oxidase 2RH; + 0; — 2R + 2H,0 (2)
Peroxidase RH; + H,0, — R + 2H,0 (3)

oxygen or hydrogen peroxide are reduced to water, respectively. While all thl:ee
classes of enzymes possess the same heme core, their catalytic function varies
greatly. The basis for this variance stems from the three factors that control the
properties of metals in biological systems: (i) the coordination state pf tl_le m'etal
complex; (ii) the nature of the axial ligands in the fifth and sixth coqrdlnatlon sites;
and (iii) the protein environment enclosing the metal complex including the polarity
of the surroundings and the accessibility of substrates and solvent to the metal
[3]. Monooxygenases have various structural features that are not §hared by the
peroxidases, and vice versa [3]. An understanding of how these differences cor-
relate to enzyme function is essential in defining the relationships between oxygen-
ases and oxidases. In this review we provide updated accounts of the mechanisms
of heme-containing monooxygenases and peroxidases, with particular emphasis on
the relation of their respective mechanisms to their high-resolution X-ray crystal
structures.
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4.2 Cytochrome P450

4.2.1 Introduction

The monooxygenase family has the catalytic ability to incorporate an oxygen atom
from molecular oxygen to yield a singly oxygenated product while reducing the
second oxygen to water. In the years before 1955, the sole role of oxygen in bio-
logical systems was believed to be as an electron acceptor in dioxygen-utilizing
oxidases or dehydrogenases. In that year, Mason et al. [20] and Hayaishi et al. [21]
independently demonstrated through '80, labeling experiments that one or both
oxygen atoms from molecular oxygen can be incorporated into organic molecules
following enzymatic oxidation. The enzymes that incorporate oxygen atoms from
dioxygen were termed “‘oxygenases” by Hayaishi [22]. Shortly after the discovery of
oxygenases and their enzymatic activity, Garfinkel [23] and Klingenberg [24] in-
dependently described the presence of a carbon monoxide (CO)-binding pigment in
liver microsomes, which exhibited unusual absorbance maxima near 450 nm in the
ferrous-CO minus ferrous difference spectrum. Omura and Sato [25] later identified
this pigment (“P”) as a heme protein containing a protoporphyrin IX (Figure 1)
prosthetic group and assigned it the name ‘“‘cytochrome P450”.

Enzymes of the P450 superfamily are by far the best characterized of all heme-
containing monooxygenases, and are extensively distributed throughout the plant,
animal, and microorganism kingdoms. To date, more than 500 isozymes have been
cloned and sequenced with enzymatic activities covering a vast variety of reactivities
including hydroxylation of inactivated alkanes, conversion of alkenes to epoxides,
arenes to phenols, and sulfides to sulfoxides to sulfones (Figure 2). The hydrox-
ylation of various harmful organic molecules by P450 enzymes greatly increases the
solubility of the organic substrate, thereby facilitating their excretion from biologi-
cal systems. In contrast to their beneficial roles, P450 enzymes can also transform
certain otherwise nonreactive molecules such as benzo(a)pyrene into highly reactive
carcinogens (3], making P450 enzymes aftractive targets for cancer-related drug
design and development.

With the exception of microbial P450 enzymes, the majority of P450 proteins are
membrane-bound, being associated with either the inner mitochondrial or endo-
plasmic reticulum (microsomal) membrane. Initial efforts to release the membrane-
bound P450s from the membrane by detergent solubilization led to a loss of mono-
oxygenase react1v1ty, as well as a shift the characteristic 450 nm absorbance peak
to 420 nm in the difference spectrum [25]. Subsequently, successful solubilization
and purification of the active form of the P450 proteins and associated electron
transport proteins were achieved for the mitochondrial and microsomal P450s by
Estabrook and Coon and their respective coworkers [26, 27]. Gunsalas and co-
workers [28] discovered a soluble camphor-inducible bacterial monooxygenase
P450 (P450CAM) system in Pseudomonas pituda. The solubility of P450CAM
allows large quantities to be purified for detailed mechanistic and spectroscopic
studies, as well as successful crystallographic analysis. The crystal structure deter-
mined by Poulos and coworkers [29-33) provides researchers with a model to study
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the relationship between the P450s and their substrates, making P450CAM the
preferred vehicle for studying the relationship between structure and function of the
P450 family.

4.2.2 Reaction Cycle of P450

FElectron transport systems

In catalyzing its monooxygenase reaction, P450 can utilize either NADH or
NADPH as an electron source. The electron transport system varies among
the P450 proteins, and thus allows for an organization of the superfamily into
smaller classes. Most bacterial and mitochondrial P450 systems are termed Class I
P450s, utilizing flavin and iron—sulfur prosthetic groups for electron transfer from

- NAD(P)H [34]. Figure 3A illustrates such a system where reducing equivalents flow
from NAD(P)H to a FAD-containing protein to an iron-sulfur protein to the P450.
Microsomal systems are termed Class II P450s and employ a single flavoprotein,
NADPH-cytochrome P450 reductase, containing both FAD and FMN components
to shuttle electrons from NADH to the P450 (Figure 3B) [34]. P450BM-3 is an
unusual bacterial P450 from Bacillus megaterium that is a natural fusion protein
consisting of a P450 domain and a NADPH-cytochrome P450 reductase domain
that enables the protein to be self-sufficient (Figure 3C) [34, 35]. Finally, P450nor
from Fusarium oxysporum is a Class IV P450 that appears to accept electrons
directly from reduced pyridine nucleosides without intervening electron carriers
(Figure 3D) [36].

The reaction cycle and intermediates

The common feature of P450 enzymes is their utilization of a cysteinate-ligated
heme active site to catalyze their respective monooxygenase chemistry. The mono-
oxygenation reaction catalyzed by P4S0OCAM in the hydroxylation of (1 R)-camphor
is shown in Reaction 4. The reaction cycle determined for P450CAM (Figure 4) is
likely shared by most members of the P450 family [37], and involves four well-
characterized and isolatable complexes, 1-4, [4, 37). The substrate-free resting state,
1, is six-coordinate low-spin with a proximal cysteine residue from the protein and a
distal water molecule from the solvent serving as the axial ligands (Figure 5B).
Addition of camphor displaces the solvent molecule, yielding a five-coordinate
high-spin complex, 2, with a vacant coordination site on the distal side of the heme
that will ultimately be available for dioxygen binding. The shift of the iron spin

. P450CAM
* NADH + 2H"+ O +NAD' +H,0  (4)

OH
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A) Mitochondrial and Bacterial Systems

FNAD(P)M [FAD] flavoprotein H iron-sulfur protein J——>| P450 J

NADH Putidaredoxin Putidaredoxin {bacterial)
reductase

NADPH Adrenodoxin Adrenodoxin (Mitochondriat)
reductase

B) Microsomal Systems

NADPH-cytochrome P450
reductase

C) Bacillus megaterium (PA50-BM3)

AD————> FMN] flavoprotein———> P450

NADPH-cytochrome P450
reductase

D) Fusarium oxysporum (P450nor)

l NADPH }* >{ P450 ‘

o}
N _H
~ N Cys——-S\ /S\ /S Cys
Fe Fe
> /& . N 7N
N N [} Cys—S S S—Cys

R

Flavin moiety of FAD and FMN Fe,S,Cys, Iron-sulfur Cluster

Figure 3. Electron donors and transport pathways for A) mitochondrial and bacterial; B) micro-
somal; C) Bacillus megaterium; and D) Fusarium oxysporum P450 systems. The structures of the
flavip moiety of FAD and FMN (bottom left) and the Fe;S;Cysq cluster (bottom right).

state from low- to high-spin upon substrate binding results in a significant increase
in the redox potential (E®) of the heme iron (—330 to —173 mV versus NHE). As
seen in Reaction 1A, the activation of molecular oxygen for monooxygenase
chemistry requires the input of two electrons. For PA50CAM, these electrons are
provided by NADH via two electron transport proteins (Figure 3A): putidaredo-xm
reductase (a FAD-containing protein) and putidaredoxin (an iron-sulfur protein).
Substrate binding facilitates electron donation from the reduced putidaredoxin
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Figure 4. Catalytic cycle of cytochrome P450 including the postulated structures of the putative
intermediates. RH represents the substrate and R(O)H represents the product. The porphyrin
macrocycle is abbreviated as a parallelogram with nitrogens at the corners. See text for details.
(Adapted from Ref. [6].)

(E” = —196 mV) to the ferric PASOCAM heme iron to produce the ferrous state of
the protein, 3. Dioxygen binds to the ferrous heme iron to form the ferrous oxy
complex, 4a]4b, whose valence structure can be presented either as the ferrous-O,,
4a, or as the ferric superoxide, 4b, complex. Addition of carbon monoxide to 3
yields a ferrous carbon monoxide adduct, 5, with its characteristic absorbance peak
at 450 nm {37},

Addition of a second electron from NADH, 4ajdb, the rate-limiting step of the
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Figure 5. {A) Schematic representation of the crystal structure of P450CAM generated from the X-
ray coordinates [58]. Helical regions, B-sheet regions, and the heme group are shown. (B) Key cata-
lytic residues and the location of camphor in the heme active site [58]. The heme is ligated to a
cysteine residue with the sixth position vacant. Dashed lines represent hydrogen bonding intex-
actions between the C2 carbonyl of camphor and Tyr96, and the heme propionate and Thri0l. The
site of hydroxylation on the camphor molecule is denoted with an arrow.

catalytic cycle [38, 39], is proposed to give a ferric peroxide complex, 6a, which can
then be protonated to yield a ferric hydroperoxide species, 6b. Addition of a second
proton to this outer oxygen leads to heterolytic cleavage of the O-O bond, releasing
water and generating the proposed oxo-ferryl (O=Fe!™) porphyrin radical inter-
mediate, 7. Intermediate 7 is equivalent to the high-valent iron-oxo species of the
peroxidases called Compound L Compound I is the most likely candidate for the
“reactive oxygen” form of P450 that hydroxylates inactivated hydrocarbon sub-
strates. Abstraction of a hydrogen atom from the substrate by 7 forms a substrate-
based carbon radical and an iron-bound hydroxyl radical. Radical rebound then
yields the hydroxylated product and regenerates 1 (3, 4, 6, 40].

The short circuit or peroxide shunt

The cycle can also be turned over by two shunt pathways (pathway A and B in
Figure 4). First, oxygen atom donors ([0)) such as iodosobenzene and peracids can
replace the two electrons and dioxygen required for the normal catalytic cycle and
react directly with 2 to generate oxygenated products likely through intermediate 7
(Pathway A) (4, 27, 41]. Similarly, some P450 proteins are able to replace molecular
oxygen and NADH with hydrogen peroxide in a manner similar to the peroxidases.
Pathway B illustrates the utilization of hydrogen peroxide to form 7 from substrate-
bound ferric P450CAM (2) via the ferric hydroperoxide species, 6b (4). Conversely,
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pathways C and D illustrate the uncoupling of NADH oxidation and oxygen
transfer. Protonation of the iron bound oxygen in 6b releases hydrogen peroxide
generating the five-coordinate ferric state, 2, with no oxygen transfer to substrate
(pathway C), a two-electron uncoupling reaction. Also, two-electron reduction and
diprotonation of the oxo group in 7 gives a second molecule of water, regenerates
complex 2, and no oxygenated product yielding a four-electron uncoupling reaction
(pathway D) [42-44].

Poulos has discussed the most likely causes of these latter two uncoupling re-
actions based on examination of the crystal structures of complexes of P450CAM
with various camphor analogues and of site-directed mutants of P450CAM with
modified substrate-binding sites [45]. The presence of excess solvent molecules near
the heme, as well as an increase in substrate mobility, have been suggested as pos-
sible explanations for the uncoupling of electron transfer to oxygen transfer. Despite
being the ultimate source of the protons needed for catalytic turnover, the presence
of excess solvent within the active site could promote various uncoupling reactions.
In related work, Sligar and coworkers have demonstrated that steric factors on the
distal side of the heme strongly influence the coupling of oxygen and electron transfer
in P450CAM and the partitioning between two- and four-electron uncoupling [42].

4.2.3 Molecular Structure of P450

In 1985, PAS0CAM was the first P450 protein to be successfully crystallized and
have its structure determined [29]. The protein has an asymmetrical triangular shape
consisting of 12 « helices and five anti-parallel § sheets (Figure 5A). The heme
prosthetic group is deeply embedded into the hydrophobic interior of the protein,
sandwiched between two long « helices, with no significant exposure to the surface
of the protein. Previous spectroscopic investigations of PASOCAM established that a
cysteine residue serves as the endogenous ligand donated by the protein [4]. This
finding was substantiated by the crystal structure identifying Cys357 as the proxi-
mal ligand to the heme (Figure 5B). Several years later, the structure of the P450
domain of PA450BM-3 was determined [46], giving researchers models for a class 1
(P450CAM) and a class IT (P450BM-3) P450. A side-by-side comparison of these
two proteins can be seen in Figure 6. Subsequently, the successful crystallization
and crystallographic analysis of two other class I P450s, PASOTERP [47] and
P450eryF [48, 49}, a class IV P450, P450nor [50, 51], and P450csa [52] have been
achieved. Additional structures of P450CAM and P450BM-3 in various coordina-
tion states and oxidation states [53-55] and several mutant forms of P450CAM
[56-58] are also available.

Comparison of the amino acid sequences of members of the P450 family has
revealed two areas of sequence similarity [59]. One region contains the proximal
cysteine ligand along with the residues comprising its binding pocket. The second
areaof conservation corresponds to Thr252 of P4S0CAM located on helix I, which
interacts directly with the bound dioxygen molecule of the P450-O; complex
(Figure 5B). Both these areas are vital for efficient catalytic turnover, and will be
discussed in later sections. With the availability of the structural data of the above
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CAM

Figure 6. A side-by-side comparison of the secondary structures of P459CAM .(left) and P4SOB.M-3
(right) generated from their respective X-ray coordinates [58, 210]. Helical regions, B-sheet regions,
and the heme group are shown.

P450s, it appears that the overall structural protein fol_d and the spatial organization
of the heme-binding site are highly conserved, despite a less than 20% sequence
identity among the proteins. Closer examination of thgse structures shows that th@re
is ample diversity in the primary, secondary, and tertiary structures of the proteins
to accommodate their wide variety of substrates, redox partners, and celiular loca-
tions. Detailed structural comparisons of these P450 proteins by Poulos et al. [33]
and Peterson and colleagues {34, 59] can be found in the P450 literature. )

In this new millennium, significant advancements have already been made in the
crystallographic study of P450 proteins. First, McRee and coworkers produged the
first X-ray crystal structure of a microsomal P450, P450 2C5 [60]. Comparison of
this structure with those of microbial P450s indicates that the overall fpld of the two
types of P450 proteins is similar, as is the st{uctural core surrounding the heme-
binding site. However, significant structural dlfﬁ?rences exist between the substrate
binding sites, and the modes of interaction with both ;lectron dpnors and the
membrane. Close analysis of the P450 2C5 structure provides a bas.ls for th.e study
of the interaction of a microsomal P450 with the endoplasmic retlculurp, its sub-
strate, and its redox partner. McRee and coworkers suggest a monofacial ‘attac_h-
ment of P450 2C5 to the membrane via a broad, hydrophobic surfac&_: that is adja-
cent to the anchor provided by a transmembrane helix at the N terminus [.60].- The
orientation of P450 2C5 relative to the membrane positions the electrostatic dqule
of the P450 in such a manner to maximize the attraction between the protein and its
reductase [60]. The entrance to the substrate access channel is located in the mem-
brane attachment surface, suggesting that lipophilic substrates and products can
enter or exit the P450 directly from the bilayer. An alternative substrate access
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channel is also present, which would allow more water-soluble metabolites to exit
directly into the cytoplasm [60]. As there is high sequence similarity between P450
2C5 and 91 other members of family 2 P450 enzymes [60], this structure and its
analysis will provide researchers with a template by which to model the interactions
of other microsomal P450s. )

In a second crystallographic stride forward, Schlichting et al. have obtained
structures for previously nonisolatable intermediates in the hydroxylation reaction
of camphor by P450CAM utilizing trapping techniques and cryocrystallograph
[61]. The structure of the oxyferrous complex (6a) has been determined to a 0.91 K
resolution, showing a dioxygen molecule which binds end-on to the heme iron with
the outer oxygen atom pointing towards Thr252. The bond distance between the
heme iron and the inner oxygen is 1.8 A with a Fe-O-O tilt angle of 132° [61], in
agreement with previous extended X-ray absorption fine structure (EXAFS) [62]
and resonance Raman [63] studies. In addition to altering the electron density sur-
rounding the heme group, the binding of dioxygen also affects the distal binding
pocket in two crucial ways. First, a new ordered solvent molecule (WAT 901) is
now present near both the outer oxygen atom and the hydroxyl group of Thr252.
Secondly, the backbone atoms of the highly conserved Asp251 and Thr252 have
undergone a conformational change in which the carbonyl of Asp251 has flipped
90° towards Asn255, and the amide nitrogen of Thr252 has rotated towards the
heme pocket [61]. These alternations result in new hydrogen-bonding interactions
among the distal protein residues that appear to stabilize the new solvent molecule,
WAT 901.

The addition of a second electron through irradiation of crystals of the oxy-
ferrous complex with long-wavelength X-rays alters the electron density at and
around the P450 active site [61]. Difference maps suggest that cleavage of the di-
oxygen bond has occurred, leaving a single oxygen atom bound to the heme iron.
The electron density above the heme is too small to accommodate two oxygen
atoms, and is best fit with a single oxygen atom bound to the heme at a distance of
1.65 A [61]. This distance is much shorter than the 1.8 A distance of an iron-oxygen
single bond, and is in close agreement with computational (1.66 A) [64] and EXAFS
measurements for an oxo ferryl complex in a peroxidase [65]. This potential glimpse
of compound 1 gives credence to the proposed catalytic mechanism of P450CAM
and may translate to other P450 systems.

4.2.4 Mechanism of Oxygen Activation

A distinguishing characteristic of monooxygenases and peroxidases from the glo-
bins is the ability of the former two proteins to heterolytically cleave the O—O bond
(Reaction 5A), while the latter utilize homolytic cleavage (Reaction 5B). This sub-
tle difference in mechanism allows monooxygenases and peroxidases to perform
their wide variety of catalytic activities, while globins serve as oxygen carriers. As
can be seen in Reactions 5A and 5B, the high-valent Compound I species is formed
only when both electrons in the O-O bond go with the leaving group, i.e., hetero-
lytic cleavage. When the bond is cleaved homolytically, as seen for the globins, the
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electrons in the bond are split between the two oxygen atoms, forming Compound
11, a less reactive oxo intermediate. The ability of monooxygenases anc} peropdas.es
to cleave the O—O bond heterolytically is a direct result of their respective ac.tlve site
protein environments, particularly the proximal ligand and catalytically active pro-
tein residues on the distal side of the heme.

The “push—pull” mechanism of the peroxidases

Heme-containing peroxidases carry out heterolytic O-O bond cl.eavage starting
from the ferric state and binding hydrogen peroxide to form the hlgh-valex_lt iron-
oxo intermediate, Compound L. The crystal structure of cytochrome ¢ Q‘eromdase, 2
prototypical heme-containing peroxidase, led Poulos to propose a push-pull

mechanism for the formation of Compound I [66]. In this system, 1t 1s p‘r‘opos?,d that
heterolytic cleavage is achieved by a combination Qf elect.rqn.densny pqsh from
the anionic proximal histidine, and “pull” by the distal hlslldlpe anq arginine cou-
ple (Figure 7) [66, 67]. The “pus » is provided by the proximal histidine 11gapd
whose electron donor capabilities are enhanced due to a strong hydrogen-bonding
interaction (partial deprotonation) with a neighboring carbo?(ylatg grgup,‘thereby
increasing its imidazolate character relative to the corresponding histidine ll_g.and of
hemoglobin or myoglobin. This anionic character may al§o serve to stabilize the
higher oxidation states of the heme iron during catalysis. Simultaneousty, the dlgtal
histidine accepts a proton from the inner oxygen of the bougd hydrogen pero?ude
and transfers it to the outer oxygen to generate a good leav_mg‘ group. _The d}stal
histidine works in concert with a strategically positioned cationic arginine res@ue
that serves to stabilize the developing anionic charge on the outer oxygen _durmg
bond cleavage. The combination of the distal histidine and arginine prqwde the
“pull” effect. Recent site-directed mutation of rcsidues. on both the proximal and
distal side supports the push—pull effects on the formation of Compound I of CCP
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Figure 7. Schematic view of the “push-pull” mechanism for O-O bond cleavage of an iron-bound

peroxide in thiolate-ligated (left) and histidine-ligated (righ
| ght) systems such as P450
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[66.—71], especially the replacement of the distal histidine with a leucine residue
which suppressed the rate of Compound 1 formation 10°-fold [67, 69, 70].

The “push” effect of the proximal cysteine ligand for P450

Nearly 25 years ago, Dawson proposed that the P450 proximal thiolate ligand
serves as a strong internal electron donor to facilitate O-O bond cleavage to gen-
erate Compound I (Figure 7) [72]. Three lines of evidence for the “push” of the
cyst.el.nate ligand have been reported. First, bound distal thiolates show enhanced
baswl‘ty trans to the endogenous cysteinate of P4S0CAM relative to parallel my-
ogl.o'bm addpcts [73]. Second, significant differences have been reported for the af-
finities of anionic ligands to ferric P450 and myoglobin, with anionic ligands having
much l‘ow'er affinity for ferric P450CAM than ferric myoglobin, presumably due to
the anionic character of the proximal thiolate ligand [74]. Finally, Dawson and
cpworkers have observed shifts in the in the X-ray absorption energi’es for thiolate-
hgated heme iron derivatives relative to those lacking a thiolate ligand to provide a
direct measure of the sirong electron-releasing nature of the thiolate axial ligand
[75]. More receqtly, studies using a His — Cys myoglobin mutant [76] or a thiolate-
ligated porphyrin model system [77] demonstrate that the thiolate-ligated systems
favor the heterolytic cleavage of the O—O bond compared to wild-type myoglobin
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and neutral histidine-ligated porphyrin models that predominantly cleave the O-O
bond homolytically. Once the OO bond is cleaved heterolytically, the anionic
character of the thiolate ligand helps to stabilize the high-valent nature of Com-
pound I.

In 1999, Hager and coworkers provided the first evidence that the strong anionic
character of the thiolate ligand may not be the only determining factor in the dif-
ferentiation between homo- and heterolytic cleavage of the O-O bond. Replace-
ment of the proximal thiolate ligand in the related peroxidase enzyme of chlor-
operoxidase (CPO), a versatile heme enzyme from Caldariomyces fumageo, with a
histidine resulted in a recombinant mutant that retains most of its chlorination,
peroxidation, epoxidation, and catalase activities [78). This retention of activity
despite the loss of thiolate ligation indicates that the environment of the distal
pocket may play as important a role as the proximal ligand in differentiating be-
tween homo- and heterolytic cleavage of the O-O bond. CPO has a very polar
distal environment that is typical of peroxidases. As evidenced by the high activity
levels of the Cys — His mutants, this polar environment likely plays a major role in
maintaining the diverse catalytic activities of this enzyme.

The proton shattle in P450

The “push” of the thiolate ligand cannot, by itself, accomplish heterolytic cleavage
of the O-0O bond (Figure 7). In addition, there must be a source of protons to en-
able the outer oxygen atom of the bound peroxide (Figure 4, species 6a) to leave as
water, Theoretical studies by Loew and Harris [64] indicate that the protonation of
the outer oxygen leads to significant weakening of the O—O bond. This weakening is
manifested in both an increase in O—O bond length from 1.33 to 1.46 A, and a de-
crease in the bond order from 0.87 to 0.48 [64]. However, only the addition of the
second proton results in the cleavage of the dioxygen bond, resulting in the forma-
tion of Compound I {64]. These results provide strong support for consecutive or
simultaneous double protonation of the outer oxygen atom of the ferrous dioxygen
complex being the ultimate cause of O—O bond breakage.

Extensive study of the P450CAM active site has identified two potential routes
for proton transfer (Figure 8). The first involves two highly conserved residues,
Thr252 and Asp251 [58, 79-83]. The second possibility is via a water chain and the
highly conserved Glu366 [84]. Sligar and coworkers have proposed that Thr252 and
Asp251 form a proton relay network that works in conjunction with two other
charged amino acids to reach the surface solvent and provide a conduit for protons
[58, 80-83]. Replacement of Thr252 with alanine (T252A) results in a drastic drop
in hydroxylation activity (~95 %) without a simultaneous decrease in NADPH and
0, consumption (i.e., increased uncoupling) [82, 85]. Similarly, replacement of the
corresponding Thr268 with alanine (T268A) in P450BM-3 results in a decrease in
substrate (laurate) hydroxylation (~85 %) and an increase in uncoupling [86].
However, in PA50CAM substituting Thr252 with either a serine or an O-Me-Thr
residue produces an enzyme that retains high activity [79, 87]. The mechanistic
results obtained with these mutants indicate that the role of Thr252 in the hydrox-
ylation mechanism is to provide a hydrogen bond rather than a proton during



70 4 Redox Enzymes

Glu 366

Figure 8. A schematic view of the proposed proton shuttle in the distal pocket of P4AS0CAM. Distal
residues and the heme were generated using the X-ray coordinates [58]. Dashed lines represent
hydrogen-bonding interactions as determined in Ref. [61]. Water molecules are represented by iso-
lated spheres, with WAT 901 and WAT 902 in positions determined in Ref. [61].

turnover (Figure 8). The recent crystal structure of the oxyferrous complex of
PflSOCAM confirms this assignment, showing Thr252 within hydrogen bonding
distance to the bound dioxygen molecule as well as a potentially catalytic solvent
molecule, WAT 901 [61].

R_eplacement of Asp251 with asparagine (D251N) decreases the rate of hydrox-
ylation by two orders of magnitude, with relatively little uncoupling and shifts the
rate limiting in the catalytic cycle [58, 80, 88]. Based on isotopic and crystallo-
graphic studies of wild-type and D251N P450CAM, Sligar and coworkers proposed
a prpton shuttle involving two new solvent molecules in the active site, with Asp251
serving as a “caboxylate switch” between solvent-accessible residues and the cata-
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lytic water molecules (Figure 8) [79]. However, the availability of recent structural
data has altered this proposal somewhat, with Asp251 now serving as a “carbonyl
switch” that stabilizes WAT 901 instead [61].

The intrinsic diversity of the family must be kept in mind when trying to apply
results for P450CAM to the P450 superfamily. In P450eryF, a P450 that catalyzes
the hydroxylation of 6-deoxyerythronolide, there is an alanine (Ala245) in the po-
sition corresponding to Thr252 in PASOCAM. Mutation of this residue in P450eryF
to a threonine (A245T) results in a dysfunctional protein, similar to the opposite
mutation in PAS0CAM (T252A). Therefore, P450cryF must utilize a varied source
of protons in its catalytic cycle. Molecular dynamic simulations by Harris and
Loew [64, 84] have identified a stable hydrogen-bonding network leading from the
outer oxygen of the iron-bound dioxygen to the carboxylic oxygen of Glu360, a
highly conserved residue in the P450 family. This residue is located in a solvent-
accessible channel, and is likely the ultimate source of protons in P450eryF [64, 84].
The corresponding residue in P450CAM, Glu366, does not appear to serve the
same purpose in the catalytic cycle as its mutation to a methionine shows little effect
on catalytic activity [89]. Instead, structural data suggest that this residue may
“anchor” a solvent chain that extends between Thr252 and Glu366 (Figure 8) [61].
Therefore, neither the role of a specific amino acid nor the consequence of a muta-
tion can be inferred for one P450 enzyme based on the results for another isozyme.

4.3 Nitric Oxide Synthase

4.3.1 Introduction

Nitric oxide (+NO) is a diatomic, reactive radical that has become the focus of
intense scientific investigation during the past two decades. Its role as a biological
messenger places this small molecule at the heart of a number of complex regula-
tory mechanisms in diverse biological systems. The ability of «NO to diffuse freely
from its point of origin rather than using classical biologica! trafficking routes (i.e.,
specific transporters or channels) makes regulation dependent on its actual biosyn-
thesis, and not its movement through the body. Before 1981, sNO biosynthesis was
believed to the restricted to bacteria that engaged in nitrification and denitrification
reactions [90]. For the first time in 1981, nitrogen oxides were conclusively demon-
strated as significant products in mammalian metabolism [90]. Building on this
discovery, numerous research groups have focused on the role of *NO in mamma-
lian systems. Stemming from this research, *NO has been implicated as a neuro-
transmitter in the brain, a vasodilator in smooth muscles, and an immunocytotoxic
reagent in macrophages [90]. As the potential functions of «NO become more es-
tablished, scientific attention has shifted towards its regulation and therefore to the
enzyme responsible for its biosynthesis, nitric oxide synthase (NOS). Following
initial sequencing and development of a recombinant system in 1991, the amount of
knowledge accumulated about NOS is astounding.
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Neuronal NOS 160 kDa

HN-{Ag  Heme  HB [lcam] [emn]  [Fap] | napPH}-cOOH

Endothelial NOS 133 kDa
HN—{ Ag Heme HB [[cam] [rmn|  |Fan] | NADPH}cOOH

Inducible NOS 130 kDa ,
N Ag Heme HB[lcaM] [Fmn]  [rap] | NaDPH|cOOH

Oxygenase Domain Reductase Domain

Figure 9. Map of the primary amino acid sequence of nNOS, eNOS, and iNOS. A calcium—
calmodulin binding region separates the oxygenase and reductase domains. The reductase domain
contains binding sites for two flavin cofactors (FAD and FMN) as well as a binding site for the
electron donor, NADPH. The oxygenase domain contains binding sites for the heme, the substrate
{L-arginine), and tetrahyrobiopterin (HsB). (Adapted from Ref. [90}.)

4.3.2 The Isoforms

To date, three isoforms of NOS have been identified: neuronal NOS (nNOS, NOS-1,
brain), inducible NOS (iNOS, NOS-II, immune system), and endothelial NOS
{eNOS, NOS-ITI, cardiovascular system). These isoforms have been purified from
different sources, and many have been cloned and functionally expressed [91]. Each
isoform of NOS is comprised of a N-terminal oxygenase domain and a C-terminal
reductase domain connected by a 30-amino acid recognition sequence for the bind-
ing of the calcium/calmodulin (Ca?*/CaM) complex (Figure 9) [12, 90, 92--95]. The

~oxygenase domain contains binding sites for the heme, the cofactor tetrahydro-
biopterin (H4B), and the substrate, L-arginine (L-Arg). The reductase domain con-
tains binding sites for NADPH, flavin mononucleotide (FMN), and flavin-adenine
dinucleotide (FAD) that shuttle electrons to the heme center to couple product
formation. The Ca?*/CaM complex acts as a hinge between the oxygenase and re-
ductase domains, allowing communication between domains {96, 97]. In nNOS and
eNOS, the electron flavin-to-heme transfer must be initiated by the binding of the
Ca?t/CaM complex, whereas iNOS is active at all times because Ca*t/CaM is
always bound. Recently, work with iNOS indicates that the electrons flow between
the oxygenase and reductase domains on adjacent subunits (Figure 10) [98]. This
“domain swapping” provides a means for NOS to prevent uncoupling of NADPH
oxidation and may provide a way for HyB function or Ca?*/CaM control of heme
iron reduction [98].

Dimerization of the oxygenase domains is essential for catalytic activity and for
binding of the pterin cofactor {99]. Recent structural data for the dimeric oxygenase
domains of NOS [100-102] reveal an extensive dimer interface that creates binding
sites for the two pterins, sequesters the heme from the solvent, and helps to structure
the substrate binding site (Figure 11). Upon dimerization, all three isoforms pro-
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- Figure 10. Proposed model for the iNOS dimer indicating domain swapping and electron transfer

pathway. (Adapted from Ref. [98].)

Figure 11. Schematic ribbon drawing of the iNOS oxygenase dimer gengrated'from the X«lray'co—
ordinates [107] illustrating the locations of heme, L-arginine, tetrahydrobiopterin, and the zinc ion.
The zinc ion is tetrahedrally coordinated to its protein ligands.
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quce -NQ by catalyzing the oxidation of L-arginine to L-citrulline and +NO, via the
mtermefila.te, N@-hydroxy-L-arginine (NHA) (Reaction 6) {12, 92, 95]. The ’reaction
is a variation on the hydroxylation reaction catalyzed by P450 enzymes; thus, it is
not surprising that NOS and P450 are very similar biological machines. Both h;ve a
thiolate-ligated heme prosthetic group at their respective active sites, and utilize a
FMN/FAD reductase system for electron transport from NADPHT With an ex-
ception of P450 BM-3, NOS is distinct from P450s in that NOS is a “self-sufficient”
monooxygenase in which both the oxygenase and reductase domains are part of a
single peptide. Unlike P450 BM-3 that is also self-sufficient by having a fused oxy-
genase ar}d reductase domains in a single peptide [103], NOS employs a H4B group
the fpnctlon of which is poorly understood. However, it is required for efficient cai
talysis, and essential for «NO production [104].

Neurpnal production of *NO is triggered when an activated neuron releases
a chemical messenger (glutamate) from the presynaptic neuron to bind to receptor
sites (N—methy]-o-aspartate) on the postsynaptic neuron. The transmission of this
nerve 1.mpulse opens a channel in the receptor allowing the influx of calcium ions
These ions can then bind to calmodulin already present in the cell, forming a Ca?* /
CaM cgmplex that binds to and activates nNOS [90]. The sNO radical that is pro-
duced in turn activates soluble guanylate cyclase in the postsynaptic neuron and
pottf,nt.lally in the presynaptic neuron.

Similar to the activation mechanism found in the neuronal cells, chemical mes-
sengers (f:.g., hormones or acetylcholine) bind to their corresponding receptors on
endothelial cell membrane. This binding triggers the opening on a membrane
channel, resulting in a flow of calcium into the cell. Once in the cell, the calcium
binds to a calmodulin molecule, forming the Ca**/CaM complex that) in turn acti-
vates eNOS through binding. As eNOS is bound to the inner surface of plasma
memprane of the cell, the +NO produced diffuses freely into both the blood vessel
and into the underlying vascular smooth muscles cells. In the blood vessel, +NO
enters blood platelets and decreases their aggregation with each other and7 their
adheswp to epdothelial cells [90]. Within the muscle cells, «NO activates sGC
IC):oducutxﬁ an increase fn} cyclic guanine monophosphate (¢cGMP) levels. cGMP de:

eases the amount of free calcium le i i
e vamtiate (0] vels in the muscle cell, allowing the blood

Unlike nNOS and eNOS, inducible NOS does not require calcium for activation

Instead, the enzyme is synthesized in macrophages in response to cytokines. Oncé
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synthesized, iNOS immediately begins production of *NO that diffuses at least
partially into the nearby tumor cell. Once inside the cell, *NO can disrupt a number
of cellular processes, including electron transport needed for adenosine triphosphate
synthesis, and the tricarboxylic acid cycle. In addition, *NO can also inhibit the
ribonucleotide reductase necessary for DNA synthesis and cell division [90].

4.3.3 The Molecular Structure of NOS

The recent advances in NOS structure analysis have shed light on the roles of the
pterin, the substrate, and the newly discovered zinc jon in dimer formation and
stabilization as well as catalytic activity. Work by numerous groups on iNOS
(murine and human) (100, 101, 105-107), and eNOS (human and bovine) [101, 102]
provides an intimate view of the various interactions between cofactors and pro-
tein—protein interplay in dimer formation. Structural work on the neuronal isoform
of NOS is presently ongoing, with preliminary results indicating high structural
similarity to published structures of the other NOS isoforms (T.L. Poulos, personal
communication).

Prior to the elucidation of these structures, it was known that NOS must dimerize
through the oxygenase domain for catalytic function [99]. Structures of the oxy-
genase dimer of both iNOS and eNOS reveal that dimer formation reinforces the
substrate binding channel and sequesters two pterin molecules within two symme-
try-related lariats (see Figure 11) [100-102}. The dimer interface is extensive with
between 1200 and 2800 iz of buried surface [100-102]. Additionally, conforma-
tional changes upon dimerization of iINOS expose the heme edge opposite of the
center channel, and provide a possible interaction surface for the complementarily
shaped reductase domain [100].

Similar to the P450s, the substrate (L-Arg) is held in place by hydrogen-bonding
interactions that position the atom to be hydroxylated within 4 to 5A from the
heme iron (Figure 12) [100-102}. Interactions of the L-Arg guanidinium group at
the bottom of the heme pocket suggest a mechanism for »NO synthesis where the
proton donation from the substrate to the iron-bound dioxygen facilitates hetero-
lytic cleavage of the 0-O bond, yielding Compound I {100]. This interaction serves
to neutralize the guanidiniuvm group, and discriminates between Compound I and
the ferric superoxy species in the two steps of «NO synthesis. The only major dif-
ference between the binding modes of L-Arg and NHA in the active site results from
the addition of the NHA hydroxyl group. The structure of this complex shows the
oxime nitrogen (N®) of NHA projecting towards the center of the porphyrin mac-
rocycle ~4 A away from the iron [106]. This positioning leaves no proton readily
available for the breakdown of the ferric superoxy complex to Compound I, thereby
allowing the dioxygen species to serve as the active oxygen intermediate in the re-
action of NOS with NHA. However, direct interaction between the ferric superoxy
complex and NHA is unlikely. Modeling studies with the structure of NHA-bound
iNOS indicate that the terminal oxygen of the ferric superoxy species is distant from
the NHA hydroxyl group and therefore does not appear able to interact with this
substrate moiety [106). Instead, free radical addition of the ferric superoxy to the
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Tyr 373

:igure‘ 12‘. Key catalytic fcsidues and the location of L-arginine in the heme active site [100]. The
eme is ligated to a cysteine residue with the sixth position vacant. Dashed lines represent hydro-

[gle(l}l(;]bonding interactions between the substrate and the distal heme environment as depicted in Ref.

NHA oxime or proton donation from protonated N® to the heme species are sug-
gested as likely mechanistic pathways [106]. Regardless of the final mechanism, the
L-Arg. and NHA -bound structures of NOS imply that NOS catalysis selects bet\;veen
two different reductive activations of dioxygen.

The essential pterin cofactors of the NOS bind at the dimer interface ~13 A apart
and '~.40° f.rom coplanarity (Figure 11) [100-102, 106, 107]. The H4B heteroatoms
participate in a qumber of hydrogen-bonding interactions—most importantly with
a t}'yptophan re.SLdue from the same subunit, and a phenylalanine residue from the
ad]acent subunit (Figure 13). These two residues maintain z-stacking interactions
w1th .the H4B pteridine ring increasing both pterin affinity and «NO synthesis
activity [100-102, 106, 107]. Additionally, the pterin interacts with the same heme
propionate group as L-Arg and NHA (Figure 13), allowing allosteric interaction
between the pterin and the substrate via the propionate group. Recent structural
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Figure 13. The H4B binding-site in iINOS generated from the X-ray coordinates [100]. The amino
acids involved in hydrogen-bonding interaction with the pterin are shown. {A) or (B) denote the
subunit of the residue.

data of NOS with H4B bound, as well as other substituted and oxidized pterins,
indicates that HB likely binds in its neutral form and fulfills roles ranging from
dimer stabilization to acting as a redox cofactor or modifier of heme reactivity
[106].

The most recent discovery revealed by structural NOS data is the positioning of a
tetrahedrally coordinated zinc ion at the base of the dimer interface (see Figure 11).
Seen first for eNOS [102], this divalent metal site has since been observed in iINOS
{100, 101, 106] and nNOS (T.L. Poulos, personal communication). The zinc ion is
coordinated to pairs of symmetry-related cysteine residues, and is equidistant from
both pterin cofactors (~12 A) and heme groups (~20 A). This remote location from
the catalytic heme iron, as well as its complete coordination by four cysteines
(Figure 14A), is consistent with a structural rather than enzymatic role for the zinc
ion. Structures of zinc-free INOS show the formation of a self-symmetric disulfide
bond (Figure 14B) across the dimer interface that adversely effects subunit associ-
ation, formation of the pterin-binding site, and catalytic activity {107, 108], sup-
porting the structural role proposed for the zinc site. In addition, the surface of the
area closest to the zinc site in eNOS is the most electropositive region of the molecu-
lar surface, and provides an excellent docking site for the strongly electronegative
reductase domain [102]. Similar calculations for iNOS reveal no such surface near
the zinc site, and point instead to the surface surrounding the exposed heme edge as
the potential site for reductase binding {108].
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Zinc-bound

Zinc-free

Figure 14. Ribbon drawing of the (A) zinc-bound and (B) zinc-free states of the iINOS oxygenase
domain as determined by X-ray coordinates [107].

4.3.4 The Mechanism of NOS

Proposals regarding the NOS catalytic mechanism of the conversion of L-Arg to
L-citrulline and *NO have ranged from sole participation of the heme cofactor (a
P450-type mechanism) to interactions between the substrate, heme, and the H4B
cofactor. The conversion of L-Arg to NHA is a two-electron oxidation of one of the
guanidino nitrogens of L-Arg. This step is believed to parallel a P450 hydroxylation
reaction with direct involvement of the heme in oxygen activation [4, 6, 109). In the
second half of the overall reaction, the conversion of NHA to r-citrulline and «NO
is a three-electron oxidation of the substrate involving electron removal, oxygen
insertion, and carbon-nitrogen bond scission to form product [12, 90, 110].
NADPH stoichiometry for all three isoforms under multiple turnover conditions
suggests that 1.5 mol of NADPH is consumed to generate 1 mol of «NO and L-
citrulline {111-113). Of these three electrons, the conversion of L-Arg to NHA uti-
lizes two electrons, while the formation of «NO and r-citrulline from NHA requires
the remaining 0.5 mol of NADPH. Related 80, experiments demonstrated that
the oxygen atoms incorporated into +NO and L-citrulline originate from different
molecules of molecular oxygen [114, 115]. The interesting aspect of NOS chemistry
is that the enzyme converts substrates (L-Arg, O, and NADPH) with an even
number of electrons into products that also contain an even number of electrons
{L-citrulline, water, and NADP) plus the free-radical species, sNO [90].

Conversion of L-Arg to N “-hydroxy-L-arginine

The first half of the working mechanism shown in Figure 15 originates from pro-
posals in the NOS literature [116, 117} involving the formation of a high-valent oxo
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Figure 15. Proposed mechanism for the biosynthesis of nitric oxide from L-arginine. See text for details. (Adapted from Ref. [90].)
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heme complex analogous to Compound I in P450 and peroxidase chemistry. Ini-
tially, the ferric five-coordinate largely high-spin resting state binds L-Arg to form
the totally high-spin substrate bound complex (1). Upon addition of an electron
from NADPH, the ferric-iron is reduced to the deoxyferrous complex (2). One
equivalent of dioxygen binds to the ferrous heme iron to form the oxyferrous com-
plex, shown in Figure 15 as the ferric superoxide resonance form (3). Addition of a
second electron to 3 from NADPH is proposed to give a ferric peroxide complex (4)
that can then be doubly protonated to lose water and yield the oxo-ferryl (O=Fe!Y)
porphyrin radical intermediate (5). Unlike P450s where protons are shuttled in from |z

the surface of the protein via a distal charge relay, structural data implicate the e
proton-rich guanidinium group of L-Arg as the proton source (Figure 16) {100]. The l l
position of the terminal nitrogen 3.8 A from the heme iron permits the donation of * s,
protons to the peroxo-iron, facilitating O-O bond cleavage and reduction of the’ ' 'i
guanidinium charge [100]. Following O-O bond cleavage, the substrate can then

react with the remaining electrophilic oxo-iron species to form the hydroxylated

product, NHA.
Similarities between NOS and P450 (e.g., thiolate-ligation to the heme, close
proximity of the substrate to the active oxygen intermediate, and O, and NADPH
requirements) provide a powerful argument for a P450-type reaction mechanism. . 4
However, other mechanistic proposals have been offered which liken NOS to an || &
amino acid hydroxylase rather than to a P450. The reasoning behind an alternative : E'/z Z_I"'°=<
catalytic pathway for NOS is two-pronged. First, hydrogen peroxide is unable to 5
catalyze the formation of NHA from L-Arg. This reaction—also known as the
peroxide shunt—allows hydrogen peroxide to replace O, and the two electrons = q
from NADPH, and is well established for P450 enzymes. Second, experiments by S
Perry and Marletta determined that addition of exogenous nonheme iron increased
nNOS activity [118]. This stimulation led to the proposal that the pterin and the
nonheme iron are in close proximity such that both participate in oxygen activation 5
and hydroxylation [118]. This catalytic mechanism would account for the inability ‘ @
of hydrogen peroxide to substitute for oxygen and NADPH. Recent crystallo- l
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graphic analysis of tyrosine hydroxylase [119] and NOS [100-102, 106] refute these
proposed roles for mononuclear iron and the pterin by revealing little similarity
between the two enzymes. In fact, no mononuclear metal binding site could be
found in NOS [100-102, 106]. In light of this evidence, the monooxygenation of
L-Arg by NOS likely follows a P450-type mechanism, despite the ineffectiveness of
hydrogen peroxide in catalytic turnover.
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Single turnover experiments by Stuehr and coworkers have determined that only I \g 9w
one exogenous electron is necessary for conversion of NHA to products [120]. ° g%
These results argue against participation of the P450-like oxo-ferryl intermediate D 03_ Z
and instead favor a ferric-superoxide complex as the reactive oxygen intermediate in j 3 < £
the catalytic mechanism. In the first half of the NOS reaction, the ferric superoxy +|+ =8
complex is thought to be only an intermediate that leads to a “reactive oxygen ‘8 o ?Dé
species” capable of hydroxylating 1-Arg, whereas in the second half it may react z &5
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directly with the substrate, NHA. Following the formation of NHA (Figure 15),
reduction of the regenerated ferric five-coordinate species (6) by an electron
from NADPH vyields a five-coordinate ferrous adduct (7). Dioxygen binds in
the sixth coordination site to form the ferric-superoxide complex (8). A hydrogen
atom from the NHA reduces the ferric-superoxide adduct to form the ferric-
hydroperoxide complex (9) and a cation radical on the guanidino carbon of the sub-
strate. The ferric-hydroperoxide species nucleophically attacks the guanidino carbon
("O-N*=C(NH,)-NHR) of the substrate (10), which undergoes electron arrange-
ment (11) to produce Lcitrulline, sNO, and the ferric resting state (12) [12, 110].

The exact identity of the reactive oxygen intermediate in the conversion of NHA
to products is the focus of much experimental investigation. Structures of NHA-
bound iNOS [106] impose mechanistic constraints due to steric clash between NHA
and the iron-bound dioxygen ligand. This negative interaction favors either free
radical addition of the ferric superoxy to the NHA oxime or proton donation from
protonated N to the heme species [106]. Furthermore, positioning of the NHA
hydroxyl group may direct NOS towards a ferric-peroxo-NHA radical intermediate
prior to breakdown into products [106}. However, these structures do not discount
participation of a high-valent iron-oxo species in the second half of the reaction. In
fact, an iron-oxo would be well situated relative to the NHA oxime to form an
oxaziridine (which has a triangular ring with C, N, and O atoms) that could ring-
open to produce L-citrulline and «NO [106]. This type of intermediate has also been
proposed to explain the additional products, cyanoornithine and NO~, observed
when the NOS reaction is shunted with peroxide [121]. However, L-citrulline for-
mation in the hydrogen peroxide-dependent oxidation of NHA can be accounted by
either mechanism involving a ferric peroxo or an iron-oxo intermediate. Thus, the
reaction with hydrogen peroxide cannot be considered to occur exclusively via an
iron-oxo intermediate. The lack of cyanoornithine and NO™ under natural turnover
conditions favors ferric superoxy over Compound I as the reactive oxygen inter-
mediate when NADPH and O, serve as reactants. Recent spectral evidence
obtained by Stuehr and coworkers [114] demonstrates that the ferrous oxygenase
domain of nNOS can catalyze a quantitative conversion of NHA and dioxygen to
citrulline and «NO in a single turnover reaction. Stopped-flow spectral analysis
indicates formation of a ferrous-oxy (or ferric superoxy) species (Amax = 427 nm)
prior to NHA oxidation [116]. Two other groups, using full-length NOS with bound
L-Arg [122] or nNOS oxygenase domain with bound N¢-methyl-L-Arg [123], have
observed a ferrous-oxy species that exhibits a considerably more blue-shifted Soret
absorption band (Amax = 415-419 nm) at —30°C in 50 % ethylene glycol. Exami-
nation of the formation and reactivity of the ferric superoxy complex with NHA
shows a build-up of the ferric NO species prior to regeneration of the ferric resting
state [116). The accumulation of this intermediate establishes the «NO radical as the
primary product rather than other N-oxides such as nitroxyl, which would generate
a ferrous NO complex with the heme. The sum of these studies, while not com-
pletely dismissing Compound I as an active participant in catalytic turnover, sup-
ports the proposed mechanism shown in Figure 15, indicating that the O-O bond is
intact during the NHA oxidation in NADPH-dependent catalysis.
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The role of tetrahydrobiopterin

Initially, the role of H4B in the NOS system appeared to one of dimer stabilization,
as indicated by its tight binding at the dimer interface [100-102]. Re'cem structqral
and mechanistic investigations have helped to clarify and expand th1§ role, arguing
that the cofactor may also participate directly in the NOS f:atalytxc mechamsm.
Comparison of a series of dihydro- (H,B) and tetrahydr.opterms (H4B) in support-
ing electron transfer, «NO formation, and dimer formation demonstrates the abso-
lute requirement for reduced pterin for formation of produ_c.ts but not for stable
dimer formation [124]. In addition, H4B decreases t.he §tab111ty of the NOS OXy-
ferrous complex (125], which clearly implies communication between the pterin and
heme sites. Studies of dimerization and catalytic competency of H,B-free iNOS
indicate that the pterin is essential for conversion of L-Arg to NHA, but not for
conversion of NHA to products [104]. The inability of pt;rin-frqe NOS to convert
L-Arg to NHA implies a direct catalytic role for HyB in thls.portlc.)n of the reaction
mechanism. Low-temperature, rapid-reaction experiments mv;stxgatmg the effef;t
of HyB on the decay of the oxyferrous complex of nNOS indicate that the pterin
donates an electron to the heme dioxy complex in the presence of L-Arg [122].
Furthermore, recent EPR experiments show the formation of an apparently stable
H;Be radical under single turnover conditions when L-Arg i§ the substrate (117).
These results, coupled with the known location of the pterin within the crystal
structure, are most consistent with H,B being involved in electron transfer to the
heme group in NOS rather than direct interaction with .the substrate. The role gf
H,B in the conversion of NHA to products is more ambiguous. Pterm-fr;e 'NOS is
still able to convert NHA to L-citrulline and «NO; however, cyanoornithine and
NO- are also formed [104]. The variation of the product proﬁl; in the absence qf
H,B implies a role for the pterin in the NHA reaction. A direct redgx role is
unlikely, as some L-citrulline and «NO are formed. However, the formatmn of t.he
cyanoornithine and NO~ products is similar to the effe;ct of shunting NOS with
peroxide, indicating that the pterin may play a role in the ‘modulation of the
reductive pathway of the ferric superoxy heme complex.

4.4 Heme-Containing Plant Peroxidases

4.4.1 Introduction

Heme peroxidases are found extensively throughout the p'lant, ar.ximal, and ba;terial
kingdoms. These enzymes catalyze the oxidation of a wide variety of organic and
inorganic substrates, with the concomitant reduction of hydrogen peroxide or other
hydroperoxides (ROOH) to water to alcohols (ROH), respectively:

H,0, + 2AH — 2H,0 + 2A
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Peroxidases fall into two superfamilies (plant and mammalian) and a third, indis-
tinct group that includes chloroperoxidase (a P450-like hybrid) and di-heme cyto-
chrome ¢ peroxidase from Pseudomonas aeruginosa. The plant peroxidase super-
family contains enzymes of plant, fungal, and bacterial origin [126]. Mammalian
peroxidases make up the second superfamily, and include lactoperoxidase, myelo-
peroxidase, and prostaglandin H synthase. Both families have been the focus of
numerous excellent reviews, several of which have discussed the differences between
the plant and mammalian peroxidases [126—130]. Here, recent experimental inves-
tigations focused on the plant peroxidases will be discussed.

The plant peroxidase superfamily can be further divided into three classes based
on sequence and structural similarities {126]. Class I constitutes intracellular perox-
idases of prokaryotic origin, such as yeast cytochrome ¢ peroxidase (CCP) and pea
cytosolic ascorbate peroxidase (APX). The main role of this class of peroxidases
appears to be the removal of hydrogen peroxide. Secretory fungal peroxidases such
as lignin peroxidase {LIP) and manganese peroxidase (MnP) from Phanerochate
chrysosporium and Corpinus peroxidase (CIP) make up Class 11. These enzymes are
monomeric glycoproteins, with four conserved disulfide bridges and two conserved
calcium sites. The secretory plant peroxidases form Class III. These enzymes are
also monomeric glycoproteins, with four conserved disulfide bridges and two con-
served calcium sites; however, the location of the disulfide bridges varies from those
in Class II enzymes. Enzymes in Class III include peanut peroxidase (PNP), barley
grain peroxidase (BP 1), and horseradish peroxidase (HRP), the most thoroughly
investigated heme-containing peroxidase. )

4.4.2 The Molecular Structure of Heme Peroxidases

In 1980, CCP became the first heme peroxidase to be structurally characterized.
Reaction mechanisms, substrate binding sites and ligand interactions were proposed
based on the various structures of CCP and carefully applied to the entire plant
peroxidase family. During the past decade, a vast number of X-ray crystal struc-
tures have been reported for other members of the plant peroxidase superfamily.
Presently, structural data are available for members of Class I: CCP [131-137] and
APX [138-140]; Class I1: MnP [141, 142], LIP [143, 144] and CIP [145]; and Class
IIT: HRP [146-148], PNP [149] and BP 1 [150]. Of the numerous plant peroxidases,
Class IIT members are the most readily available and have been the most extensively
studied. The solution of crystal structures of three Class III peroxidases is a recent
and exciting development. These structures provide researchers with the structural
framework for addressing several mechanistic questions, such as how and where
substrates bind to the enzyme, and how the protein controls the location of oxidiz-
ing equivalents derived from peroxide. In addition, the availability of structural
information for the members of each class gives researchers the first opportunity to
compare closely the tertiary environment among members of the same and different
classes. This comparative power provides great insight into the relationship between
structure and function within the plant peroxidase superfamily.
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ccp LIP HRP

Figure 17. Schematic representation of the secondary structure .Of (A) CCP; (B) LIP; and (C) HRP
determined from X-ray coordinates [137, 143, 21 1]. Helical regions, S-sheet regions, and the heme

group are shown.

Although there is little sequence homology (often <20 %) within the.plant supe(ri—
family, the overall folding and organization of the secondary structure 1s conserved.
Figure 17 shows a side-by-side comparison of the_ secondary and tertiary strlilc.tur(e1
of a representative member of each plant superfamll.ylclass Tlle enzymes are d1v1de;
into N- and C-terminal domains, with the heme posxtlonefi in a cavity at thfe domain
interface. The secondary structure is dominated by helices (!O to 1‘1 helices) con-
nected by loops and turns of varying lengths. S-sheet structure 1S mmlmal: There are
nine invariant residues in the plant peroxidase superfamlly, ﬁve of which are in-
volved in catalysis [128]. The other conserved residues play important structural
roles, such as a buried salt bridge between an asPartate and arginine and several
glycine and proline residues that direct th(_e orientation of the peptide backbone ([11 ZS,
129]. Figure 18 shows the active site environment of CQP, L.IP_, gnd HRP and the
nonvariant residues. The proximal ligand to the heme is a h1§t1d1ne residue thz.it is
anionic in nature due to a conserved hydrogen boqd toa proxm?ali aspartate residue
[128). On the distal side of the heme, 2 polar.histldme apd arginine c_:ou}_)le form a
hydrophobic cavity above the heme that is important in the stabilization of hhc
bound peroxide and the heterolytic cleavage of @he 0-O bond [128]. Additiona )i
an aromatic tryptophan (Class I) or phenylalanine (Clas§ 1I and }II) on the dista
side of the heme helps to stabilize the high-valent oxygen intermediates as well as to
exclude substrates from the active site. Similarly, a tqptophap (Class 'I) or‘phenyl—
alanine (Class 11 and III) can be found in the proximal cavity and is believed to
direct the location of the second oxidizing equivalent of Compound 1{128].

In addition to these similarities, there are several d.istinctlons. among the plant
peroxidases that help to differentiate between catalytic mechanism and substrate
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Figyre 18. Key catalytic residues for (A) CCP; (B) LIP; and (C) HRP determined from X-ray co-
prdlnate: [(133;/,‘ 143, 211]. The heme group is coordinated by a histidine and the sixth position
Is vacant. Calcium-binding sites for LIP and HRP are shown as spheres. Dashed li

hydrogen-bonding interactions. ’ : ’ - Deshed lnes represent

gﬁimty of thp class members. In Class IT and 111 peroxidases, all the cysteine residues
in Fhfe protein (8 to 10 residues) form disulfide bridges that impart a high degree of
rlg}dlty to the protein [129]. Giycosylation sites for the Class I1 and Il peroxidases
point away from the molecule and are evenly distributed over the surface of the
protein. l'bls scattering suggests that the purpose of the carbohydrates is to increase
the.soh%blhty of the enzyme in water, and perhaps to increase resistance to free
radlc_al-mduccd protein cross-linking [146).

W1t‘h the exception of CCP, it is widely accepted that substrates interact with
perox1dgses at the heme edge rather than above the heme, as seen for the oxygen-
ases. This postulation has been supported by structural and chemical modification
data. Chemical modification studies with HRP have shown that the area directly
gbqvc? the l{eme Is inaccessible to exogenous substrates [151-153). Instead, suicide
inhibitors bind at the 5-meso heme carbon (see Figure 1). The structure of ,HRP in
the presence of benzhyroxamic acid (BHA), a model for oxidizing substrates, dem-
onstrates tl}at ‘the aromatic portion of BHA does in fact interact with the pr(;posed
aromatic binding region of HRP located at the heme edge [147]. However, BHA is
an atypical reducing substrate with unique hydrogen bonding potentiai for the
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active site residues of the distal heme pocket, and therefore may not be an accurate
structural model of the peroxidase—substrate complex. Recently, a structure of the
HRP-ferulic acid (FA) complex in the presence and absence of cyanide has been
published [148). As FA is known to act as an in vivo substrate for peroxidases [148],
these structures may provide a more precise model for the oxidation of small phe-
nolic complexes by a plant peroxidase. Similar to BHA, FA binds in the aromatic
binding pocket, but its exact orientation is ambiguous due to a flexibility of the ar-
omatic donor binding region. This flexibility allows for the fast exchange of solvent
molecules and small phenolic compounds, thereby protecting the heme group from
autooxidative damage by the radical product of catalytic turnover [148]. Addition
of cyanide to the system yields a six-coordinate low-spin heme complex that is
thought structurally to model the transient intermediate (Fe*"~QOH™) prior to
Compound I formation. Comparison of the structures of this ternary complex
(HRP-FA-CN) with those of native HRP, the HRP-BHA and the HRP-FA
species illustrates movement of the distal histidine 0.5 A towards the cyanide nitro-
gen, thus supplying a short hydrogen bond to stabilize the binding of the ligand.
The distal arginine does not move in any of the structures, but does help to stabilize
cyanide by forming a hydrogen bond to the cyanide nitrogen [148]. This stabiliza-
tion role for the distal arginine may imply that the residue assists in heterolytic bond
cleavage by acting as a hydrogen bond donor to the transient Fe3*~OOH™ complex
[148]. Similar to HRP, both APX and MnP have been shown to interact with their
respective substrates at the heme edge rather than above the prosthetic group {139,
141, 142}, .

As the peroxidases interact with their substrates via the heme edge, it is important
that the oxidizing equivalents of the high-valent active oxygen intermediates are
accessible to the substrates. To this end, two calcium-binding sites—one distal and
one proximal to the heme—serve dual structural and catalytic roles for the Class II
and I proteins [127-129]. The distal site is important in the ordering of the distal
active site residues, particularly the catalytically active histidine [127]. The proximal
cation is responsible for structural stability, as well as promoting the location of
the second oxidizing equivalent on the porphyrin macrocycle rather than a protein
residue [127]. APX, a Class [ peroxidase, contains a single cation binding site on the
proximal side of the heme occupied by a potassium ion [138]. The cation desta-
bilizes the electrostatic environment surrounding the proximal tryptophan involved
in hydrogen bonding interactions with the proximal histidine ligand and the nearby
aspartate (Figure 19). This long-range electrostatic effect forces the second oxidiz-
ing equivalent of Compound I to remain on the heme macrocycle, ideally posi-
tioned for reactions at the heme edge [154]. CCP, also a Class 1 peroxidase, interacts
with its natural substrate, cytochrome ¢, not at the heme edge but via an electron
transfer pathway that begins at Trp191 and terminates at the protein surface (Figure
20). As a result, CCP has no bound cations and maintains a stable cation radical on
the indole ring of Trp191 rather than the porphyrin during catalytic turnover [137].
The continuing accumulation of structural information for plant peroxidases will
allow the key similarities and differences to be exploited through mutagenesis to
explore the physiochemical differences between members of the plant superfamily.
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4.4.3 The Catalytic Mechanism of Heme Peroxidases

The general peroxidase mechanism

Foll'owmg t}.m determination of the crystal structure of CCP, a catalytic mechanism
for its reaction with hydrogen peroxide was proposed [131, 136]. Due to the con-
servation of the active site residues in the plant peroxidase superfamily, similar
mechanisms Qf Compound 1 formation are also thought to hold for other p,lant and
fungal perox1das§s. Of the structures shown schematically in Figure 21, three have
been s;_)ectroscoplcally, and structurally characterized while two are p,roposed in-
termefilates, The pathway is initiated by the direct reaction of neutral hydro-
pergmdes (ROOH) or hydrogen peroxide with the ferric five-coordinate high-spin
resting state complex (1) to generate a transient hydroperoxide adduct termed
Compound 0 (2). F o.rmatio‘n of this intermediate species is postulated by theoretical
molecular dynamic simulations [155] and density functional studies [156], as well as
being observed for HRP at low temperature [157]. This intermediate séecies then
undergoes a prgtein—assisted conversion to an oxywater complex (3) [155, 156]
Facile het.erolyuc O-O bond cleavage of this oxywater complex yields thej hivh-.
valent active oxygen intermediate, Compound I (4). For the majority of peroxida:es
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Figure 20. (A) Ribbon drawing of the interaction between CCP and its redox substrate, cytochrome
¢ determined from X-ray coordinates [137}. The hemes are shown for CCP and cytochrome ¢ along
with the proximal residues involved in electron transport between the proteins. (B) A close-up of the
electron transport chain and their overlapping electron density.

this complex is an oxo-ferryl species with a porphyrin cation radical similar to the
Compound 1 seen in the P450 catalytic cycle (see Figure 4, complex 7). In CCP, the
second oxidizing equivalent is intramolecularly transferred from the porphyrin to
proximal Trpl91 residue (Figure 18A), yielding a stable complex with a protein
cation radical coupled with an oxo-ferryl heme [158, 159]. Reduction of Compound
1 to Compound II (5}, an oxo-ferryl complex, and then to the ferric resting state,
occurs with concomitant one-electron substrate oxidation forming reactive transient
radical species that may dimerize, disproportionate, or attack another species
causing cooxidation. Alternatively, oxygen atom donors can be added to the ferric
resting state to generate Compound 1, via a shunt pathway similar to that seen for

P450 enzymes.

Influence of the active site environment on heme coordination and reactivity

The distal cavity

Extensive crystaliographic and mutagenic studies have identified the key catalytic
residues important in the formation and stabilization of the active oxygen inter-
mediates. On the distal side of the heme, the conserved distal arginine/histidine
couple is vital to efficient catalytic turnover by stabilizing and heterolytically cleav-
ing bound peroxide to form the high-valent intermediate, Compound I (see Figure
7) [128). The distal histidine acts as a general acid-base catalyst in the reaction of a
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peroxidase with hydrogen peroxide by first de

i vith . protonating the iron-bound
peroxide (Figure 21, 2) then transferring the proton to the outer oxygen (lgi):g{ﬁ::n;f

3) [128]. Deletion of this residue in both
| ‘ . CCP (H52L) and HRP (H42A
gefs?li;s 1qtthCle dlxiaésglclrée(}uctlon of the rate of Compound I formaftion byaflil\(ljefiﬁe}g
gnitude , 161]. This decrease in activity i i
. 1160, 16 y 15 presumably due to th i-
3?:?—1111 ;)[I; a I_;:;gc;}lua;md{.base catziilyst from the active site. InterZstingly acteivi;molf
2 ant 1s restored by the addition of ex " imi
dazoles (H42A + imidazole) [162). B S peadicts that g0 55 o
ol . Bronstead analysis. predicts that ~60 ©
g)rsmvz? charge develops_ on the imidazole in the transition state of Comp(/)our?g E;
Smuatlc.m. [162], conﬁrr_nmg the acid—base role of the distal histidine.

4 rt_rprlsmgly, conversion of His42 of HRP to a glutamate [163], a residue shown t
:d icipate in general acid—base chemistry in chloroperoxidase ,(CPO) [164 .
Ogiggzyme .W.lth lowered rates of Compound I formation and lowered levels or per-
o ¢ activity [163]. In CPO, Compound I is formed at a rate (2.3 x 106 M~! g~
[ e] }1;1}1{1;}1 higher tt71at Hl42E HRP (4.9 x 10° M~' 57!} and comparable to wild)
lj}llily IR t(01 .4§ 10 M“. sTH [ 16.3].. The inefficient formation of Compound 1 is
hkely due inaH Zgga}s{e ng the basicity of the glutamate residue and its improper

ienta . compared to that of the native histidj :
i;xctylns in the .dlstal popket destabilize the heme-peroxide-Glud2 ternl::}; i'rfgisniea(‘ilitjtl-

he peroxide reaction {163]. The crysta! structure of CPO shows that the distael

], yields
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Glu is fixed in position by a hydrogen bond with an adjacent histidine [164]. Simi-
larly, the orientation and basicity of the distal histidine in the plant peroxidases
appears to be maintained by conserved hydrogen bonding interactions between the
catalytic histidine and a highly conserved asparagine residue (see Figure 18). In
HRP, mutation of this asparagine (Asn70) to valine (N70V) abolishes its hydrogen-
bonding capabilities, causing a decrease in the rate of Compound I formation [166,
167). Further studies reveal that its replacement with an aspartate (N70D) yields a
mutant that should maintain the hydrogen bond with His42 but is still inactive
[168]. Inactivation of HRP is likely due to the loss of a second hydrogen bonding
interaction between Asp70 and the backbone carbonyl of a conserved glutamate
residue (Glu64; Figure 18C). The disruption of this secondary interaction alters the
orientation of the aspartate with regard to His42, resulting in the breakage of the
Asp70-His42 hydrogen bond [168]. These findings demonstrate the manner by
which the active site environment of the plant peroxidases has evolved to stabilize
and promote the distal histidine as an active participant in the formation and sta-
bilization of Compound L

In contrast, the distal arginine residue does not appear to be absolutely essential
in the formation of Compound I. In the mechanism proposed by Poulos et al. [131],
the positively charged distal arginine is responsible for the promotion of O-O bond
heterolysis by stabilizing the precursor enzyme-peroxide complex. Consistent with
this proposed role, mutation of this polar residue to a neutral leucine in HRP
(R38L) and CCP (R48L) causes a decrease in the rate of Compound I formation,
particularly in the HRP mutants [169-173]. The reasoning for this variation of
mutagenic effect stems from the increased polarity of the CCP distal pocket com-
pared to that of HRP. As a result, the deletion of the distal arginine in CCP does
ot cause as drastic an effect on the ability of the enzyme to form Compound I [170,
171]. Moreover, the recently demonstrated crystal structure of HRP with ferulic
acid and cyanide bound indicates that the distal arginine does indeed stabilize the
bound ligand through hydrogen-bonding interactions [148].

Additional experiments with R38L HRP indicate that Arg38 may also play an
important role in the binding of peroxide to the heme iron [171]. Researchers pro-
pose that the polar character of Arg38 in HRP facilitates the access of hydrogen
peroxide to the heme and/or provides an electrostatic interaction with the incoming
peroxide, which may induce the deprotonation of hydrogen peroxide at neutral pH
{171). Additionally, the reaction of H38L HRP with hydrogen peroxide results in
the accumulation of a previously unseen intermediate formed prior to Compound I
formation [171]. The spectroscopic properties of this complex are dissimilar from
those of the proposed ferric peroxy intermediate (Figure 21, 2) isolated at low
temperature for the reaction of wild-type HRP with peroxide [157]. Theoretical
molecular modeling studies assign the new spectral intermediate to a neutral per-
oxide-bound ferric heme species [174].

In both peroxidases, the decay of Compound I is drastically increased by the de-
letion of the distal arginine, emphasizing its role as a stabilizer of the high-valent
intermediate (169171, 173, 175]. Crystallographic and resonance Raman data have
shown that the distal arginine is very flexible, and can move towards or away from
the ligand in the sixth position as needed [135, 176). This flexibility allows the gua-
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nidinium groups to move inside the cavity and abilizi
. y and form a stabilizing hydrogen bond
with the ferryl oxygen atom of Compound I and II {134]. & e o

The proximal cavity

Crysta}l structure data from representatives of each of the three classes of the plant
perox1d§se superfamily confirm that the side chain of an aspartate residue is in-
V(?lved in a key hydrogen bond to the NS1H of the proximal histidine residue (see
Figure 18) [128, 146]. The purpose of this residue has been most investigated for
CCP where the carboxylate side chain of Asp235 is involved in hydrogen bonds
with both Trpl91 and the proximal Hisl75 ligand (Figure 18A). Using the wild-
type enzyme and three CCP mutants (D235A, D235E, and D235N), three main
rolgs h_ave been proposed for this residue based on extensive spectroscopic charac-
terization [71,. 177). First, the strong hydrogen bond from the proximal His to the
afi)acent_Asp is believed to increase the electron density on the histidine imidazole
ring, which in turn allows the imidazole group to stabilize the heme iron as it cycles
through ferric and ferryl states during the catalytic cycle [71, 177]. Second, the
strong pydrogen bond is believed to hold the iron below the heme plane helpir,lg to
maintain a vacant sixth coordination site [178]. Finally, the formation ,of a second
hydrogenAbond with the catalytically important Trpl91 optimizes the orientation of
the Trp side chain with respect to the heme and Hisl75. Interestingly, the D235N
CQP only showed a five-fold decrease in the rate of formation of Com,pound 1(71]
while the D235A CCP mutant rapidly forms Compound 1 [177]. These results
dc‘imonstra_te that the electronic donation to the heme iron via His175 does not sig-
plﬁcantly increase Compound I formation, indicating that Asp235 is not especially
important fgr the reaction of the peroxidase with hydrogen peroxide. Recent mu-
tagenic studies on CIP (D245N) and MnP (D242S and D242E) (two Class 1I per-
oxidases) confirm that changes in the axial ligand hydrogen-bonding network alter
the. occupancy of the sixth coordination site for the ferric protein as well as the re-
activity of _Compound I1 but not Compound I [179-181]. Similarly, mutation of the
prox1m§1 ligand itself (His175) to Gln, Glu, or Cys results in C&ZP mutants that
regct with hydrogen peroxide as fast as wild-type CCP with the H175E mutant
being hy_peractlve [182, 183]. Taken together, these data emphasize the importance
of the distal rather than the proximal residues in the formation of Compound I

Hp\yever, the proximal environment serves the equally significant roles of main;
taining a free sixth coordination site for hydrogen peroxide binding and stabilizin

Compound I once formed. ®

The role of the divalent cations in Class II and III peroxidases

All Class I} and III plant peroxidases have two calcium binding sites, one proximal
and one distal to the heme plane (see Figure 18B and C). These divalent cations
appear to be vital for efficient peroxide catalysis by maintaining the structural
inegrity of the heme active site and directing the location of the second oxidizin,

equlval'ent derived from peroxide. A series of mutagenic studies with LIP and Mng
ascertain that the calcium ions for these two peroxidases are released upon thermal
inactivation [184—186]. The loss of these ions results in perturbations of the coordi-
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nation sphere of the heme iron. LIP converts from an active five-coordinate high-spin
complex to a mixture of active five-coordinate high-spin and inactive six-coordinate
low-spin species [184]. The heme environment of MnP is particularly altered, result-
ing in an inactive six-coordinate low-spin complex with spectroscopic characteristics
consistent with bis-histidy! ligation [185, 186]. In HRP, mutation of Glu64—a res-
idue involved in both calcium binding and a hydrogen-bonding network with

" His42—gives an enzyme with significantly decreased oxidation activities [187]. This

decrease in activity is attributed to the loss of the distal calcium ion, which causes
the reorientation of both His42 and Arg38 [187).

APX contains a single cation binding site occupied by a potassium ion (see
Figure 20) {138, 140]. This site is not seen for CCP, implicating the cation in the
catalytic mechanism or regulation of APX. Similar to CCP, APX has an aromatic
tryptophan on the proximal side of the heme that forms hydrogen bonds with both
the proximal histidine ligand and the nearby aspartate (Figure 19) [138, 140}. In
CCP, the analogous tryptophan is the location of the second oxidizing equivalent of
Compound 1. However, in APX, this equivalent is located on the porphyrin, similar
to the Class 11 and 1T peroxidases [128, 154, 188). Incorporation of a cation binding
site into CCP results in an enzyme that is unable to form a stable cation radical on
the proximal tryptophan. These results suggest that long-range electrostatic effects
can control the reactivity of a redox amino acid side chain [189-191]. A similar
result is seen for a mutant of HRP where the redox inactive proximal phenylalanine
is replaced with a tryptophan (F221W). In this case, an unstable tryptophan cation
radical is formed upon reaction with peroxide, but quickly dissipates into the pro-
tein matrix due to the improper orientation of the indole ring and its proximity to
the proximal calcium ion [192]. Deletion of the cation site in APX results in an in-
active six-coordinate low-spin species with spectroscopic similarity to a bis-histidy!
complex [193]. Despite being focated ~8 A from the peroxide binding site, mutation
of residues involved in binding of the potassium ion results in long-range con-
formational alterations [193]. Taken together, these studies emphasize the role the
proximal cation plays in the both location of the oxidizing equivalents of Com-
pound T, as well as in the preservation of the structural integrity of the heme active

site.

4.4.4 Can Peroxidases Catalyze Peroxygenase Chemistry?

With resemblance of the active intermediates of their respective mechanistic cycles,
it is somewhat surprising that peroxidase and monooxygenases do not catalyze
similar reactions. Investigations by Ortiz de Montellano and coworkers have shown
that the extent of protein surface exposure of the heme macrocycle for peroxidases
and P450s plays an important role in the discretion of function of the enzyme
(152, 153, 194]. Examination of reactions of HRP and P450CAM with alkyl- and
phenylhydrazines shows that the hydrazine interacts with the iron of the mono-
oxygenase, but is limited to the heme edge of the peroxidase [151-153]. Various

distal side mutations in HRP have been made in an effort to maintain catalytic
efficiency while opening up the distal cavity [162, 195]. Enhanced oxygenase activity
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of HRP mutants such as F41A [161], H42A [161], H42E [163}, and th

s , s e two double
mutants, F41H/H:42A [195] and H42A/R38H [127] is the direct result of increasing
substrate accesmbxhty to the oxo-iron of Compound 1. These results support the
current hypothesis that the reactivity of the heme prosthetic group depends not only

on the cqord}'nation of the heme iron itself but also on the topology of the protein
surrounding it.

4.4.5 Development of CCP as a Protein Model System for Heme-Containing
Enzymes ‘

Cpmplementary to the studies of native proteins and synthetic model systems, site-
dlfec'ted mutggenesis allows researchers rationally to design structural and cat;ﬂytic
mimics for different heme proteins from basic protein scaffolding such as CCP. This
techmqug enables the researcher to alter the axial ligation of the protein in order to
test principles obtained from earlier studies on the native protein, and to determine
key structural features governing the discretion among protein functions. In the
area gf P450 models, this technique has been utilized to replace the histidine proxi-
mal h‘gand of CCP with a cysteine in order to engineer a P450-like protein in a
pergmdase protein environment [183, 196]. Peroxidase and P450 enzymes have
S}ml}ar proposed reaction intermediates (e.g., Compounds 1 and II), though the
hfetm.le and reactivity of those intermediates vary. As the main difference between a
peroxn@asc and a P450 protein is the ratio of electron transfer to oxygenation, or the
brgpchmg ratio, the catalytic differences between CCP and P450 are quite )subtle.
Initial attempts to place a cysteine ligand into a peroxidase environment were not
successful [181]. Poulos and coworkers mutated the proximal His175 of CCP to
Cys, bgt this did not result in thiolate ligation to the heme [183]. Instead, they
deter'mme.d by X-ray crystallography that the proximal Cys had been oxidi;ed to
. eysteic aqld {183]. It was suggested that this had occurred due to the smaller size of
Cys relative to His, presumably leaving the Cys too far from the heme iron to bind
properly,‘ and thus susceptible to oxidation. Recent work by Lu, Dawson and co-
work;rs mfiicates that the negative charge of the proximal Asp235 residue of CCP
conflicts with the negative charge of the mutated thiolate ligand [196]. Replacement
of Asp235 with a leucine residue resulted in a double mutant of CCP (H175C/
D235L) yvhich has UV-visible, magnetic circular dichroism and EPR spectral
charac_terlstics that are similar to those of camphor-bound P450 {196}, indicating the
potent}al of this system as a model for P450 enzymes. ,
. Rational design has also been utilized to engineer artificial metal binding sites
into CCP in an effort to mimic the active sites of MnP (a heme and manganese ion
cgnte;r), cytochrome ¢ oxidase (COX, a heme and Cug center) and the potassium-
'bmdl.ng site of APX. In the case of the MnP mimic, creation of a manganese bind-
ing site near the heme of CCP results in a model system which binds a single man-
ganese ion, reacts with hydrogen peroxidase to form Compound I, and catalyzes the
steady state oxidation of Mn®* at enhanced rates compared to wild-type CCP [197-
199). In an effort to improve the MnP model, the two active site tryptophan residues
(Trp191 and Trp51) of CCP have been mutated to their MnP-analogous phenyl-
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alanine residues [200]. The results of this study demonstrate that, while the W191F
and WS1F mutations both play important roles in stabilizing Compound I, only the
WS51F mutation contributes significantly to increasing the MnP activity [200]. This
effect is attributed to the ability of this mutation to increase the reactivity of Com-
pound II, whose oxidation of Mn2*t is the rate-determining step in the reaction
mechanism [200]. Preliminary results for the COX mimic indicate the successful
binding of a copper ion above the heme plane of CCP upon mutation of three distal
residues to histidines (R48H, W51H, and S81H) [201). EPR studies of this CCP
mutant strongly suggest that the heme Fe(1ll) is antiferromagneticaily coupled to
the added Cu(I1) similar to the case in the Cug-heme center in all terminal oxidases
[201]. Design of a proximal cation binding site similar to that seen for APX and the
Class IT and ITI plant peroxidases has also been accomplished for CCP [190, 191]. As
expected, insertion of a potassium ion on the proximal side of CCP heme increases
the electrostatic potential surrounding Trpl91, and the proximal environment is no
longer able to effectively stabilize a cationic Trp radical {190, 191}. In an extension
of this work, slight alteration of the CCP template that binds potassium results in a
CCP mutant that can bind a calcium ion [189]. Similar to the potassium-bound
CCP, the cation decreases the stability of the Trpl91 cation radical during hydro-
gen peroxide turnover [189]. The engineering of these varied metal-binding sites
yields a deeper understanding for the structural factors that control metal-binding
site selectivity.

In a departure from designing artificial metal-binding sites within CCP, recent
attention has focused on replacing bulky amino acids with smaller residues such as
glycine or alanine to form artificial cavities within the protein environment. Termed
cavity mutants, these proteins have the unique ability to bind exogenous ligands
either to reconstitute their wild-type activity or to catalyze an unnatural reaction.
Initially, this approach focused on the deletion of the proximal ligand and the
titration of different exogenous ligands into the proximal cavity in an effort to res-
cue the catalytic activity of the protein (Figure 22). Pioneered by Barrick for sperm
whale myoglobin [202], this method has since been accomplished for CCP [203],
heme oxygenase [204], and HRP [205). For H175G CCP, studies to date have
focused on the dynamics of binding unnatural ligands and the resulting effects on
catalytic activity. Crystallographic analysis of H175G CCP in the presence of
exogenous imidazole shows that the imidazole ligand occupies the same position as
the natural histidine, and that there is little deviation in the protein structure [203].
Surprisingly, the imidazole-reconstituted system is devoid of activity despite the
binding of the imidazole to the heme in the proximal pocket [203]. An oxo-ferryl
species has been generated, although more slowly than for the wild-type {203]. Solid-
state deuterium NMR studies investigated whether the unfettering of the proximal
ligand from the protein enables it to adopt varied conformations or energetics that
alter the pathway or interaction with hydrogen peroxide [206]. No evidence for
intermediate ring flipping exchange dynamics or for large angular librations of the
ring is observed [206]. Thus, the absence of enzymatic activity is not due to a dis-
ordered state for the untethered imidazole.

In an effort to introduce novel substrate oxidation into CCP, the catalytically

important Trp191 is replaced with a glycine residue, forming a cavity on the prox-
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Figure 22. Schematic representation of the active sites of wild-type CCP and the CCP cavity
mutant (H175G). Exogenous ligands can be titrated in, or dialyzed out of, the cavity.

x.m'fil side of the heme. This buried cavity is able to bind a range of small cationic
1r¥114azoles [207], illustrating its ability to stabilize molecules with positive charge
Slmllar to the imidazoles, 2-aminothiazole (2AT) will also bind within the cavity aé
evidenced by calorimetric and crystallographic results [208]. Two separate reactiZ)ns
are obsc?rved between 2AT and the oxidized centers of W191G CCP. First, EPR
and optical spectra show that 2AT acts as an electron donor to the ferryl oet’lter of
W191G CCP to reduce it back to the ferric resting state [208]. Second, a less effi-
cient reaction between 2AT and W191G CCP results in the specific covalent modi-
fication of Tyr236 [208]. This unexpected result provides the specific assignment of
Tyr236 as the site of the alternate radical centerwhen Trpl191 is unavailable (208].
'Rgcently, a cavity has been engineered into the distal cavity in an attempt to
mimic the oxygenase activity of NOS. Crystallographic and optical studies show
that the mutat.ion of Arg48 to an alanine yields a cavity capable of binding N®-
hydrox_y-L-grgmine (NHA) and N-hydroxyguanidine (NHG) [209]. Compound I
formation is retained, with as many as three products being observed from the
R48A /peroxide-catalyzed oxidation of NHA and NHG [209]. Characterization by
mass-spectrometry of the derivatized products of NHA oxidation identified a yellow
species as N-pltrosoargini11e, thus implicating N-nitrosoguanidine as the product of
NHG oxidation [209]. Therefore, while the hydrogen peroxide-dependent chemistry
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catalyzed by R48A CCP has some features in common with that of NOS, namely
the ability to oxidize N-hydroxyguanidines but not guanidines, the reaction prod-
ucts are clearly distinct from those previously reported for NOS (ie., cyanamide or
N¥-cyanoornithine) [209].

4.5 Conclusions

The relationship between protein structure and function is an area of continuously
growing knowledge, as well as problems. The various mechanisms by which oxy-
genases and peroxidases accomplish their respective reactions are a testament to the
reactive versatility of the heme prosthetic group. For P450 enzymes, emerging
crystallographic and mechanistic information is moving this feld of biochemical
research in new and exciting directions. With the growing understanding of how
these enzymes interact with their respective substrates, redox partners and-—in some
cases—the membrane, the rational engineering of P450s may not be far away. Such
a stride will enable researchers to tailor this versatile monooxygenase toward spe-
cific, biologically active compounds involved in both positive and negative physio-
logical process. In the newer field of NOS research, the recent availability of struc-
tural data for two of the three NOS isoforms has helped to create a clearer picture
of how this monooxygenase discriminates between active OXygen intermediates in
its catalytic mechanism. Presently, mechanistic and mutagenic studies designed to
test structure-based proposals are clarifying the role of the heme prosthetic group
and the tetrahydrobiopterin in the efficient biosynthesis of nitric oxide. Finally, the
recent addition of the crystal structure of HRP to the growing body of structural
information on the plant peroxidase superfamily has enabled researchers to compare
and contrast the secondary make-up of these versatile oxidases. The roles of many of
the catalytic residues conserved across the three classes are now well understood—
the result of exhaustive mutagenic and crystallographic studies. The exploitation of
CCP as a protein scaffold for the engineering of novel activities and metal binding
sites into a peroxidase environment now offers a biological alternative to inorganic
mode! chemistry. The investigation and expansion of this application of rational
protein design provides researchers with an opportunity to investigate the structure—
function relationships in heme-containing enzymes that differentiate their catalytic
activities.
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Abbreviations

P450 cytochrome P450

P450CAM  camphor-hydroxylating P450 from Pseudomonas putida
NADH nicotinamide adenine dinucleotide

NADPH  nicotinamide adenine dinucleotide phosphate

FAD flavin adenine dinucleotide

FMN flavin mononucleotide

P450BM-3  fatty acid-hydroxylating P450 from Bacillus magaterium
P450nor nitric oxide-reducing P450 from Fusarium oxysporum
P450TERP  a-terpineol-oxidizing P450 from Pseudomonas spheroids
P450eryF  macrolide-hydroxylating P450 from Saccaropolyspora erythraea
P4502C5 microsomal P450 from rabbit ’
EXAFS extended X-ray absorption fine structure

CCP cytochrome ¢ peroxidase

CPO chloroperoxidase

«NO nitric oxide

NOS nitric oxide synthase

iNOS inducible NOS

nNOS neuronal NOS

eNOS endothelial NOS

Ca?*/CaM calcium—calmodulin complex

H4B tetrahydrobiopterin

H,B dihydrobiopterin

L-Arg L-arginine

NHA N®-hydroxy-L-arginine

cGMP cyclic guaninine monophosphate

H;B. one-clectron oxidized H4B

APX ascorbate peroxidase

LIP lignin peroxidase

MnP manganese peroxidase

CIP peroxidase from Coprinus cinereus

PNP peanut peroxidase

BP ! barley grain peroxidase

HRP horseradish peroxidase, isozyme C

BHA benzhydroxamic acid

FA C-ferulic acid

CN cyanide

COX cytochrome ¢ oxidase

2AT 2-aminothiazole

NHG N-hydroxyguanidine
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