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Towards a Unified View of Substrate
Binding in Heme Peroxidases

Emma Joanna Murphy

Abstract

Heme peroxidases catalyse the H,O,-dependent oxidation of a variety of
substrates. The binding of substrates to heme peroxidases has been widely assumed to
occur at the so-called 6-heme edge. Recently, however, a number of examples have
appeared in which substrate binding at an alternative site, the y-heme edge, is also
possible. In this thesis substrate binding in two class I peroxidases, cytochrome c
peroxidase (CcP) and ascorbate peroxidase (APX), has been examined using a variety
of methods with the aim of providing a more unified view of substrate binding across
the family of heme peroxidases.

It has been shown that the closely related CcP enzyme can duplicate the
substrate binding properties of APX through the introduction of relatively modest
structural changes. Hence, crystallographic data for the Y36A/N184R/W191F triple
variant of CcP is presented showing ascorbate bound to the y-heme edge. Functional
studies have shown that a transient porphyrin m-cation radical in CcP, analogous to
that observed in APX, is competent for ascorbate oxidation but that under steady state
conditions this intermediate decays too rapidly to sustain efficient turnover of
ascorbate. The first crystal structures of complexes of the tuberculosis prodrug,
isoniazid, bound to APX and CcP are presented along with the structures of the
isoniazid complexes of two active site mutants of APX. These structures provide the
first unambiguous evidence for the location of the isoniazid binding site in the class |
peroxidases and provide rationalization of isoniazid resistance in naturally occurring
KatG mutant strains of M. tuberculosis. Aromatic substrate binding in CcP has been
examined by X-ray crystallography and competitive inhibition studies and directed
evolution has been used to probe aromatic substrate binding in APX. Finally, the first
neutron diffraction structure of CcP has been solved allowing a detailed description of
the resting ferric enzyme and showing that it would be a viable technique for use of
studying the nature of key intermediates and gaining further insight into enzyme-
substrate interactions.

Understanding the structural and chemical requirements for efficient substrate
binding and oxidation by heme peroxidases will provide a more in-depth
understanding of the mechanism they use and will pave the way for the production of
enzymes with improved catalytic efficiency and novel functions and the development
of improved therapeutic agents against diseases such as tuberculosis.
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1.1 Metals in biology

Elements such as iron have been known to be essential to life since the 17"
century and copper, zinc and manganese have been known to be essential since the
1930s [1]. Metals play a key role in biological systems with over 30% of proteins
requiring a metal ion for structure or function. Transition metals are involved in a host
of biological processes from oxygen transport to gene transcription [2] and have been
implicated in diseases such as microbial infections, cancer and neurodegenerative
disorders [3], they have been shown to be important in the maintenance of brain
biochemistry and uncontrolled levels have been implicated in diseases of the central
nervous system [4].

The chemistry of iron is central to life processes and it fulfils a vital role in
virtually all living organisms [5]. The functions carried out by iron include oxygen
transport, redox catalysis and electron transfer. Iron is uniquely suitable for these
functions due to its relative abundance, the solubility of ferrous salts and the extreme
variability of its oxidation states and the redox potentials between these states which
can be finely tuned by the protein environment. Iron sites within proteins can almost
cover the entire range of biologically significant redox potentials form -0.5 V to +0.6
V [6].

Despite its many attractive qualities, there are problems related to the use of
iron in biological processes, for which nature has devised many sophisticated
mechanisms for overcoming. The easy one-electron interconversion of Fe*" and Fe’”,
also makes iron toxic, by generation of oxygen-derived radicals and other damaging
species [7]. Aerobic life also makes Fe®" the thermodynamically favored species over
Fe®', leading to problems of solubilization. The toxicity and low solubility of free iron
has been overcome by the use of transferrin [8] in mammalian systems which allows
iron to be transported through the body and taken up by cells. Bacteria use an array of
iron-chelating peptides and ester derivatives known as siderophores [9].

It is well known that the reactivity of a metal ion can be modulated and fine-
tuned by its incorporation into a protein structure. Iron can be incorporated into a
protein by co-ordination to a side chain of the protein and an inorganic non-metallic
ion as in the Iron-sulphur cluster proteins [10] which include ferredoxins [11],

electron transfer proteins involved in an array of biological activities and NADH
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dehydrogenase [12] which catalyses the transfer of electrons from NADH to
coenzyme Q in the electron transport chain. Alternatively iron can be incorporated

into a protein as part of an organic compound such as the heterocyclic macromolecule

porphyrin.

1.2 Heme Proteins

1.2.1 The heme prosthetic group

Iron protoporphyrin IX or heme (Figure 1.1) is a metal complex that is used for
various functions in a wide variety of proteins. The iron-containing macrocycle is
made up of four pyrrole rings joined with methene bridges in a conjugated system and

has an Fe’" in the centre of the molecule.

(B)

HOOC COOH

(C)

HOOC COCH

HOOC COOH

Figure 1.1: Heme

(A) Iron complex of protoporphyrin IX (heme). The methene bridges are designated a, B, v
and ¢ and the carbons are numbered with the nomenclature used in this Thesis. (B) Modified
heme found in cytochromes in class a. (C) Modified hemes found in cytochromes ¢, where R
is an aliphatic side chain. The modifications to the heme side groups are highlighted in red.

Officially, ferriprotoporphyrin IX with ferric iron is called hemin and it is only
called heme when the iron is in its +2 oxidation state (ferroprotoporphyrin IX).

However, due to the fact that the iron can exist in up to five oxidation states it is
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clearer to call all protoporphyrin IX heme and state the oxidation state of the iron
[13]. In addition to the core structure protoporphyrin IX has eight side chains, four
methyl, two propionate and two vinyl groups (Figure 1.1(A)). Modifications to the
heme side chains are found in some heme containing proteins and common examples
of these modifications are shown in Figures 1.1(B) and (C). The net charge of the

heme with a four coordinate ferric iron is +1.

1.2.2 Heme containing proteins

A wide variety of proteins with biologically diverse functions incorporate the
heme prosthetic group, the chemistry of which is modulated by; the protein
environment of the heme active site; alterations to the side chains of the heme; or by
changing the axial ligands which occupy the 5™ (proximal) and 6" (distal)

coordination positions of the heme (Figure 1.2).

X

Figure 1.2: A schematic representation of the
heme group

Distal side

Y and X represent the 5" and 6" ligand
Fe respectfully. The blue bars represent the
protoporphyrin ring and the two sides of the

. . h labelled.
Proximal side <™¢ @€ 1avele

Y

The distal and proximal ligands of the heme control the spin-state of the iron. If
they are strong field ligands the heme iron will be low spin and if they are weak field
ligands the heme iron will be high spin. The variety of proteins which contain the
heme prosthetic group have been extensively reviewed [14-18]. The range of activity
of the prosthetic group depends hugely on the environment it is in, so that the proteins
which use heme as a cofactor have classically been broadly divided into three
categories; oxygen transport and storage proteins, heme redox enzymes and electron
transfer proteins. However, more recently the knowledge of the functional roles
known to be carried out by heme proteins has increased leading to the emergence of

another class of heme proteins: the heme sensor proteins.
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1.2.2.1 Oxygen transport and storage proteins

Oxygen binding proteins are ancient molecules and it is suggested that they
have evolved from enzymes which protected species from the toxic oxygen
atmosphere [19]. Although molluscs and some arthropods use hemocyanin [20], a
copper containing protein that reversibly binds molecular oxygen, heme proteins
(hemoglobin and myoglobin) are the principle carriers of oxygen in biological
systems [21].

Hemoglobin is a tetrameric protein made up of two 141 amino acids o
subunits and two 146 amino acid B subunits, which are non-covalently linked. Each
subunit has a heme co-factor and can bind one molecule of oxygen (Figure 1.3(A)).
The role of hemoglobin is to carry oxygen from the lungs, where oxygen
concentration is high, to tissues, where the oxygen concentration is low. The release
of oxygen under conditions where the partial pressure is low is facilitated by the
cooperativity of the four subunits; as the partial pressure of oxygen increases the

affinity of each subunit for oxygen increases.

Figure 1.3: Oxygen transport and storage proteins
(A) Hemoglobin, each subunit it represented by a different colour. Heme groups are shown in
yellow. (B) Myoglobin the heme group is shown in yellow, proximal and distal histidine
residues are indicated.
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Myoglobin (Figure 1.3(B)) is a related globin and, like hemoglobin, serves as
an oxygen transport protein. Myoglobin is a monomeric protein, with a single heme
binding just one molecule of oxygen, this structural difference from tetrameric
hemoglobin accounts for the different functionality of the two proteins; myoglobin
primarily transports and stores oxygen in the muscle, where the partial pressure of
oxygen remains stable, hence there is no need for myoglobin to act in the cooperative
way that hemoglobin does.

Both hemoglobin and myoglobin have a proximal histidine residue which co-
ordinates to the heme, the sixth axial position on the distal side has water weakly
bound, which is readily replaced by molecular oxygen. The iron can exist as Fe*" and
Fe** but O, binds only to ferrous iron [22]. The distal histidine which is conserved in
hemoglobin and myoglobin [23, 24] is also important for oxygen binding and acts as a

proton donor stabilizing the polar iron-oxygen complex.

1.2.2.2 Heme redox enzymes

The oxygen transport proteins utilise the oxygen binding properties of iron in a
passive way with the organic part of the heme operating as a carrier for the iron. In
other heme proteins the heme can play an active role in biological processes. Redox
enzymes catalyse the reduction or oxidation of a substrate and even among this
subclass of heme proteins there is significant functional diversity.

The cytochrome P450s are a superfamily of heme enzymes that catalyse a
range of reactions with numerous endogenous and exogenous substrates. Cytochrome
P450s are monooxygenases which carry out the oxidation of a substrate by the
incorporation of an atom of oxygen from molecular oxygen. The 5™ axial ligand in
P450 enzymes is a cysteine residue (Figure 1.4), this thiolate coordination gives the
heme iron a lower affinity for anionic ligands than that of myoglobin [25]. The
cysteine ligand is a better electron donor than histidine and as a result the oxygen

molecule that binds in the P450 cycle is highly activated [26].
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C356
Figure 1.4: The crystal structure of cytochrome P450¢cam

The overall crystal structure of the monooxygenase P450¢ca\ the heme is shown in yellow, the
proximal cysteine ligand is also shown with the iron-thiolate coordination bond. (PDB entry
2CPP) [27].

The best understood subclass of the heme redox enzymes are those which
utilise the two oxidising equivalents in H,O; to oxidise a variety of substrates, namely
peroxidases, catalases and catalase-peroxidases. The peroxidases reduce H,O, to two
molecules of water whilst oxidising a substrate and will be discussed at length
throughout this Thesis. Catalases catalyse both the oxidation and reduction of H,O, to
water and molecular oxygen. The overall mechanism of catalase (Figure 1.5) is very
similar to that of peroxidases (Section 1.3.2, Figure 1.9), with the main difference
being that Compound I of catalase can react with a second molecule of H,O, to

release H,O and O, with the regeneration of resting ferric enzyme [28].

H202 HZO ”
M Figure 1.5: The catalytic
liiem Fl‘e“’ o+ cycle of catalase
His His In the first step H,O, is
Compound I used for Compound I
formation. Compound I
can then react with a
0 +0 o H,0, second molecule of H,0,,
H,0 +0, ” H,0, reducing the enzyme back
to the ferric state.
FieIV 04
His
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Classic monofunctional heme-containing catalases are homotetramers with
one heme per subunit and are present in both prokaryotes and eukaryotes [29]. A well
studied example of this type of catalase, beef liver catalase (BLC), is shown in Figure
1.6. In most catalases each subunit also binds an NADPH molecule, although the
precise function of this cofactor remains unclear [30]. The heme environment of
catalase is distinct from that of peroxidases and catalase-peroxidases with the heme
being ligated to the hydroxyl group of a tyrosine instead of histidine. The distal pocket
is also somewhat different with a conserved asparagine residue replacing the

conserved arginine found in peroxidases.

(A)

Figure 1.6: The crystal structure of beef liver catalase

(A) Beef liver catalase (PDB entry 4BLC) the four subunits are shown in different colours for
clarity with the heme being shown in yellow. (B) A single subunit of beef liver catalase, the
heme is shown in yellow with the proximal tyrosine shown in pink.

As the name suggests, catalase-peroxidases are able to carry out both catalase
and peroxidase reactions. Bacterial catalase-peroxidases (KatGs) are classified as
class I peroxidases (see Section 1.3.1), they are homomultimeric proteins with
monomers approximately twice the size of those of other class I peroxidases. They
comprise of an N-terminal heme binding domain and a C-terminal domain (the C-

terminal domain is thought to have arisen from a gene replication event since it shares
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sequence homology with the N-terminal domain but contains mutations which mean it
is no longer capable of binding heme [31]). KatGs have attracted significant interest
over the past ten years or so due to their ability to activate the prodrug isoniazid, a key
chemotherapeutic agent against the disease tuberculosis and are discussed further in
Chapter 3.

Other types of heme proteins in the class of heme redox enzymes include the
dioxygenases indoleamine 2,3-dioxygenase and tryptophan 2,3-dioxygenase. These
enzymes catalyse the oxidative cleavage of tryptophan by insertion of both atoms of
molecular oxygen to form N-formylkynurenine [32-34] (see Section 1.7.3). Another
important heme redox enzyme is nitric oxide synthase (NOS), which catalyses the
oxidation of one L-arginine guanidinium nitrogen atom to form NO, this then serves

as a second messenger by activation of guanylyl cyclase [35] (see Section 1.7.2).

1.2.2.3 Electron transfer proteins

Heme containing electron transfer proteins are commonly termed cytochromes
(although this term is often used in reference to other types of heme proteins) and
several different types exist. Cytochromes can be classified according to the nature of
the heme group they contain (see Figure 1.1, Section 1.2.1); if the heme is unmodified
the cytochromes are referred to as b-type and if the heme is covalently attached to
cysteine thiol groups the cytochrome is referred to as c-type. Other types of
cytochromes have heme molecules with modifications to their porphyrin ring,
including a-, d- and o-types [36]. Cytochromes undergo reversible oxidation and
reduction, formally this redox change involves a single-electron, reversible
equilibrium between Fe(Il) and Fe(Ill). The cytochromes are important in

photosynthesis and respiration.

1.2.2.4 Heme sensor proteins

Heme sensor proteins are important regulatory proteins and can be divided
into two groups: heme-responsive heme sensor proteins, where the binding of heme to
the protein triggers activation of a catalytic or DNA binding domains; and gas-
responsive heme sensor proteins, where binding of a gas such as CO or NO to the

heme leads to the activation of a functional part of the protein.
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Heme-responsive heme sensor proteins include the transcription factor Hapl
in yeast [37], which forms large aggregates with other proteins in the absence of heme
decreasing its affinity for DNA. Upon heme binding, Hapl-associated proteins are
released and DNA affinity is subsequently increased. The elF2a kinase (HRI) system
regulates protein synthesis, providing a balance between globin proteins and the levels
of heme in red blood cells. In normal conditions HRI has heme bound to the kinase
active site rendering it inactive, this means that elF20, an initiation factor for
translation which regulates the translation of genes required for globin synthesis is
non-phosphorylated and able to activate translation. Under conditions of low heme,
heme dissociates from HRI allowing access to the kinase active site, this leads to
phosphorylation of elF2a preventing it binding to RNA and hence preventing
translation. All of the heme-responsive heme sensor proteins examined to date have a
cysteine residue as an axial ligand [38], thiolate coordination to the heme may be
important in the heme-responsive heme sensor proteins for rapid dissociation of the
heme [39].

Gas-responsive heme sensor proteins include the soluble guanylate cyclases
[40] which catalyse the cyclisation of guanosine 5'-triphosphate (GTP) to guanosine
3',5'-cyclic monophosphate (¢cGMP), a second-messenger important in vasodilation.
The transcription factor CooA is probably the most well studied of the gas-responsive
heme sensor enzymes. CooA is a homodimeric transcription factor that belongs to the
catabolite activator protein (CAP) family [41]. CooA is responsible for regulating CO
metabolism in bacteria by controlling the genes necessary for the production of CO
oxidising enzymes [42]. CooA is a dimer with each subunit containing a heme group,
in the inactive form of CooA each heme is coordinated by a histidine residue and the
N-terminal proline from the opposite subunit, when CO is present CO binds to the 6™
axial position causing dissociation of the N-terminal proline, this leads to large

conformational changes which enable CooA to bind DNA and activate transcription.

1.3 Heme peroxidases

1.3.1 Function and classification of peroxidases

Heme containing peroxidase enzymes are widely distributed throughout the

plant and animal kingdom and have also been isolated from various micro-organisms

10



Chapter 1: Introduction

[43]. They are distinct from a second group of peroxidases that contain no heme and
instead use elements such as vanadium and selenium [44]. Heme peroxidases catalyse
the H,O,-dependent oxidation of a variety of substrates and carry out a vast array of
biological functions.

Heme peroxidases can be divided into two superfamilies; the mammalian
peroxidases and the plant peroxidases. The mammalian peroxidase superfamily
include myeloperoxidase (MPO), eosinophil peroxidase (EPO), lactoperoxidase
(LPO) and thyroid peroxidase (TPO). An alternative and highly important pathway
utilised by mammalian peroxidases, along with the classic peroxidase pathway shown
in Section 1.3.2, Figure 1.9, is the halogenation cycle [13]. Depending on substrate
availability, in the presence of H,O, and a halide, MPO can catalyse a halogenation
reaction that plays an important role in the antibacterial activity of leukocytes [45].
Mammalian peroxidases are highly important and are implicated in many different
diseases including asthma [46], Alzheimer's disease (AD) [47] and inflammatory
vascular disease [48].

The plant peroxidase superfamily contains enzymes of plant, bacterial and fungal
origin [49] and are found in virtually all green plants, many fungi and aerobic
bacteria. Plant peroxidases carry out a diverse range of physiological functions, but
their main role is to serve as antioxidants protecting the organism from the harmful
effects of toxic peroxides produced in vivo by oxidase activity [50]. The plant
peroxidases were further classified into three classes based on sequence homology, by

Welinder [49]:
1. Class I: intracellular peroxidases and peroxidases of prokaryotic origin
2. Class II: secreted peroxidases of fungal origin.

3. Class III: classical secretory plant peroxidases.

Peroxidases from all three classes contain ~ 10 a helices in similar positions and

13 conserved regions (Figure 1.7) [44].
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Figure 1.7: Helical structure of peroxidases

Crystal structure of CcP (PDB entry 2CYP) showing the 10 a helices (A-J) (VB. in CcP there
is no region of amino acids in between helices H and 1 ). The residues conserved in all plant
peroxidases are indicated in purple with the heme in yellow.

All plant peroxidases from classes I-III have a histidine residue as their proximal
ligand and a conserved histidine and arginine (His52 and Arg48 in CcP) on the distal
side of the heme, along with a conserved asparagine (Asn82 in CcP). On the proximal
side of the heme a valine, a histidine, two aspartates, a glycine and an arginine
(Vall169, His175, Asp235, Aspl106, Gly129 and Argl130 in CcP) are all conserved.

There are two plant peroxidases which don’t fit into the Welinder
classification. Chloroperoxidase [51] which has a cysteine as the proximal ligand and
catalyses the halogenation of aliphatic substrates, and Pseudomonas aeruginosa
cytochrome ¢ peroxidase [52] which contains two covalently attached c-type heme
groups with the active resting form having one ferrous heme and one ferric heme.

Important examples of class I heme peroxidases include ascorbate peroxidase
(APX) and cytochrome c¢ peroxidase (CcP) which will be discussed at length
throughout this Thesis. Class I also contains the bacterial catalase-peroxidases; KatGs.
Class I peroxidases have no disulphide bridges, no carbohydrate components and no

signal peptide for secretion.
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Class II plant peroxidases include lignin peroxidase (LiP) from Phanerochaete
chysosporium [53], which plays an essential role in the degradation of the plant cell
wall component, lignin. A structurally related class II peroxidase, manganese
peroxidase [54] also from Phanerochaete chysosporium, oxidises Mn(Il) to Mn(III),
Mn(III) then forms a complex with a dicarboxylic acid that is capable of oxidising
various substrates [55]. Arthromyces ramosus peroxidase (ARP), also known as ink
cap mushroom peroxidase [56] also falls into the class II peroxidases. ARP is
structurally very similar to LiP and MnP, however the substrate specificity of ARP is
more like that of the class III peroxidases with small aromatic molecules being the
preferred substrate. Class II heme peroxidases all contain two calcium ion binding
sites [57], one proximal and one distal to the heme, and four conserved disulphide
bridges. Class II peroxidases are invariably glycosylated and all contain an N-terminal
signal peptide for secretion.

The class III peroxidases contain perhaps the most well-studied of all the
peroxidases, horseradish peroxidase (HRP), which has been extensively reviewed in
the literature [58, 59]. Like class II peroxidases, class III peroxidases contain two
calcium binding sites, four disulphide bridges, an N-terminal peptide signal for
secretion and ~ 22% carbohydrates [29]. Unlike class I and II peroxidases, class III
peroxidases contain a long insertion (34 residues in the C isoenzyme of HRP [60])
between helices F and G which forms two extra helices F’ and F’’ (Figure 1.8). This
region is highly variably even amongst the class III peroxidases and defines the
substrate access site. Other class III peroxidases include peanut [61] and barley [62]

peroxidases.

Figure 1.8: Representation of the
overall structure of class I11
peroxidases

Crystal structure of HRP (PDB entry
1ATJ) showing the extra o helices
present in class III peroxidases F’ and
F’’. The heme is shown in yellow and
calcium ions are represented by cyan
spheres.
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1.3.2 The catalytic mechanism of heme peroxidases

All heme peroxidases utilise a catalytic cycle that involves the formation of a
two-equivalent oxidized intermediate known as Compound I, followed by oxidation
of substrate producing a second reactive intermediate Compound II. Compound II
then reacts with a second molecule of substrate to regenerate the resting ferric enzyme

(Figure 1.9).

H,0, H,0 ﬁ
Felll M | A
| j |
His His
Compound I
s°® SH
SH (0) s*
I
His
Compound IT

Figure 1.9:A schematic of the catalytic peroxidase cycle

SH represents the reduced substrate and S’ represents oxidised substrate.

Peroxidases are distinguished from other heme proteins due to their ability to
rapidly react with H,O,. The mechanism for this reaction, resulting in Compound I
formation, has been well studied [63-65]. In 1980 it was proposed by Poulos and
Kraut [66] that the distal histidine, conserved throughout the peroxidases, acts as a
general acid-base catalyst, and it has since been shown that the distal histidine is
critical for the rapid reaction of peroxidases with H,O, [67-69]. The exact nature of
Compound I has still not been unambiguously assigned, despite the availability of
crystal structures of the intermediate. EXAFS work [70, 71] on CcP estimated Fe-O
bond lengths to be in the region of 1.6 A indicating a [Fe(IV) = O] species, whereas
the high resolution crystal structure obtained by Poulos [72] showed an Fe-O bond
length of 1.87 A which they characterised as a ferryl bound hydroxyl species [Fe(IV) -
OH].

Compound I is two-oxidising equivalents above the resting ferric heme with

the iron being in the ferryl state and a radical either on the porphyrin ring or on an
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amino acid residue [73]. Compound I is reduced by substrate to generate Compound
IT which is one-oxidising equivalent above the resting ferric heme, lacking the cation
radical. Compound II is an oxyferryl species with a similar structure to Compound I.
The Fe-O bond length is longer than that seen for Compound I and the oxygen is
thought to be protonated facilitating the formation of the second water molecule from
the overall reaction [74]. Compound II oxidises a second molecule of substrate with
the bound oxygen being released as a water molecule and the heme returning to its
ferric resting state, the reduction of Compound II is usually the rate-limiting step in

the catalytic cycle.

1.4 Ascorbate peroxidase

Ascorbate-dependent peroxidase activity was first reported in 1979 [75].
Defining a heme peroxidase as an ascorbate peroxidase (APX) can be quite difficult
as they are often indiscriminate in their choice of redox partner and many utilise small
organic substrates, typical of those for class III peroxidases, at a rate comparable to
that at which they oxidise ascorbate. Peroxidases are usually classified as an APX
when their specific activity for ascorbate is higher than that of other substrates [76].

Ascorbate peroxidases are widespread plant enzymes that rid plant cells of
potentially harmful H,O,, this is especially important in legume root nodules due to
their potential for creating activated oxygen species. APXs are class I peroxidases
which have now been isolated and purified from a number of sources. Sequence
analysis of APX genes identified so far result in 7 types of APX; two are chloroplastic
and five are cytosolic, three of which are membrane bound [77]. Cytosolic enzymes
have been purified from many sources including pea (pAPX) [75], soybean (sAPX)
[78], wheat [79], potato tubers [80], maize [81] and tea [82].

The chloroplastic and cytosolic isoenzymes are very similar with the main
difference being the sensitivity of chloroplastic peroxidases to conditions where
ascorbate is low, when they tend to degrade rapidly [83]. The cytosolic APXs are the
most extensively characterized and bacterial expression systems have been reported
for many of them, including soybean APX allowing heterologous expression of
rsAPX [84].

APXs are homodimeric heme proteins with a subunit mass of between 27,000

and 30,000 Da, they utilise ascorbate as the substrate, oxidising it in a H,O,-
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dependent manner to produce the radical monodehydroascsorbate which, under
physiological conditions, is reduced back to ascorbate by monodehydroascorbate
reductase [85]. In the absence of monodehydroascorbate reductase, two of the radicals
can disproportionate to form one molecule of dehydroascorbate and reform one

molecule of ascorbate [13] (Figure 1.10).
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Figure 1.10: Oxidation of ascorbate

Ascorbate is oxidised to monodehydroascorbate by APX, in the absence of
monodehydroascorbate reductase this spontaneously disproportionates to ascorbate and
dehydroascorbate.

The crystal structure of recombinant soy ascorbate peroxidase (rsAPX, which
will be referred to as APX throughout the rest of this Thesis) was solved by Sharp et
al in 2003 [86] and was shown to be virtually identical to the structure of recombinant
pea ascorbate peroxidase (rpAPX) (r.m.s. deviation between Co positions 0.443 A)
[87], with which it shares 91% sequence homology. The structure is also very similar
to another well characterized class I peroxidase, CcP (see Chapter 2 for a detailed
comparison). The overall crystal structure of APX is shown in Figure 1.11 along with

the active site.
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Figure 1.11: The crystal structure of ascorbate peroxidase

(A) The overall crystal structure of APX, heme is shown in yellow and active site residues are
highlighted in purple (PDB entry 10AG). (B) Stereo representation of the active site of APX.
Side chains for important residues are shown, potential hydrogen bonds are indicated by red
dashes and water molecules are represented by red spheres.

The heme in APX is bound by a coordinate bond to His163 and a hydrogen
bond between the heme 7-propionate and His169. The distal pocket contains the key
active site residues, Trp41, His42 and Arg38. The catalytic His-Asp-Trp triad is found
on the proximal side (His163-Asp208-Trp179) which is a feature present in CcP. The
pea APX structure shows a K' ion bound in a position close to the heme which is
proposed to destabilize formation of a Trp179 radical in Compound I [88], however,
this metal site is not seen in soybean APX and it is proposed that the oxidation of
ascorbate by Compound I proceeds directly through the heme (as discussed in Chapter
2).

CcP has been the model for the study of peroxidases due to its early
expression [89] and crystal structure [90] which have allowed extensive structure-
function studies. However, the fact that it utilises a protein radical in Compound I and
its substrate is a large protein, as discussed in Chapter 2, means that it is not ideal as a

general model of peroxidases. The high sequence homology of CcP with APX, along
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with the use of a more typical substrate and porphyrin n-cation by APX, places APX

at an important interface in terms of our overall understanding of peroxidase activity.

1.5 Cytochrome c peroxidase

Cytochrome ¢ peroxidase (CcP) is the most thoroughly investigated class I
peroxidase. CcP was discovered in brewers yeast in the 1940s [91] and is found in the
mitochondria of aerobically grown yeast cells. The primary biological function of CcP
is to protect yeast cells during oxidative stress by removal of harmful H,O, [92]. CcP
catalyses the H,O,-dependent oxidation of the mobile electron carrier cytochrome c,
from ferrocytochrome c to ferricytochrome c.

In the 1960s a simple isolation procedure for CcP was developed [93], the
gene was cloned into E. coli in 1982 [94] and the first mutagenesis studies on CcP
were carried out when it was expressed in yeast in 1986 [95]. By 1987 CcP was
overexpressed in E. coli [89], the availability of the enzyme made it a valuable system
for the study of peroxidases and when the crystal structure was solved [96], providing
the first structure of a heme enzyme, extensive structure-function studies became
possible which defined many aspects of peroxidase catalysis for the first time. CcP is
an ~ 34,000 Da protein with 293 amino acids and a single, non-covalently bound, b-
type heme. The overall crystal structure is shown in Figure 1.12, along with the active

site.
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(B)

Figure 1.12: The crystal structure of cytochrome c peroxidase

(A) Overall structure of CcP, the heme is shown in yellow and important catalytic residues are
highlighted in purple. (B) The active site of CcP, side chains of important residues are shown,
hydrogen bonds are indicated by red dashes and water molecules are represented by red
spheres (PDB entry 2CYP).

CcP shares the same overall structure as other class I peroxidases. Like in
APX, the heme is bound to the protein through a coordinate bond with the proximal
histidine, His175, and through a hydrogen bond between the heme 7-propionate and
His181. The distal side of the heme has Arg48, Trp51 and His52, analogous to the
distal pocket of APX and the proximal side has the catalytic triad His175-Asp235-
Trp191, again analogous to APX. CcP does not contain the potassium binding site
seen in pea APX and the introduction of a metal binding site has been shown to

destabilise the protein radical formed on Trp191 in Compound I [97].

1.6 Substrate binding in heme proteins

Due to the huge diversity of substrates for heme proteins there is necessarily
diversity in the binding of substrates and details of substrate binding for many heme
proteins are still not fully understood. The protein tertiary structure provides conduits

for substrate access to and from the heme active site, which can be modulated by

19



Chapter 1: Introduction

conformational changes resulting in ‘gated’ substrate access. Substrate binding sites
are designed to place the substrate in a specific orientation and at a specific distance

from the heme active site to facilitate rapid and stereo-specific chemistry.

1.6.1 Substrate binding in cytochrome P450s

The cytochrome P450 superfamily contains members with many different
functions and the number of different substrates for cytochrome P450s is estimated to
be in the 1000s [98]. The diverse reactions catalyzed by these enzymes include:
hydroxylation, N-oxidation, sulfoxidation, epoxidation, oxidative ester and amide
cleavage, peroxidation, deamination, and dehalogenation, to name just a few [99].
Substrates for P450s include fatty acids, steroids, amino acids and multitude of
organic compounds with specific binding interactions varying from one P450 to
another and, in some instances, between the diverse chemical substrates for the same
P450.

One of the most extensively studied P450 enzymes is cytochrome P450cam
from Pseudomonas putida, which catalyses the stereoselective hydroxylation of
camphor to 5-exo-hydroxycamphor (Figure 1.13(A)) [100], the crystal structure of

P450cam in complex with camphor is shown in Figure 1.13(B).

(A) (B)

Camphor 5-exo-hydroxycamphor

Figure 1.13: Substrate binding in cytochrome P450c,m

(A) The selective hydroxylation of camphor catalysed by P450cam. (B) The crystal structure
of the distal heme pocket of P450cam, showing the heme (yellow) and camphor bound
(purple). The residues which define the pocket are labeled and hydrogen bonding interactions
are represented by red dashes.
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Camphor binds in the distal heme pocket forming numerous van der Waals
interactions between the camphor methyl groups and the protein, a hydrogen bond is
formed between the camphor carbonyl group and the hydroxyl group of Tyr96.
Cytochrome P450.,r hydroxylates 6-deoxyerythronolide B (6-DEB) (Figure 1.14(A))
to erythronolide B at the C-6 atom as one step in erythromycin A production in
Saccaropolyspora ertherea [101]. The crystal structure of P450.r [102] has also been
solved in the substrate bound form (Figure 1.14(B)), the substrate for P450cyr 1s much
larger than camphor and comparison with the structure of P450cam-camphor complex
shows the B’ helix, which provides key substrate-protein contact points in P450cawm,
adopts a totally different conformation in P450.r resulting in the formation of a much

larger active site necessary to accommodate 6-DEB (Figure 1.14(C)).

(A) (B) (®)

174

L175

6-deoxyerythronolide B

Figure 1.14: Substrate binding in cytochrome P450,,,r

(A) The physiological substrate of P450.r; 6-DEB. (B) The distal heme pocket of P450yr,
the heme is shown in yellow and 6-DEB in purple. (C) A comparison of the distal heme
pockets of P450.yr and P450cam showing the difference in the position of the B’ helix
allowing for the difference in the substrate size of each enzyme.

The structures of P450cam and P450.yr do not show a channel by which
substrates can access the heme and it is postulated that a conformational change must
occur in order to allow substrate binding in the distal pocket [103]. Cytochrome
P450p\m.; is a bacterial fatty acid hydroxylase from Bacillus megaterium [104] in
which the P450 heme protein is fused to an FAD/FMN reductase this means that the
enzyme is catalytically self sufficient and does not require additional proteins to

transfer electrons from NAD(P)H to the heme iron. Substrates for P450gM.3 can be
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between 12 and 18 carbons long [105] the crystal structure of the P450pMm.3 heme
domain has been solved with the substrate palmitic acid bound [103] (Figure
1.15(A)).

(A) (B)

L188

Substrate access channel

1263

A264

C368

Figure 1.15: Substrate binding in cytochrome P450gy;_;

(A) The active site of P450gy.; showing palmitic acid bound (PDB entry 2UWH) residues
defining the distal heme pocket are shown, hydrogen bonds are indicated by red dashes. (B)
An overlay of the P450gy;-palmitic acid complex (green) and the substrate free form (Cyan)
(PDB entry 21J2) showing the conformational change which allows the substrate to access the
heme.

Like P450cam and P450.r, palmitic acid binds in the distal heme pocket of
P450g.3, although the atom which is hydroxylated is 7.5 A from the heme iron (4.2
and 4.8 A from the heme iron in P450cam and P450.yr respectively). The substrate
carboxylate forms hydrogen bonds with Tyr51 and Arg47 and the alkyl tail is held in
place by Leu75 and Val78. The structure of the substrate-free form of P450gy\.3 has
also been solved and comparison of the two shows that the substrate free form has a
channel which allows substrate access to the heme, in the bound form a

conformational change takes place reducing the size of this channel (Figure 1.15(B)).

1.6.2 Substrate binding in nitric oxide synthase

Nitric oxide synthases (NOSs) are a family of enzymes that catalyse the
oxidation of L-arginine to L-citrulline and NO (Figure 1.16) [106, 107].
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Figure 1.16: The production of L-citrulline and NO by NOS

NOSs are catalytically self-sufficient with two major functional domains: a C-
terminal reductase domain which binds FMN, FAD and NADPH and an N-terminal
catalytic domain which binds heme and the redox cofactor tetrahydrobiopterin (BH4).
The architecture of the FAD/FMN domain is similar to that of the FAD/FMN domain
of cytochrome P450gp.3 [104]. The heme is bound to the protein via a coordinate
bond to a cysteine residue and unsurprisingly the mechanism of NOS is similar to that
of cytochrome P450 enzymes, which are also heme-thiolate enzymes. NOS is only
active in its dimeric form, crystal structures of all NOS enzymes solved to date show a
tightly associated homodimer with BHs found at the dimer interface. Reducing
equivalents from NADPH are taken through FAD then FMN and finally to the heme.
A feature unique to NOS is the presence of the redox active cofactor BHy: this reduces
the ferric heme-superoxy intermediate that forms during the activation of bound
dioxygen. Electron transfer from the bound cofactor to the heme allows formation of
the heme-oxy species that reacts with L-arginine. The binding of BH4 occurs at the -
heme edge and the cofactor remains permanently bound to NOS [108], cycling
between the fully reduced and one electron oxidised forms [35]. Figure 1.17 shows

BH, bound to NOS.
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Figure 1.17: The crystal structure of the NOS-BH, complex

Stereo representation of the crystal structure of BH4 bound at the y-heme edge in NOS (PDB
entry 10M4). The heme is shown in yellow with important residues indicated in cyan (for
residues that come from the subunit to which the heme and BH,4 are bound) and green (for
residues which come from a second subunit of NOS). The hydrogen bonding network is
shown as red dashes and water molecules are represented by red spheres.

BH, is held in place by n-stacking interactions between the substrate and a
tryptophan residue of one subunit (Trp678) and a phenylalanine residue of the other
subunit (Phe691). There are hydrogen bonding interactions between most of the
heteroatoms of BH4 and the protein side chains and backbone. Potentially the most
important interaction between BH4 and NOS is the interaction with the heme 7-
propionate, a hydrogen bond is formed between this propionate and N3 of BHy
proposed to be the route through which electron transfer from BH4 to the heme occurs
[109]. The one electron oxidised BH4 is then converted back to the fully reduced form
via a “through-heme” mechanism by the flavoprotein domain [110]. Like in
cytochrome P450s and heme dioxygenases, the substrate for NOS, L-arginine, binds
in the distal heme pocket, however the substrates for cytochromes P450s are
universally hydrophobic while the physiological substrate for NOS is hydrophilic.
Figure 1.18 shows the distal heme binding pocket of the NOS-L-arginine complex.
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Figure 1.18: The crystal structure of the NOS-L-arginine complex

Stereo representation of the crystal structure of the distal heme pocket of NOS with L-arginine
bound (purple). The heme is shown in yellow and the hydrogen bonding network is
represented by red dashes. (PDB entry 10M4).

L-arginine is held in place by a number of hydrogen bonds and all of the
protein residues that make direct contact with L-arginine are conserved among the
NOS:s. In contrast to cytochrome P450s, the distal heme pocket is considerably more
hydrophilic with three of the residues which form important interactions with the

substrate being glutamine, aspartate and glutamate.

1.6.3 Substrate binding in heme dioxygenases

Tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO)
are important, yet relatively poorly understood, heme enzymes. The L-kynurenine
pathway leads to the formation of NAD and is the major catabolic route of L-
tryptophan. The initial cleavage of L-tryptophan to N-formylkynurenine (Figurel.19)
is catalysed by IDO and TDO.

(o] O
(0]
IDO/TDO
I NH,*
/\
N [¢]
H
Tryptophan N-formylkynurenine

Figure 1.19: The formation of N-formylkynurenine catalysed by IDO and TDO
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TDO is a homotetrameric enzyme with high specificity for L-tryptophan as the
substrate. In comparison, IDO is monomeric, and shows activity towards a more
diverse range of substrates. IDO was first isolated in 1967 [111], however, until
recently very little was known about the enzyme. The catalytic mechanism involves
the reduction of the ferric heme, binding of O, to the ferrous heme and binding of L-
Trp, although the order in which they bind is still unknown [33].

In 2006 the crystal structure of IDO was solved [112], although the structure
of the substrate bound form has still not been solved, the environment of the heme
distal pocket and analysis of site directed mutants show that substrate recognition is
likely to involve complementarities between the indole ring of the substrate and
protein groups and that the correct geometry between the substrate and the iron-bound
dioxygen are necessary for the reaction. The structure of the closely related TDO in
complex with L-Trp has been solved [113] (Figure 1.20), providing further insight into

substrate binding in the heme dioxygenases.

(B)

Figure 1.20: Substrate binding in tryptophan 2,3-dioxygenase

(A) The overall crystal structure of the TDO-L-Trp complex (PDB entry 2NW8), the heme is
shown in yellow and the coordinate bond between the proximal His240 is shown as red
dashes. (B) Stereo representation of L-Trp (cyan) bound in the distal heme pocket of TDO, the
side chains of residues important for substrate binding are shown. Contacts between the
protein and substrate are shown as red dashes and water molecules are represented by red
spheres.
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L-Trp is located in the distal heme pocket, with an ion-pair interaction between
the carboxylate of L-Trp and Argl17, which is also hydrogen bonded to the hydroxyl
of Tyrl13 and the main chain amide of Thr254. The ammonium ion of L-Trp is
recognized by the heme 7-propionate and is hydrogen bonded to Thr254. The indole
ring is perpendicular to the heme and held in place via van der Waals interactions with
Phe51. The N1 nitrogen of the indole ring is hydrogen bonded to the side chain of
His55.

The structural information suggests that TDO is an induced-fit enzyme with
the active site pocket being well defined in the substrate bound structure but
disordered in the free enzyme, with Argl17 adopting a different conformation in the
absence of substrate. The structure of the TDO in complex with L-Trp allows further
insight into substrate binding in IDO. The key active-site residues are similar in TDO
and IDO and it is likely that L-Trp has the same binding mode to the active site of
IDO, as residues important for recognizing the L-Trp ammonium ion and carboxylate
group are conserved in IDO (Arg 231 and the heme 7-propionate), explaining why L-
Trp is a much better substrate than D-Trp for IDO. The tyrosine proposed to hydrogen
bond to the substrate carboxylate in TDO is replaced by a phenylalanine in IDO,
similarly the threonine thought to hydrogen bond to the ammonium group is missing
in IDO and the equivalent residue to His55 is Serl167 in IDO. It has been proposed
[32, 113] that these differences account for the lower specificity of IDO towards L-

Trp.
1.7 Substrate binding in plant peroxidases

Since the structure of substrates for heme peroxidases is so diverse, it would
be expected that the binding sites for substrates would be equally diverse. Classically,
with the exception of the CcP-cytochrome ¢ complex (which has an unusual substrate)
and the manganese peroxidase-Mn”" complex (which utilises the y-heme edge [114])
it was thought that the d-heme edge was the substrate binding location in peroxidases.
With the emergence of novel crystal structures and the application of site-directed
mutagenesis techniques this consensus has evolved. The evolution of this consensus
and the development of a more unified view of substrate binding in peroxidases will

be discussed in this Thesis.
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1.7.1 Substrate binding in class I peroxidases

1.7.1.1 Substrate binding in APX

APX 1is capable of oxidising two types of substrate: its physiological
substrate, ascorbate, and aromatic substrates, more typical of the class III peroxidases
[115]. Figure 1.21 shows some of the typical aromatic substrates used by heme
peroxidases. The binding of these two different types of substrate has been shown to
occur at different locations. Ascorbate binding occurs close to the y-heme edge with
important interactions to the heme 6-propionate [86] and is discussed further in
Chapter 2; aromatic substrate binding occurs close to the 6-heme edge [116] and is

discussed in Chapters 3, 4 and 5.
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Figure 1.20: The structures of typical aromatic substrates used by peroxidases

1.7.1.2 Substrate binding in CcP

The physiological substrate for CcP is anomalous to usual peroxidase
substrates in that it is a protein, cytochrome c. The nature of the CcP-cytochrome ¢
interaction has been of interest for many years and is still under active investigation
with the number of binding sites, their location and their affinity for cytochrome ¢

still unknown [117]. In 1992 Pelletier and Kraut solved the crystal structure of the
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CcP-cytochrome ¢ complex [118] and proposed a single specific binding site for

cytochrome c (Figure 1.22).

Figure 1.21: The crystal structure of the CcP-cytochrome ¢ complex

The overall crystal structure of the 1:1 complex of cytochrome ¢ (cyan) bound to CcP (green).
Heme groups are shown in yellow (PDB entry 2PCB).

Four residues are reported to form important interactions between the anionic
surface of CcP and the cationic surface of cytochrome c, Asp34, Alal193, Alal194 and
Glu290. The CcP residue, Asp34 is within 4.2 A of the cytochrome ¢ surface residue
Lys87 and is proposed to form a salt bridge with slight movements of the side chains
[118]. Similarly Glu290 of CcP has the potential to form a salt bridge with Lys73 on
the surface of cytochrome c. Possibly one of the most important interactions between
the CcP and cytochrome c is the contact between Alal93 and Alal94 of CcP and the
cytochrome ¢ heme C3 methyl group, which is proposed to be the point of electron

transfer between the two proteins [118] (Figure 1.23).

29



Chapter 1: Introduction
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Figure 1.22: The proposed electron transfer pathway in CcP

The crystal structure of the 1:1 CcP-cytochrome ¢ complex, the heme groups are indicated in
yellow along with the residues proposed to be part of the wire through which electron transfer
occurs; Alal94, Ala193, Gly192 and Trp191.

In addition to the possible salt bridges formed between CcP and cytochrome c,
van der Waals interactions involving Arg31, Tyr39, Vall97 and GIn120 of CcP exist;
the interaction between the two proteins appears to be dominated by their overall
electrostatic potentials [119]. The utilization of a single cytochrome ¢ binding site by
CcP to form a specific 1:1 CcP-cytochrome ¢ complex has often been questioned and
there is evidence that both a 1:1 complex and a 2:1 complex can exist under various
experimental conditions [120, 121]. The site seen in the crystal structure is proposed
to have a high-affinity for cytochrome c¢ binding but it is thought that a second
cytochrome c¢ binding site exists which has a much lower affinity. The location of the
second CcP binding site, proposed to allow formation of the 2:1 complex, is still
unknown although experimental evidence using isothermal titration calorimetry (ITC)
indicate that the weak-binding site includes the CcP residues 146-150 [122].

More recently a covalently cross-linked complex between CcP and
cytochrome ¢ was engineered by the introduction of specific cysteine residues to both
proteins, allowing the formation of an intermolecular disulfide bond [123]. This

complex closely resembles the structure of the non-covalently linked complex and
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kinetic experiments carried out on the engineered complex support the view that CcP
binds cytochrome ¢ as proposed by Pelletier and Kraut [118] and that binding of
cytochrome c at the second low-affinity site does not support reduction of Compound
L.

It has long been known that in addition to its physiological substrate CcP is
also capable of oxidising small aromatic substrates albeit at a much reduced rate [93],
and that binding of these substrates occurs at a site other than that utilised by
cytochrome c¢ [124]. The location of this site has not to date been unambiguously

assigned and is discussed further in Chapters 3 and 4.

1.7.1.3 Substrate binding in KatG

As noted previously the catalase-peroxidases (KatGs) have attracted
significant interest due to their ability to activate the prodrug isoniazid (INH), a key
chemotherapeutic agent against the disease tuberculosis (TB). The binding mode of
INH to KatGs is therefore of great interest and it is hoped that determination of the
binding mode and mechanism of activation will lead to the development of novel
therapeutic agents against TB. So far the crystal structure of KatG in complex with
INH has not been determined and identification of this site is essential in order to
understand the key structural elements in INH activation.

The structure of the active site of KatG is very similar to that of CcP and APX
(see Chapter 3) and early computational studies suggested INH binding near the d-
heme edge [125]. Due to the similarities between KatG and other class I and III
peroxidases, models for INH binding in these enzymes provide valuable insights into
the mode of INH binding and activation in KatGs. NMR studies and molecular
docking of INH to HRP, CcP and APX have been used to describe potential enzyme-
drug interactions [126]. As discussed in Chapter 3, the first structures of INH bound
to activating peroxidases have been determined which provide unambiguous evidence
that INH binding occurs at the d-heme edge and also rationalize INH resistance seen

in naturally occurring KatG mutant strains of M. tuberculosis.

1.7.2 Substrate binding in class Il peroxidases

Lignin peroxidase (LiP) degrades lignin indirectly with its substrate, veratryl

alcohol, acting as a redox mediator. There is no indication that LiP is able to form
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complexes with small aromatic substrates [44] and the mechanism by which it
oxidises veratryl alcohol is thought to be slightly different to that of other heme
peroxidases. It has been proposed that an LiP-veratryl cation radical complex forms
and is able to react to with a second molecule of veratryl alcohol [127]. In addition to
this unusual feature, the substrate channel to the 3-heme edge is relatively inaccessible
in LiP [128] and smaller than that in CcP (Figure 1.24). This has been used to explain
why heme in LiP is not modified by hydrazines [129], whereas it is in CcP, and why
veratryl alcohol does not bind at the 6-heme edge. Instead a site close to Trp171 has

been proposed to form a novel, non-heme edge, electron transfer site [130].

Figure 1.23: The substrate access channels in LiP and CcP

The 8-heme edge access channel in LiP (A) and CcP (B), heme is shown in yellow and the
van der Waals radii of residues defining the access channel are represented by dots.

Manganese peroxidase oxidises the metal ion Mn(Il) which acts as a redox mediator.
Mn(II) binds to the heme 6-propionate and is coordinated to five other ligands with

octahedral geometry [131, 132] (Figure 1.25).
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D179

Figure 1.24: Substrate binding in Manganese peroxidase

The crystal structure of the MnP-Mn(Il) complex, the heme is shown in yellow with Mn(II)
represented as a purple sphere. Hydrogen bonds between the propionate groups and a bridging
water molecule and the 6 octahedral coordinate bonds to Mn(II) are shown by red dashes,
water molecules are represented by red spheres (PDB entry 1YYD).

Three of the Mn(Il) ligands are acidic amino acid side chains, Glu35, Glu39,
and Aspl79, two are oxygen atoms of water molecules and one is the heme 6-
propionate. The site is at the surface of the protein and is accessible to the solvent.
MnP was one of the first heme peroxidases shown to be able to utilise the y-heme
edge for substrate binding. The direct interaction of Mn(II) with the heme 6-
propionate means that rapid electron transfer from the Mn(Il) can take place. As
discussed further in Chapter 2, the crystal structure of the MnP-Mn(Il) complex
provided the first crystallographic evidence that the heme propionates, once thought
of solely as anchoring points to hold the heme in place, could be active players in the
redox chemistry of heme enzymes.

As noted previously, the substrate specificity of Arthromyces ramosus
peroxidase (ARP) [56] is similar to that of the class III peroxidases with small
aromatic molecules being the preferred substrate. In 1997 the crystal structure of ARP
in complex with benzhydroxamic acid (BHA) was solved (Figure 1.26), this provided
the first structural evidence that small aromatic substrates were bound and oxidised at

the 6-heme edge (see Chapter 4) [133].
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Figure 1.25: The crystal structure of the ARP-benzhydroxamic acid complex

Stereo representation of the crystal structure of the ARP-BHA complex (PDB entry 1HSR).
The heme is shown in yellow with the bound BHA shown in purple, interactions between the
protein and substrate are indicated by red dashes and water molecules are represented by red
spheres.

The 1.6 A structure of the ARP-BHA complex shows BHA bound in a distal
location with its aromatic ring almost parallel to the heme. A number of productive
hydrogen bonds are made between BHA and ARP namely between Pro154, the distal
histidine (His56) and Arg52. An indirect interaction between the BHA hydroxyl
group and the heme iron is made via an active site water molecule. The crystal
structure of salicylhydroxamic acid (SHA) in complex with ARP has also been solved
[134] showing SHA binding to take place at the 0-heme edge.

In addition to small aromatic molecules, ARP also oxidises iodide by a
mechanism thought to involve a single two-electron reduction of Compound I [135,
136]. The binding site is between the two peptide segments, Phe90-Pro91-Ala92 and
Ser151-Leul52-Ile153, which form the upper part of the substrate access channel. The
iodide is bound 12.8 A from the heme iron and electron transfer is proposed to occur

through a long-range mechanism as seen in the CcP-cytochrome ¢ complex [135].

1.7.3 Substrate binding in class III peroxidases

Horseradish peroxidase (HRP) is one of the most extensively studied heme
peroxidases and plays important roles in many biotechnological fields, including
diagnostics, biosensors and biocatalysis. HRP catalyses the H,O,-dependent oxidation

of a variety of aromatic substrates and, like APX and CcP, HRP is thought to utilise
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the o-heme edge for substrate binding as shown by heme modification and NMR
experiments [137, 138]. Crystal structures of HRP in complex with BHA [139], and
ferulic acid [140] gave structural evidence for substrate binding at the 6-heme edge.

The crystal structure of the HRP-ferulic acid complex is shown in Figure 1.27.

(A) (B) (C)

Figure 1.26: The crystal structure of the HRP-ferulic acid complex

The crystal structure of the HRP-ferulic acid complex, ferulic acid (purple) is bound in the
distal heme pocket at the d-heme edge. Three orientations for ferulic acid were seen in the
crystal structure (A-C). Heme is shown in yellow (PDB entry 6ATJ).

The crystal structure revealed three possible binding orientations of ferulic
acid, the binding orientation shown in Figure 1.27(C), with the carboxylate group
facing inwards, is unlikely to occur in vivo, due to ferulic acid being esterified to the
hydroxyl groups of polysaccharides in vivo. Benzhydroxamic acid is a substrate for
HRP although no physiological role has been established, the crystal structure of the
HRP-BHA complex is shown in Figure 1.28.
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Figure 1.27: The crystal structure of the HRP-BHA complex

(A) Stereo representation of the crystal structure of the HRP-BHA complex in the region of
the distal heme pocket. The substrate, BHA (purple), is shown bound at the 6-heme edge. (B)
Stereo representation of the crystal structure of the HRP-BHA complex showing the
hydrophobic residues important in binding. Heme is shown in yellow, hydrogen bonds are
shown as red dashes and water molecules are represented by red spheres (PDB entry 2ATJ).

As in the HRP-ferulic acid complex, BHA is shown bound in the distal heme
pocket at the 6-heme edge. The hydrophilic part of BHA forms hydrogen bonds with
the side chain of the distal arginine (Arg38) and with the backbone carbonyl of
Pro139, a hydrogen bond between the hydroxyl group and a water molecule links
BHA indirectly to the heme iron (Figure 1.28(A). The hydrophobic aromatic ring is
held in place by interactions with Phe68, Phel42, Phel42 and Phel79 (Figure
1.28(B)).

36



Chapter 1: Introduction

1.8 Aims

As discussed above, there is an increasing awareness that binding of substrates
to heme peroxidases does not, necessarily, have to occur at the d-heme edge. The
detailed structural and functional knowledge of the two class I heme peroxidases;
cytochrome c¢ peroxidase and ascorbate peroxidase, make them ideal models for
detailed studies on substrate binding in heme enzymes. The overall aim of this thesis
was to utilise different techniques in order to study substrate binding and its
importance in the catalytic functioning of the enzyme. Protein engineering has been
used to probe the different substrate properties of CcP and APX, and to determine
whether substrate binding is sufficient to confer the functionality of the enzyme
(Chapter 2). Aromatic binding has been investigated using X-ray crystallography,
steady state and transient kinetics, competitive inhibition studies and directed
evolution with the aims of providing further support to the evidence that aromatic
substrate binding does indeed occur at the d-heme edge and to ascertain whether other
sites can be employed for aromatic substrate binding. The work in this Thesis has
shown that different binding sites for different types of substrates exist, some of
which are non-specific and that substrate binding sites can be introduced. At the end
of the Thesis, this is discussed in the context of what is known across the heme family
of proteins in order to provide a more unified view of substrate binding in the heme

peroxidases.
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Chapter 2: Introduction of an Ascorbate Binding Site in Cytochrome c Peroxidase

2.1 Introduction

The two most notable and extensively characteridaeds | peroxidases are
cytochromec peroxidase (€P) and ascorbate peroxidase (APXEPGwvas the first
peroxidase to have its crystal structure solvedafid the first to be overexpressed in
E. coli [2]. This meant that extensive structure-functtudies were possible and thus
CcP becamethe benchmark against which all other peroxidases veemapared.
However, @P has two anomalous features. First it uses aipradical at Trp191 [3]
rather than the more usual porphymircation radical utilized by other peroxidases
such as HRP. Second its physiological substrateeisheme enzyme cytochrorag
whereas peroxidase substrates are typically smdllaually organic molecules. APX
uses the more common porphyrfcation radicaland its physiological substrate is
ascorbate, asmall organic molecule much more typical of othesrgxidases

especially class Il peroxidases such as HRP.
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Figure 2.1: Sequence alignment of APX and P

The numbering is as for the pea cytosolic APX erzy8j (adapted from Veitch and Smith
[10]). The rpAPX sequence is identical to rsAPX eptcat positions 10 (Pro in rpAPX), 16
(lle), 21 (Arg), 31 (Lys), 36 (lle), 49 (Ser), 50y6), 63 (GIn), 69 (Gly), 84 (lle), 86 (Glu), 87
(GIn), 91 (Vval), 107 (lle), 152 (Ser), 196 (ThrQ@(Asp), 213 (Thr), 215 (Ser), 222 (Glu),
230 (Val), 240 (Leu) and 249 (Glu). Active siteiders, @), the residues involved in binding
of the potassium site in rpAPX¥(), the residues involved in binding of ascorbat&RX (m)
and the residues involved in binding of cytochromén CcP (A) are indicated. The
additional loops in €P and the C-terminal truncation in APX can be seen.
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The high sequence homology ofEwith APX and the fact that APX has, but
does not use [4-6], a tryptophan at residue 17Qiyatent to Trpl91 in €P) places
APX at an important interface in terms of our oWlemmderstanding of peroxidase
activity. CcP has 37% sequence homology with APX, Figure 2d am almost
identical 3D structure, Figure 2.2 [7]. Despite swmilarity of the two proteins the
ability of CcP to oxidize ascorbate is ~ 100-fold lower thart #faAPX which has a
keat 80 % 6 &' [8] compared to 0.8 + 0.I'dor CcP.

)

!ﬂ_ :
< “4b

F _ -y
2y

_ @;—g I

Figure 2.2: Structural comparison of APX and GP

Overlay of @P (PDB accession code 2CYP) (purple) and APX (PBdssion code 10AG)
(green). This figure shows their almost identicali®ensional structure and superposition of
the important active site residues. The three metjorctural differences can also be seen: (i)
the APX C-terminal truncation, (ii) the additiorfiakheet structure in¢P (residues 210-224)
and (iii) the loop containing residues 34-41 ikPCmissing in APX.

The first crystal structure of the APX-ascorbatanptex [11] had wide
implications for our detailed comparative underdtag of substrate binding in the
class | peroxidases and this has led to a focusoansubstrate binding is linked to

function in other peroxidases. The question thatdrésen is that if €P and APX are

so similar then why is their ability to oxidise adgate so different? Sharp et al [11]
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have shown that the structural architecture of AW P is subtly different. The
features required for anionic ascorbate bindingAPX (Argl72 and Lys30) are
replaced by Asnl184 and Asp33 irc”C P has an extra region (loop containing
residues 34-41) which includes three anionic ressdAsp34, Glu35 and Asp37
necessary for binding of cationic cytochrorag12, 13] not present in APX. In
addition APX lacks Glu290 due to a C-terminal tratien. The additional loop and
the side chain of Tyr36 prevent ascorbate bindimgCeP, Figure 2.3, allowing
rationalization of the low activity of € towards ascorbate [14]. The low activity of

APX towards cytochrome [15] can also be rationalized by the absenceefdbp.

Figure 2.3: Comparison of APX/ascorbate complex wit CcP

The structure of the APX-ascorbate complex (PDBession code 10AF) [11] (green)
overlaid with that of €P (purple). The three important interactions betwdéd®>X and
ascorbate are shown in red. The loop regions (AgSidues 26-36 andcoB residues 28-45)
are shown along with the side chain of Tyr36 whitbcks the equivalent ascorbate binding
site in APX. The- andy-heme edges are indicated.

The structures also allow an explanation as to WRYX uses a porphyrin-
cation despite having an oxidisable tryptophan position analogous to Trp191 in

CcP. Ascorbate has a direct interaction with the hérmpeopionate at the-heme edge
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allowing reduction of Compound | to occur directtyough the heme bypassing
Trpl79. In contrast thedP-cytochromee interaction [16] has cytochroneebound in
an orientation that involves Trp191 as part of iacteon transfer pathway to the heme
in Compound I.

In 2006 Macdonald et al [8] carried out a detastadly on the interactions of
ascorbate with APX. The individual and collectiventributions of the hydrogen
bonding interactions were dissected using sitecthe mutagenesis, steady state and
pre-steady state kinetics. It was revealed that3Qysnly played a minor role in
ascorbate binding and that the hydrogen bonds ¢d 7 and the heme 6-propionate
play a major part in stabilization of bound ascteb@ comparative analysis of both
CcP and APX provides a unique insight into the fezguhat control substrate binding
and in this Chapter this approach has been useéwelop a more unified view of
substrate binding and catalysis across the fanmiheme peroxidases.

Three approaches to enhance ascorbate bindingaddtion in @P weree
taken. First, steric bulk was removed: the sideirchd36A directly blocks the
equivalent ascorbate binding site inFCand so was replaced with a less bulky alanine
residue. Second, the residue equivalent to Argh78RX is Asn184, Asn overlays
directly with Argl72 and is orientated in the samlieection (.e. towards the
ascorbate): hence the N184R mutant was preparexder to introduce potential
hydrogen bonding interactions. Third, to estabidtether €P can support electron
transfer directly through the heme via tidheme edge (bypassing the need for

Trpl191) the tryptophan was replaced by a phenyiladaresidue.

2.2 Results

2.2.1 Expression and purification of CcP

Samples of €P were prepared frorscherichia Coli BL21-DE3 Gold cells
using apT7CCP expression vector (a kind gift from Prof. Mpwvhich confers
ampicillin resistance. The yeastR gene used in this work is modified in order to
improve overexpression k. coli and is termed @(MKT) [2]. CcP(MKT) is
identical to that of cytochrome c peroxidase ol@difrom commercial yeast except
for the three N-terminal residues, which have bad®nged from Thr-Thr-Pro to Met-
Lys-Thr. The original €P(MKT) construct also contained two additional ntiotas,
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lle53 and Gly152, the crystal structure of bakexasy €P shows these residues to be
Thr and Asp respectively. ThecE used throughout this Thesis contains Thr53 and
Aspl52, hence, it is identical to the bakers ygastein, as seen in the crystal
structure, except for the first three residues waildbe referred to as wild type cP
throughout this Thesis.dP was purified as previously described [2] by isnhange
and gel filtration chromatography. Further purifioa was achieved by
recrystallisation into waterAll variants containing the Y36A mutation failed to
recrystallise against water as per the publishedquiure and so further purification
after gel filtration chromatography was carried ooy Fast Protein Liquid
Chromatography (FPLC) (Superdex 75 gel filtratiomlumn), after which
crystallisation occurred. The purity ot was determined by measuring Reinheitzal
(R, values and polyacrylamide gel electrophoresisS$IAGE). Protein was stored

at -80 °C as a crystalline suspension in water.

2.2.2 Mutagenesis

Site-directed mutagenesis of theRCgene was performed according to the
Quikchangé" protocol (Stratagene Ltd, Cambridge, UK). Mutasiavere confirmed
by DNA sequencing as reported previously [17].dtak seven mutant forms ofcE
were prepared with different combinations of mutasi at: Y36, N184 and W191:
these were Y36A, N184R, Y36A/N184R, Y36A/W191F, MBBW191F and
Y36A/N184R/W191F.

2.2.3 Crystallisation

Crystals of €P were prepared by microdialysis of a 10-30 mg/otlitson of
CcP in 500 mM potassium phosphate, pH 6.0 againsnBDpotassium phosphate,
pH 6.0 containing 30% 2-methyl-2,4-pentanediol mume. After approximately 2
days (mutant dependent) at 4 °C large bright rgdtais were seen, Figure 2.4. The
triple mutant needed up to 2 weeks to crystallisd &C and crystals were much

smaller.
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Figure 2.4:Crystal of CcP mounted in cryostream (magnified)

2.2.4 Data collection and refinement

Diffraction data were collected for all mutants@dP in house using a Rigaku
RU2HB X-ray generator with copper anode and Xenuaofilayer optics and an R-
Axis IV detector. All data were collected at 100 Bata were indexed, integrated and
scaled using MOSFLM [18] and SCALA [19]. Data catien statistics are shown in
Table 2.1. The structures were refined from th&® R7awild type QP structure [20]
(Protein data bank entry 2CYP). All refinement ugFMACS [21] from the CCP4
suite [19]. COOT [22] was used throughout for maradgustment, ligand fitting and

interpretation of the water structure.
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Table 2.1:Data collection and refinement statistics for theaabate binding €P variants
and for the Y36A/N184R/W191F-ascorbate complex

Protein WI191F N184R/ Y36A Y36A/ Y36A/ N184R  Y36A/N184R/ Y36A/N184R/W191F-
W191F WI191F N184R W191F ascorbate complex
Data
Collection
Space group R2:2, P22:2, P22,2, P22.:2, P22,2, P22,2, P22,2, P22:2;
Unit Cell (&)
A 51.1 51.0 51.1 51.0 51.1 51.0 51.0 51.0
B 75.3 74.6 75.8 75.0 75.1 74.5 74.5 74.4
C 106.3 106.7 107.1 106.4- 107.3 106.3 106.5 106.6
Resolution 27.16- 27.17- 46.13- 45.93- 30.28- 61.78- 39.13-1.86 42.03-2.01(2.12-2.01)
A 1.80 1.80 201 210 2.01 1.40 (1.96-1.86)
(1.90- (1.90- (212- (221  (2.11-  (1.48-
1.80) 1.80) 2.01 210 2.01) 1.40)
Total 74923 87578 58833 196453 38648 411140 120110 15047 (2103)
observations  (6085) (8923) (8129) (27085) (4669) (31869) (16654)
Unique 29668 34080 26868 24405 18732 80702 31259 (4618) 12304 (1668)
reflections (3257) (4620) (3737) (3514) (2625) (11309)
I/ ol 22.9 18.7 15.2 9.1 15.1 15.6 18.0 (3.4) 17.3(5.2)
(4.0 (5.3) (6.6) (4.3) (3.0 (4.4)
Rmerge 0.039 0.044 0.047 0.076 0.055 0.082  0.063 (0.271) 0.033 (0.104)
(0.218) (0.125) (0.112) (g29g) (0.389)  (0.275)
Completeness 76.8 88.8 95.0 99.7 65.8 98.9 90.4 (92.3) 45.9 (42.5)*
(%) (59.4) (775) (92.1) (99.5) (64.6) (95.9)
Refinement
statistics
Ruork 0.174 0.186 0.161 0.168 0.165 0.172 0.169 0.187
Riree 0.214 0.216 0.203 0.210 0.201 0.193 0.205 0.246
R.M.S.D
Bonds (A) 0.012 0.013 0.015 0.015 0.014 0.007 0.013 0.013
Angles (°) 1.41 1.37 1.37 1.34 1.39 1.12 1.25 1.44

2.2.5 Crystal structures

2.2.5.1 Crystal structures of the CcP mutants

Crystal structures were obtained for all of the antg presented in this Chapter. The

structures of the seven mutants in the region @fidgime are shown in Figure 2.5. In
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all cases, the structures were as expected amabtlishow major perturbations of the

structure as compared to the wild type protein.

(A) Y36A

(B) N184R

(C) W191F
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(E) Y36A/W191F

(F) N184R/W191F
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(G) Y36A/N184R/W191F

Figure 2.5: Stereo representations of structures afiutants examined in this chapter

Refined electron density is shown in aquamaring. YB6A, (B) N184R, (C) W191F, (D)
Y36A/N184R, (E) Y36A/W191F, (F) N184R/W191F, and) (G36A/N184R/W191F .

The structure of the triple Y36A/N184R/W191F mutalose to the expected
ascorbate binding site is shown in Figure 2.6(A)e Thutant contains a cavity which
was previously occupied by the side chain of Tya&3®l a single water molecule,
Figure 2.6(B). Examination of the electron densityhe new cavity reveals two well-
ordered water molecules which form hydrogen bormighe engineered Arg184
residue and the heme 6-propionate. The first wadelecule (labelled 1 in Figure
2.6(A)) is 2.70 A from the O1 of the heme 6-progitmand 2.82 A from the NH1
group of Arg184; the second is 2.82 A from the Nd{2Arg184. Comparison of this
structure with that of APX in the absence of asatepFigure 2.6(C), shows that these
water molecules in the triple mutant are in analsgpositions to two (also labeled 1
and 2 in Figure 2.6(C)) of the five seen in theoalsate binding site of APX.
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(A)

(B)

A36

Figure 2.6: Comparison of

Y36A/N184R/W191F with
APX
(A) Structure of

Y36A/N184R/W191F in the
region of the ascorbate
binding site. The F191
residue in the
Y36A/N184R/W191F variant
lies directly underneath the
heme and is not shown in this
Figure. In comparison to wild
type @GP (B) two well
ordered water molecules
(labelled 1 and 2) occupy the
new cavity created in
Y36A/N184R/W191F in
similar positions to two of the
water molecules (also
labelled 1 and 2) seen in the
ascorbate binding cavity of
APX (C). Water molecules
are shown as red spheres.
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2.2.5.2 Crystal structure of the CcP ascorbate complex

For the ascorbate-bound structure of Y36A/N184R/Wl 9crystals were
soaked in mother liquor containing 100 mM ascorlfate5 minutes before rapid
cooling to 100 K. Soaks at higher concentrationgsforbate and for longer times
caused the crystals to crack and many variatiorthefoak (including variations in
length of soak and ascorbate concentration) weemated before the ascorbate
bound structure was obtained.

The structure of the Y36A/N184R/W191F triple mutam complex with
ascorbate is shown in Figure 2.7. Comparison vii¢ghascorbate-free structure shows
that binding of ascorbate leads to no major stratttearrangements of the enzyme

(r.m.s deviation in @ positions of 0.288 A).

Figure 2.7: Stereo representation of ascorbate bouainto CcP.

The refined electron density (aquamarine) for dsater (magenta) bound to the new cavity in
Y36A/N184R/W191F. Hydrogen bonds are indicateddd. rHydroxyl groups on ascorbate
are numbered.

Soaking of crystals was very difficult due to thgstals cracking, when the
crystal structure presented in this paper was obthan error occurred during data
collection. Consequently only 45.9 % of data waklected for the ascorbate bound
structure. The credibility of the ascorbate-bourtducgure can be verified by

comparing the unsoaked crystal data with the b@tinatture.

59



Chapter 2: Introduction of an Ascorbate Binding Site in Cytochrome c Peroxidase

Figure 2.8: Validation of ascorbate binding

Diffraction data from the unsoaked Y36A/N184R/W1%drystal £,) was used with the co-
ordinates of the ascorbate-bound structireafid phases) to calculate these maps. Hyd-2
density is shown in aguamarine and Fqe~; is map is shown in green (positive density) and
red (negative density). Experimental difficultiesttwboth the soaking and data collection
resulted in only 45.9% of the unique data from dwenplex being recorded: hence, this
calculation was undertaken to cross-validate ttesgmce of bound ascorbate. As only the
reflections observed and their equivalents are usetis calculation, there will be no bias
from the missing reflections. No electron densibyresponding to ascorbate was found with
data from all other variants discussed in this @rap

The diffraction data for the unbound structure wedsed for 1 cycle using the
ascorbate bound structure as the model. Figurest®o8s the calculated omit map
using diffraction data from an unsoaked crystahwiite model of the bound structure,
clear negative electron density is seen in thetkdé is occupied by ascorbate in the
ascorbate soaked crystal. The results of this dlon show that the unsoaked
ascorbate structure does not have electron demsitye region where ascorbate is
bound in the soaked structure, verifying the presenf extra electron density
attributable to ascorbate in the bound ascorbaietste.

Ascorbate binds at the new cavity created aytheme edge in an analogous
position to that observed for ascorbate bound tX AR place of the two water
molecules seen in the unbound structure [1The refined atomic positions, Figure
2.7 show hydrogen bonds between the 2-OK, 4.0 [23]) of the substrate and the
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heme 6-propionate (2.56 A) and from the 3-OM4fi1.3 [23]) of the substrate and
the NH1 of Arg184 (2.43 A). There are no clear rattions for the 6-OH which is
hydrogen bonded to Lys30 in APX although this iat#éion is not thought to be
essential for ascorbate activity in APX [8]. Thé&seo evidence of ascorbate binding
to any other site in the protein. By comparing ¥®6A/N184R/W191F-ascorbate
complex with APX-ascorbate, Figure 2.9, it is pbbsito see that the ascorbate is
orientated slightly differently, this prevents Hdgling between the 2-OH of the
substrate and the NH1 of Argl84 irc”Cwhich is seen in APX. The 3-OH of the
substrate interacts with the NH2 of Argl72 in AR¥Xstinteraction is also prevented
in the @P-ascorbate structure due to the slight differemceorientation of the

substrate.
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(A)

K30
6
Nl 3
P‘X W -
R172

Figure 2.9:
Comparison of
ascorbate binding in
APX and CcP

(A) Ascorbate bound to
the new cavity in
Y36A/N184R/W191F.
(B) Ascorbate bound to
APX, residues in €P
are labelled. (©
Comparison of the mode
of ascorbate binding in
the APX-ascorbate
complex (cyan) and
Y36A/N184R/W191F
(magenta). Residues in
CcP are labelled, with
those for the equivalent
residues in APX in
parentheses. The
difference in the binding
orientation is clearly
visible. Hydroxyl
groups on ascorbate are
labelled with those for
the ascorbate-APX
complex in parentheses.
Hydrogen bonds are
indicated by red dashes.
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2.2.6 Electronic absorption spectra

Wavelength maxima for the ferric derivatives of militants are indicated in
Table 2.2.
Table 2.2:Electronic absorption spectra
Wavelength maxima (nm) for ferric derivatives ofldvtype G:P and mutants examined in

this chapter. Absorption coefficients for the ferderivatives (mMcm™) are shown in
parentheses. sh = shoulder.

Mutant Wavelength maximum (nm)

Soret CT1 B o CT2
wild type CcP 408 (102) 506 544 (sh) 589 (sh) 647
Y36A 408 (104) 502 538 (sh) 585 (sh) 630
N184R 408 (102) 507 544 (sh) 589 (sh) 644
W191F 408 (109) 504 544 (sh) 589 (sh) 645
N184R/W191F 412 (99) - 536 563 (sh)645 (sh)
Y36A/W191F 414 (98) 485 (sh) 533 566 632 (sh)
Y36A/N184R/W191F 414 (100) 489 (sh) 536 567 620 (sh)
Y36A/N184R 414 (96) 489 (sh) 534 568 620 (sh)

The electronic absorption spectra of the seveld @utants and wild typed®
can be split into three main categories, Figur®.ZThe first contains wild type dP
and all three single mutants. Ferric heme protgipsally have four absorption bands
in the visible region of the spectrum, thendp bands which occur at ~570 nm and
~540 nm respectively and two charge transfer b&k (~500 nm) and CT2 (~630
nm) [24, 25]. Wild type €P and the single mutants have spectra which haxemaa
at the charge transfer bands with weak shouldetbeatt and 3 positions, this is
consistent with predominantly high spin heme smecaither pentacoordinate or
hexacoordinate with a water at tHB #ial position. The N184R/W191F mutant has a
slightly (4 nm) red shifted Soret angd@and at 536 nm, the lack of a CT1 band and
the weak shoulder at CT2 is consistent with a mis@id species with water or
possible a hydroxyl at the"Gaxial position. The Y36A/W191F, Y36A/N184R and
Y36A/N184R/W191F mutants have similar spectra whaeh distinct from that of
wild type GcP. These are predominantly low-spin species wehakwshoulders at the
charge transfer bands and prominemtndp3 bands characteristic of the alkaline form
of CcP [26]. The positions of the andp bands (~ 567 nm and 533 nm respectively)
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along with the shoulder seen at ~380 nm for thBesetmutants is characteristic of
imidazole coordination to thé"@xial position [27, 28] and it is thought that tistal
histidine in @P can coordinate to the heme in alkaline condit{@s 29]. However
the crystal structures show no evidence for bisiehre ligation to the heme, and the
low-spin mutants are thought to be hydroxyl-ligatedme, with the hydroxyl
hydrogen bonded to Trp51, Figure 2.11, and possit@ydistal histidine (as proposed
previously [30]) allowing the hydroxyl group to mue a stronger field ligand and

cause the characteristic low-spin spectra.
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Figure 2.10: Electronic absorption spectra of €P mutants examined in this Chapter

The spectra of wild type ¢ (solid line), N184R/W191F (dotted line) and
Y36A/N184R/W191F (dashed line). Spectra were resdrat pH 6.0 in 100 mM KPi buffer
at 25 °C. Each of the three single mutants (Y3®A91F and N184R) have similar spectra to
the wild type with charge transfer bands at ~505amah ~647 nm characteristic of a high spin
species. The spectrum of N184R/W191F has weakegehensfer bands ardandp bands
showing a mixed spin species. The spectra of Y388AR, Y36A/W191F and
Y36A/N184R/W191F all have spectra characteristia tdw spin species with a heme ligated
by a relatively strong field ligand.
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w51

Figure 2.11: The sixth axial ligand of the heme

(A) The heme environment of Y36A/N184R/W191F (migtas not shown). The hydroxyl is
bound to the iron at a distance of 2.19 A; the fnax histidine is 2.07 A from the heme and
the distal histidine 3.25 A from the hydroxyl groug™ of the distal tryptophan is 2.56 A
from the hydroxyl and there is clear electron dign&ietween the two. (B) The heme
environment of wild type €P. The & axial position is occupied by a water moleculeahtis
2.52 A from the heme, the proximal histidine is224 from the heme and the distal histidine
3.04 A from the water.

There was no simple and direct correlation betwberFe-O distance and the
spin state of the heme, this is due in part tords®lution of the crystal structures

which does not allow an accurate assessment odligtence.

2.2.7 Transient state kinetics: reaction with H,O,

The presence of any intermediates that accumulatagithe reaction of P
and its mutants with #D, was examined by multiple wavelength stopped-flow
spectroscopy with the aid of Dr. Jaswir Basran. therwild type protein, addition of
a stoichiometric amount of J, leads to a red shift of the Soret band (from 410t
421 nm) and the formation of two new bands at 588amd 562 nm, Figure 2.12.
This is consistent with Compound | formation iosRC[31] where a protein radical is
seen. The time dependent spectral changes (FigL8® Zan be fitted to a one step
A—B model, in these experiments the observed ratestaoh for Compound |

formation {s,obs) for wild type €P was 62 3.
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The time dependent spectral changes for all mutaexcept WI191F,
N184R/W191F and Y36A/W191F were also fitted to a& @tep (A->B) model,
Figure 2.12(A). The spectral changes occurring upeaction of W191F and
N184R/W191F mutants with J@, were best fitted to a two step modeHAB—C);
Figure 2.12(C) and 2.12(D)). In both mutants, Sge® has maxima at 412 nm 543
nm and 656 nm and species C has maxima at 423 mm&Band 565 nm. The
W191F mutant has been shown to react wigbHo form an oxy-ferryl centre and a
transient porphyrim-cation radical [32] which rapidly decays back tepecies with a
similar spectra to Compound | where a protein @d& present. Spectral changes for
the W191F mutant upon reaction withh@®4 are shown in Figure 2.12(C) where
species B is predicted to be the transient porphugation radical and species C an
oxy-ferryl species with an undetermined proteinicald The rates of formation of
species B and C were similar in both enzymes, 8 and 20 & respectively.

Two of the mutants, Y36A/N184R and Y36A/W191F, thseed very minor
spectral changes when reacted wityOF Figure 2.12(F) and 2.12(G), respectively.
For Y36A/W191F, the rate of Compound | formatiomuicbnot be determined due to
the small spectral change and that for Y36A/N184# whown to be slow at 13.s
This has been seen previously in other mutantcBf[€C3, 27] and it is suggested that
these mutants do not react stoichiometrically Witko, and that only a fraction of the
enzyme is HO,-reactive For Y36A/N184R and Y36A/W191F there wacefurther
spectral changes even upon addition of a 10-foltbex of HO,. The mutants that
show this behaviour with 1D, are also the mutants which have a ferric form &ith
higher proportion of 6-coordinate low spin charact€éhe Y36A/N184R/W191F
mutant, upon reaction with J, does show weak spectral changes with maxima at
418 nm, 535 nm and 562 nm. The rate of Compoundndtion in this mutant is 10-
fold lower than that of wild type € (i, ops= 6 S%).
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Figure 2.12: Photodiode array spectra of the reaatin of CcP with H,0,

PDA spectra before addition of,8, (solid line) and after addition of @, (dashed line).
Time-dependent changes were fitted either to anBAmodel or an A~B—C model, if
intermediates were seen these are indicated byotited line. (A) Wild type €P, (B) N184R,
(C) Y36A, (D) W191F, (E) N184R/W191F, (F) Y36A/NIB4(G) Y36A/W191F, and (H)
Y36A/N184R/W191F.
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Figure 2.13: Time dependent stopped flow traces fdhe reactions of @P with H,0O,

The reaction of €P with HO,was followed at 421 nm. For wild typecl the reaction is best
fitted to a one stedA—B) model. For the W191F and N184R/W191F variants the
absorbance shows a rapid decrease as the porphgical (A—B) is formed, followed by

an increase as the radical is reduced by an idteleetron donorB—C).

2.2.8 Steady-state kinetics

In order to assess the effects of the mutationhenfanction of €CP steady-
state kinetics were carried out for three subgrafehe physiological substrate
cytochromec; a small aromatic substrate thought to bind at dHeeme edge,
guaiacol; and the substrate that the mutants wegaeered to oxidise, ascorbate.
Table 2.3 shows data for the steady-state oxidatidhese three substrates. For each
case V/[E] was plotted against substrate concémtraand the plot fitted to the
Michaelis-Menten equation (Eg. 2.1) where [S] i&ad substrate concentrationjs
the initial rate at a given substrate concentratiGnx is the maximum velocity where
enzyme is saturated with substrate &gl is the Michaelis constant which is the
substrate concentration at which the enzyme redadiésf its maximum velocity.

v _ [9]
Vi Ky +18]

max

2.1

68



Chapter 2: Introduction of an Ascorbate Binding Site in Cytochrome c Peroxidase

Table 2.3: Steady-state kinetic parameters

Kinetic parameters for the oxidation of guaiacalabate and cytochrone all assays were
carried out in 0.1 M KPi buffer at pH 6.0 and 25 °C

Mutant Guaiacol Ascorbate Cytochromec

kcat (S—l) KM (mM) kcat (Sl) KM (mM) kca1 (S—l) KM (U-M)
Wild type CcP 41+0.3 53+6.0 0.83%0.14 0.71%0.22 151759 93 +31
W191F 14+£0.6 57+46 025%+0.01 0.45%0.004 10.%3 100 + 16
N184R 3.0+£0.1 27+16 15+010 1.7x0.21 570+40 140+18
N184R/W191F 49+0.2 34+22 0271001 0.31+0.004 @801 670+ 110
Y36A 5.4+0.2 36+31 13+0.08 1.7+0.19 580 +35 230+28
Y36A/W191F 3.2+0.2 45+25 0.45%0.060.50+ 0.13 0.06 £+0.01 160+17
Y36A/N184R 09+0.01 16+0.7 0.66+0.03 0.48+0.06 6007+ 110+ 10
Y36A/N184R/W191F 1.5+0.1 14+12 26+035 1.3+0.22 1.6%30. 300 +27

As expected and shown previously [32, 33], mutahtt contained the
W191F mutation had a markedly decreased abilitpxiolise cytochromes, Figure
2.14. This is due to disruption of the electromsfer pathway between the heme and
cytochromec. Mutants which did not contain the W191F mutatéhd not show a

substantial difference in their ability to oxidisgtochromec.
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Figure 2.14: Steady-state oxidation of cytochrome

Wild type P (solid line) and W191F (dashed line). Reactiomsddions were 0.1 M KPi,
pH 6.0, 25 °C, data were fitted to the MichaelisAt#® equation. The inset shows an
expanded view of the steady-state oxidation of @ytomec by W191F. Average values of
three independent measurements are shown for edct) error bars represent the standard
deviation.
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Guaiacol oxidation was not significantly affecteg ény of the mutations,
with relatively small differences seen in the dedvsteady state parameters. This is
consistent with guaiacol binding at a separatecitiee to thé-heme edge. Note that
oxidation of guaiacol by W191F is also unaffectedso consistent with the
availability a different electron transfer pathwimy the oxidation of these types of

aromatic substrate.

Ascorbate oxidation is measurable but slow for wyjde CP. Akgy= 0.83
0.14 ' was measured, Figure 2.15. Yonetani et al haverieg ak.,;of 3 s*[14]
however @€P oxidises two moles of substrate per mole of emzamd so this value
should be divided by two which would givekay; of 1.5 $', the measurett.y is
therefore in reasonable agreement with the repodfde. Oxidation of ascorbate was
observed for all of the mutants; on the whole, haevethe rates of oxidation are not
markedly increased from those of wild typeRC with the highest value d{.a
observed for the Y36A/N184R/W191F mutant Figure52 (kea = 2.63 + 0.35 9).
Despite the increase being very small, this vammas not have the preferred electron
transfer pathway utilized during cytochromexidation and so would be expected to
have a lowerk: than wild type €P if Trp191 was the only conduit for electron
transfer. The fact that it has not shows that actedn transfer pathway potentially

more like that utilized by APX has come into play.
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Figure 2.15: Steady-state oxidation of L-ascorbate

Wild type &P (solid line) and Y36A/N184R/W191F (dashed lin@)L(M KPi, pH 6.0, 25 °C,
data were fitted to the Michaelis-menten equatidferage values of three independent
measurements are shown for each point; error baresent the standard deviation.

2.2.9 Reactivity of the porphyrin 7zcation intermediate with ascorbate

The rates of ascorbate oxidation are similar fbroalthe mutants studied in
this chapter despite the fact that mutants comgiW191F are clearly capable of
forming a porphyrintecation, this raises the question as to whetherrédastive
porphyrin Tecation intermediate might be competent for asderlmidation under
different conditions where its rapid decay was abserved i(e. in the pre-steady
state). In double mixing experiments with W191F awtiB4R/W191F, the initial
formation of the transient porphyrimcation intermediate was observed on reaction
of the ferric enzymes with #,. On addition of ascorbate in a second mixing gvent
conversion to the final produdté. B — C) occurred much faster than in the absence
of ascorbatekg, ops= 75 S even at low ascorbate compared to ~20nsthe absence
of ascorbate), Figure 2.16(A). Oxidation afascorbate by the WI191F and
N184R/W191F mutants of @ was measured using the sequential mixing mode of
the stopped-flow apparatuscZwas mixed with kD, and formation of the porphyrin
n-cation radical intermediate was allowed to proclegdging the solution for 20 ms
before mixing with ascorbate. In order to obtaise@ond-order rate constant for the

conversion of the porphyrir-cation radical intermediate form of Compound | to
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Compound Il k;), oxidation of ascorbate was monitored at 423 rina aange of
substrate concentrations. A linear dependende, @fson L-ascorbate concentration
was observed for both mutants between 100 and 1M00Figure 2.16(B). The
bimolecular rate constant,) for oxidation of ascorbate are 1.1 x°1M™ s’
(W191F) and 1.0 x fTav™* s* (N184R/W191F).

(A) (B)
100 200
160 -
§ b 120 A
> £
é =~ 80 -
w
40 A
0 T T T T T
300 400 500 600 700 0 200 400 600 800 1000 1200
Wavelength (nm) [Ascorbate] (LM)

Figure 2.16: Oxidation of ascorbate by the transietnporphyrin Tecation intermediate.

(A) Deconvoluted spectra for the reaction of theppgrin T-cation intermediate with
ascorbate. W191F 20 ms after reaction witd®H(solid line), after addition of ascorbate
(dashed line). Data were fitted to a one step m@sel B). Conditions: 4M W191F @P, 6
UM H,0O, (both cell concentrations) 100 mM KPi, pH 6.0 amdmixed before reaction with
ascorbate (50QM). (B) Concentration dependence of the observee canstant ko, on9
measured at 423 nm for ascorbate oxidation for W19dcP (filled circles) and
N184R/W191F CP (open squares). All reactions performed at 10 °C.

These data indicate that in cases where a porphydation intermediate
forms it is indeed capable of ascorbate oxidationtbat its decay under steady state
conditions occurs much too rapidly for efficientrtaver. An alternative mechanism
for ascorbate oxidation must operate under stegatg £onditions, and this is the
main route through which ascorbate oxidation ocex@aining why thek., values

for ascorbate oxidation are broadly similar forralitants studied in this Chapter.
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2.3 Discussion

Substrate binding across the family of heme peesad was initially thought
to occur at thé-heme edge [34-38]. This consensus was heavilyanfted by early
experiments using alkylhydrazines [39] and NMR [40] and early crystal structures
in which binding of aromatic substrates was obs#ilese to thé-heme edge. With
the exception of the €P-cytochromec complex, which has an unusual substrate, and
the MnP-Mr" structure, which utilises thegheme edge [42], it was thought until
recently that theé-heme edge wathie substrate binding location in peroxidases. It was
only later, when other structures appeareg. for the APX-ascorbate [11] and nitric
oxide synthase-tetrahydrobiopterin (Chapter 1, iSBecl.6.2) [43, 44] complexes
appeared that also involved binding at thekeme edge, that it became clear that
substrate oxidation dioth the - and they-sites was possible. This allows the use of
more than one electron transfer pathway and soatwiul of differenttypes of
substrate can be accommodated within the samewtauiramework, for example in
APX where aromatic substrates and ascorbate biratiogrs at different sites [11, 34]

CcP has an anomalous Compound | intermediate thdesggned for rapid
oxidation of its anomalously large substrate. Alilo it was known [14, 45] from
very early on that €P was also capable of oxidising aromatic substréteslocation
of this binding site was not established crystatipdically. It has been shown
recently [46] that CP binds the aromatic substrate isoniazid atstheme edge (see
Chapters 3 and 4); APX also binds isoniazid at $hes, although the precise mode of
binding varies slightly. This means thatFCis clearly capable of utilising a different
substrate binding site in turn showing that a sseaconduit for electron transfer,
independent of that used for oxidation of cytocheanmust be available. Although
the details are not known, the fact that guaiacw ascorbate oxidation are not
affected by the mutation W191F, which drasticalguces cytochrome oxidation
rates, lends more credibility to the possibility different electron transfer paths for
different substrates.

In this Chapter a further binding mode has beenvehior CcP at they-heme
edge. With minimal structural changes at Tyr36 #wh184 ascorbate has been
shown to bind to €P in precisely the same site as that observed RX{.A'he kinetic

experiments carried out show that the triple mutdn®cP is functionally competent
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for oxidation of the substrate at this site. Frdma trystallographic and kinetic data
presented in this Chapter it is possible to coreltitht @P has a latent activity for
ascorbate and since wild typeRCis known to be capable of ascorbate oxidatiorethe
must be a latent binding site for ascorbate.

A comparison of the kinetic parameters for ascarbakidation by the
engineered €P mutant (Y36A/N184R/W191F) and APX shows the mutanbe
~130 times less efficient ikea/Km. This is a result of a combination of a ~30-fold
lower k.ot and a ~5-fold largeiky and so the necessary structural features of asteorb
binding as determined by the study of the APX-dsat® structure are not sufficient
to confer the function of the enzyme.

The nature of the radical in Compound | appeardvdoone of the most
important factors in ascorbate oxidation by APXe tfact that APX utilises a
porphyrinzt-cation meaning that rapid electron transfer diyeitbom ascorbate to the
heme is possible is likely to be the reason fohsaubighk., compared to that of .
Although W191F and N184R/W191F (and, presumably A/BA84R/W191F,
although not under the conditions of our experimetearly form a porphyrine
cation radical, as for APX, upon reaction withd the formation of this intermediate
does not translate into high ascorbate activitthensteady state. Hence, the decay of
the porphyrinrecation species is much too rapid € 20 s' compared te= 0.03 §' for
APX) to support oxidation of the substrakg,(= 1 s' compared te= 80 s' for APX)
in the steady state. Although the porphyrircation intermediate is capable of
ascorbate oxidation as seen by transient statdidsnine rapid decay of this radical
competes with ascorbate oxidation meaning thatigtetate oxidation does not utilise
the porphyrint-cation radical. Hence, turnover of ascorbate cahasustained in the
engineered triple mutant because decay of thei@maingorphyrintecation radical is
much faster than the steady state rate of ascoodatation. This is in contrast to the
situation in APX, where decay of Compound | is mstdwer and is not competitive
with steady state turnover.

It is the combination of efficient substrate binglitogether with the formation
of a suitably stable porphyrire-cation radical, that seems to be the key to rapid
substrate oxidation at theheme edge. The importance of efficient electrangfer
from Compound | has been indicated, howeVgrx andKy are also influenced by

the second electron transfer from Compound Il anthis case may be influenced by
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hydrogen transfer to the ascorbate radical. Futiiagsient state kinetic studies need
to be carried out in order to determine the ratestants of all the steps in the reaction

mechanism.
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3.1 Introduction

As seen in Chapter 1, KatG is a catalase-peroxidase from Mycobacterium
tuberculosis (M. tuberculosis) consisting of an N-terminal heme-binding domain and
a C-terminal domain. M. tuberculosis KatG (MtbKatG; KatG) has been the subject of
intense research due to its ability to activate the prodrug, isonicotinic acid hydrazide
(isoniazid; INH) which has been extensively used as a frontline chemotherapeutic to
treat tuberculosis for many years [1]. The activation of INH by KatG involves
removal of hydrazine from INH [2] to form the isonicotinoyl radical, which is then
thought to react with the liberated hydrazine to form isonicotinamide (Figure 3.1).
Isonicotinamide then reacts nonenzymatically with oxidized NAD' to generate
isonicotinoyl-NAD [3], the active form of the drug. Isonicotinoyl-NAD interferes
with the synthesis of mycolic acid, and in turn with bacterial cell wall synthesis, by
binding to InhA, an enoyl-acyl carrier protein reductase, and blocking its NADH
binding site [4].

H
RN N,
2 N2 S Ny
N3 X X
—— , —_— , * HN—NH
2\~ 2 = P
N N N

isoniazid isonicotinoyl radical
HN——NH > HN NH, > 2NH,
O NHp
\ . \
| W
= =
N N
isonicotinoyl radical isonicotinamide

Figure 3.1: The proposed catalytic mechanism of INH oxidation
The oxidation of INH as carried out by class I peroxidases, the first stage is the formation of

the isonicotinoyl radical which then goes on to react with the liberated hydrazine to form
isonicotinamide.
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The proposed mechanism requires the conversion of diazene to hydrazine, it is
proposed that the diazene reaction intermediate may be stabilized in the active site of
the enzyme by interactions with Trp-107 and Asp-137. Transformation of diazene to
hydrazine and ammonia may involve deprotonation of the His-108 and Asp-137 side
chains, however, chemically this reaction would be difficult to achieve and the
mechanism proposed represents a “best guess” to date, further studies with KatG and
other class I peroxidases is needed in order to fully elucidate the mode of INH
activation.

More than eight million people are diagnosed with tuberculosis each year,
with one quarter of cases being fatal [5]. The central role of KatG in INH activation is
evident in the significant fraction of INH-resistant cases of tuberculosis attributable to
mutations in KatG [6]. Despite the worldwide success of INH to treat tuberculosis
very little is understood about INH activation by KatG or the effects of the drug when
activated. The emergence of INH and multidrug-resistant strains of tuberculosis has
highlighted the need for this fundamental lack of knowledge to be addressed.

As discussed previously (Chapter 1, Section 1.8.1.3), very little is known
about the binding site of INH in KatG and the best evidence to date comes from an
NMR model of INH bound to HRP [1]. In this Chapter the first crystal structures of
INH bound to class I peroxidases, CcP and APX, are presented; both peroxidases are
known to be activators of INH [1]. In addition, the crystal structures of INH bound to
mutant forms of APX are presented which provide rationalization of isoniazid
resistance in naturally occurring KatG mutant strains of M. tuberculosis. This work

has been published in the Journal of Biological Chemistry [7].

3.2 Results

3.2.1 Expression and purification of CcP and APX

CcP was expressed and purified as detailed in Chapter 2, Section 2.2.1. The
CcP used in this Chapter is optimized for crystallisation and contains two mutations:
Y39A and NI184R. Samples of APX were prepared from E. coli SG 1300
supercompetent cells (containing the pREP4 vector) incorporating a pQE30-APX

construct as described by Dalton et al [8]. APX enzyme was purified from the cells by
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means of affinity chromatography using a Ni*'-nitrilotriacetic acid (NTA) agarose
column which retained the enzyme by means of six histidine residues on the C-
terminal end of the protein (His-tag). The protein was eluted from the column by
dropping the pH from pH 6.0 to pH 4.2 therefore weakening the ionic interactions
between the enzyme and the column. Further purification was carried out by Fast
Protein Liquid Chromatography (FPLC) (Superdex 75 gel filtration column). The
purity of APX was determined by measuring Reinheitzal (R,) values and
polyacrylamide gel electrophoresis (SDS-PAGE), samples with an R. value of greater
than two were considered pure. Protein was snap frozen using dry ice and ethanol and

stored at -80 °C.

3.2.2 Mutagenesis of APX

Site-directed mutagenesis of the APX gene was performed according to the
Quikchange™ protocol (Stratagene Ltd, Cambridge, UK). Mutations were confirmed
by DNA sequencing as reported previously [9]. Two mutant forms of APX were
prepared: W41A and H42A.

3.2.3 Crystallisation

Crystals of CcP were prepared as detailed in Chapter 2, Section 2.2.3. Crystals
of APX were prepared in 24-well plates using the sitting drop method at 19 °C. Once
grown, crystals of CcP were soaked in mother liquor saturated with INH for 5 minutes
prior to rapid cooling to 100 K. APX crystals were soaked in mother liquor containing

INH (100 mM) overnight before freezing in liquid nitrogen.

3.2.4 Data collection and refinement

Data collection for the CcP-INH complex was collected in house as described
for CcP crystals in Chapter 2, Section 2.2.4. Data for the APX-INH complexes
including those using wild type, H42A and W41A mutants were collected at the
European Radiation Synchrotron Facility (ESRF) (Grenoble, France) (Figure 3.2)
using an ADSC Q4R detector on stations ID14-3 and ID14-1. All data were collected
at 100 K.

Data were indexed, integrated and scaled using MOSFLM [10] and SCALA

[11]. Data collection statistics are shown in Table 3.1. The structures were refined
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from the 1.70 A wild type CcP structure [12] (Protein data bank entry 2CYP); the 1.45
A structure of APX-ascorbate complex (PDB entry 10AF); or the 1.35 A structure of
the W41A mutant of APX [13] (PDB entry 2GGN). All refinement used REFMAC
[14] from the CCP4 suite [11] and INH was incorporated into the last cycle of

refinement. COOT [15] was used throughout for manual adjustment, ligand fitting and

interpretation of the water structure.

Table 3.1: Data collection and refinement statistics for CcP-INH, APX-INH, W41A-INH,
H42A and the H42A-INH complex

Protein CcP-INH APX-INH W41A-INH H42A H42A-INH Complex

Data Collection
Space group P2,2,2, P4,2,2 P4,2,2 P4,2,2 P4,2,2
Unit Cell (A)

A 51.15 82.24 82.13 82.074 81.74

B 75.13 82.24 82.13 82.074 81.74

C 106.86 74.97 75.16 75.224 74.94
Resolution (A) 30.28-1.68 27.11-1.80 37.58-1.20 27.72-1.70 57.45 -2.00

(1.77-1.68) (1.90-1.80) (1.26-1.20) (1.79-1.70) (2.11-2.00)

Total observations 129214 (1652) 170464 (24801) 732420 (82637) 120973 (4889) 177758 (24715)
Unique reflections 38990 (1367) 24461 (3497) 78730 (11128) 25015 (2264) 17571 (2519)
I/ ol 27.4(5.8) 17.4 (4.7) 17.2 (2.5) 31.8(3.7) 19.4 (6.9)
Rinere 0.031 (0.133)  0.091(0.378)  0.063 (0.687)  0.038 (0.190) 0.105 (0.394)
Completeness (%) 81.9 (20.3) 100 (100) 97.9 (96) 87.0 (54.9) 100 (100)
Refinement
statistics
Ryork 0.15601 0.15413 0.19422 0.16015 0.14508
Ryiee 0.18034 0.18848 0.20917 0.21940 0.19058
RM.S.D
Bonds (A) 0.010 0.012 0.007 0.011 0.014
Angles (°) 1.157 1.234 1.151 1.235 1.354
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Figure 3.2: The European Synchrotron Radiation Facility, Grenoble, France

All work on the W41A APX mutant including protein preparation, data
collection and refinement was carried out by Dr. Sandip Badyal and Dr. Clive
Metcalfe. Data collection and refinement of the wild type CcP-INH complex and the
wild type APX-INH complex were carried out by Dr. Clive Metcalfe.

3.2.5 Crystal structures of INH bound to peroxidases; CcP and APX

The 8-heme edge has been shown to be the binding site of aromatic substrates
in class I peroxidases by a variety of experimental methods as discussed in Chapter 4.
The class I peroxidases share many structural features and the hydrophobic distal
heme pocket is shown to be almost identical across the class. Figure 3.3 compares the

architecture of this site for APX, CcP and KatG.
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Figure 3.3: Stereo representations of the 6-heme edge of class I peroxidases

Stereo representations of the crystal structures of APX, CcP and KatG; (A) The heme region
of APX; (B) the heme region of CcP and; (C) the heme region of KatG. The heme is shown in
yellow and water molecules are represented by red spheres.

The structure of the distal heme pocket in APX (Figure 3.3(A)) is defined by
residues Prol32, Ser173, Arg38, Trp41 and His42, with the “bottom” of the pocket
being defined by the pyrrole ring IV of the heme group. The 6-heme edge is open to
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the solvent forming a channel which allows substrate access to the binding site. The
distal heme pocket of CcP (Figure 3.3(B) is almost identical to that of APX, with the
defining residues being Pro145, Ser185, Arg48, Trp51 and His52.

The hydrophobic binding pocket of KatG (Figure 3.3(C)) is very similar to
that of APX and CcP, with Argl04, Trp107, His108 and Ser315 defining the upper
part of the pocket. However, unlike in APX and CcP, KatG contains a Trp-Tyr-Met
covalent cross-link adduct in the vicinity of the distal heme pocket. The role of this
adduct remains unclear, although it is thought to provide protection against oxidative
damage [16].

The structures of the distal pocket in APX, CcP and KatG reveal the presence
of ordered water molecules, hydrogen bonded within the pocket and leading out into
the bulk solvent. The similarity of the sites suggests that the binding mode of INH and

the mechanism of its activation will likewise be similar for all three enzymes.

3.2.5.1 The crystal structure of the CcP-INH complex

The crystal structure of the CcP-INH complex shows INH bound at the 6-
heme edge, in place of the four water molecules seen within the hydrophobic binding
pocket of CcP (Figure 3.4). The orientation of INH allows a hydrogen bond between
N2 of the substrate and the backbone carbonyl of Prol45 (2.84 A). The carbonyl
oxygen of the substrate is 2.93 A from the side chain of Arg48 and forms a hydrogen
bond with the NH, group. The INH pyridinyl nitrogen hydrogen bonds to a water
molecule, which is in turn hydrogen bonded to Ser185 and another water molecule
leading out to bulk solvent. The guanidinium group of Arg48 swings out to
accommodate the substrate (C{ moves by 2 A) and displaces a further water molecule.
The position of INH is similar to the NMR derived model [1], however the crystal
structure is inconsistent with a hydrogen bond predicted between the conserved distal

tryptophan (Trp51) and N3 of INH.
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Figure 3.4: Crystal structure of the CcP-INH complex

Stereo representation of the 6-heme edge hydrophobic binding pocket of the CcP-INH
complex. The heme group is shown in yellow with residues forming interactions with bound
INH (purple) indicated. Hydrogen bonding interactions are shown as red dashes and water
molecules are represented by red spheres (PDB entry 2V2E).

3.2.5.2 The crystal structure of the APX-INH complex

Like the structure of the CcP-INH complex, the structure of the APX-INH
complex shows INH bound in the hydrophobic pocket at the 3-heme edge, Figure 3.5.

H42 \42

A70.

Figure 3.5: Crystal structure of the APX-INH complex

Stereo representation of the d-heme edge hydrophobic binding pocket of the APX-INH
complex. The heme group is shown in yellow with residues forming interactions with bound
INH (purple) indicated. Hydrogen bonding interactions are shown as red dashes and water
molecules are represented by red spheres (PDB entry 2VCF).

In the APX-INH complex, the INH is rotated through approximately 90°
compared to the orientation in CcP and the predicted APX-INH model [1]. The
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pyridine ring of INH is positioned directly over Serl173 and the substrate is held in
position via three hydrogen bonds, two of which are to the same residues that are used
to bind INH in CcP. The main chain carbonyl of Pro132 hydrogen bonds to N3 of the
INH, the carbonyl oxygen of INH hydrogen bonds via a water molecule to the N,
group of Arg48 and the N2 of INH is hydrogen bonded to a water molecule.

The electron density maps of INH soaked APX also show density consistent
with a second INH molecule bound within the ascorbate binding pocket at the y-heme
edge, which has previously been identified as the primary site of catalysis within the

enzyme [17] (Figure 3.6).
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Figure 3.6: Crystal structure of INH bound at the y-heme edge

Stereo representation of the crystal structure of the APX-INH complex, the second binding
site for INH at the y-heme edge is shown. The heme is shown in yellow with hydrogen bonds
indicated by red dashes. Water molecules are represented by red spheres. Protein residues are
shown in green, the movement of the side chain of Lys30 is shown with its position in the
APX-INH complex in cyan. (PDB entry 2VCF).

The INH molecule binds in place of five well ordered water molecules which
occupy the pocket in the absence of ascorbate (see Chapter 2). The NH, group of INH
forms two hydrogen bonds, one to the side chain of Argl72 and one via a water
molecule to the heme 6-propionate. The flexible Lys30 also partially swings in from
solvent to form a hydrogen bond to N1 of INH. Movement of Lys30 on binding of
ascorbate has also been observed [17]. As previously discussed (Chapters 1 and 2) the

role of the heme propionates has, traditionally, been believed to be in stabilising the
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heme prosthetic group within the protein structure. The data presented in this Chapter
add to the growing evidence that the propionates may also play an active role and, for
the first time, that the y-heme edge might also be capable of binding aromatic

substrates.
3.2.6 The role of point mutations in INH resistance

A major problem in treating tuberculosis is resistance to the clinically effective
drugs Rifampicin and INH. Various point mutations of KatG have been identified in
INH-resistant strains [18] with one of the mutation hotspots being Ser315 (mutated to
asparagine, isoleucine, arginine, glycine but most commonly threonine [19-21].
Ser315 is conserved in both CcP and APX as Ser185 and Ser173 respectively. In the
CcP-INH structure the Ca of Ser185 is approximately 4.0 A from the aromatic ring of
INH and in sAPX the CB of Ser173 is approximately 3.8 A away and located directly
below it. All of these mutations would introduce considerably more steric bulk than
serine thereby placing the side chain of the mutated residue at position 315 closer than
allowed van der Waal’s contact distances, blocking the binding of the INH molecule.
These observations are consistent with predictions that these mutations produce a

steric interference to INH binding [22].

Active site residues His108 and Alall0 are also frequently mutated in KatG
sequenced from isolates demonstrating resistance to INH [23, 24]. Mutation of active
site residues of peroxidases have been shown [13] to introduce conformational
mobility into the distal cavity possibly promoting alternative inhibitive INH binding
orientations. In order to probe this, the structures of INH bound to two active site

mutations of APX (W41A and H42A) were determined.

3.2.5.3 The crystal structure of the H42A-INH complex

As for the wild type APX-INH structure, INH binds at d-heme edge of the
H42A mutant of APX, however the structure of the H42A-INH complex reveals a
different binding orientation of INH within the distal cavity (Figure 3.7).
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Figure 3.7: Crystal structure of the H42A-INH complex

Stereo representation of the crystal structure of INH (purple) bound at the d-heme edge of the
H42A mutant of APX. The heme group is shown in yellow with hydrogen bonds indicated as
red dashes. (PDB entry 2VCS).

In the H42A-INH complex INH is rotated 90° anticlockwise compared to the
orientation of INH in wild type APX. The removal of His42 creates enough space for
the aromatic ring of INH to sit directly above the iron and hydrogen bond through N1
to the indole NH of Trp41. This provides evidence that Trp41 influences coordination
to the heme iron, and although the cavity in APX-H42A can contain the INH
molecule, the steric clash with Trp41 prevents coordination. Kinetic studies show no
INH turnover by the H42A mutant of APX; however it has been previously shown
that peroxidase activity in this mutant [25] is severely reduced. A reduction in INH
activation is consistent with the observation of INH resistance in H108X mutations of

KatG.

3.2.5.4 The crystal structure of the W41A-INH complex

Removal of the distal tryptophan in the W41A mutant of APX opens up the
distal cavity and imparts a degree of conformational mobility within the distal cavity
[13]. The crystal structure of the W41A-INH complex shows a molecule of INH
occupying the hydrophobic pocket in an identical position to that found in the wild
type APX-INH complex. A second INH molecule is also seen coordinated directly to
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the heme iron through the NH, of the acyl hydrazide, with the aromatic ring
occupying the pocket created by removal of the indole of Trp41 (Figure 3.8).

H42

Figure 3.8: Crystal structure of the W41A-INH complex

Stereo representation of the crystal structure of the W41A-INH complex showing the distal
heme binding pocket. Two molecules of INH are seen bound (one cyan, one purple), the heme
is shown in yellow with hydrogen bonds indicated by red dashes and red spheres representing
water molecules. (PDB entry 2VCN).

The mode of binding of the second molecule of INH (shown in cyan in Figure
3.8) has been seen previously [26] in APX for aromatic acids such as
salicylhydroxamic acid (SHA), which is an inhibitor of APX peroxidase activity.
However, coordination of INH to the iron is only possible when an additional pocket
is created in the W41A mutant, whereas coordination of SHA is possible with W41 in
situ [26]. This is because SHA forms a hydrogen bond between its iron coordinating
O and the NH of Trp41. However INH has an NH, group coordinated to the iron
which is unable to hydrogen bond to the NH of Trp41, furthermore its bulk would
also result in a steric clash (Figure 3.9). The removal of Trp41 allows the INH to

move around through 90° to coordinate to the iron without this steric conflict.
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Figure 3.9: Comparison of INH and SHA binding in the W41A mutant of APX

Stereo representaion of an overlay of the crystal structures of the APX-SHA complex (PDB
entry 1VOH) (purple) and W41A-INH complex (green), INH is shown in cyan with SHA
shown in salmon pink. Residues are labeled, with those for wild type APX in parenthesis. Red
dashes indicate interactions between INH and APX and blue dashes indicate interactions
between SHA and APX.

Kinetic studies show that INH becomes an inhibitor of W41A peroxidase
activity, determined by competition with guaiacol (k¢ for guaiacol oxidation is 98.3 +
12 s in the absence of INH compared to 5.0 + 0.04 s in the presence of 50 mM INH
(data not shown)). These observations are consistent with the structure of W41A-INH
which shows INH bound directly to the heme iron, thus in solution the reaction of the
enzyme with H,O, is blocked by preventing the formation of the Compound I
intermediate (by a mechanism similar to that proposed for SHA [26]).

3.3 Discussion

The structures presented in this Chapter provide unambiguous structural
evidence for the location of INH binding in the class I peroxidases CcP and APX,
supporting earlier evidence that aromatic binding in class I peroxidases occurs at the
d-heme edge, as discussed further in Chapter 4. The similarity of the structures of
CcP and APX with KatG allow expansion of the previous predictions of prodrug
activation in KatG [1].

Previous mechanistic studies have proposed a KatG-catalyzed activation
mechanism which involves splitting of the C-N bond of the hydrazide moiety of INH
yielding a diazene which is stabilized by Asp137 (Figure 3.10) [1, 27].
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Figure 3.10: A
proposed catalytic
mechanism of INH
activation by KatG

The active  site
residues of KatG
which are proposed
to be involved in the
catalytic mechanism
of INH oxidation [7].
Possible  stabilising
interactions are
indicated by red
dashed lines and the
heme is represented
as a rhombus. The
equivalent residues
in CcP and APX are
as follows: R104
R48, R38; W107
W51, W41; H108
H52, H42; D137
S81, A70. D137 of
KatG is thought to
play a major role in
stabilising the
catalytic intermediate
of INH oxidation.
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In M. tuberculosis KatG the acid group of Asp137 is predicted to be located
directly above the carbonyl of INH and is ideally orientated to provide a stabilizing
acid/base interaction with the reacting INH. However, in CcP and APX, Aspl137 is
replaced with Ser81 and Ala70, respectively; Ser81 could still offer some rudimentary
stabilization for the activated INH whereas this is unlikely with Ala70. This
hypothesis is supported by the relative reaction rates of INH oxidation,

KatG>>CcP>APX [1].

The binding modes of INH seen in the APX mutants in this Chapter are subtly
different for those found in the wild type class I peroxidases, comparison of the way
INH binds at the d-heme edge in these mutants has lead to the identification of three
separate modes of drug resistance in naturally occurring INH resistant strains of
Mycobacterium tuberculosis. These being: steric hindrance of the d-heme edge INH
binding site; direct binding to the heme iron (and consequent inhibition of Compound
I formation); and the loss of peroxidatic activity due to the mutation of essential

catalytic residues.

The work presented in this Chapter has lead to a broader understanding of
aromatic substrate binding and activation in the heme peroxidases and has added to
the wealth of evidence that aromatic substrates bind and are oxidised at the 6-heme
edge. Single point mutations can dramatically alter substrate binding and oxidation,
indicating that the sites may be more promiscuous than previously thought. In
addition the crystal structure of an aromatic substrate binding at the y-heme edge has
been presented, this strengthens the idea that that substrate oxidation can occur at both
the o- and y-heme edges, which, as discussed in Chapter 2, allows the use of more

than one electron transfer pathway.
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Chapter 4: Binding of Aromatic Substrates in Cytochrome c Peroxidase

4.1 Introduction

Many class I peroxidases, as well as oxidizing their physiological substrates,
are capable of oxidizing a variety of aromatic substrates that are more typical of class
IT and III peroxidases. In addition to cytochrome ¢, CcP is able to oxidize substrates
such as guaiacol and phenol, albeit at a much reduced rate. It is the general consensus
in the literature that small aromatic substrates, such as those shown in Figure 4.1, are

oxidised by binding at the 6-heme edge.
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Figure 4.1: Examples of small aromatic substrates oxidised by peroxidases
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Early experiments on HRP [1] used alkylhydrazines to inactivate aromatic
oxidation. The regiospecificity of alkyl radical attack at the 5-meso carbon, to produce
a o-meso-alkylheme, implicated the d-heme edge in substrate interactions. HRP
reconstituted with 6-meso-ethylheme reacts with H>O, to form a ferryl species, but
was shown to be catalytically inactive towards aromatic substrates, whereas HRP
reconstituted with J&-meso-methylheme retained some catalytic activity. This
demonstrated that the meso substituent did not alter the conformation or the redox
properties of the heme and that catalytic activity was affected by a steric mechanism.
NMR studies have also been carried out on HRP which show substrate binding in the
vicinity of the heme 8-methyl group [2]. Similar inactivation with phenylhydrazine
and NMR studies have been carried out on APX [3, 4], which also led to the
conclusion that small aromatic molecules are oxidized at the 5-heme edge.

The first structural evidence that aromatic substrate binding occurred at the 6-
heme edge came in 1997, when a crystal structure of an enzyme from the plant
peroxidase family, complexed to an aromatic donor molecule, was solved [5]. A 1.6 A
structure showed benzhydroxamic acid (BHA) bound to Arthromyces Ramosus
peroxidase (ARP) in a distal location with its aromatic ring almost parallel to the
heme. A number of productive hydrogen bonds are made between BHA and ARP
namely between Prol54, the distal histidine (His56) and Arg52. An indirect
interaction between the BHA hydroxyl group and the heme iron is made via an active
site water molecule (see Chapter 1, Section 1.8.2, Figure 1.32). Other structures have
since emerged showing HRP complexed with BHA (see Chapter 1, Section 1.8.3,
Figure 1.34) [6], ARP complexed with SHA [7] and APX complexed with
salicylhydroxamic acid (SHA) (see Chapter 5, Section 5.2.1.1, Figure 5.4) [8]. In all
cases the binding location of the substrate is similar and close to the d-heme edge.
This evidence led to the general consensus in the literature that substrate binding and
oxidation in peroxidases occurred at the 5-heme edge, with the exception of the
cytochrome ¢ peroxidase/cytochrome ¢ complex which has a large protein substrate
and the manganese peroxidase/Mn(II) complex, which showed Mn(II) bound close to
the y-heme edge [9]. As discussed in Chapter 2, this general consensus has evolved
and it has since been shown that other binding sites exist in peroxidases for example
APX-ascorbate complex [10] and the nitric oxide synthase/tetrahydrobiopterin
complex [11, 12], which both show substrate binding at the y-heme edge. It has
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become clear that substrate binding at the d-heme edge was not the only means by
which the enzyme and substrate might productively associate with one another.

CcP is known to bind aromatic substrates at a different location to its
physiological substrate, cytochrome ¢ [13], and the 6-heme edge as been implicated
by reconstitution with d-meso-ethylheme, which interferes with small substrate
oxidation but not with formation of the ferryl/protein radical complex or oxidation of
cytochrome ¢ [14]. This is supported by site directed mutagenesis, since the
introduction of methionine and tyrosine at Alal47 was shown to block access to the d-
heme edge, a subsequent reduction in aromatic oxidation was observed where there
was no corresponding effect on cytochrome ¢ oxidation [15]. The key aromatic
substrate hydrogen bonding residues in APX (Arg38, Trp4l and Prol32) are
conserved in CcP (Arg48, Trp51 and Pro145) meaning that CcP contains a similar
binding pocket to that identified in other class I peroxidases, and so it is possible to
assume that aromatic binding will occur in the same manner. More recently a
structure of CcP complexed with INH has been published [16], showing INH bound
at the 0-heme edge (see Chapter 3). To date there is just one example in the literature
of phenol bound to CcP and binding occurs away from the 6-heme edge, in an
artificial cavity created by the mutation of Trp191 to glycine [17].

Guaiacol is an almost universal substrate for peroxidases and offers an easy
colorimetric assay for peroxidase activity, because of this guaiacol has been used as
the substrate to probe aromatic binding and oxidation in peroxidases. Despite its
extensive use in the literature, however, so far the site of guaiacol binding and
oxidation has not been determined unambiguously, this is largely due to the low
solubility of guaiacol compared to other aromatic molecules such as SHA and BHA,
meaning that obtaining crystal structures of complexes with guaiacol has so far not
been achieved.

This Chapter presents the crystal structures of phenol and guaiacol bound to
CcP along with kinetic analysis of the catalytic activity of the binding sites, adding to
the general development of the understanding of substrate binding across the family

of heme peroxidases.
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4.2 Results

4.2.1 Expression of CcP and mutants

Wild type CcP and all mutants were expressed, purified and crystallised as
detailed in Chapter 2 (Section 2.2.1-2.2.4).

4.2.2 Crystal structures of CcP in complex with aromatic substrates

4.2.2.1 Aromatic soaks, data collection and refinement

Crystals of CcP were either soaked for 10 minutes in guaiacol solution (150
mM) which had been previously solubilised in 20% methanol or in phenol solution
(100 mM). Diffraction data were collected in house using a Rigaku RU2HB X-ray
generator with copper anode and Xenocs multilayer optics and an R-Axis IV detector,
all data were collected at 100 K. Data was collected to 1.61 A for the CcP-guaiacol
structure and 2.20 A for the CcP-phenol structure. Data were collected over 90°
rotation in 0.5 ° images. Data collection statistics are shown in Table 4.1, and 5% of
the data were flagged for the calculation of Rgee and excluded from subsequent
refinement. The structures were refined from the 1.70 A wild type CcP structure [18]
(Protein data bank entry 2CYP). All refinement used REFMAC [19] from the CCP4
suite [20] .Calculation of difference Fourier maps showed clear and unambiguous
electron density for bound guaiacol and phenol molecules in all of the structures.
Guaiacol and phenol were incorporated into the last cycles of refinement. COOT [21]
was used throughout for manual adjustment, ligand fitting and interpretation of the

water structure.
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Table 4.1: Data Collection and refinement statistics for aromatic binding CcP variants

Protein CcP- CcP-Phenol M119W- S81W
Guaiacol Guaiacol
Data collection
Space group P2,2,2, P2,2,24 P2,2,2, P2,2,2,
Unit Cell (A)
a 51.1058 51.116 51.1020 51.000
b 74.9896 75.117 74.5612 74.4900
c 106.9031 107.192 106.6782 106.47000
Resolution (A) 27.24-1.61 27.20-2..20 45.98-2.01 33.08-1.71
(1.69-1.61)  (2.32-220)  (2.12-2.01)  (1.80-1.71)
Total observations 192254 68320 62544 105421
(2692) (9587) (7656) (15609)
Unique reflections 46241 21669 24226 43966
(1991) (3096) (3082) (6177)
I/ al 30.8 (5.6) 37.7 (31.5) 19.6 (3.5) 14.4(4.7)
Rinerge 0.031 0.025 (0.031 0.051 0.068
(0.135) (0.296) (0.235)
Completeness (%) 85.1(25.9) 99.9 (99.9) 86.7 (77.2) 97.9 (96.2)
Refinement statistics
Roork 0.17908 0.16078 0.17298 0.17848
Riice 0.20991 0.18740 0.23148 021111
RM.S.D
Bonds (A) 0.009 0.009 0.019 0.012
Angles (°) 1.128 1.101 1.658 1.239

4.2.2.2 The CcP guaiacol structure

The overall structure of wild type CcP in complex with guaiacol is shown in
Figure 4.2(A). Guaiacol binding leads to no major structural rearrangements of the
protein as shown by comparison with the structure of guaiacol-free wild type CcP [18]
(data not shown). Two molecules of guaiacol are bound to CcP in sites not previously

identified as aromatic binding sites.
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Figure 4.2: The two novel binding sites in CcP

(A) The overall crystal structures of the CcP-guaiacol complex and the CcP-phenol complex,
guaiacol (purple) and phenol (blue) are bound in two novel phenolic binding sites. (B) A close
up of the guaiacol binding site 22 A from the heme, unlikely to have catalytic potential. (C) A
close up of the site that may have catalytic potential showing the possible hydrogen bonding
network between guaiacol and the heme 6-propionate. (D) An overlay of the CcP-INH
structure and the CcP-guaiacol structure showing INH bound at the 5-heme edge. Guaiacol is
in salmon pink, INH in purple. Electron density maps are shown in aquamarine. (Figure
created using PyMOL [22])

The first site is a hydrophobic pocket defined by Phe89 and Phel08. The
methoxy group has access to the solvent and is located approximately 23 A from the
heme iron (Figure 4.2(B)), due to the distance from the heme, this site is not thought
to be catalytically relevant. The second site is 15.50 A from the heme iron. The

structure of the wild type CcP-guaiacol complex in the heme region is shown in
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Figure 4.2(C). The guaiacol hydroxyl group is able to hydrogen bond to the backbone
carbonyl of Ile40 (2.74 A), a hydrogen bonding network links the guaiacol to the 6-
propionate of the heme via Gly41l and two water molecules. For comparison, the
structure of the heme region of the wild type CcP-INH complex [16] overlaid with the
CcP-guaiacol structure, is shown in Figure 4.2(D). INH is bound at the 6-heme edge
as described in Chapter 3 Section 3.5.2.1. INH occupies the site proposed to be the
aromatic binding site in peroxidases which is a similar position to INH in the APX-
INH complex [16] and a similar position to small aromatic molecules in other

peroxidase-aromatic complexes such as APX-SHA [8], ARP-SHA and ARP-BHA [5].

4.2.2.3 Crystal structure of CcP-Phenol complex

In order to confirm the two sites seen for guaiacol binding as general
aromatic binding sites, CcP crystals were also soaked in phenol. The CcP-phenol
structure (Figure 4.3) also shows binding of the substrate in two sites and is as

described for the CcP-guaiacol structure.

F108

H52

R38

Figure 4.3: Crystal structure of the CcP-phenol complex

(A) The structure of the CcP-phenol complex showing phenol (cyan) bound at the same sites
as in the CcP-guaiacol crystal structure, the electron density for phenol is shown in
aquamarine. (B) A close up of phenol binding at the second guaiacol binding site showing the
interaction between the hydroxyl group of phenol and Gly41. Hydrogen bonds are indicated
by red dashes and water molecules are represented by red spheres. Guaiacol is shown in
salmon pink.
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4.2.3 Catalytic activity of novel guaiacol binding sites

It was not clear from the data above whether or not the sites identified
crystallographically were catalytically relevant, out of the two guaiacol binding sites
seen in the structure of the CcP-guaiacol complex the site close to the heme may be
utilised by CcP for the oxidation of small aromatic molecules. The catalytic activity of
this site was probed by competitive inhibition studies using INH (known to bind at the
d-heme edge), since guaiacol oxidation would be expected to be unaffected by INH if
there are two distinct sites for guaiacol and INH as seen structurally. Site directed

mutagenesis was also used to investigate the catalytic relevance of the two sites.

4.2.4 Steady state kinetics

Steady state kinetics of guaiacol oxidation were carried out as reported
previously [23-25] and as seen in Chapter 2 (Section 2.2.8), data were fitted to the
Michaelis-Menten equation. The rate of guaiacol oxidation by CcP is slow compared

to that of cytochrome ¢ oxidation (ke 4.10 £0.30 s and 1500 £ 250 s™ respectively).

4.2.4.1 INH inhibition of aromatic oxidation

Any substance that reduces the rate of an enzyme-catalysed reaction is an
inhibitor of that enzyme. There are many different forms of inhibition and inhibition
studies can lead to information about the nature of the active site and the catalytic
mechanism of the enzyme. There are three simple inhibition systems; competitive
inhibition, noncompetitive inhibition and uncompetitive inhibition. In the former case
a competitive inhibitor combines with the free enzyme in a way that prevents
substrate binding. The substrate and the inhibitor act in a mutually exclusive way,
usually competing to bind at the same site, the maximum velocity of the enzyme can
still be reached although the concentration of substrate required to reach it is
increased, this in turn means that the Ky of the enzyme is increased. A
noncompetitive inhibitor has no effect on substrate binding and substrate and inhibitor
bind independently at two different sites. In the case of noncompetitive inhibition
when the inhibitor is bound to the enzyme it renders the enzyme inactive. Since at any
concentration of inhibitor there will always be some inactive form of the enzyme the
maximum velocity that the enzyme can reach is reduced, so in this case Ky will

remain the same for any concentration of inhibitor but V},,x will decrease as inhibitor
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concentration increases. In uncompetitive inhibition the inhibitor binds to the enzyme-
substrate complex. In the presence of an uncompetitive inhibitor some of the enzyme
will always be in the inactive form and so Vya.x will be reduced, however, unlike in
noncompetitive inhibition, Ky will also decrease since some of the enzyme-substrate
complex will be inactivated changing the equilibrium of the reaction between enzyme
and substrate.

If guaiacol and INH bind independently at different sites then unless INH
affects the overall catalytic activity of CcP guaiacol oxidation would be expected to
be unaffected by the presence of INH. Steady-state assays for guaiacol oxidation were
carried out in the presence of various concentrations of INH ranging from 1-10 mM.
Figure 4.4 shows the initial rates of guaiacol oxidation by CcP plotted against
guaiacol concentration for various concentrations of INH, they have been fitted to the

Michaelis-Menten equation as described previously [25].

4.57

VI[E] (s)

— T T T T T T 1
0 20 40 60 80 100
[Guaiacol] (mM)

Figure 4.4: Oxidation of guaiacol by wild type CcP in the presence of INH

Michaelis-Menten plots for the oxidation of guaiacol by wild type CcP in the presence of
various concentrations of INH. No INH (m, Solid line), 1 mM INH (e, dashed line), 5 mM
INH (A, dot-dashed line) and 10mM INH (¥, dot-dash-dot line). All reactions were carried
out in 100 mM KPi, pH 6.0, 25 °C. Average values of three independent measurements are
shown for each point; error bars represent the standard deviation.
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Vmax values remain unchanged at each INH concentration (Table 4.2).
However, as the concentration of INH is increased the apparent K, value also
increases, this is consistent with competitive inhibition by INH, indicating that INH

and guaiacol compete for the same binding site.

Table 4.2: Kinetic data for steady state guaiacol oxidation in the presence of INH

Variation of steady state kinetics in the presence of INH. Assays were carried out at pH 6.0,
100 mM KP1i, 25 °C. NB: The apparent increase in k., for wild type CcP as INH concentration
is increased and the increasing error in Ky is due to the inability to produce accurate
Michaelis-Menten plots in the presence of INH, as the concentrations of guaiacol needed to
reach V. at high INH concentrations are not accessible.

Wild type CcP MI19W S8IW
kcat (S-l) Km (mM) kcat (5_1) Km (mM) kcat (s-l) Km (mM)
No INH 4.14+0.13 52.95+6.24 5.84+0.17 27.84+1.90 1.24+0.03 1947+1.14

I1mMINH 748+035 151.81+ 11.15 5.80+£0.27 45.38+4.05 1.36£0.05 42.73+1.18
5 mM INH 10.89 = 3.17 441.87+155.80 520+0.42 47.60+7.04 1.10£0.05 114.71 £8.62
10mMINH 12.17+£6.52 1058.7+618.09 5.28+0.54 104.08+15.18 1.06+0.11 169.21+21.74

Figure 4.5 shows Lineweaver-Burk plots for the oxidation of guaiacol by wild
type CcP in the presence of INH, the plots are consistent with competitive inhibition
of guaiacol oxidation [26]. A replot of the slope of the reciprocal plots versus [INH] is
linear (Figure 4.5 inset), also consistent with competitive inhibition, and can be used
to obtain the dissociation constant for the binding of INH to CcP, K;. Using the x-axis
intercept of this plot the apparent K; for INH was found to be 2.90 mM.
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Figure 4.5: Lineweaver-Burk plots for guaiacol oxidation by wild type CcP

Lineweaver-Burk plots for guaiacol oxidation in the absence of INH (solid line), with 1 mM
INH (dashed line), with 5 mM INH (dotted line) and 10 mM INH (dashed-dotted line). The
increase in slope while the y-axis intercept remains the same is consistent with competitive
inhibition of guaiacol oxidation by INH. The inset shows a replot of the slope of the
reciprocal plots versus [INH].

4.2.4.2 INH inhibition of cytochrome c oxidation

From the INH inhibition of guaiacol oxidation by CcP, it can be concluded
that INH either affects the mechanism of oxidation by CcP in a way that shows
competitive inhibition, or that INH competes with guaiacol for the same binding site.
In order to examine the mechanism of INH inhibition the effect of the presence of
INH on cytochrome ¢ oxidation was investigated. Figure 4.6 shows the Michaelis-
Menten plots for cytochrome ¢ oxidation in the presence of various concentrations of
INH, INH has no effect on either k., or Ky, for cytochrome ¢ oxidation.

Lineweaver-Burk plots for cytochrome ¢ oxidation in the presence of INH are
shown in Figure 4.7. There is no change in the slope or the y-axis intercept indicating
that cytochrome ¢ oxidation is not inhibited by the presence of INH. This shows that
INH does not affect the formation of the ferryl/protein radical (Compound I) or

cytochrome c binding.
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Figure 4.6: Steady state oxidation of cytochrome c in the presence of INH

Cytochrome ¢ oxidation in the absence of INH (m, solid line) and in the presence of 10 mM
INH (e, dashed line). All reactions were carried out in 100 mM KPi buffer, pH 6.0, 25 °C.
Average values of three independent measurements are shown for each point; error bars

represent standard deviations.
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Figure 4.7: Lineweaver-Burk plots for cytochrome c oxidation by wild type CcP

Lineweaver-Burk plots for cytochrome ¢ oxidation by wild type CcP in the absence of INH
(solid line), with 1 mM INH (dashed line), with 5 mM INH (dotted line) and 10 mM INH
(dashed-dotted line). Plots are unaffected by INH even at high [INH] consistent with no

inhibition.
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4.2.5 Mutagenesis

The inhibition studies suggest that INH and guaiacol compete for the same
binding site conflicting with the structural data which shows the molecules bound at
two distinct sites. In order to probe this data further Met119 was replaced with a
tryptophan residue (see Figure 4.2 (C)). This mutation was proposed to sterically
block the second guaiacol binding site allowing determination of whether this site is

important catalytically.

4.2.5.1 Crystal structure of M119W Guaiacol complex

The crystal structure of the M119W-guaiacol complex is shown in Figure 4.8.
Only one molecule of guaiacol is bound in this structure and is positioned at the
distant site, 23 A from the heme iron, seen in the wild type CcP-guaiacol complex.
The introduction of tryptophan at position 119 has efficiently blocked the second
guaiacol binding site. In addition there is a slight structural change where the loop
comprised of Alal93-Phel98 has moved, this slight structural rearrangement
accommodates the bulkier tryptophan side chain, but binding of guaiacol is sterically
hindered (Figure 4.9), as in the wild type CcP-guaiacol structure, guaiacol is not seen

bound at the 5-heme edge.

Figure 4.8: CcP M119W-guaiacol complex

M119W CcP-guaiacol complex, only the distant phenolic site is occupied. Guaiacol (salmon
pink) is prevented from binding at the site close to the heme by the added tryptophan residue
at 119 (purple).
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Figure 4.9: Close up of the heme
region of M119W CcP

A close up of the mutation (M119W
in green and wild type CcP in cyan)
showing the slight movement of the
loop comprising Alal93 to Phel98.
Guaiacol is seen bound at the distant
site (salmon pink) (Figure created
using PyMOL [22]).

A194 N195 N196 V197

4.2.5.2 Steady state kinetics of guaiacol oxidation by M119W

If the second binding site is the catalytically active site for CcP, the M119W
mutant would be expected to show a decreased ability to oxidise guaiacol. However,
steady state kinetics show that the catalytic activity of this mutant is unaffected with a

comparable k., and Ky to wild type CcP with respect to guaiacol oxidation, Table 4.3.

Table 4.3: kinetic data for steady state guaiacol oxidation

Steady state kinetic data for guaiacol oxidation by CcP. Assays were carried out at pH 6.0,
100 mM KPi, 25 °C.

Mutant CcP kot 7)) Ky (mM) kea/ Ky (mM"' s™)
Wild type CcP 4.14+0.13  52.95+6.24 0.078
S81W 124+0.03 19.47+1.14 0.064
M119W 5.94+0.16 27.84+1.90 0.226

In the M119W mutant guaiacol oxidation and binding can no longer take place
at the second guaiacol site seen in the CcP-guaiacol structure. Inhibition studies using
the M119W mutant were carried out to test whether guaiacol was still binding to the

same site as INH in this mutant and, as for wild type CcP, INH competitively inhibits
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guaiacol oxidation (Figure 4.10) with a K of 3.20 mM (inset), indicating guaiacol and

INH are binding at the same site in this mutant.
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Figure 4.10: Lineweaver-Burk plots of guaiacol oxidation by M119W CcP

Lineweaver-Burk plots in the absence of INH (solid line), with 1 mM INH (dashed line), with
5 mM INH (dotted line) and 10 mM INH (dashed-dotted line). The increase in slope while the
y-axis intercept remains the same is consistent with competitive inhibition of guaiacol
oxidation by INH. The inset shows the slope of the reciprocal plot versus [INH], the linear fit
is consistent with competitive inhibition.

4.2.5.3 Crystal structure of S81W

Further mutagenesis with the aim of blocking aromatic binding at the 6-heme
edge was carried out. Serine 81 was replaced by tryptophan which was proposed to
occupy the site of INH binding. However, steady state guaiacol oxidation of this
mutant shows little change compared to wild type CcP Table 4.3 (a slight reduction in
keat is seen from 4.14 + 0.32 s for wild type CcP to 1.24 + 0.03 s for S81W,
probably due to a slight increase in steric hindrance in the binding site). Figure 4.11
reveals that the architecture of the distal binding pocket has not been altered by the
introduction of a tryptophan residue at position 81 and so as seen by the INH
modelled in the same position it is found in the wild type CcP-INH complex, aromatic

binding can still occur at the d-heme edge. This is due to the side chain of the

111



Chapter 4: Binding of Aromatic Substrates in Cytochrome c Peroxidase

tryptophan swinging outwards to form a hydrogen bond with Asp146 instead of the
occupying the site occupied by INH as predicted.

Figure 4.11: The 0-heme edge region of S§1W

The introduced tryptophan is able to form a hydrogen bond with the acid group of Aspl46.
This interaction means that instead of occupying the INH site, as predicted, it is orientated
away from the hydrophobic pocket. The position of INH (magenta), modelled in using the
wild type CcP-INH structure, shows that the 6-heme edge is still accessible to aromatic
molecules.

Inhibition studies using S81W (Figure 4.12) support the fact that both guaiacol
and INH are still able to bind in this mutant, and that binding is likely to occur at the

same site, as competitive inhibition of guaiacol oxidation by INH is seen.
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Figure 4.12: Lineweaver-Burk plots for guaiacol oxidation by S81W CcP

Lineweaver-Burk plots in the absence of INH and in the presence of 1 mM INH (dashed line),
2.5 mM INH (dotted line), 5 mM INH (dashed-dotted line) and 10 mM INH (short dashed-
dotted line). The plots are consistent with competitive inhibition. The inset shows the slope of
the reciprocal plot versus [INH], the linear fit is again consistent with competitive inhibition.

4.3 Discussion

Guaiacol is a universal substrate for peroxidases, utilized by the all known
peroxidases, even if it is not the physiological substrate. It has been used as a standard
assay for the measure of peroxidase activity since the early 1950s [27] and is still used
today. Despite its role in the study of peroxidases, its exact binding location, although
predicted by chemical based studies and comparison with structures of similar
substrate binding, has not been defined. Although guaiacol is not seen bound at the d-
heme edge in the crystal structure, the inhibition data and mutagenesis carried out in
this work strongly suggest that the catalytic binding site for guaiacol is the d-heme
edge. The approximate value of K; for INH is 2.70 mM, this gives an indication of the
strength of INH binding and why it is possible to see it bound in the crystal structure,

the Ky for guaiacol is 20-fold greater than this, which may offer an explanation as to
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why guaiacol is not seen bound in the crystal structure as much higher guaiacol
concentrations are needed to saturate the enzyme. Although these studies show that
there is competitive competition between guaiacol and INH and the two sites
described by the crystal structures have not been shown to have catalytic potential, it
does not necessarily mean that they play no role in guaiacol oxidation by CcP, it is
possible that guaiacol may bind at these sites prior to migrating to the d-heme edge,
which would facilitate faster oxidation by ensuring substrate and enzyme were
colocalised.

The CcP-guaiacol crystal structure shows guaiacol bound at two sites distinct
from the cytochrome ¢ binding site and the d-heme edge. The solution studies show
that guaiacol and INH bind at the same site, as competitive inhibition of guaiacol
oxidation by INH is seen. Since it is known that INH binds at the 6-heme edge [16] it
can be concluded that guaiacol also binds and is oxidised at the 6-heme edge. This
compliments the phenylhydrazine modifications that have been carried out on CcP
[14] which show that guaiacol oxidation by CcP is completely lost when d-meso-
phenylheme is present.

Further support for guaiacol binding at the d-heme edge is given by the fact
that the aromatic binding pocket at the 6-heme edge is well preserved amongst the
peroxidases and the key hydrogen bonding residues for SHA binding in APX (Arg38,
Trp41 and Prol132) [8] are conserved in CcP (Arg48, Trp51 and Prol45). Directed
evolution experiments carried out to enhance the oxidation of guaiacol show that there
is a 300-fold increase in the activity of CcP towards guaiacol when the distal arginine,
Arg48, is mutated to a glutamine [28]. This mutation leads to an increase in the
accessibility of the 6-heme edge lending further support to the hypothesis that this is
the site of guaiacol oxidation.

Comparison of the distant site seen for guaiacol binding, defined by Phe89 and
Phel08 in the CcP-guaiacol crystal structure, with APX and HRP (Figure 4.13)

reveals that the site is not conserved amongst peroxidases.
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Figure 4.13: Comparison of the guaiacol binding sites in CcP with APX and HRP.

Neither APX nor HRP would be able to support guaiacol binding at the sites seen in CcP. In
the first site (A) steric hindrance by Asp81, Phe77, Pro78 and Arg302 in HRP and by Tyr93
and Glu82 in APX would prevent binding of guaiacol. (B) The second binding site in CcP,
closer to the heme, in this case steric hindrance is seen by Pro30, Leu26 and Ala33 in HRP
and by Ala28 and Arg31 in APX. CcP is shown in green, APX in purple and HRP in yellow.
Residues are labelled for CcP with those for APX in parenthesis and those for HRP in italics.
Guaiacol is shown in salmon pink.

Access to the distant site is sterically hindered by Asp81, Phe77, Pro78 and
Arg302 in HRP and by Tyr93 and Glu82 in APX (Figure 4.13(A)) meaning that this
site is unlikely to be used by other peroxidases and is unique to CcP. Similarly the
second guaiacol site, closer to the heme, is a cavity which is also seen in APX and
HRP. However, the residues defining the cavity vary between the three proteins and
again steric hindrance is seen by Pro30, Leu26 and Ala33 in HRP and by Ala28 and
Arg31 in APX (Figure 4.13(B)). It is therefore possible to conclude that this binding

site is also unique to CcP.
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5.1 Directed molecular evolution

“In nature evolution and creation of new functionalities is achieved by
mutagenesis, recombination and survival of the fittest” [1]. Darwin showed that if a
particular characteristic had benefit to the individual, then this individual was more
likely to survive and pass this characteristic on to its offspring [2]. Directed evolution
mimics the process of natural evolution and is a process of iterative cycles of
producing mutants and finding the mutant with the desired properties reducing the
timescale of natural evolution from millions of years to months or weeks. Directed

evolution is broadly used in two major applications [1]:

1. Industrial biocatalysis: enzymes are engineered to produce suitable
biocatalysts with high catalytic activity and stability.
2. Research: directed evolution has become a new tool for understanding the

molecular basis of protein function, structure and the natural evolutionary process.

5.1.1 Biocatalysis

Enzymes (biocatalysts) are molecular machines that have the ability to
accelerate even the most complex chemical reactions by many orders of magnitude
with unsurpassed selectivity and specificity. Features of biocatalysts, such as high
stereo-, chemo- and regioselectivity at ambient temperatures, pHs, pressures and often
under mostly aqueous conditions, makes them far superior to most chemical catalysts.
With applications ranging from commercial synthesis to biomedical research there is
great demand for enzymes with improved activity and novel catalytic function [1, 3-
5]. Biocatalysts are already used in many synthetic applications, currently more than
500 commercial products use enzymes in their synthesis including the sweetener
aspartame and the antibiotic amoxicillin [4]. The demands of modern synthesis and
their commercial applications were obviously not targeted during the natural
evolution of enzymes and the activities of natural molecules are often reduced when
they are used for technological or medical purposes [6]. Two technologies have the
potential to alter enzyme function so that they are more efficient and better suited to a

particular purpose:
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1. Rational design: this technique is very information-intensive requiring the
availability of structure of the enzyme and a knowledge of how the structure is related
to the function. Rational design requires the identification of specific sites that can be
manipulated in order to enhance particular properties of the enzyme such as substrate
specificity or thermostability. The information intensive requirement of rational
design can be some what overcome by the use of large public structure data bases and
molecular modelling to predict how to increase selectivity, activity and stability of
enzymes even with a lack of structural data by using enzymes with high homology as
models, however the effect of the change, even if the structure and catalytic cycle are
well known is often difficult to predict. Another major drawback is that changing one
or two amino acids in hundreds often has little effect when planning total catalytic

redesign [3, 4, 7, 8].

2. Directed evolution: this technique is highly attractive because it has simple
principles which don’t require an extensive knowledge of structure, function or
mechanism. Many of the mutations identified in directed evolution experiments have
been found far from the active site and in many cases the mutated residue does not
come into contact with the substrate [9], this leads to examples of improved enzyme
variants with mutations that would have not have been considered in the rational

design process.

5.1.2 General strategy for directed evolution experiments

There are two fundamental components of any directed evolution experiment:
(1) the creation of a library of mutant proteins, (2) selection of proteins with the

desired phenotype from a large pool of related phenotypes [10] (Figure 5.1).

DNA Library Protein Library
Bad . _0— 3 .
DNA  Replication + + Expression } Sgg’::gf/ Enhanced variant
— + — o —
A
%>> | |
+ t

Figure 5.1: Representation of a standard directed evolution experiment

Mutations are represented by stars, for clarity only five mutants are shown, in reality there
would be thousands.
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The first step in any directed evolution experiment is the creation of diversity.
The most straightforward approach to create a library of proteins is to introduce
random mutations into the gene encoding the protein. It is essential to maintain the
link between the gene and the protein but this gives the advantage that mutations
created can be easily identified by DNA sequencing.

Although the production of an extensive and unbiased library is very
important, the success of a directed evolution experiment depends on the method that

is used to find the best mutant enzyme i.e. the screen or the selection process [11].

5.1.2.1 Creation of diversity

Methods for the creation of protein-encoding DNA libraries may be broadly
divided into 3 categories [10].
1. Random methods which introduce changes at positions throughout a gene
sequence.
2. Focused methods which group together methods used to cause randomization
at specific positions in a gene sequence.
3. Recombination methods which bring existing diversity together in new
combinations.
No consensus about which method of creating diversity has emerged and it
remains unclear whether it is more efficient to mutate the whole enzyme randomly or
just its active site. Experimental evolutionists generally base the choice of method on

intuition rather than a systematic understanding of adaptive protein evolution [12].

5.1.2.2 Random mutagenesis

Introduction of point mutations into random positions within the entire gene
sequence can be achieved either in vitro or in vivo. In vivo methods exploit the lack of
DNA repair capability in mutator strains of E. coli such as XLI1-Red strain
(Stratagene). This is a very simple way of mutating DNA but the mutagenesis is
indiscriminate and so host genome DNA is also affected meaning that cells are very
slow growing and constructing a library containing 1-2 nucleotide changes per gene
can require several passages of the DNA through the mutator strain [10]. One

successful example of this approach was the mutation of an esterase from
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Pseudomonas fluorescens to produce an enzyme with altered substrate specificity
[13].

The in vitro approach exploits the error prone nature of the Polymerase Chain
Reaction (PCR). Although the level of mutation produced in a normal PCR is not high
enough for the creation of a library for directed evolution there are two ways to
increase the level of mutations: the use of Mn>" and biased levels of dNTPs to
increase the error rate of Taq polymerase and the use of Mutazyme®, a highly error
prone DNA polymerase from Stratagenes GeneMorph® kit [10].

Taq polymerase has an error rate of 0.001% to 0.02% per nucleotide per pass of
the polymerase depending on the reaction conditions [14]. The presence of Mn*"
along with the over representation of dGTP and dTTP leads to error rates of ~ 1 nt/kb,
the level of mutagenesis can be controlled by the number of amplification cycles and
the final concentration of Mn®" in the reaction. The level of mutagenesis when using
Mutazyme® can be controlled by the concentration of template DNA used and the
number of amplification cycles [10].

An ideal library is one in which all possible mutants are equally represented
[10] but error prone PCR has a source of bias, specific types of error are more
common than others for example conversion of one nucleotide to another occurs
much more often than single nucleotide insertions or deletions. This is desirable for
library construction as insertions and deletions lead to frameshifts which often lead to

non-functional proteins.

5.1.2.3 Focused mutagenesis

Focused mutagenesis introduces random mutations at specific points in the gene
sequence known to be important via structural studies or PCR. A thorough study of
the role of an important residue requires substitution with all 19 other amino acids:
saturated site mutagenesis. This method uses high fidelity PCR but instead of using
two primers it uses a mixture of primers which between them contain the codon for all
20 amino acids at the chosen position. The codon of interest is completely randomized
at the first two positions and has G or C at the third position meaning that only one
stop codon is possible. Saturated mutagenesis can be used to change between one and
five amino acids in a single PCR experiment but if more residues are changed more

screening is required in order to observe every possible combination of mutations. For
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example mutation of one residue gives 20 different PCR products and 200 colonies
need to be screened to observe each product. If two residues are mutated 2000
possible PCR products are produced meaning that 20,000 colonies need to be
screened [12, 15, 16].

5.1.2.4 Recombinatorial mutagenesis

The methods described so far introduce diversity into the gene sequence.
Natural evolution also incorporates recombination, bringing together advantageous
mutations in novel ways and separating out deleterious ones [10]. DNA shuffling
(Figure 5.2) refers to the in vitro homologous recombination of a library of genes and
was first introduced by Stemmer in 1994 [17]. The method of DNA shuffling involves
digesting copies of the genes in the library with DNase I giving a pool of different
sized DNA fragments, fragments from different genes are brought together by PCR
reassembly to create a new gene library containing novel sequences [6, 17, 18].

A variation on this, StEP (staggered extension process) (Figure 5.2) is also
widely used in directed evolution experiments. StEP is similar to DNA shuffling in
that it requires repeated cycles of PCR to build full length genes. In StEP, a PCR
experiment using the original gene pool as template DNA is carried out; by keeping
the extension time short only partial elongation is possible. The growing strand is
melted from the template and may anneal to a different template in the next cycle

creating a crossover [6, 10, 18].

DNA Shuffling StEP

Pool of related genes

DNA fragmentation / \Template priming

Reassemble of fragments Catalysed extension

Family of novel
genetically diverse
genes

Figure 5.2: Representation of DNA shuffling and StEP
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Various other recombination techniques are also available such as RACHITT
[19] (random chimeragenesis on transient templates), which is conceptually similar to
StEP but allows many more crossovers, and ITCHY [20] (iterative truncation for the
creation of hybrid enzymes). Using ITCHY it is possible to recombine gene sequences
with as little as 50 % homology which is useful since genes which encode
functionally very similar proteins do not always have high levels of sequence

homology.

5.1.2.5 Selection and screening

Choosing the mutated proteins with the desired property is often the most
challenging part of a directed evolution experiment and can be achieved either
through selection or screening. The basis of all screening and selection methodologies
is a linkage between the gene, the enzyme it encodes and the product of the activity of
the enzyme [21].

Screening and selection methods should meet a number of requirements; they
should directly detect the property of interest “you get what you select for” is the first
rule of directed evolution [22]. The first rounds of selection/screening require high
isolation so that all mutants, even variants with very small improvements will be
selected. Further rounds of screening need to be more stringent so that only the best
mutants are isolated [21].

Selection mimics the natural survival of the fittest strategy and is the most
efficient method of finding the best mutant since only mutants with the desired
phenotype will survive the process. For example, in order to evolve temperature
resistant mutants the library can be grown at high temperatures and only those with
mutations that confer temperature resistance will grow. It is not always possible to use
selection to distinguish between different enzymes in a library as it requires the
activity of interest to be essential to the bacterium, however, it is possible to couple
the activity of interest to an essential process of the bacterium allowing selection to be
used but this is often very challenging. The advantage of selection is that much larger
libraries of mutants can be examined; the number of colonies that can be subjected to
selection are generally five orders of magnitude above those that can be sorted using

advanced screening.
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Screening requires the activity of interest to be directly observable using
physical or biochemical analysis. Mutants need to be spatially separated either by
spreading them on an agar plate or by the use of 96-well microtiter plates in order to
analyse individual colonies. Screens need to be simple and efficient so that as many
colonies as possible can be examined. Commonly used assays for enzymatic activity
are based on visual detection for example the formation of coloured or fluorescent
products or halos around a colony on a plate [1, 6, 21]. However “screenings on the
basis of colour or halo formation are at best semi-quantitative and rather insensitive to
tiny changes in enzymatic activity” [6]. Colorimetric assays are still widely used, for
example, the formation of a blue product, 5-bromo-4-chloro-3indolyl B-galactoside

(X-Gal), can be used to assay P-galactosidase activity.

5.1.2.6 Directed molecular evolution of heme proteins

Heme enzymes are prime targets for biocatalyst engineering and although few
directed evolution experiments have been performed on heme enzymes due to
difficulties with heterologous expression and screening, there are still examples of
successful experiments in the literature.

Redox enzymes such as peroxidases catalyse valuable reactions on a vast
spectrum of substrates and although they have synthetic potential, due to their relative
complexity and sometimes low catalytic activity this potential is often unrealised.
Directed evolution of these enzymes can be used to improve existing functions which
may not be biologically relevant. Such evolutionary design experiments will provide
new insights into structure function relationships as they also work to develop useful
catalysts [6, 18].

Heme enzymes are a rich source of potential industrial biocatalysts and an
excellent testing ground for directed evolution experiments. Many experiments have
already generated heme enzymes with novel abilities and the same approaches should
allow further exploration of the interconversion of function between different heme
enzymes and hopefully to allow us a better understanding of how protein structure
modulates heme chemistry [6].

Examples of directed evolution of heme enzymes include the increase in
intrinsic peroxidase activity of Catalase I from 2 % to 58 % by Matsuura et al [23],

the alteration of the substrate specificity of P450gy.; to allow it to hydroxylate indole
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by Li et al [24] and a 25-fold increase in the intrinsic peroxidase activity of horse

heart myoglobin by Wan et al [25].

5.1.2.7 Directed evolution of heme peroxidases

Peroxidases oxidise a wide variety of substrates and are ideally suited to
directed evolution experiments. Striking examples for the functional diversity of
heme-containing peroxidases can be found within the super family of bacterial, plant
and fungal peroxidases whose members not only oxidise a wide variety of different
substrate, but also possess different locations of their substrate binding sites [18].

One of the most important questions in heme peroxidase chemistry is how the
protein scaffold controls the reactivity of the heme cofactor. In order to probe this
question Iffland et al [26] used directed evolution to create CcP mutants with novel
substrate specificities. The aim of their work was to generate mutants with increased
activity against the classical peroxidase substrate guaiacol. After three rounds of DNA
shuffling and screening mutants were isolated with a 300-fold increase in guaiacol
activity and a 1000-fold increase in specificity for guaiacol over the natural substrate
cytochrome c¢ all selected mutants contained the mutation Arg48His, thought to
reduce the steric constraints for guaiacol access to the binding site whilst still
providing enough charge to maintain activity.

Cherry and co workers [27] evolved a fungal peroxidase (ARP) to resist high
temperatures, high pH and high hydrogen peroxide concentrations. The best mutant
showed a 174-fold increase in thermal stability and a 100-fold increase in oxidative
stability. Morawski et al [28] increased the activity of horseradish peroxidase (HRP)
by a total of 40-fold compared to the wild type with a 5.4-fold increase in activity

towards ABTS and a 2.3-fold increase in activity towards guaiacol.

5.2 Directed evolution of APX

As stated previously in this Thesis and elsewhere, it has been shown by
mutational studies that APX contains two distinct binding sites, one for ascorbate and
one for aromatic substrates, and although the location of this site was proposed to be
at the 6-heme edge it was not until the resolution of the APX-salicylhydroxamic acid

(SHA) crystal structure [29] that structural evidence was obtained.
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The overall aim of this work was to enhance the rate of aromatic oxidation by
APX by directed evolution hopefully leading to information of how guaiacol binds at
the 6-heme edge. The oxidation of aromatic compounds is an important step in many
synthetic reactions; a quick and mild way to carry out this reaction could prove useful
to both industry and academia.

A colorimetric screen for the oxidation of aromatic substrates by APX has
been designed by Sharp [30] which involves the oxidation of colourless guaiacol to
the red product tetraguaiacol. The main aim of the directed evolution project was
therefore to create diversity in the APX gene by random and saturated site
mutagenesis and to assess the kinetic parameters of the mutants selected by the
screen.

A total of seven protein libraries were created, four using saturated
mutagenesis on residues thought to be involved in aromatic binding and three using
random mutagenesis throughout the gene sequence in an attempt to discover novel
residues that may be important in aromatic oxidation. The libraries created were
screened using a colorimetric screen based on the production of red tetraguaiacol from
the oxidation of colourless tetraguaiacol; two variations on the screen were used. A
selection of mutants chosen from the screen were expressed, purified and the
efficiency of the screen was assessed by determining guaiacol activity either by using
the standard guaiacol assay or by using a stopped-flow based assay and comparing

their activity to the activity of the wild type.

5.2.1 Creation of diversity

5.2.1.1 Site saturated mutagenesis

The residues targeted for saturated mutagenesis were originally chosen by Sharp
based on a model of guaiacol bound into the aromatic binding site (Figure 5.3(A))
which was produced using the APX-salicylhydroxamic acid crystal structure as a

starting point [29].
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Ser173

Asp133 Serl73

Figure 5.3: Model of guaiacol binding to APX based on the APX-SHA complex structure

The heme is shown in yellow with residues thought to be important in substrate binding
indicated. (Left panel) The modelled guaiacol is shown (cyan) and proposed hydrogen bonds
are indicated by red dashes. The model is based on (Right panel) APX-SHA complex (PDB
entry 1VOH), and was created using PyMOL [31]. The heme is shown in yellow, the bound
SHA is shown in violet and residues chosen for saturated mutagenesis are shown in cyan.

Residues that may affect guaiacol binding are Ser69, Ala70, Leul31, Aspl133
and Ser173. Ala70 forms a hydrophobic pocket and is likely to be a key residue in
guaiacol binding so mutations here may reduce guaiacol binding. Leul31 is orientated
away from the guaiacol molecule and so is unlikely to play a key role in guaiacol
binding. Ser173 is equivalent to Phel79 in HRP which is thought to be a key residue
in the formation of hydrophobic interactions for guaiacol binding in HRP [32],
although in APX it is hydrogen bonded to the heme and mutations here may lead to
destabilisation of the heme. Ser69 is 6 A away from the proposed guaiacol binding
site but is equivalent to Phe68 in HRP, which is thought to provide a hydrophobic
pocket for guaiacol binding in HRP [32] and the introduction of an aromatic residue at
Ser69 may increase aromatic oxidation by aiding guaiacol binding. Aspl33 is
equivalent to Phe142 in HRP and may help to create a hydrophobic environment for
guaiacol binding in HRP; mutations at this residue may also increase the rate of
aromatic oxidation.

From the analysis of the model two residues were chosen to be subjected to
saturated mutagenesis; Ser69 and Aspl133 (Figure 5.3(B)). A separate library was
created for each in order to minimize the amount of screening needed. The saturated

mutagenesis libraries were created using Quikchange® site-directed mutagenesis kit
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(Stratagene) and oligonucleotides with a degenerate NNS codon at the point of
mutation, where N is equal amounts of all four bases and S is guanine and cytosine in
equal amounts, were used. The best mutations from each of the saturated mutagenesis
libraries, selected via the guaiacol screen, (see section 5.2.2.1) were used as a
template for a second round of saturated mutagenesis producing two saturated

mutagenesis libraries: S69P/D133X and S69X/D133R.

5.2.1.2 Random mutagenesis

5.2.1.2 (a) Random mutagenesis via error prone PCR using GeneMorph® and
Taq polymerase

Mutazyme® DNA polymerase in the GeneMorph® kit produces a unique spectrum
of mutations compared to Taq DNA polymerase, both generate all possible nucleotide
substitutions but the frequency of incorporating each type of mutation is different. For
example Mutazyme® preferentially replaces Gs or Cs with As or Ts whereas Taq
polymerase tends to replace As or Ts with Cs or Gs. Because the production of
representative mutant libraries is desired, in which all types of mutation are equally
likely, two types of random mutagenesis library were produced: one using Taq
polymerase and the other using Mutazyme®

For the creation of the library using Mutazyme® the PCR conditions were
optimized to give the strongest band in agarose gel. Only the gene was amplified and
the PCR product was religated into empty pQE30 vector. The level of template used
(31.25 ng) should have led to mutation levels of 3-7 mutations per gene. This was
confirmed by sequencing of random colonies of XL1-Blue cells. The DNA was
extracted from XL1-Blue cells and transformed into SG 1300 cells in order to create a
protein library ready for screening, called Mut.

The creation of the Taq polymerase error prone PCR library was carried out
with the aid of Dr. L. G. Otten and Dr. Florian Hollfelder (Department of
Biochemistry, Cambridge University). The PCR was optimised using various amounts
of Mn?" cofactor to give different levels of mutagenesis. Again, using the forward and
reverse pQE30 sequencing primers in the PCR meant that just the APX gene was
amplified so it was necessary to reinsert the gene into the vector before transformation
into XL1-Blue cells. Two libraries were created: one with 0.1 mM Mn®" giving

average mutation levels of two nucleotide changes per gene, and the other with 0.3
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mM Mn?" giving average mutation levels of four nucleotide changes per gene:
mutation levels were confirmed by sequencing of random colonies. DNA was
extracted from XL1-Blue cells and transformed into SG 1300 cells to produce two

protein libraries ready for screening; ep0.1 and ep0.3.

5.2.1.2(b) Random mutagenesis using DNA repair pathway deficient E. coli

The pQE30 vector containing APX was extracted from XL1-Blue cells and
transformed into commercially available XL1-Red cells (Stratagene). XL1-Red cells
are deficient in DNA repair so as they replicate the plasmid naturally occurring errors,
that are normally repaired, are ignored to produce mutated plasmids. After ~72 hours
of growth, monitored by UV-visible spectroscopy, the plasmid was extracted and
retransformed into fresh XLI1-Red cells; this process was repeated four times.

According to Stratagene (www.stratagene.co.uk) the mutation rate of XL1-Red cells

is 1 mutation per 2000 nucleotides per 24 hours of growth. After the four rounds of
extraction, transformation and growth each colony should contain an APX gene that
had ~11 point mutations. Random colonies were chosen and the DNA extracted and
sequenced, all the chosen colonies contained wild type APX. A possible reason for
this is that the XL1-Red cells themselves are evolving; those that have more efficient
DNA repair are more likely to survive, hence the cells revert back to wild type cells

and mutation is no longer carried out.

5.2.2 The screen for directed evolution

5.2.2.1 Sharp guaiacol screen

This screen was developed by K. H. Sharp [30] in collaboration with Dr. T.
Fleming and Prof. N. Turner (Chemistry department, University of Edinburgh) and is
based on a screen to detect H,O, production by monoamine oxidase (MAO-N) [33].

The colorimetric screen detects formation of red tetraguaiacol (Figure 5.5).
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Figure 5.4: The formation of tetraguaiacol

Four molecules of oxidised guaiacol come together to form red tetraguaiacol.

Protein libraries contained within SG 1300 supercompetent cells were grown up
on nitrocellulose membranes and expression of APX was induced using isopropyl-f3-
D thiogalactopyanside (IPTG). The membranes were then frozen at -80 °C to partially
lyse the cells and to allow APX to interact with guaiacol whilst ensuring that live cells
remained within each colony for later growth. Molten agar containing guaiacol and
H,0, was poured directly over the membrane.

Colonies containing wild type APX take approximately 45 minutes to stain red
and any colonies containing APX mutants with enhanced activity should stain red
quicker than this (Figure 5.6). DNA was extracted from the selected colonies and

sequenced in order to identify the mutations.

H,0,

v

Guaiacol

Figure 5.5:Representation of the guaiacol screen [30]

The red dot indicates a colony containing an APX mutant with increased activity towards
guaiacol.

The screen presented above is very efficient and the colour producing reaction is

directly coupled to the desired activity so the screen will not give false positives,
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however the depth of the agar above the colonies means that the colour change of the
colonies upon guaiacol oxidation is minimal and can be difficult to detect. The
tetraguaiacol produced is soluble and quickly diffuses into the agar meaning that the

colour change is time sensitive and must be monitored very closely.

5.2.2.2 Iffland guaiacol screen

The screen proposed by Iffland et al [26] utilises the same colorimetric
principles as the Sharp screen with a few simple changes. The main change is that
instead of pouring molten agar over the membrane, membranes displaying protein
libraries were placed on filter paper that had been soaked in guaiacol/H,O, solution.
Colonies containing wild type APX stained red after approximately seven minutes,
the colour change was more pronounced, and tetraguaiacol once formed did not
diffuse from the colony that produced it.

A second difference is that the cells are partially lysed by dipping the
membranes displaying the library briefly into liquid N, and allowing to air dry. This

speeds up the screening process and still leaves viable cells in the colonies.

5.2.3 Summary of enhanced variants

5.2.3.1 Enhanced variants from saturated mutagenesis

Approximately 200 colonies were screened containing the S69X saturated
mutagenesis library, many of the colonies stained red faster than colonies containing
wild type APX. The five colonies which stained red quickest were picked from the
screen and grown up overnight. DNA sequencing was carried out to determine the
mutations. Three out of the five colonies chosen, including the two fastest had a
proline residue instead of the serine residue at position 69. The two others had either
threonine or glutamine at position 69.

Approximately 200 colonies were screened containing the D133X saturated
mutagenesis library, again there was variation in the rate at which the colonies stained
red and the five quickest staining colonies were grown up overnight and their DNA
extracted and sequenced; three of the colonies had an arginine residue at position 133,

the other two had either glutamate or glutamine at position 133.
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Screening of 200 colonies from each of the saturated mutagenesis libraries
containing the double mutants (one library with proline at position 69 and all 20
possible amino acids at position 133, the other library with arginine at position 133
and all 20 possible amino acids at position 69) was carried out. The five quickest
staining colonies from the S69P/D133X library were grown up and their DNA
extracted and sequenced; all five had an asparigine at position 133.

From the S69X/D133R library just two colonies were chosen from the screen
and grown up overnight and both were found to contain a threonine residue at position
69. A summary of the mutants and the saturated mutagenesis library they were

selected from is shown in Table 5.1.

Table 5.1: Summary of mutants selected from saturated mutagenesis libraries

Saturated Mutagenesis library Mutant selected from the screen

S69X S69P
S69T
$69Q

D133R DI33R
DI33N
DI133E
S69P D133X S69P/D133N
S69X D133R S69T/D133R

5.3.1.2 Enhanced variants from random mutagenesis

Each of the random mutagenesis libraries produced were spread onto ten
nitrocellulose membranes, each membrane displayed approximately 100 colonies,
meaning that 1000 colonies were screened for each of the three libraries created. From
all of the screens 8 colonies were chosen in total which all stained red faster than the
other colonies on the membrane. Three colonies were chosen from the library created
using Taq polymerase and 0.1 mM Mn?", they were grown up overnight and their
DNA extracted. DNA sequencing revealed that two of the colonies chosen contained

D133R APX and the third contained the mutation D133R plus an additional mutation
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at position 105 where valine was replaced with isoleucine giving the double mutant
VI105I/D133R.

Three colonies were also chosen from the random mutagenesis library created
using Taq polymerase and 0.3 mM Mn”". The DNA extracted from these colonies all
had different mutations, they all contained the D133R mutation; one had no additional
mutations; one had an additional mutation where glycine at position 50 was replaced
by aspartate and the other where valine at 105 was again replaced by isoleucine to
give the double mutants G50D/D133R and V105I/D133R respectively. Two colonies
were chosen from the random mutagenesis library created using Mutazyme®. The
colonies were again grown up overnight and the DNA extracted. Sequencing revealed
that both colonies selected contained APX with a single mutation; one had the
recurring D133R mutation and the other contained the mutation D133N.The mutants
and the random mutagenesis library they were selected from are summarised in Table
5.2.

Table 5.2: Summary of mutants selected from random mutagenesis libraries

Random Mutagenesis library Variants selected from the screen
Ep0.1 DI133R
V105I/D133R

Ep0.3 DI133R
G50D/D133R

V105I/D133R
Mut DI33R
DI133N

5.3 Expression of selected variants

5.3.1 Expression of variants

Samples of APX variants were prepared from E. coli SG 1300 supercompetent
cells (containing the pREP4 vector) incorporating a pQE30-APX construct and
purified as described in Chapter 3. Samples with R, values of greater than two were

considered pure. Five mutant variants were selected for protein preparation, S69P,
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D133R, D133N, S69P/D133N and G50D/D133R which were all compared to wild
type APX.

5.3.1.1 Electronic absorption spectra

Electronic absorption spectra were obtained for the five selected variants
produced. Analysis reveals wavelength maxima (Ama/nm) at 407, 506, 540" and 636
in all cases. There were no significant differences between the wild type protein and

the five mutants.

5.4 Steady state Kinetics

In order to ensure that the screen is enabling selection of mutations that really
do confer enhanced aromatic activity, steady state analysis was carried out on the five
fastest mutants selected from all seven protein libraries. Standard guaiacol assays
were carried out, however, the results from the standard assay did not show a
significant enhancement of guaiacol oxidation by the mutants chosen from the screen,
in order to confirm these results assays were carried out using stopped-flow
spectrophotometry. A single-mixing experiment was carried out at a single
wavelength (470 nm), one syringe contained H,O, solution to initiate the peroxidase
reaction; the other contained a pre-mixed solution of APX and guaiacol. The
concentrations of enzyme and H,O, were kept constant and the concentration of
guaiacol was varied as in the standard guaiacol assay. The solutions were shot into the
cell and the increase in absorption at 470 nm measured as a function of time over a
period of 10 seconds, the stopped-flow apparatus has a dead time of just 1 ms
meaning that it is possible to measure the initial part of the reaction even at high
guaiacol concentrations. The rate of tetraguaiacol production was determined by
fitting the initial part of the curve to a linear plot and calculating the gradient.

The assay was carried out for the five mutant enzymes produced and the wild
type, but inconsistent data were obtained that had a large decrease in activity at higher
concentrations of guaiacol. In order to overcome this the assay was carried out as it is
in the screen i.e. to pre-mix H,O, and guaiacol and initiate the reaction by addition of
enzyme, this may prevent the enzyme being inhibited by saturation with guaiacol.
Three independent assays were carried out for each of the mutants and wild type APX

and the initial rate of reaction plotted versus substrate concentration (Figure 5.7), kcat
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and Ky were determined by fitting the plots to the Michaelis-Menten equation as seen

previously. The steady state kinetic data for wild type APX and the five mutants

examined are compared in Table 5.3.
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Figure 5.6: Steady state oxidation of guaiacol by mutants examined in this Chapter

Conditions: [Enzyme] = 100 nM, 25 °C, 100 mM KPi, pH 7.0. The lines represent a fit of the
data to the Michaelis-Menten equation. Wild type APX (black), S69P (red), G50D/D133R
(yellow), D133N (blue), D133R (green), S69P/D133R (cyan). Average values of three
independent measurements are shown; error bars represent standard deviation.

Table 5.3: Steady state kinetic data for guaiacol oxidation

Values are shown for wild type APX and five mutants selected using the guaiacol screen.
Each value is an average of at least three independent measurements.

APX keat (s Ky (mM) kea/Kn (s mM)
Wild type APX 82.1+2.8 20.3 +2.0 4.0
D133R 175.5+7.2 262 +24 6.7
G50D/D133R 142.4+43 245+13 5.8
S69P/D133N 182.2+3.6 26.6 £1.2 6.9
S69P 683+36 23.6+29 2.9
D133N 1509+ 5.1 28.7+2.6 5.3

136



Chapter 5: Probing Aromatic Binding in APX using Directed Evolution

5.5 Discussion

The main aim of the Chapter was to use directed evolution to enhance the
activity of APX towards aromatic compounds. The two steps in the directed evolution
experiment, namely the creation of diversity and the selection of improved mutants
has been carried out efficiently but has failed to produce a mutant with a significantly
enhanced rate (i.e >10-fold) compared to wild type APX. Sequencing of mutanst
produced by saturated mutagenesis showed that this protocol gave a high level of
success. The D133R mutant was selected consistently from the screen, sometimes as a
single mutation and other times in combination with other mutations such as G50D
and V1051. The change from an aspartate residue to an arginine residue, Figure 5.8, is
a charge reversal and would not have been considered during a rational design

experiment.

5 NHs\é/loko
NHs\é/lko :\L
b 1

¢ N

L-Aspartate L-Arginine

Figure 5.7: Structures of aspartate and arginine

Steady state kinetic analysis of D133R and D133N along with the double mutant
G50D/D133R showed no significant increase in the rate of guaiacol oxidation with a
comparable ke to wild type APX. The reason that this mutant was selected
consistently from the screen remains unclear. The Ky is not significantly altered and
so it is unlikely that the mutations at this position lead to an increased ability to bind
guaiacol. Crystal structures or molecular modelling of guaiacol into a model of the
mutated active site may provide further insights into this, however, crystallisation was
not achieved.

A second mutation consistently selected from the screen was S69P and again
steady-state kinetic analysis of this mutant showed no significant increase in activity
towards guaiacol. In any screen there is a certain amount of phenotypic variation

between colonies, for example, a screen of a membrane displaying only wild type
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colonies will show some variation in the time each colony takes to stain red. Typically
in the Sharp screen wild type colonies will all stain red within approximately seven
minutes of each other. This phenotypic variation is a result of factors such as colony
size, protein expression levels within each colony and time taken for substrate to
become available to each colony. However, the S69P and D133R mutants were
consistently selected from the screen independently of which mutagenesis process
was used to create the variation. In the Iffland screen (seven minutes) colonies
containing these mutations stained red within two minutes, faster than even the most
active wild type colony. A proline at position 69 is not an obvious choice to allow
enhanced aromatic oxidation and, as shown by the steady state kinetics, appears to
have no affect on the rate of aromatic oxidation. A possible reason that these mutants
are selected from the screen is that they may have enhanced levels of heme uptake,
meaning that colonies containing them have a higher percentage of holoenzyme than
other colonies and so stain quicker, in order to prove this hypothesis the R, value of
purified protein before hemin reconstitution could be compared to that of the wild
type. Expression levels may also have been increased by the introduction of mutations
at D133 and S69 although this is unlikely.

Although directed evolution has been shown to be a powerful tool in enhancing
rates of enzymatically catalysed reactions, protein stability, and the range of substrates
utilised by an enzyme [3, 6], the system to which it is applied needs to be suitable. In
this case the natural rate of guaiacol oxidation by APX is high (kct = 82.1 + 2.8 s'l)
and a screen is needed which can distinguish between variants with a faster rate than
that of the wild type. The screen used in this Chapter, although suitable for early
rounds of directed evolution where the wild type protein has little latent activity
towards the substrate, was not powerful enough to allow true selection of enhanced
variants. Perhaps a more efficient way of screening mutants with enhanced guaiacol
binding properties would have been to screen for mutants that possessed a lower Ky,
for example by screening for colonies that turned red even in the presence of low
guaiacol concentrations or competitive inhibitors such as isoniazid. Evolutionary
strategies for creating enhanced enzymes require elaborate technical equipment and so
to further study aromatic oxidation in APX using this method a screen needs to be
devised which removes some of the factors hindering the efficiency of the screen used
here. Controls need to be applied to colony size, levels of expression and availability

of substrates in order to quantitatively assess the ability of a single variant to oxidise
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aromatic substrates. This would require a vast amount of screening with a higher

degree of accuracy which in turn would require a higher degree of automatization.
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6.1 Introduction

A discussion of the chemistry of an enzyme requires an understanding of the
protonation states of both the protein and any cofactors involved. The significance of
the contribution of X-ray crystallography to the understanding of enzyme mechanism
cannot be underestimated; however the requirement for electrons to scatter X-rays
means that hydrogen atoms are usually invisible and can only be seen in crystal
structures determined to ultra-high resolutions(< 1.0 A) [1]. In many cases the
positions of hydrogen atoms can be extrapolated from either bonded heavy atoms or
deduced, however neutron diffraction can provide direct evidence for the protonation
state of ionisable groups.

Neutron diffraction, along with X-ray crystallography and nuclear magnetic
resonance (NMR), is a method used to determine macromolecular structure. It
originated from the Manhattan Project that produced the atom bomb in 1945 [2],
during pioneering work by Clifford G. Shull. Shull said "Scientists at Oak Ridge were
very anxious to find real honest-to-goodness scientific uses for the information and
technology that had been developed during the war at Oak Ridge and at other places
associated with the wartime Manhattan Project." [3], he later received the Nobel prize
"for the development of the neutron diffraction technique" [3].

A neutron diffraction experiment requires a neutron source, such as a nuclear
reactor, and a neutron-sensitive detector. Like X-ray diffraction, neutron diffraction is
a form of elastic scattering, where the neutrons exiting the sample have approximately
the same energy as the incident neutrons, however, neutrons are scattered by atomic
nuclei rather than electron clouds. Every electron has the same scattering length
meaning that each element scatters X-rays proportionally according to its number of
electrons, in contrast, for neutrons, each element has a characteristic scattering length
which shows no regularity across the periodic table and can even be negative (i.e. for
hydrogen). Coherent scattering, where the phase of the incident beam is preserved,
gives rise to neutron diffraction patterns which can be mathematically inverted in
order to derive the molecular structure of the sample in exactly the same way as an X-
ray diffraction pattern. The scattering length of some biologically important elements

are shown in Table 6.1 [1].
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Table 6.1: Neutron Coherent scattering length and incoherent cross-sections

Element No. of Incoherent cross-section Coherent scattering length
electrons (barns) (1 o cm)
"H 1 80.27 -0.374
) 1 2.05 0.667
2c 6 0.00 0.665
N 7 0.49 0.937
150 8 0.00 0.580
328 16 0.00 0.280
O 26 0.00 1.012

There are two important things to note from Table 6.1, first the scattering
length of nitrogen is larger than that of carbon and oxygen, this means that the
orientation of asparagine, glutamine and histidine can be readily determined using
neutron diffraction. Second the incoherent scattering of hydrogen is anomalously
large, giving rise to large amounts of background, this can be overcome in two ways:
partially, by soaking crystals in D,O, or fully by preparing perdeuterated proteins.
Soaking crystals in D,0 allows exchangeable protons to be replaced by deuterium, for
full deuteration, expression systems are adapted to grow in D,O and use a deuterated
carbon source. Deuteration is also important because the coherent scattering length of
hydrogen is negative, this means that it can cancel out the scattering of heavy atoms
that it is bound to at low resolution, for example CH; groups are often not visible

(Figure 6.1).
(A)

Figure 6.1: Negative scattering by hydrogen

(A) The 2F,-F, nuclear density of a histidine residue, the negative scattering of hydrogen
means that scattering from Cgis cancelled out. (B) The F-F density is shown in red revealing
the hydrogen atoms.
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Neutron diffraction is a powerful technique for locating hydrogen atoms and is
used to provide information on the protonation states of amino acid residues, the
identity of solvent molecules, and the nature of bonds involving hydrogen, as recently
reviewed [4]. Neutron diffraction can also be used to identify hydrogen atoms that are
exchanged with deuterium and the extent of this replacement, thus providing a tool for
identifying isotopically labelled structural features and for studying solvent
accessibility and macromolecular dynamics, complementary to NMR techniques.

The Laue method, in which a single crystal is fixed in an incident beam
containing a wide range of wavelengths (often referred to as the “white beam”
method), is commonly employed in neutron crystallography experiments. The Laue
method provides a much more rapid scan of reciprocal space allowing larger numbers
of reflections to be recorded over a shorter time. The disadvantages of using a full
“white beam” include the higher complexity of data processing and the increased
background seen on the detector, these can be somewhat over come by using quasi-
Laue methods, where the spectral wavelength of neutron beams is restricted. Recently
an upgraded neutron Laue diffractometer, LADI-III, has been installed at the Institut
Laue-Langevin (ILL). The LADI-III instrument replaces the LADI-I instrument
previously used to collect data for human Aldose Reductase [5, 6], Xylose Isomerase
[7] and concanavalin A [8] from perdeuterated crystals as small as 0.15mm’.
Operational since March 2007, the instrument uses a large cylindrical area detector
composed of neutron-sensitive image-plates (NIPs) which completely surround the
sample and allows large numbers of Bragg reflections to be recorded simultaneously.
Data is collected using a quasi-Laue method in order to provide a rapid survey of
reciprocal space, while reducing the background on the detector compared to use of
the full white beam. The quasi-Laue method restricts the wavelength of the incident
beam to between 3.2 and 4.2 A.

Single crystal neutron diffraction is currently not a commonly used technique,
hence to date there are only ~ 30 protein crystals for which neutron data have been
collected [1]. The relative lack of neutron crystal structures available is due to a
number of reasons. First, relatively large samples and large single crystals required for
available neutron sources, which are often difficult to obtain. The scarcity of neutron
beams and the time taken for data to be collected is another factor affecting the use of

this method. Even using Laue neutron beams data collection needs to be carried out
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for much longer than when using X-rays in order to compensate for the low flux of
neutrons (10° cm™ s™, compared to 10" mm™ s for X-rays).

As discussed throughout this Thesis, due to the availability of large quantities
of protein and the crystal structure, CcP became the benchmark against which all
other peroxidases were compared, and has become the subject of much investigation
into both enzymatic mechanism and the electron transfer pathway. The hydrogen
bonding network around the active site of CcP helps to define the reactivity of the
heme, unambiguous identification of the hydrogen bonding patterns will lead to
insights into enzymatic mechanism as well as the structural features that determine the
properties of the heme.

This Chapter presents the neutron diffraction structure of CcP along with a
jointly refined neutron/X-ray structure which has allowed the determination of the
protonation states of important catalytic residues. Preliminary neutron Laue
diffraction data to 2.4 A resolution has been collected of wild type CcP at room
temperature (from a crystal grown in D,O) on the LADI-III instrument at the ILL.
Room temperature X-ray data have been collected on a rotating anode source from
similar crystals and a joint neutron/X-ray refinement of the ‘native’ structure has been
carried out. This preliminary study indicates that the sample volume (0.8 mm’)
available is sufficient to collect the high resolution neutron data required in order to

examine the nature of the ground state of the enzyme.

6.2 Results

6.2.1 Crystallisation of CcP for neutron diffraction

Crystals for neutron diffraction were grown as previously described (Chapter
2, Section 2.2.3). Once grown the crystals were redissolved in potassium phosphate
buffer (500 mM) which had been produced using D,O instead of H,O, and dialysed
against 50 mM potassium phosphate buffer containing 30% 2-methyl-2,4-pentanediol

by volume which had also been produced using D,0O.
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6.2.2 Collection of neutron diffraction data

Neutron diffraction data were collected by Matthew Blakeley and Peter
Moody at the European Molecular Biology Laboratory (EMBL) in Grenoble at the
ILL neutron Laue diffractometer, LADI. A D,O-soaked CcP crystal (0.8 mm’
volume) was mounted in a quartz capillary and sealed with wax for data collection.
Neutron Laue diffraction data were collected at room temperature using the LADI-III
instrument installed on cold neutron guide H142. Data were recorded in a series of 9
contiguous Laue images using 15h exposures and spots were observed up to 2.2 A

resolution with data processed to 2.4 A resolution (Figure 6.2).

Figure 6.2: Close-up of part of a neutron Laue diffraction pattern from CcP

Neutron Laue data were indexed and integrated using the Daresbury
Laboratory LAUEGEN software suite [9, 10], modified for the cylindrical geometry
of the LADI-III detector [11]. The LSCALE program [12] was used to derive the
wavelength-normalization curve using the intensities of symmetry-equivalent
reflections measured at different wavelengths. No account was made for crystal
damage since neutrons do not induce detectable radiation damage and no explicit
absorption corrections were applied. SCALA [13] was used to combine and merge the
21637 observed reflections. Relevant statistics of diffraction data are shown in Table

6.2.

147



Chapter 6: Neutron Diffraction Studies of Cytochrome c Peroxidase

Table 6.2: Summary of 2.4 A room temperature neutron Laue diffraction data from CcP

D,in (A) Nueas Nrer Ryerge (%)  IUsigma(l)  %complete  Multiplicit
y
7.59 720 412 8.0 6.3 74.1 1.7
5.37 2030 854 10.5 6.9 88.4 2.4
4.38 2722 1094 12.3 6.9 88.8 2.5
3.79 2985 1256 12.9 6.6 87.8 2.4
3.39 2833 1315 13.4 5.9 82.4 2.2
3.10 2566 1296 14.0 5.1 72.8 2.0
2.87 2250 1201 154 4.5 62.6 1.9
2.68 1964 1102 15.9 3.9 54.2 1.8
2.53 1762 1045 16.5 3.3 48.0 1.7
2.40 1805 1048 17.0 3.1 45.1 1.7
Overall 21637 10623 13.0 5.2 66.1 2.0

6.2.3 Neutron diffraction structure of CcP

Initial refinement clearly shows the protonation state of four of the six
histidine residues (Figure 6.3), the orientation of the asparagine (Figure 6.4) and

glutamine residues and the dual conformation of Arg48.

(A) (B)

Figure 6.3: Example of CcP nuclear density; histidine protonation state determination

2F,-F. nuclear density is shown in blue at 1.5 r.m.s. and F,-F nuclear density shown in red at
2.5 o (calculated without the D-atoms included in the model). (A) His181 showing only Nj is
deuterated. (B) His52 showing only N;is deuterated.
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Figure 6.4: Example of CcP nuclear density; asparagine orientation determination

2F,-F. nuclear density is shown in blue at 1.5 r.m.s. and F,-F nuclear density shown in red at
2.56. (A) Shows the orientations of the side chains of Asn24 and Asn292 as found in the X-
ray starting model. Clear F,-F, density (red) is observed for the N2 groups of each residue
indicating the orientation is not correct. (B) Shows the same residues after they have been
flipped, no F,-F, density is observed showing that they are now in the correct orientation.

6.2.4 X-ray data collection at room temperature

In neutron diffraction the addition of hydrogen and deuterium atoms into the
model means that the number of atoms being refined is typically twice the number of
atoms in an X-ray refinement [14]. The increased number of atoms increases the
number of parameters and reduces the data-to-parameter ratio, a problem which is
increased with the medium resolution of the neutron structure (2.4 A). This higher
data-to-parameter ratio means there is a danger of over fitting the data, decreasing the
accuracy of the model [15]. A joint refinement using both the neutron data and X-ray
data increases the data-to-parameter ratio leading to a more accurate refinement.
Another advantage of the joint neutron/X-ray refinement is that displaying both the X-
ray and neutron density maps together allows easier interpretation of the model
(Figure 6.5). Showing both maps allows more accurate interpretation of the positions
of CH, groups, which may be difficult to visualize using the neutron density maps due

to the negative scattering of the hydrogen atoms.
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(A)

W51 W51

Figure 6.5: The active site of CcP showing the difference between nuclear and electron
density

(A) The refined 2F,-F, nuclear density, the negative scattering of the hydrogen atoms can be
seen by the lack of density around the CH, group of H52. (B) The refined 2F,-F, electron
density, the deuteration at position N of H52 cannot be seen. (C) Both nuclear (aqua) and
electron density (red) allow for a more accurate interpretation of the structure.

In order for comparison and scaling between the neutron diffraction structure
and the X-ray crystal structure of wild type CcP to be carried out, it was necessary to
produce a crystal structure of wild type CcP at room temperature. As protein crystals
are ~ 50 % water they need to be kept in mother liquor so that they won’t dry out in
the X-ray beam, this is achieved by mounting the crystals using a glass capillary tube,
which is sealed with wax. At room temperature the crystal is not protected from the
damaging X-rays and so, in this case, after approximately 30 degrees of collection (60
images) resolution is clearly lost (Figure 6.6). There were 60 images collected per
crystal and the data from six individual crystals was combined to give a single merged
data set.

The crystal structure of wild type CcP refined with room temperature data
showed no differences with the structure of CcP refined with data collected under
cryogenic conditions with r.m.s deviation in Ca positions of 0.111 A. Refinement

statistic for the data collected at room temperature are shown in Table 6.3.
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(A) (B)

(®

Figure 6.6: Effects of damaging X-rays on wild type CcP crystal diffraction pattern at
room temperature

The diffraction pattern of wild type CcP at different stages during data collection at room
temperature; (A) 1st image, (B) after 20 degrees and (C) after 30 degrees.

Table 6.3: Data Collection and refinement statistics for wild type CcP collected at room

temperature

Protein wild type CcP

Data Collection
Space group P2,2,2,
Unit Cell (A)

A 51.547

B 76.655

C 107.078
Resolution (A) 43.90-2.01 (2.12-2.01)

Total observations

Unique reflections

78178 (10136)
26005 (3550)

1/ ol 18.7 (2.0)
Rinerge 0.076 (0.671)
Completeness (%) 90.5 (86.9)
Refinement statistics

Rovor 0.16291
Rfee 0.20011
RM.S.D

Bonds (A) 0.017
Angles (°) 1.523
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6.2.5 Combined X-ray and neutron structure

The joint neutron/X-ray refinement of the native CcP structure used newly
developed software ‘nCNS’ [16] which combines, for the first time, global X-ray data,
neutron data and energy refinement with cross-validated maximum likelihood
simulated annealing refinement. This combined neutron/X-ray refinement allowed the
assignment of the orientation and protonation states of the remaining histidine,
asparagine and glutamine residues and allows a description of key residues in the

ground state. The active site bonding network of CcP is shown in Figure 6.7.

W191

Figure 6.7 The bonding network in the active site of CcP

Stereo representation, produced from the joint neutron/X-ray structure, of the bonding
network of the active site of CcP, the heme is shown in yellow and bonds are represented by
red dashes.

The distal histidine (His52) has been shown to be critical for the rapid
formation of compound I [17], the structure shows only the Ns of the imidazole is
deuterated and this forms a hydrogen bond to Os of Asn82. The N; is 2.7 A from the
oxygen of the water bound above the heme iron, but the nuclear density of this water
is not well enough defined to place its hydrogen atoms with certainty. The adjacent

tryptophan (Trp51, implicated in the stabilization of bound peroxide and Compound I
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[18], is deuterated on the indole nitrogen (N) and is 2.9 A away from the water bound
above the heme, with the hydrogen atom almost in line with the water oxygen,
consistent with the formation of a hydrogen bond. However, the angle formed by the
Trp51 indole nitrogen-water-imidazole nitrogen of His52 is acute (78°), and therefore
it is unlikely that both nitrogens are involved in hydrogen bonding to the water

simultaneously (Figure 6.8).

Figure 6.8: Joint neutron/X-ray structure of the distal heme pocket

Stereo representation of the distal heme pocket produced from the joint neutron/X-ray
structure. The heme is shown in yellow with hydrogen bonds represented by red dashes. The
2F,-F. nuclear density is shown in aquamarine.

The orientation of the proximal histidine (His175) side chain, is clearly seen,
as expected the N, which co-ordinates to the heme iron 2.3 A away, is not deuterated
whereas the N is deuterated and hydrogen bonds to Os2 of the acid group of Asp235,
whose other oxygen in turn hydrogen bond to the deuterated N of Trp191. Os2 of
Asp235 also hydrogen bonds to a water molecule (2.7 A) which in turn hydrogen
bonds to O,1 of Thr234 (Figure 6.9).
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Figure 6.9: Joint neutron/X-ray structure of the proximal heme pocket

Stereo representation of the proximal heme pocket produced from the joint neutron/X-ray
structure. The heme is shown in yellow with hydrogen bonds represented by red dashes. The
2F-F; nuclear density is shown in aquamarine.

The ligation of proximal histidine (His175) controls the catalytic activity of
the heme [19-21], hence, the hydrogen bonding network surrounding the histidine also
plays a role in controlling the activity of the heme. Asp235 has been shown to control
the properties of His175 as a heme ligand, to influence the electrochemical properties
of the heme, and to modulate the coupling between the heme and the Trp191 radical
[22-24]. It is also reasonable that the buried charge of Asp235 may stabilize the
formation of the Trp191 radical by an electrostatic charge-pair interaction and may
also be involved in stabilizing the higher oxidation states of the peroxidase that form
transiently during catalysis. Trp191 forms an indolyl radical as Compound I is
formed, and its substitution with phenylalanine reduced the rate of Compound I
formation by a factor of at least 10,000 [25].

His181 forms two hydrogen bonds with the deprotonated heme 7-propionate;
one between the deuterated Ns of the histidine side chain and one between the
backbone amide. His181 is connected to the distal histidine, His175, via a six residue
loop and is proposed to anchor the heme in place, strengthening the proximal heme
linkage [26]. The heme 7-propionate is also close to the side chain of Serl8S5;

however the geometry is poor for hydrogen bond formation (Figure 6.10).
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Figure 6.10: Joint neutron/X-ray structure of bonding involving the heme propionates

Stereo representation of the heme active site produced from the joint neutron/X-ray structure
showing the hydrogen bonding networks involving the heme propionates. The heme is shown
in yellow with bonds represented by red dashes. The 2F,-F, nuclear density is shown in
aquamarine.

One oxygen of the heme 6-propionate is seen to hydrogen bond to the main
chain nitrogen of Lys179, the other oxygen appears to interact with the same water
molecule which bridges the heme propionates to the motile guanidinium of Arg48
[27] (Figure 6.10). Arg48 forms part of the distal catalytic triad and is important in the
stabilisation of Compound I [17, 28, 29].

6.3 Discussion

A detailed description of the resting CcP enzyme has been produced, the
neutron data and joint refinement have added to the previously published crystal
structure by allowing determination of the protonation states of histidine residues and
the orientations of asparagine and glutamine side chains. It has allowed a detailed
description of the hydrogen bonding network within the active site of CcP, which is
important in controlling the overall activity of the enzyme.

Over the past decade there have been a number of crystal structures obtained
for the Compound I intermediate of CcP clearly showing the [Fe(IV) — O]] centre.
There has been much debate into the exact nature of the Compound I [Fe(IV) — O]
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centre. Early EXAFS work [30, 31] on CcP estimated Fe-O bond lengths to be in the
region of 1.6 A indicating a [Fe(IV) = O] species. Whereas the high resolution crystal
structure obtained by Poulos [32] showed an Fe-O bond length of 1.87 A which they
characterised as a ferryl bound hydroxyl species [Fe(IV) - OH] claiming that in the
cytochrome P450’s that substrate oxidation occurs through a direct hydroxyl transfer
mechanism from the transient Compound I.

Given the ambiguities of the chemical and spectroscopic experiments reported
so far, it would be interesting to unambiguously resolve the question of the
protonation state of Compound I in CcP; neutron diffraction could be used to do this
as the negative scattering length of a proton should show this up clearly. The
generation of X-ray induced electrons during diffraction data acquisition may mean
that the oxyferryl centre in Compound I is subject to radiolytic reduction [33],
therefore, the structure obtained may not be a true Compound I intermediate and data
collection needs to be followed closely using single crystal microspectrophotometry
in order to be certain that the correct intermediate has been formed. Neutron
diffraction also offers the advantage that neutrons do not cause radiation damage and
so will not affect the oxyferryl centre in Compound 1.

In the peroxidases, in particular CcP, the [Fe(IV) — O] centre is remarkably
stable (t;» ~ several hours) thus the intermediate can easily be trapped in the
crystalline state allowing detailed characterization studies to be undertaken. However,
the experiments would need to be conducted in cryogenic conditions to preserve
Compound 1. Data collection at cryogenic temperatures is a challenge when using the
large protein crystals used for neutron diffraction since the solvent must be rapidly
(flash)-cooled to a vitreous glass in order to avoid ice formation that disrupts the
crystal lattice. Protocols for cryogenic neutron diffraction have been developed at the
Institut Laue-Langevin (ILL) to cool and maintain large protein crystals (1-5 mm’) at
cryogenic temperatures (~15 K). Data have been previously collected at 15 K on the
LADI-I instrument at the ILL for lysozyme [34] and concanavalin A [35].

The neutron diffraction studies presented in this Chapter show that sufficient
crystal volumes of CcP would be available in order to determine the neutron
diffraction structure of Compound I of CcP and to unambiguously assign the

protonation state of this important intermediate.
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7.1 Substrate binding in heme peroxidases: evolution of the
consensus

In many heme proteins substrate binding occurs in the distal heme pocket
where the substrate has access to the activated oxygen provided by the heme. For the
oxygenase enzymes such as the P450s and heme dioxygenases, the reactive
intermediate, either Compound I or the ferrous-oxy complex , needs to be close to the
bound substrate so that reaction (i.e. insertion of oxygen) can occur. In contrast, the
reactive intermediate of peroxidases functions as an oxidant rather than an oxygen
donor and it is necessary for the protein to shield the substrate from the reactive oxy-
ferryl species in order to ensure that peroxidase, rather than oxygenase, activity
occurs. The requirement for access to the oxygen for P450s and shielding from the
oxygen for peroxidases has been shown by phenylhydrazine experiments; all heme
proteins with an accessible heme iron, such as the P450s, form phenyl-iron complexes
when reacted with phenylhydrazines [1], peroxidases do not [2-4]. Since direct
contact between the activated oxygen and the substrate is not required for peroxidases,
the distance between the bound substrate and the active site is controlled only by the
need for a mechanism by which electrons can be transferred from the substrate to the
heme iron. This means that the location of the substrate binding site in peroxidases
can be more flexible than that of other heme proteins and provides a protein
framework that is capable of utilising different binding sites depending on the nature
of the substrate.

As discussed throughout this Thesis, until recently it was generally believed
that peroxidases bound and oxidised substrates at the d-heme edge. A “one-site fits
all” model was proposed and backed up by chemical evidence [2, 5, 6], structural
evidence [7-9], and site-directed mutagenesis [10]. The two exceptions to this rule
were the CcP-cytochrome ¢ complex [11], which binds cytochrome ¢ on the surface,
and the MnP-Mn”" complex [12] which uses the y-heme edge; both of these proteins
have unusual substrates so were not thought to describe a general mode of substrate
binding in heme peroxidases. The crystal structure of the APX-ascorbate complex
[13] showed that the y-heme edge may provide a more general site for substrate
oxidation. This is helpful for the protein in terms of its ability to oxidise different

types of substrate because oxidation of different #ypes of substrate can be
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accommodated within the same protein framework, for example, in the case of
ascorbate peroxidase where (hydrophobic) aromatic substrates and (hydrophilic)
ascorbate are oxidised at different sites [13, 14].

The presence of an efficient binding site is not necessarily enough to confer
the catalytic activity seen at the y-heme edge of APX. As seen in Chapter 2, although
ascorbate binds at a site created at the y-heme edge of CcP, mimicking that of APX,
the oxidation of ascorbate at this site is not catalytically efficient. In this case it is the
combination of efficient substrate binding, together with the formation of a suitably
stable porphyrin m-cation radical, that seems to be the key to rapid substrate oxidation.
The inadequacy of the presence of a binding site alone is also seen in Chapter 4,
where crystal structures reveal aromatic substrate binding at sites which were shown
by inhibition studies to be catalytically inactive. In this case it is likely that electron
transfer pathways between the substrate and the heme do not exist and the binding
sites are adventitious.

In Chapter 3, the crystal structure of an aromatic substrate (isoniazid, INH)
binding at the y-heme edge has been presented, this strengthens the idea that that
substrate oxidation can occur at both the 8- and y-heme edges, which allows the use of
more than one electron transfer pathway. In addition the structures have provided
unambiguous evidence for the location of INH binding in the class I peroxidises, CcP
and APX. These data expand on previous predictions and provide a molecular
understanding of prodrug binding and activation. Furthermore, by comparing
mutations engineered into peroxidase models with naturally occurring INH-resistant
variants of M. tuberculosis, three separate means of drug resistance have been
identified: steric hindrance of the 6-heme edge INH binding site, direct binding to the
heme iron (and consequent inhibition of Compound I formation), and the loss of
peroxidatic activity due to the mutation of essential catalytic residues. These
observations provide a fundamental platform upon which our understanding of the
enzyme-catalyzed activation of this prodrug can now be developed for more effective
tuberculosis therapies in the future and show the true importance of obtaining a
detailed understanding of substrate binding.

This Thesis has shown that heme peroxidases have an inherent flexibility in
the location at which they bind and oxidise substrates, the key requirements for rapid

oxidation being a suitable binding site and an efficient mechanism for electron/proton
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transfer. The ability to use long range electron transfer such as that seen in the CcP-
cytochrome ¢ complex, which involves different protein residues carrying an electron
from a distant binding site to the heme, along with the ability to transfer electrons
directly, as in the case of the APX-ascorbate and MnP-Mn”>" complexes, via an
interaction with the heme propionates, provides this flexibility and allows oxidation of
different types of substrate within the same protein framework.

As substrate binding is not the only determinant of catalytic activity in the
heme peroxidases, more research into the nature of electron and proton transfer needs
to be undertaken. Determination of the neutron diffraction structure of CcP (Chapter
6) has allowed a detailed description of the resting ferric enzyme and has shown that
the sample volume available (0.8 mm’) is sufficient to collect high resolution data.
Determining the structures of key intermediates in the catalytic cycle, for example by
obtaining the neutron diffraction structure of Compound I, will lead to a better
understanding of the electron/proton transfer mechanisms utilised by peroxidases and,

in turn, the structural features necessary to confer function.
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8.1 General

8.1.1 Materials and stock solutions

All chemicals were obtained from Sigma Aldrich Co. (unless otherwise stated)
and were used without further purification. All buffers, media and solutions (listed in
Appendix A) were prepared using double deionised water (Elga classic DI) and

glycerol was sterilised before use.

8.1.2 DNA preparation

8.1.2.3 DNA preparation from XLI-Blue cells

DNA was extracted from XL1-Blue cells for transformation into SG 1300 cells,
BL21 DE3 Gold cells or for sequencing using a QIAprep Spin Miniprep kit (Qiagen,
catalogue no. 27104). The protocol from the kit handbook (page 22) was undertaken
as follows: overnight grow-ups were centrifuged at 3000 rpm for 30 minutes in order
to pellet the cells and the supernatant discarded. The cells were resuspended in 250 ul
of P1 buffer (Appendix A) (RNase added, stored at 4 °C) and transferred to a
microcentrifuge tube. Lysis buffer (250 pul, P2 (Appendix A)) was added and the tube
gently inverted 4-6 times. Neutralization buffer (350 pl, P3 (Appendix A)) was added
to stop the lysis reaction and the tube inverted immediately but gently 4-6 times
leading to the formation of a white precipitate. The tube was centrifuged at 13,000
rpm for 10 minutes in order to pellet the white precipitate and the supernatant
containing DNA transferred to a QIAprep spin column. The spin column was
centrifuged at 13,000 rpm for 60 seconds and the flow through discarded. PB wash
buffer (500 ul, Appendix A) was added to the column and the column centrifuged for
60 seconds at 13,000 rpm, the flow through was discarded and PE wash buffer (750
ul, Appendix A) with ethanol added was placed in the column. After centrifuging for
60 seconds, discarding the flow through and centrifuging for a further 60 seconds the
column was transferred to a clean microcentrifuge tube. Sterile water (50 pul) was
added directly to the column and the column allowed to stand for four minutes before

centrifuging at 13,000 rpm to elute the DNA bound to the column. The DNA prepared
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was stored at -20 °C ready for transformation into expression cells, sequencing or use

as a template for PCR.

8.1.2.3 DNA preparation of DNA using Qiagen midi spin kit

Qiagen midi spin kit can be used to purify 100 pg of plasmid DNA from 25 ml
overnight cultures. The protocol was followed as on page 17 of the Qiagen plasmid
purification handbook. Cells from an overnight culture (25 ml) were pelleted by
centrifuging the culture at 6000 rpm for 15 minutes at 4 °C and the supernatant
discarded. The pellet was resuspended in P1 buffer (4 ml) and P2 buffer (4 ml) was
added followed by gentle mixing. P3 buffer (4ml) was added and the tube mixed
gently but immediately before being incubated on ice for 15 minutes.

The mixture was centrifuged at 20,000 rpm for 30 minutes at 4 °C; while the
centrifugation was being carried out a QIAtipl100 was calibrated by applying QBT
buffer (4 ml, Appendix A) and allowing the column to empty by gravity flow. The
supernatant was applied to the QIAtip and once it had drained through the QIAtip was
washed twice with QC buffer (10 ml, Appendix A). The DNA was eluted with QF
buffer (5 ml, Appendix A) and the eluant separated into 6x 1.5 ml microcentrifuge
tubes. Isopropanol (583 pl) was added to each tube and the tubes centrifuged at
15,000 rpm for 30 minutes at 4 °C. The supernatant was decanted, 70% ethanol
solution (333 ul) was added to each tube and the tubes centrifuged for a further 10
minutes at 15,000 rpm. The supernatant was decanted and the pellet air-dried before

being resuspended in 10 mM TrisCl, pH 8.5.(200 pl)

8.1.2.4 DNA preparation by gel extraction

Gel extraction was carried out as per page 23 of the QIAquick spin handbook.
Agarose gel was visualised under UV light and the desired band (as determined by
comparison with a DNA ladder) was carefully cut from the gel using a sterile scalpel.
The gel slice was weighed and three gel volumes of QG buffer (Appendix A) was
added (300 pl per 100 mg of gel). The gel slice was dissolved in the QG buffer by
heating at 50 °C and vortexing occasionally. One gel volume of isopropanol was
added to the tube (100 pl per 100 mg of gel) and the tube gently mixed before adding
the mixture to a spin column. The spin column was centrifuged for 60 seconds and the

flow through discarded. PE buffer (750 ul) was added and the column centrifuged for
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60 seconds, the flow through was discarded and the column centrifuged for a further
60 seconds. The column was placed in a clean 1.5 ml microcentrifuge tube and the
DNA eluted by addition of EB buffer (50 pl, Appendix A) directly to the membrane
followed by a 60 second centrifugation. All centrifuge steps were carried out at

13,000 rpm and 4 °C.

8.1.2.5 Agarose gel electrophoresis

Agarose (1.4 g) was dissolved in 1x TAE buffer (200 ml, Appendix A) by
heating in the microwave for approximately two minutes. After allowing to cool
slightly ethidium bromide solution (20 pl, 10 mg/ml, stored at 4 °C) was added
carefully and the gel swirled. A horizontal bed with a well comb was set up in an
electrophoresis tank to which the gel was added and allowed to set. Once the gel had
set fully 1x TAE buffer was poured over the gel and into the electrophoresis tank so
that the gel was completely covered and the comb removed. The first well was loaded
with 6 ul of a 1 kb DNA ladder (Fermentas, generuler™) and DNA samples prepared
by mixing 10 pl DNA with 2 pl of loading buffer (Fermentas). The samples were
loaded into separate wells and the gel run by applying a 100 mA current for
approximately 1 hour. Positively charged DNA moves from the positive terminal to
the negative terminal upon applying electrical current. Gels were visualised by

placing under a UV light, this shows up ethidium bromide that has chelated to DNA.

8.1.2.6 DNA sequencing

The Protein and Nucleic Acid Chemistry Laboratory (PNACL) at the University
of Leicester carried out all DNA sequencing. It was performed by automated
fluorescent sequencing on an Applied Biosystems 373-Stretch machine and the data
analysed using the program SeqED (Applied Biosystems). Purified DNA (20 pl) was
supplied to PNACL along with 10 ul of the pQE30 forward sequencing primer and
pQE30 reverse sequencing primer for APX. CcP was sequenced using a standard T7

sequencing primer supplied by PNACL.
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8.1.3 Transformations

8.1.3.1 Transformation into XLI1-Blue cells

XL1-Blue supercompetent cells (stored at -80 °C) were gently thawed on ice.
Dpnl-treated PCR product (1 pl) was added to a pre-chilled 14 ml Falcon 2059
polypropylene tube. To the DNA was added 100 pl of thawed cells and the mixture
swirled before being incubated on ice for 30 minutes. The reaction was heat shocked
in a water bath at 42 °C for 45 seconds and stored on ice for a further 2 minutes. LB
media (5 ml) to which had been added 1 M MgCl, (70 pl) and 1 M MgSOy4 (70 ul)
was preheated to 42 °C in a water bath and 500 pl of this added to the reaction. The
reaction was then incubated at 37 °C for 1 hour with shaking at 225-250 rpm. The
cells were pelleted by centrifugation at 1500 rpm for 10 minutes, 250 pul of the
supernatant removed and the cells resuspended in the remaining supernatant. 100 pl
of the reaction mixture was spread onto an agar plate containing 100 pg/ml ampicillin

which was incubated overnight at 37 °C

8.1.3.2 Transformation into SG 1300 cells

Transformation into SG 1300 cells was carried out according to a protocol
based on the one found on page 40 of the QIAexpressionist. XL1-Blue DNA (1 ul)
was placed in a pre-chilled Falcon tube and gently thawed SG 1300 cells (100 ul)
were added, the reaction mixture was swirled and incubated on ice for 20 minutes.
The reaction was heat shocked in a water bath at 42 °C for 90 seconds and placed
back on ice for 3 minutes. LB media (500 pl) containing 70 pl/5 ml each of 1 M
MgCl; and 1 M MgSO4 was added to the reaction and the reaction incubated at 37 °C
with shaking (225-250 rpm) for 90 minutes. The reaction was streaked on LB plates
containing 100 pg/ml ampicillin and 30 pg/ml kanamycin and incubated at 37 °C

overnight.

8.1.3.3 Transformation into BL21 DE3 Gold cells

BL21 DE3 Gold cells (100 ul) were gently thawed in a pre-chilled 14 ml
Falcon tube. B-mercaptoethanol (1.8 ul) was added, in order to aid DNA uptake, along
with 5 pl of DNA prepared from XL1-Blue cells. The reaction was kept on ice for 30
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minutes with gentle swirling every 5 minutes. The reaction was heat shocked at 42 °C
for 60 seconds before being returned to ice for a further 2 minutes. LB media (900 pl
containing 1 M MgCl, (70 pl) and 1 M MgSO4 (70 ul) was added to the reaction
followed by incubation at 37 °C for 1 hour. Cells were spun at 1000 rpm for 10
minutes and 900 pl of supernatant was removed, the pellet was resuspended in the
remaining 100 pl and this was plated on an LB plate containing 100 pg/ml ampicillin,

which was then incubated at 37 °C overnight.

8.1.4 Polymerase chain reaction

All reactions were carried out using either a Perkin-Elmer 480 DNA
Thermocycler or an Eppendorf Mastercycler gradient. PCR products were purified
using QIAquick PCR purification kit, the protocol followed was as on page 18 of the
QIAquick Spin Handbook. PB buffer was added (five volumes per volume of PCR
product) and the mixture was applied to a spin column, centrifuged for 60 seconds and
the flow through discarded. PE buffer (750 pl) was then added to the column and
centrifuged for a further 60 seconds before discarding the flow through, a second 60
seconds centrifugation removed residual buffer. The column was transferred to an
empty microcentrifuge tube and EB buffer (50 pl) was added directly to the

membrane. The PCR product was eluted by centrifuging for 60 seconds.

8.2 Protein expression and purification

8.2.1 Expression of cytochrome c peroxidase (CcP)

The CcP construct (a kind gift from Prof. Mauk, University of British
Columbia) was transformed into XL1-Blue supercompetent cells (Stratagene) and an
overnight culture (5 ml) was grown and used to prepare DNA. BL21 DE3 Gold cells
(Stratagene) were freshly transformed with the sequenced DNA and colonies were
grown on an LB plate containing 100 pg/ml ampicillin, at 37 °C for 12 hours. A single
colony was picked and used to inoculate LB broth (50 ml) containing 100 pg/ml
ampicillin, which was grown at 37 °C with shaking at 225 rpm for 12 hours. 8x 1 L
flasks of LB broth containing 100 pg/ml ampicillin were inoculated with 1 ml of the
overnight culture and left to incubate at 37 °C for ~8 hours with shaking at 225 rpm
until the absorbance at 600 nm (Aggo) reached 2.0 after which they were induced with
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IPTG and left at 20 °C for 18 hours with shaking at 225 rpm. The cells were harvested

by centrifugation giving large red pellets which were stored at -80 °C to aid lysis.

8.2.2 Purification of CcP

8.2.2.1 Cell lysis

The cell pellets were resuspended in lysis buffer (0.1M KPi, 1 mM EDTA, pH
6.0) (100 ml) along with hemin (10 mg dissolved in 1 ml 0.1 M KOH) (1 ml) and
PMSF to a 1 mM final concentration. Once resuspended the cells were sonicated by
8x 1 minute bursts at high frequency with cooling for 30 seconds in between each
burst. After sonication the lysate was left at 4 °C for 1 hour in order to allow for
reconstitution with hemin. The cell debris was removed by centrifugation at 20,000
rpm for 40 minutes. The cell free extract was then diluted to a total volume of 500 ml

and readjusted to pH 6.0 before further purification.

8.2.2.2 Ion exchange chromatography

The crude cell lysate was slowly loaded onto a 5 x 2 cm DEAE sepharose ion
exchange column which had been pre equilibrated with 0.1 M KPi, pH 6.0. The
column was then washed with 1 L of 0.1 M KPi buffer, pH 6.0 and eluted as a single
red band with a minimum amount of 0.5 M KPi buffer, pH 6.0.

8.2.2.3 Gel filtration chromatography

After elution from the ion exchange column the crude protein was diluted to a
total volume of 100 ml using deionised water. The pH was adjusted to pH 5.0 and left
at 4 °C for 1 hour allowing an unidentified protein which coelutes with CcP to form a
white precipitate, which was removed by centrifugation at 10,000 rpm for 10 minutes.
The protein solution was concentrated to 10 ml and slowly loaded onto a 150 x 3 cm
G50 gel filtration column which had been pre equilibrated with 0.1 M KPi, pH 6.0.
The protein was slowly eluted over 8 hours and the centre of the large red band was

collected for further purification.
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8.2.2.4 Recrystallisation

The protein was placed in dialysis tubing and dialysed against 5 L of deionised
water. After 4 days the crude crystals which formed were collected by centrifugation
at 20,000 rpm for 10 minutes, washed with deionised water and redissolved in 0.1 M
KPi buffer pH 6.0. The redissolved protein was then redialysed against water
overnight and the process repeated 3 times. The protein was stored at -80 °C as a

crystalline suspension in water.

8.2.3 Expression of ascorbate peroxidase (APX)

Recombinant soybean cytosolic APX (rsAPX) was prepared from E. coli SG
1300 cells (Qiagen) which contain pREP4 vector conferring kanamycin resistance.
Cells also contained pQE30-rsAPX construct conferring ampicillin resistance, all
media and plates used in the grow-up process contained kanamycin (30 pg/ml) and
ampicillin (100 pg/ml). Agar plates were streaked with SG glycerol stocks stored at -
80 °C. The plates were inverted and incubated overnight at 37 °C. A single colony was
used to inoculate 400 ml LB media which was incubated overnight at 37 °C with
shaking at 225-250 rpm to form a starter culture. 50 ml of the starter culture was
added to each of 8x 1 litre flasks of LB media. The flasks incubated at 37 °C with
shaking (225-250 rpm) until the absorbance at 600 nm (Ago) of the culture reached
1.0 (approximately 2 hours), at this point I M IPTG (1 ml) was added to each flask to
induce protein expression and the flasks incubated at 27 °C overnight with shaking at
225-250 rpm. Cells were harvested from the 8x 1 litre cultures by centrifugation at
8000 rpm for 5 minutes at 5 °C. The cell pellets were frozen overnight at -80 °C to aid
lysis.

8.2.4 Purification of APX

8.2.4.1 Cell lysis

The cell pellets were thawed in sonication buffer (200 ml). PMSF (50 mg in 2
ml isopropanol) was added to the cell suspension along with egg white lysozyme (~ 5
mg) and the suspension was stirred at room temperature for 20 minutes. DNase (50 pl

of 1 mg/ml solution) was added to the viscous cell suspension, which was stirred for a
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further 10 minutes until it became more fluid. The mixture was sonicated at maximum
power in 4x 1 minute bursts, and kept on ice during the process. The cell debris was
pelleted by centrifugation (20,000 rpm for 40 minutes at 4 °C) and the supernatant

(cell free extract) was collected and stored on ice for purification.

8.2.4.2 Purification by nickel resin chromatography

A Ni*™ nitriloacetic acid (NTA) agarose column (Qiagen) was used to isolate
rsAPX from the cell free extract by means of binding the His-tag on rsAPX. A
column was packed with 5 ml Ni-NTA super flow resin (Qiagen) and washed with
water (100 ml). The resin was equilibrated with sonication buffer (100 ml) and the
cell free extract loaded slowly onto the column. The column was washed with
sonication buffer until the flow through had an A,z of <0.03 (~ 700 ml) indicating all
the protein had been removed from the column. The column was then washed further
using wash buffer (600 ml). The bound APX was eluted using a minimum amount of
elution buffer (~ 200 ml) and the pH of the eluant adjusted to pH 6.0 for

reconstitution.

8.2.4.3 Reconstitution

Hemin solution (5 mg/ml in 0.1 M KOH) was prepared and added to the Ni-
NTA column eluant in aliquots of 20 pl, the eluant was stirred at 4 °C for ~30 minutes
between each addition and the R, value calculated using the Soret absorbance and the
absorbance at 280 nm. Once the R, had reached ~ 2, 100 pl of the hemin solution was
added and the protein solution dialysed against FFQ buffer overnight at 4°C.

8.2.4.4 FFQ chromatography

Excess hemin was removed using a column (2.5 cm diameter and 20 cm long)
packed with Q Sepharose fast flow (FFQ) resin. The column was washed with water
(100 ml) and equilibrated with FFQ buffer (200 ml) the dialysed protein and hemin
solution was centrifuged at 8000 rpm for 10 minutes and the supernatant loaded onto
the column at a maximum flow rate. The column was then washed with FFQ buffer
(100 ml). The protein was eluted using FFQ elution buffer (50 ml) and concentrated
using an amicon device (Amicon, Bioseparations, Millipore) with nitrogen under

pressure using an ultra filtration regenerated cellulose membrane (MW cut off 10,000,

173



Chapter 8: Experimental

Amicon) to a minimum volume of 20 ml. The protein was exchanged into deionised
water 5 times using an amicon and concentrated to ~1 ml using a centricon (Amicon,
Bioseparations, Millipore). The protein was pipetted into small eppendorfs (100 pl

aliquots), snap frozen using dry ice and ethanol and stored at -80 °C.

8.2.4.5 SDS-page

To follow the progress of APX and CcP purification and to confirm the purity
of the protein, SDS-PAGE was carried out for all proteins. Discontinuous
polyacrylamide gels (15%) containing 0.1% SDS and 4% polyacrylamide stacking gel
and a mini-Protean II gel system at 0.75 mm thickness were used. Samples were
prepared by adding an equal volume of sample buffer and boiling for five minutes.
The gels were run in SDS running buffer at 150 V until the dye front reached the end
of the gel. Gels were soaked in stain for thirty minutes, then excess stain was removed
by soaking in destain solution overnight. A typical SDS-PAGE gel of samples taken

at various stages during the expression process is shown in Figure 8.1.
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Figure 8.1: SDS-page

(A) SDS-PAGE of samples taken during the purification of rsAPX. Lane (A) denotes the
marker standards. Lanes (B) to (K) are samples taken at different stages of the purification
process. The stages are: (B) before induction; (C) before harvesting; (D) cell pellet with
lysozyme; (E) primary lysis (after sonication); (F) cell free extract; (G) cell pellet; (H)
second cell free extract; (I) final cell pellet; (J) and (K) the cell-free extract after the His-
binding nickel column. (B) SDS-PAGE of purified rsAPX, (A) is the marker (B) is rsAPX
before FPLC and (C) is rsAPX after FPLC.
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8.3 Mutagenesis

8.3.1 Site directed mutagenesis

Site-directed mutagenesis on CcP and APX was performed according to the
Quikchange™ protocol (Stratagene Ltd, Cambridge, UK). Mutations were confirmed
by DNA sequencing as reported previously [1]. Standard reactions volumes are shown
in Appendix C, Table 1 and reagents were added in the order shown. Thermocycler
programmes are shown in Appendix C, Table 2 and complementary oligonucleotides
for the generation of ascorbate binding site CcP mutants (Chapter 2) are shown in
Appendix B, Table 1. Seven CcP mutants were made in total: Y36A, N184R, W191F,
Y36A/N184R, Y36A/W191F, N184R/W191F, and Y36A/N184R/W191F. Wild type
CcP was used as a template for the single variants, Y36A was used as a template for
Y36A/N184R and Y36A/WI191F, N184R was used as a template for N184R/W191F
and Y36A/WI191F was wused as a template for Y36A/N184R/WI191F.
Oligonucleotides used to produce the CcP aromatic binding site mutants, M119W and
S8IW (Chapter 4) are shown in Appendix B, Table 2. Oligonucleotides used to
produce H42A for the isoniazid binding work (Chapter 3) are shown in Appendix B,
Table 3. Optical density (OD) is used as a measure of oligonucleotide concentration

and is the absorbance of the oligonucleotides at 260 nm.

8.4 Directed evolution

8.4.1 Saturated mutagenesis

Complementary oligonucleotides were designed by K. H. Sharp [2] to have
approximately 15 bases either side of the codon for the residue to be mutated and end
in G or C. The oligonucleotides were designed for saturated point mutagenesis at
either Ser69 or Asp133 in APX and were prepared by Invitrogen, their sequences are
shown in Appendix B, Table 4.

The saturated mutagenesis libraries were created using the Quikchange™
mutagenesis kit (Stratagene). Using the appropriate primers two individual libraries
were made; S69X and D133X. Reactions were set up as shown in Appendix C, Table
5. Pfu Ultra is a DNA polymerase supplied with the Quikchange® kit along with 10x
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reaction buffers. The water and glycerol used were both sterile and MgCl, (25 mM)
was prepared using sterile water. The template used was pQE30 vector (Qiagen)
containing the rsAPX gene (25 ng/ul), a total of 50ng of template DNA was present in
each reaction. Absorbance values of the primers (260 nm) were S69XF (10) S69XR
(10), D133XF (12.4), D133XR (7.8). The dNTP mix contained equal amounts of
dATP, dTTP, dCTP and dGTP with a total ANTP concentration of 40 mM.

With the exception of Pfu Ultra, chemicals were added to thin walled PCR
tubes and were centrifuged for 10 s at 13,000 rpm. The reactions were carried out in a
Perkin-Elmer 480 DNA Thermocycler with programs set as in Appendix C, Table 4.
The Thermocycler was turned on and when it reached 94 °C the Pfu Ultra was added
to each reaction along with a drop of nujol oil and the tubes put in.

Bands were seen for the primers in the agarose electrophoresis of each of the
reactions but in addition faint bands were seen at 4.7 kb (desired product) for S69X
reactions 3 and 4 and D133X reactions 3 and 4 (see Table 5, Appendix C for reaction
volumes). These reactions were treated with Dpnl (1 pl) (also supplied in the
Quikchange™ kit) and incubated at 37 °C for 1 hour in order to digest template DNA
before being transformed into XL1-Blue cells for amplification of the DNA libraries.
A second round of saturated mutagenesis was carried out in the exact same way as the
first round using either S69P rsAPX or D133R rsAPX as the template DNA to create
two new libraries, S69P/D133X and S69X/D133R respectively.

The protocol followed was the same as in the first round of saturated
mutagenesis, the reactions were set up as shown in Appendix C, Table 5
(S69P/D133X) and Table 6 (S69X/D133R) and the Thermocycler programmed as
shown in Appendix C, Table 7. The Templates used were S69P rsAPX (116 ng/ul)
and D133R rsAPX (62.5 ng/ul). The primers were of the same optical density and the
DNA polymerase used was Pfu Ultra from the Quikchange™ kit, as for the first
round of saturated mutagenesis.

Bands corresponding to the product of the PCR (4.7 kb) were seen on agarose
gels for reactions 1, 3 and 4 for S69P/D133X and reactions 2, 3 and 4 for
S69X/D133R. Reactions 4 were chosen for each library, treated with Dpnl (1 pl) and
incubated at 37 °C for 1 hour before being transformed into XL 1-Blue cells to amplify

the two libraries.
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8.4.2 Random mutagenesis

8.4.2.1 Random mutagenesis using Genemorph® random mutagenesis kit
(Stratagene)

The primers used were pQE30 forward and reverse primers; this allowed
amplification of the rsAPX gene via PCR and not the whole pQE30-rsAPX construct,
in turn allowing for levels of mutagenesis to be more accurately controlled. The
primers were prepared by Invitrogen and their sequences are shown in Appendix B,
Table 5.

The template used was wild type rsAPX prepared from XL1-Blue cells (16.5
ng/ul). By varying the amount of template used the mutation levels can be varied; the
lower the concentration of the template, the higher the mutation frequency. Four
reactions were set up in total with final template amounts of 12.5 ng, 31.25 ng, 50 ng,
and 62.5 ng. The DNA polymerase used was Mutazyme® (5 U/ul), the buffer used
was 10x Mutazyme® reaction buffer, the ANTP mix contained equal amounts of
dATP, dCTP, dGTP and dGTP with a concentration of 10 mM per dNTP all of which
were supplied in the Genemorph® kit. The MgCl, used had a concentration of 25 mM
and was filter sterilised before use. Reagents were added to thin walled PCR tubes in
the order shown in Appendix C Table 8. The optical density of both pQE30F and
pQE30R was 10.The Thermocycler used was an Eppendorf Mastercycler gradient.
Four different annealing temperatures were tried for each reaction (48 °C, 51.2 °C,
61.5 °C and 68.5 °C). The Thermocycler was programmed as shown in Appendix C,
Table 9.

The product from each reaction with varying levels of template and different
annealing temperatures (16 reactions in total) were examined by agarose gel
electrophoresis after Dpnl degradation of the template. The expected product band
should be seen at approximately 1050 bp. Reactions with 1 pul of template showed no
band at any annealing temperature. Reactions with 5 pl template showed very strong
bands but this has the lowest mutation frequency so much of the product can be
expected to be wild type rsAPX. The cleanest bands seen were for reactions
containing 2.5 pl of template (31.25 ng per 50 ul reaction) with an annealing
temperature of 61.5 °C. This PCR product was purified (section 8.1.4), religated into
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empty pQE30 vector and transformed into XL1-Blue cells to create a random

mutagenesis DNA library, named Mut.

8.4.2.2 Random mutagenesis using error prone PCR (Taqg DNA polymerase)

Taq DNA polymerase (5 U/ul) (Stratagene) was used for error prone PCR with
varying amounts of MnCl, (2.5 mM) to decrease the efficiency of replication. The
template used was wild type rsAPX (16.5 ng/ul) prepared from XL1-Blue cells and
as in the random mutagenesis using Mutazyme® pQE30 forward and reverse
sequencing primers were used (Appendix B, Table 5) meaning that only the rsAPX
gene is amplified in the PCR, both primers had an optical density of 10. MnCl, and
MgCl, (50 mM) were both filter sterilised before use. The buffer used was 10x Taq
reaction buffer (Stratagene) and the ANTP mix used had equal amounts of dATP,
dCTP, dGTP and dTTP with a total INTP concentration of 40 mM. Reagents were
added to thin walled PCR tubes in the order shown in Appendix C, Table 10. The
Thermocycler used was an Eppendorf Mastercycler gradient. Four different annealing
temperatures were tried for each reaction (48 °C, 51.2 °C, 61.5 °C and 68.5 °C). The
Thermocycler was programmed in the same way as for random mutagenesis using
Mutazyme and is shown in Appendix C, Table 9.

The products from all 24 reactions were treated with Dpnl (1 pl) and incubated
at 37 °C for one hour before being examined by agarose gel electrophoresis. No
product was seen at 1050 bp for annealing temperature of 68 °C. No product was seen
at concentrations of MnCl, less than 0.3 and very little product is seen for reactions
with 0.5 mM MnCl,. Experiments were repeated using 0.1 mM and 0.3 mM MnCl,
and lower MgCl, concentrations (2.5 mM instead of 5 mM), the annealing
temperature used was 61 °C. The two products from the repeated PCR experiments
were purified (Section 8.1.4) and religated in empty pQE30 vector before being
transformed into XL1-Blues to create two error prone PCR libraries, Ep 0.1 and Ep

0.3 respectively.

8.4.2.3 Insertion of PCR product into pQE30 vector

The PCR products were purified and restricted with BamHI and Kpnl, reactions
were made up as in Appendix C, Table 11 and incubated at 37 °C for 3 hours. Both

restriction enzymes, Bovine Serum Albumin (BSA) and NEB2 buffer were obtained
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from New England Biosciences. The 85 and 81 kb fragments were removed by PCR
purification.

pQE30-rsAPX construct prepared using Qiagen midi spin kit was used to create
empty vector for insertion of the PCR products. A restriction was set up as in
Appendix C, Table 12 and incubated at 37 °C for 3 hours. The 900 kb fragment was
too large to be removed by PCR purification and so the desired 3444 kb product was
extracted from an agarose gel after electrophoresis. The DNA from the gel extraction
was treated with Calf Intestinal Alkaline Phosphatase (CIAP, New England
Biosciences) before ligation to prevent self ligation. CIAP (1 pl) was added to the
DNA and the reaction incubated at 37 °C for 1 hour, before being removed by PCR
purification.

Ligation reactions were set up as shown in Appendix C, Table 13 using a 5:1
vector: insert ratio based on the amount of DNA used in the reaction. The reactions
were incubated at room temperature for 1 hour before being transformed into E. coli.
T4 DNA ligase and reaction buffer were obtained from New England Biosciences.
The concentration of vector was 37.5 ng/ul, Ep 0.1 PCR product 37 ng/ul, Ep0.3 PCR
product 13 ng/ul and Mut PCR product 33 ng/ul. Each ligation mixture (5 pl) was
transformed into XL1-Blue cells and plated on agar plates containing ampicillin (100
ng/ml) which were incubated overnight at 37 °C. The plate with cells transformed
with the self ligation mixture showed no colonies. Therefore the colonies on the other

plate were likely to be due only to uptake of plasmids containing PCR product.

8.4.2.4 Random mutagenesis by DNA repair pathway deficient E. coli

XL1-Red competent cells (Stratagene) which were stored at -80 °C were gently
thawed on ice. The cells (100 pl) were added to pre-chilled 14 ml Falcon 2059 tubes
along with B-mercaptoethanol (1.7 pl, 1.42 M), the tubes were swirled and kept on ice
for 10 minutes, swirling gently every two minutes. rsAPX DNA (~ 50 ng) from XL1-
blue cells was added and after gently swirling the tubes were incubated on ice for 30
minutes. The tubes were heat shocked at 42 °C for 45 seconds in a water bath then put
back on ice for a further 2 minutes. LB-media (5 ml) containing MgCl, (70 pl, 1 M)
and MgSQy4 (70 pul, 1 M) was preheated to 42 °C and added to the Falcon tube (500 pl)
and the tube incubated at 37 °C for 1 hour with shaking at 225-250 rpm.
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The cell solution was added to 10 ml LB-media containing ampicillin (100
ng/ml) and incubated at 37 °C until the absorbance of the solution at 600 nm (Ago)
was >1.5, indicating that late log phase had been reached (~ 48 hours). Fresh
ampicillin (100 pg/ml) was added after 24 hrs. This two day grow-up (100 pl) was
added to LB-media (10 ml containing ampicillin (100 pg/ml)) and incubated again
until late log phase was reached (~ 48 hours). The DNA was extracted from the cells
and re-transformed into XL1-Red cells and the process repeated four times before

screening.

8.4.4 Screening

8.4.4.1 K.H. Sharp guaiacol screen

The screen used to screen for enhanced guaiacol activity was developed by
K.H. Sharp [2]. SG glycerols containing the libraries to be screened were diluted in
LB media (1/1000) and spread on kanamycin (30 pg/ml)/ampicillin (100 pg/ml) agar
plates which had been over laid with a nitrocellulose membrane (Hybond-C extra,
Amersham biosciences, Catalogue no. RPN82E). The plates were incubated inverted
overnight at 37 °C. Using tweezers the membranes were carefully transferred to agar
plates containing kanamycin (30 pg/ml)/ampicillin (100 pg/ml) which had been
spread with 1 M IPTG (20pl). The plates were incubated at 27 °C for 4 hours before
the membranes were carefully transferred to an empty Petri dish and frozen overnight
at -80 °C to partially lyse the cells.

The membranes were allowed to thaw for 1 hour at room temperature before
screening. A 2% agar solution in sterile water was melted and placed in a water bath
at 50 °C in aliquots of 10 ml for each membrane to be screened. A guaiacol (250 uM)
and hydrogen peroxide (125 uM, assessed by UV-visible spectroscopy)) solution was
made in 0.1 M KPi buffer, pH 7.0 and stored in aliquots of 10 ml in a 50 °C water
bath. A 10 ml aliquot of agar was mixed with 10 ml of the guaiacol and hydrogen
peroxide solution and poured over each membrane. The membranes were monitored
for 1 hour to detect any colour change in the colonies. Red colonies were removed
using a pipette and placed in 10 ml LB media containing kanamycin (30 pg/ml) and
ampicillin (100 pg/ml); this was incubated overnight at 37 °C with shaking (225-250

rpm). DNA was prepared from the overnight culture for sequencing.
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8.4.4.2 Iffland et al guaiacol screen

The second type of screen used was developed by Iffland et al [3] during there
work on enhancing the guaiacol activity of CcP. SG glycerols containing the libraries
to be screened were grown up at 37 °C overnight on nitrocellulose membranes as in
the Sharp screen. Protein expression was also induced in the same way by transferring
the membranes to agar plates which had been spread with 1 M IPTG. In order to
partially lyse the cells the membranes were dipped in liquid N, for ~3 seconds and
allowed to air dry. The screen was carried out by placing the membranes on 4x filter
papers that had been soaked in a guaiacol and hydrogen peroxide solution (7.5 ml, 1
mM guaiacol and 0.5 mM H,0O, in 0.1 M KP1i, pH 7.0). Positive colonies were picked
using pipettes and grown-up overnight in LB media containing kanamycin (30 pg/ml)
and ampicillin (100 pg/ml). DNA was prepared from the overnight grow-ups for

sequencing.

8.5 Spectroscopy

8.5.1 Electronic absorption spectroscopy

UV-visible spectra were recorded on variable slit Perkin-Elmer Lambda 14,
Lambda 35 or Lambda 40 each had a 1 mm slit width and 10 mm path length. Where
temperature was controlled, a Perkin-Elmer Lambda 35 was used which was fitted
with a Peltier device (Perkin-Elmer, Peltier thermostated reference holder,

BS0510412).

8.5.2 Determination of absorption coefficients

In order to determine the absorption coefficients for the mutant APX and CcP
proteins produced, an average of three heme contents were measured using the
pyridine hemochromogen assay [4]. Purified protein (10 ul) was diluted to 1 ml using
sterile water and the absorbance at the Soret (Asoret) Was measured, this was used to
calculate the amount of protein required to make a solution with an absorbance of 3.0
at Asoret (30p solution). The 3pp solution (50 pul) was diluted to 500 pl using sterile
water and the Agqret Obtained. The 3op solution (300 pl) was then mixed with pyridine

base solution (Appendix A) (600 pl) in a cuvette and allowed to stand for five minutes
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resulting in oxidised hemochromogen. Sodium dithionate (2-3 grains) was added and
a UV-visible spectrum of the unstable reduced hemochromogen recorded over the
wavelength range 650-450 nm (Figure 8.2). The exact concentration of the protein
stock is determined from the concentration of the haemochromogen formed in the
reaction. The absorption coefficient of the proto-heme reduced pyridine-
haemochromogen at 557 nm is 32 mM' cm’ and permits calculation of the
concentration using the Beer-Lambert law. Once the exact concentration of the
protein sample is known the absorption coefficient at Agoet can be calculated again

using the Beer-Lambert law.

Absorbance

Wavelength (nm)

Figure 8.2: Pyridine hemochromogen.

Spectra of rsAPX before the addition of alkaline pyridine and sodium dithionite (solid line)
and the reduced pyridine-haemochromogen complex (dashed line).

8.6 Transient state Kinetics

For Chapter 2 transient state kinetics were performed using a SX.18 MV
stopped-flow spectrophotometer (Applied Photophysics Ltd) in 100 mM potassium
phosphate, pH 6.0 at 10 °C. Time-dependent spectral changes occurring upon reaction
of CcP with H,O, were monitored using a photodiode array detector and X-SCAN
software (Applied Photophysics Ltd). In these experiments the protein (concentration
= 2 uM) was mixed with either a stoichiometric or 10-fold molar excess of H,O»
(reaction cell concentrations). Spectral deconvolution was performed by global
analysis and numerical integration methods using PROKIN software (Applied

Photophysics Ltd).
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Oxidation of L-ascorbate by the W191F and W191F/N184R variants of CcP
was measured using the sequential mixing mode of the stopped-flow apparatus: 4 uM
of mutant CcP was mixed with 6 UM H,0, and the solution allowed to age for 20 ms
(enabling formation of the porphyrin m-cation radical intermediate) prior to mixing
with ascorbate. Oxidation of ascorbate was monitored at 423 nm at a range of

ascorbate concentrations between 100 and 1000 pM.

8.6 Steady-state Kinetics

8.6.1 Oxidation of guaiacol by APX

8.6.1.1 Standard assay

Three stock solutions were made: a 100 mM guaiacol solution (70 pl guaiacol,
1.5 ml ethanol and 3.43 ml 0.1 M KPi buffer pH 7.0); a 10 mM hydrogen peroxide
solution in 0.1 M KPi buffer pH 7.0; and an enzyme solution also in 0.1 M KP1i buffer
pH 7.0. The concentration of the hydrogen peroxide solution and the enzyme solution
were assessed using UV-visible spectroscopy using an absorption coefficient of 39.4
Mem! for H,0,. The concentration of the enzyme solution was ~ 5 uM; the exact
final concentration was used when calculating v/[E] values. A fixed amount of
enzyme was mixed with buffer and various amounts of guaiacol solution up to a final
volume of 990 pl in a 1 cm path length cuvette. Hydrogen peroxide solution (10 pl)
was added to initiate the reaction and the formation of tetraguaiacol was measured at
470 nm on a UV-visible spectrophotometer. The initial rate was measured as a
function of time using the Kinlab program. Initial rates (v/[E] (s)) were plotted
against guaiacol concentration and the data fitted to the Michaelis-Menten equation

using kaleidagraph 3.0 to obtain k., and Ky for the oxidation of guaiacol.

8.6.1.2 Using Stopped —flow

An Applied Photophysics RX.2000 stopped-flow was used for measuring the
rate of tetraguaiacol production at 470 nm. The apparatus was set up for single
wavelength experiments (470 nm) and single mixing. The temperature of the water

bath was set at 25 °C, the pressure of the N cylinder was set and 8 Barr and the lamp
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switched on 30 minutes before use. Datum were collected over 10 seconds for each
guaiacol concentration and fitted to a linear plot to get the initial rate of tetraguaiacol
formation. The solutions in the syringes were double the concentration of the final
desired concentration. One syringe contained a 0.02 uM rsAPX solution; the other
contained a solution with 0.02 mM H,O, and various concentrations of guaiacol
ranging from 5 mM to 80 mM. At least five initial rates were found for each guaiacol
concentration and the average taken. Initial rates (v/[E] (s')) were plotted against
guaiacol concentration and the data fitted to the Michaelis-Menten equation using
kaleidagraph 3.0 to obtain k., and Ky for the oxidation of guaiacol as for the assays
carried out using standard assay techniques. Three independent assays were carried

out for the wild type and each mutant to give average values of k., and K.

8.6.2 Oxidation of cytochrome c by CcP

Steady-state oxidations of horse heart cytochrome ¢ were carried out using
reduced cytochrome c. Reduction of cytochrome ¢ was carried out as reported
previously [5] by adding a single grain of sodium dithionite to horse heart cytochrome
¢ (Sigma). UV-visible spectra were recorded before and after addition of the reducing
agent (Figure 8.3) and excess sodium dithionite was removed using a G50-sephadex

gel filtration column.

Absorbance

0.0+— - . ; . - : i
300 400 500 600 700

Wavelength (nm)

Figure 8.3: Reduction of horse heart cytochrome ¢

Spectrum of oxidised cytochrome ¢ (solid line) and reduced cytochrome ¢ (dashed line).
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A H;0; stock solution (100 mM) was made in 0.1 M KPi buffer, pH 6.0, the
concentration of which was assessed spectroscopically. An ~ 5 uM solution of
enzyme was made up in 0.1 M KPi, pH 6.0, the exact final concentration was used
when calculating v/[E] values. A fixed amount of enzyme was mixed with buffer and
varying volumes of cytochrome ¢ were added, the final concentration of cytochrome ¢
was then calculated using €559 = 27.7 mM lem™ for cytochrome ¢. H,O, solution (20
ul giving a final concentration of 200 uM) was added to initiate the reaction. A final
volume of 1 ml was used in a cuvette with a 1 cm path length. The reaction followed
the decrease in absorbance at 550 nm as cytochrome ¢ was oxidised. The initial rate
was measured as a function of time using the Kinlab program. Initial rates (v/[E] (s ™))
were plotted against cytochrome ¢ concentration and the data fitted to the Michaelis-
Menten equation using kaleidagraph 3.0 to obtain ks and Ky for the oxidation of

cytochrome c. All measurements were carried out at 25 °C.

8.6.3 Oxidation of ascorbate by CcP

Steady-state measurements for oxidation of ascorbic acid were carried by
following the time-dependent decrease in absorption at 270 nm which corresponds to
s decrease in ascorbate concentration. Stock solutions were made up in 0.1 M KPi
buffer, pH 6.0. Enzyme (~ 5 uM) and H,O, (100 mM) concentrations were calculated
as described previously (section 8.6.2), with an exact final enzyme concentration
being used to calculate v/[E]. A final assay volume of 500 ul was used with a cuvette
that had a 0.2 cm path length. Ascorbate concentrations were calculated using the
absorption coefficient €90 = 2.8 mM'cm™ [6]. Enzyme and buffer were mixed with
ascorbate, the initial absorption taken in order to calculate the final ascorbate
concentration, and the reaction initiated with H,O,.Initial rates were multiplied by a
factor of two to allow for disproportionation of the monodehyroascorbate radical [7].
Data were fitted to the Michaelis-Menten equation as previously described [7, §8]. All

measurements were carried out at 25 °C

8.6.4 Oxidation of guaiacol by CcP

Steady-state oxidations of guaiacol in 100 mM KPi buffer, pH 6.0, 25°C, were
carried out according to published protocols [8] using the standard assay as detailed in

guaiacol oxidation by APX (section 8.6.1.1).
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8.6.4.1 INH inhibition of cytochrome c oxidation by CcP

Steady-state oxidation of cytochrome ¢ was measured as described previously
(section 8.6.2) in the presence of various concentrations of INH. Enzyme and
cytochrome ¢ were mixed with buffer and a fixed concentration of INH solution (100
mM, 0.1 M KPi buffer, pH 6.0) was added to a final volume of 1 ml in a cuvette with
a 1 cm path length. HO, was added to a final concentration of 200 uM in order to
initiate the reaction. Steady-state oxidation was measured at four final INH
concentrations: 1 mM, 2.5 mM, 5 mM and 10 mM. Data were fitted to the Michaelis-

Menten equation.

8.6.4.2 INH inhibition of guaiacol oxidation by CcP

Steady-state guaiacol oxidation was measured as described previously (section
8.6.1.1). As for inhibition experiments where cytochrome ¢ was the substrate (section
8.6.4.1), steady-state experiments were carried out in the presence of four final

concentrations of INH (1 mM, 2.5 mM, 5 mM and 10 mM).

8.6.4.3 Calculation of K;

The dissociation constant for the binding of INH to CcP, K, was calculated
using reciprocal (Lineweaver-Burk) plots of the steady-state data at various INH

concentrations. The slope of the reciprocal plot is given by Equation 8.1.

K K
Slope = —2—[1]+—X 8.1
p VmaxKi [ ] Vmax ( )

Where [I] is the concentration of inhibitor. Hence a plot of the slope of the
reciprocal plot against [I] will give a straight line with a slope of K/ VimaxKi, a y-axis
intercept of Ky/Vmax and, in the case of competitive inhibition, an x-axis intercept of -

K.
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8.7 X-ray crystallography

8.7.1 Crystallisation of APX

Crystallisation of the H42A variant of rsAPX was carried out using the sitting
drop method in 24 well plates (4x 6 Cryschem plates with 1 ml reservoirs, Hampton
Research). The plates were set up in a temperature controlled room at 19 °C and the
area dusted before use. The protein solution (10 mg/ml in deionised water) was kept
on ice throughout. Reservoirs contained 1 ml of solution (2.25 M LiSO4, 0.1 M
Hepes, pH 8.3). Protein solution (2 pl) and reservoir solution (2 pl) were added to
each well and the plates sealed carefully with clear postal tape ensuring no bubbles
were present. After 2 days crystals that appeared well ordered were seen in most of

the wells (Figure 8.4).

Figure 8.4: Crystals of APX (magnified)

8.7.2 Crystallisation of CcP

Crystals of CcP were prepared by microdialysis with 100 pl of a 10-30 mg/ml
solution of CcP in 500 mM potassium phosphate, pH 6.0 against 10 ml of 50 mM
potassium phosphate, pH 6.0 containing 30% 2-methyl-2,4-pentanediol by volume.
The crystals were grown at 4 °C and after approximately 2 days (dependant on the

variant) large bright red crystals were seen (Figure 8.5).
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Figure 8.5: Crystal of CcP mounted in cryostream (magnified).

8.7.3 Ascorbate, INH, guaiacol and phenol soaks

Crystals of APX and CcP were soaked to obtain the substrate- or inhibitor-
bound forms. The soaks were carried out using a glass plate with 0.5 ml wells, 20 pl
of soaking solution was pipetted into a well. A mounting loop (Hampton research,
crystalcap copper™) was used to lift crystals out of their mother liquor and hold them
in the various soaking solutions for a defined amount of time. The crystals were then
frozen either by placing them directly in a cryostream or by placing in liquid nitrogen.
For the ascorbate-CcP structure the crystal were soaked in mother liquor containing
100 mM ascorbate for five minutes before rapid cooling to 100 K. For the CcP-INH
structure, the crystals were soaked in mother liquor saturated with isoniazid (INH) for
5 minutes before rapid cooling to 100K. For the various CcP-guaiacol structures, the
crystals were soaked in 150 mM guaiacol solution for 10 minutes, the guaiacol was
solubilised in 20% methanol before being added to mother liquor. For the CcP-

phenol structures, crystals were soaked in 100 mM phenol solution for 10 minutes.

8.7.4 Data collection and refinement

Diffraction data were collected for all variants of CcP in house using a Rigaku
RU2HB X-ray generator with copper anode and Xenocs multilayer optics and an R-
Axis IV detector. All data were collected at 100 K. Diffraction data for rsAPX H42A
and the rsAPX H42A-INH complex were collected at ESRF (Grenoble, France) using
ID14-1 and an ADSC Q4R detector. All data were collected at 100 K. Data were
indexed, integrated and scaled using MOSFLM [9] and SCALA [10]. Data Collection
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statistics for H42A rsAPX and the H42A-INH complex (Chapter 3) are shown in
Appendix D, Table 1, data collection statistics for ascorbate binding CcP variants
(Chapter 2) are shown in Appendix D, Table 2 and data collection statistics for
aromatic binding CcP variants (Chapter 4) are shown in Appendix D, Table 3. In all
cases 5 % of the data were flagged for the calculation of Rge. and excluded from
subsequent refinement. The structures were refined from the 1.70 A wild type CcP
structure [11] (Protein data bank entry 2CYP) or the 1.60 A wild type rsAPX structure
[12] (Protein data bank entry 10AG). All refinement used REFMAC [13] from the
CCP4 suite [10]. COOT [14] was used throughout for manual adjustment, ligand

fitting and interpretation of the water structure.

8.7.5 Neutron diffraction

Partially deuterated conditions were used in order to obtain wild type CcP
crystals for neutron diffraction. Protein was grown and purified as described in
Sections 8.2.1 and 8.2.2. However instead of exchanging crude crystals into water
crystals were exchanged into D,O. Diffraction quality crystals were produced by
dialysing 100 pl of a 10-30 mg/ml solution of CcP in 500 mM potassium phosphate,
pH 6.0 against 10 ml of 50 mM potassium phosphate, pH 6.0 containing 30% 2-
methyl-2,4-pentanediol by volume. All solutions and buffers were made with D,O
instead of H,O. The crystals were grown at 4 °C and the deuterium appeared to have
no effect on the length of time taken for crystals to grow or their quality/size. Neutron
diffraction data were collected by Matthew Blakeley and Peter Moody at the
European Molecular Biology Laboratory (EMBL) in Grenoble on the Institut Laue
Langevin (ILL) neutron Laue diffractometer, LADI. A wild type CcP crystal with an
approximate volume of 1.5 mm’® was mounted in a quartz capillary which was sealed
with wax. Neutron Laue diffraction were collected at room temperature using the
LADI-III instrument installed on cold neutron guide H142 at the ILL. An Ni/Ti
Multilayer band-pass filter was used to select a restricted neutron wavelength range
(8M) = 25%) centred at 3.7 A and extending from 3.2 to 4.2 A. Data were recorded in
a series of 9 contiguous Laue images using 15 hour exposures with a step separation
of ¢ = 14° around the vertical rotation axis of the detector. Spots were observed up to
2.2 A resolution with data processed up to 2.4 A. Neutron Laue data were indexed and

integrated using the Daresbury Laboratory LAUGEN software suite [15, 16] modified
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for the cylindrical geometry of the LADI-III detector. The LSCALE programme [17]
was used to derive the wavelength-normalization curve using the intensities of
symmetry-equivalent reflections measured at different wavelengths. Reflections were

scaled using SCALA [10] and relevant statistics of data collection are shown in

Appendix D, Table 4.

8.7.7 Collecting room temperature diffraction data

A single wild type CcP crystal was pulled into a 0.7 mm diameter glass
capillary tube (Glaskapillaren, Astrophysics research limited). Excess mother liquor
was removed by carefully inserting fine strips of filter paper into the capillary tube
each end of which was then sealed with melted wax. Data were collected in the same
way as under cryogenic conditions using a Rigaku RU2HB X-ray generator with
copper anode and Xenocs multilayer optics and an R-Axis IV detector. As a result of
damaging effects of the X-ray beam, data were collected from 6 individual crystals,
with 30 degrees of data (60 images) collected on each. The individual data sets were
integrated using MOSFLM [9] and the mtz files produced combined in the CCP4
suite [10] before the resulting single mtz file was scaled using SCALA [10]. Further
refinement was carried out as detailed in section 8.7.4. Refinement statistics are

shown in Appendix D, Table 5.
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Antidenaturation Buffer

50 mM potassium phosphate buffer pH 7.0

Destain (SDS-PAGE)
7.5% acetic acid

5% methanol

Elution Buffer

50 mM sodium phosphate buffer pH 4.2
0.3 M sodium chloride

10% glycerol

FFQ Buffer
10 mM potassium phosphate buffer pH 7.0

LB Media (Fisher or Sigma)

10 g NaCl

10 g tryptone

5 g yeast extract

Adjust to pH 7.0 with 5 N NaOH
Make up to 1.0 I with deionised water

Autoclave

Mother Liquor (rsAPX Crystallisation)
2.25 M lithium sulphate
0.1 M Hepes pH 8.3

Reconstitution Buffer

0.1 M potassium phosphate buffer pH 6.5
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Sample Buffer (SDS-PAGE)
125 mM Tris-HCI, pH 6.8
4% SDS

20% w/v glycerol

0.002% bromophenol blue

SDS Running Buffer (SDS-PAGE)
25 mM Tris-HCl

192 mM glycerine

0.1% w/v SDS

SOC Media

2 g tryptone

0.5 g yeast extract

0.05 g NaCl

0.4 g glucose

Make up to 100 ml with deionised water
Autoclave

Add 1 ml of filter sterilised 1 M MgCl,
Add 1 ml of filter sterilised 1 M MgSO4

Sonication Buffer
50 mM sodium phosphate buffer pH 8.0
0.3 M sodium chloride

Stain (SDS-PAGE)

30% v/v methanol

12% w/v trichloroacetic acid
0.01% w/v Coomassie Blue R

10% w/v sulphosalicyclic acid
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50x TAE Buffer (Agarose gel electrophoresis)
242 g Tris base

37.1 g glacial acetic acid

100 ml of 0.5 M EDTA

900 ml deionised water

Wash Buffer

50 mM sodium phosphate buffer pH 6.0
0.3 M sodium chloride

10% glycerol

Pyridine Base Solution
1.2 ml pyridine

4 ml NaOH (1 M)

6.8 ml H,O
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Appendix B: Oligonucleotides for Mutagenesis

Table 1: Oligonucleotides used to create CcP mutants used in Chapter 2.

Primer Sequence
Y36A Forward 5> AGG GAA GAT GAC GAA GCA GAC AACTAT 3
Y36A Reverse 5> ATA GTT GTC TGC TTC GTC ATC TTC CCT 3’
N184R 5> G GGC AAG ACC CACTTG AAG CGT TCT GGA TAC GAA CCG
N184R Reverse 5’ GG CGG TTC GTA TCC AGA ACG CTT CAA GTG GGT CTT GCC
WIOIF 5" C GAA GGG CCA TTT GGA GCC GCT AA 3
WIOIF 3’ TT AGC GGC TCC AAATGG CCCTTCG S’

Table 2: Oligonucleotides used to create CcP mutants used in Chapter 4.

Primer Sequence
M119W Forward 5'GCT GTG CAG GAA TGG CAG GGT CCC 3'
MI119W Reverse 5'GGG ACCCTG CCATTC CTG CAC AGC 3
S81W Forward 5'GAG TTT AAC GAT CCA TGG AAT GCG GGC 3!
S81W Reverse 5'GCC CGC ATT CCA TGG ATC GTT AAA CTC 3'

Table 3: Oligonucleotides used to create the H42A mutant of APX, Chapter 3.

Primer Sequence
H42A Forward 5 CGT TTG GCA TGG GCT TCT GCT GGT AC 3’
H42A Reverse 5’GT ACC AGC AGA AGC CCATGC CAAACG 3>

Table 4: Oligonucleotides used to create saturated point mutagenesis libraries at
S69 and D133 in APX, N is a mixture of A, C,Gand T and S is G or C.

Primer Sequence
S69X Forward 5> CGA ACT GGC TCA CNN SGC TAA CAACGGTCTTG ¥
S69X Reverse 3> GCT TGA CCG AGT GNN SCG ATT GTT GCC AGA AC ¥’
D133X Forward 5> GAG GGT CGC TTG CCC NNS GCC ACT AAGGCTTCT G 3’

D133X Reverse 3> CTC CCA GCG AACGGGNNS CGGTGATTCCCAAGACYS

VI



Appendix B: Oligonucleotides for Mutagenesis

Table 5: Oligonucleotides used to create random mutagenesis libraries in APX,
both by use of Mutazyme® DNA polymerase and Taq DNA polymerase.

Primer Sequence
pQE30 Forward 5° CCC GAA AAG TGC CACCTG ¥’
pQE30 Reverse 3’ GGG CTT TTC CAG GTG GAC 5’

VIl
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Appendix C: Reaction Volumes and Thermocycler Programmes

Table 1: Standard reaction volumes for site-directed mutagenesis.

1 2 3 4
Water (ul) 29 28 27 26
10x buffer (ul) 55 5 5
MgSO, (25 mM) (ul) 2 2 2 2
DMSO (100%) 1 1 1 1
Template DNA (ul) 1 2 3 4
Forward Primer (10 op) () 3 3 3 3
Reverse Primer (10 pp)(n) 3 3 3 3
dNTP mix (2.5 mM) (ul) 55 5 5
KOD polymerase (ul) 1 1 1 1

Table 2: Standard thermocycler programme for site-directed mutagenesis.

Number of cycles Temperature (°C) Time (s)

1 96 180

30 96 30

Ty -5°C 60

72 600

1 72 600
Hold 4 -

Table 3: Reaction volumes used for saturated mutagenesis PCR.

§69X DI33X

1 2 3 4 1 2 3 4
Water (ul) 13.5 128 12 113 13.85 13.6 13.35 13.1
Glycerol (nl) 25 25 25 25 2 2 2 2
10X buffer (ul) 25 25 25 25 2.5 2.5 25 25
MgCl, (ul) 2 2 2 2 2 2 2 2
Template DNA (nl) 2 2 2 2 2 2 2 2
Forward Primer (u) 0.5 075 1 125 0.5 0.5 0.5 0.5
Reverse Primer (u) 05 075 1 1.25 065 0.65 0.65 0.65
dANTP mix (pul) 1 1 1 1 1 1 1 1
Pfu Ultra () 1 1 1 1 0.5 5 1 1.25

IX
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Table 4: Thermocycler program for first round of saturated mutagenesis.

S69X DI33X

Number of cycles Temperature Time Number of cycles Temperature Time

30

‘O (s) () ()
96 180 1 96 180
96 30 30 96 30
62 60 66 60
72 600 72 600
72 600 1 72 600

4 30 4 30

Table 5: Reaction volumes for the second round of saturated mutagenesis;

creation of S69P/D133X library.

1 2 3 4
Water (ul) 14.65 13.65 12.65 10.15
Glycerol (ul) 2.5 2.5 2.5 2.5
10x buffer (ul) 2.5 2.5 2.5 2.5
MgCl, (ul) 1 2 3 4

Template DNA (S69P rsAPX) (ul) 1.7 17 17 1.7
Forward Primer (D133XF) (ul) 05 05 05 05

Reverse Primer (D133XR) (ul) 0.65 0.65 0.65 0.65
dNTP mix (ul) 05 05 05 05
Pfu Ultra (nl) 1 1 1 1
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Table 6: Reaction volumes for the second round of saturated mutagenesis;

creation of S69X/D133R library.

1 2 3 4
Water (ul) 14.65 13.65 12.65 10.15
Glycerol (ul) 2.5 2.5 2.5 2.5
10x buffer (ul) 2.5 2.5 2.5 2.5
MgCl, (ul) 2 2 2 2
Template DNA (D133R rsAPX) (ul) 0.5 0.5 0.5 0.5
Forward Primer (S69XF) (ul) 0.9 0.9 0.9 0.9
Reverse Primer (S69XR) (ul) 0.65 0.65 0.65 0.65
dNTP mix (ul) 0.5 0.5 0.5 0.5
Pfu Ultra (1) 1 1 1 1

Table 7: Thermocycler program for second round of saturated mutagenesis.

30

S69P/D133X S69X/DI33R
Number of cycles Temperature Time Number of cycles Temperature Time
(°C) (s) O (s)
96 180 1 96 180
96 30 30 96 30
62 60 66 60
72 600 72 600
72 600 1 72 600
4 30 4 30

XI
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Table 8: Reaction volumes for random mutagenesis PCR using Mutazyme® DNA

polymerase.

1 2 3 4
Water (ul) 35 335 32 31
10x buffer (ul) 5 5 5 5
MgCl, (ul) 25 25 25 25
Template DNA (rsAPX) (ul) 1 25 4 5
Forward Primer (pQE30F) (ul) 1 1 1 1
Reverse Primer (pQE30R) (ul) 1 1 1 1
dNTP mix (ul) 4 4 4 4
Mutazyme® (ul) 05 05 05 05

Table 9: Thermocycler program for random mutagenesis using Mutazyme®

Time (s)

DNA polymerase.
Number of cycles Temperature (°C)
1 96
40 96
48 °C, 51.2°C, 61.5°C or 68.5 °C
72
1 72
18

180
45
30
120

600
30

XII
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Table 10: Reaction volumes for random mutagenesis PCR using Taq polymerase
and MnCl, (Numbers in parenthesis indicate final concentration of MnCl, (mM)
in reaction).

1 2 3 4 5 6
Water (ul) 31 29 27 25 23 21
MnCl, (nl) 0(0) 2(0.1) 4(0.2) 6(0.3) 8(0.4) 10(0.5
10x buffer (ul) 5 5 5 5 5 5
MgCl, (ul) 2.5 2.5 2.5 2.5 2.5 2.5
Template DNA (rsAPX) (ul) 5 5 5 5 5 5
Forward Primer (pQE30F) (ul) 1 1 1 1 1 1
Reverse Primer (pQE30R) (ul) 1 1 1 1 1 1
dNTP mix (ul) 4 4 4 4 4 4
Taq Polymerase (ul) 0.5 0.5 0.5 0.5 0.5 0.5

Table 11: Reaction volumes for restriction of PCR products.

Epo.1 Ep 0.3 Mut
DNA (ul) 40 25 40
Buffer NEB2 (ul) 6 4 6
BSA 10X (ul) 6 4 6
Water (ul) 3 2 3
BamHI (ul) 2 2 2
Kpnl (ul) 3 3 3
Total volume (ul) 60 40 60

Expected fragments (kb) 892, 85,81 892,85,81 892,85, 81

Table 12: Reaction volumes for restriction of pQE30-rsAPX.

DPOE30
DNA (ul) 198
Buffer NEB2 (ul) 26
BSA 10X (ul) 26
BamHI (ul) 4
Kpnl (pl) 6
Total volume (ul) 260

Expected fragments (kb) 3444, 900

X1
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Table 13: Reaction volumes for ligation of PCR products into empty pQE30
Vector.

Ep 03 Ep0.1 Mut Selfligation

Vector (ul) 5 5 5 5
PCR product (ul) 2.89 1.02 1.14 2
Buffer (ul) 2 2 2 2
T4 DNA ligase (ul) 1 1 1 1
Water (ul) 9.11 10.98 10.86 12

XIv
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Isoniazid (INH, isonicotinic acid hydrazine) is one of only two
therapeutic agents effective in treating tuberculosis. This pro-
drugis activated by the heme enzyme catalase peroxidase (KatG)
endogenous to Mycobacterium tuberculosis but the mechanism
of activation is poorly understood, in part because the binding
interaction has not been properly established. The class I per-
oxidases ascorbate peroxidase (APX) and cytochrome c peroxi-
dase (CcP) have active site structures very similar to KatG and
are also capable of activating isoniazid. We report here the first
crystal structures of complexes of isoniazid bound to APX and
CcP. These are the first structures of isoniazid bound to any
activating enzymes. The structures show that isoniazid binds
close to the 6-heme edge in both APX and CcP, although the
precise binding orientation varies slightly in the two cases. A
second binding site for INH is found in APX at the y-heme edge
close to the established ascorbate binding site, indicating that
the y-heme edge can also support the binding of aromatic sub-
strates. We also show that in an active site mutant of soybean
APX (W41A) INH can bind directly to the heme iron to become
an inhibitor and in a different mode when the distal histidine is
replaced by alanine (H42A). These structures provide the first
unambiguous evidence for the location of the isoniazid binding
site in the class I peroxidases and provide rationalization of iso-
niazid resistance in naturally occurring KatG mutant strains of
M. tuberculosis.

Isoniazid (isonicotinic acid hydrazide, INH,?) (Scheme 1) is a
prodrug that has been extensively used as a frontline chemo-
therapeutic to treat tuberculosis for many years (1). More than
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8 million people per year are diagnosed with tuberculosis in
both developed and developing nations, resulting in more than
2 million deaths per year (2). However, despite the worldwide
success of INH in treating tuberculosis since the 1950s, very
little is understood about the mode of action or the mechanism
of activation of this prodrug. In recent times the emergence of
INH- and multidrug-resistant strains of tuberculosis and the
scale of the tuberculosis epidemic has highlighted the need for
this fundamental lack of knowledge to be addressed with a view
to discovering new antimicrobial targets and treatment
regimens.

In vitro and in vivo studies have established that a catalase
peroxidase, KatG, which is endogenous to M. tuberculosis (the
principal causative agent of tuberculosis), is essential for pro-
drug activation (3). KatGs are bifunctional heme enzymes that
exhibit both catalase activity and broad spectrum peroxidatic
activity comparable with monofunctional peroxidases (4, 5).
The peroxidatic activity involves the formation of an oxidized
ferryl intermediate (Equation 1, Compound I) that is subse-
quently reduced by substrate. This reduction usually occurs in
two successive single-electron transfer steps as follows (Equa-
tions 2 and 3) (where P = peroxidase, HS = substrate, S* =
1-electron oxidized form of substrate).

ky
P + H,0, — Compound | + H,0O (Eq. 1)
ks
Compound | + HS — Compound Il + S (Eq.2)
ks
Compound Il + HS — P+ S* + H,0 (Eq.3)

KatG is a dimeric heme-containing enzyme of ~160-kDa
molecular mass; its structure (Fig. 14) (6) and function place it
in the class I superfamily of peroxidases along with cytochrome
¢ peroxidase (CcP) (Fig. 1B) and ascorbate peroxidase (APX)
(Fig. 1C) (7). The determination of the crystal structure of M.
tuberculosis KatG (6) provided a major breakthrough in under-
standing the molecular mechanism of INH activation and high-
lighted the remarkable structural similarity both in the overall
structures and at the active sites of KatG and the monofunc-
tional class I peroxidases such as CcP (8) and APX (9), both of

JOURNAL OF BIOLOGICAL CHEMISTRY 6193

8002 ‘v'T 1800190 U0 Sa2IAIaS Arelqi] 1DN 1e B0 og-Mmm wol) papeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

Isoniazid-activating Peroxidase Complexes

A @ @ B o
OxNH—NH, Ox NH—N—H Oy & Rig D17 oy
H108 "0
(3) 2\ () \«*’1 i
| Step1 = | Step2 = | + HN=NH . El—\ ) —
(2 X 2 Xy =% oo “Q-N?H_G" Qem
(1)
Isoniazid (INH) Compatnal m
HN=NH —— H,NNH, —— NH, lmm
0%/
N O NH, D137 ILN
{ Hwos R4 550
N Ro i
2 S —
N Sy B oo -G[WN Gm
H

V230 N231 P232
I Step 1

Compound Ii

M
[s]
y—n D137 N

0 ]
-~ wwes "y

HO ™ O
Ox—N %IEIH H\_/o
N - H L N
% O (Coms
W07 )=
N
Compound Il m

SCHEME 1. A, the proposed catalytic mechanism of INH oxidation by the class 1 peroxidases. The first stage (steps 7 and 2) forms the isonicotinoyl radical,
which is then thought to react with the liberated hydrazine to form the primary product isonicotinamide (38). The INH numbering scheme is also shown.
B, the active site residues of KatG that are proposed to be involved in the catalytic mechanism of INH oxidation (1). Possible stabilizing interactions are
shown as dotted lines, and the heme is represented as a rhombus. The equivalent residues in CcP and sAPX are as follows: Arg-104 = Arg-48, Arg-38;
Trp-107 =Trp-51, Trp-41; His-108 =His-52, His-42; Asp-137 =Ser-81, Ala-70. Asp-137 of KatG is thought to play a major role in stabilizing the catalytic

intermediate of INH oxidation.

which can also activate INH (1) (Fig. 1). Mechanistic studies
show INH is activated by both KatG and the class III peroxidase
horseradish peroxidase in the typical two-step peroxidatic
process, again indicating a universal mechanism of INH oxida-
tion in peroxidases (1) (Scheme 1). In most peroxidases, aro-
matic substrates similar in structure to INH, such as salicylhy-
droxamic acid (SHA) (10) and benzhydroxamic acid (11), bind
and react at the 6-heme edge. However, there is no direct struc-
tural information for INH binding from any of the INH-activat-
ing enzymes. The best information available on the INH bind-
ing site in peroxidases comes from an NMR model of INH
bound to horseradish peroxidase. These NMR data were used
as a basis for energetic grid calculations from which a set of
models describing the INH binding site in KatG and other class
I peroxidases were constructed. In all of these models the INH
binding site was placed at the 8-heme edge in what is commonly
referred to as the hydrophobic pocket (1).

To fully elucidate the mechanism of INH activation in KatG
and other INH-activating peroxidases, the binding site of

6194 JOURNAL OF BIOLOGICAL CHEMISTRY

INH has to be accurately described. Only then can the fine
molecular details of catalysis be unraveled. Here we report the
first crystal structures of INH bound to Saccharomyces cerevi-
siae CcP and soybean ascorbate peroxidase (sAPX), both of
which are known activators of INH (1). We establish that the INH
occupies the 6-meso edge of the heme, and we also show that in an
active site mutant of SAPX (W41A) INH can bind directly to the
heme iron to become an inhibitor. Furthermore, we show in a
complex of INH and the H42A mutant of sAPX that the indole
nitrogen of Trp-41 is important for ligand orientation. The data
are discussed in the context of our current understanding of INH
binding and activation and provide an explanation for the molec-
ular mechanism of mutation-acquired resistance.

EXPERIMENTAL PROCEDURES
Enzyme Expression and Purification—The Y39A/N184R

mutant of recombinant CcP from Baker’s yeast (optimized for
crystallization) was prepared and isolated with modifications to
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FIGURE 1. Stereo diagrams of the key active site residues, 5-heme edge hydrophobic binding pocket, and
bound waters of the unliganded class | peroxidases discussed in this study. KatG (6) (4), CcP (B), and sAPX (9) (C).

Isoniazid-activating Peroxidase Complexes

R104

5185

$173

The protein residues are shown in green, the heme group in blue, and waters are represented as red spheres.

TABLE 1
Data collection and refinement statistics
Values in parentheses are for the outer shell.

published procedures (12). Recom-
binant cytosolic sAPX and the
W41A and H42A mutants were pre-
pared and isolated according to
published procedures (13, 14). All
protein preparations were checked
for homogeneity by SDS-PAGE.

Protein  Crystallography—Crys-
tals of CcP were prepared by micro-
dialysis with 100 ul of a 10-30
mg/ml solution of CcP in 500 mm
potassium phosphate, pH 6.0,
against 10 ml of 50 mm potassium
phosphate, pH 6.0, containing 30%
2-methyl-2,4-pentanediol by vol-
ume. Crystals were grown at 4 °C.
Once formed, the crystals of CcP
were soaked in mother liquor satu-
rated with INH for 5 min prior to
rapid cooling to 100 K.

Crystals of SAPX, sAPX (W41A),
and sAPX (H42A) were prepared as
described previously (9). Once
formed, crystals were soaked in
mother liquor containing INH (100
mMm) overnight prior to freezing in
liquid nitrogen for storage and
transport.

Data Collection and Refinement—
Diffraction data were collected for
the CcPINH complex in-house
using a Rigaku RU2HB x-ray gen-
erator with copper anode and
Xenocs multilayer optics and an
R-Axis IV detector. Diffraction
data were collected for sAPX-INH
and sAPX (W41A) INH complexes

Data collection CcP* CcP-INH” sAPX-INH sAPX:(W41A) INH sAPX:(H42A) INH”
Space group P2-,2,2, P2-,2,2, P4,2,2 P4,2,2 P4,2,2
Unit cell (A)
a 51.15 51.15 82.24 82.13 81.74
b 75.38 75.13 82.24 82.13 81.74
[ 107.23 106.86 74.97 75.16 74.94
Resolution (A) 30.2-1.68 (1.77-1.68)  30.28-1.68 (1.77-1.68)  27.11-1.80 (1.90-1.80)  37.58-1.20 (1.26-1.20)  27.62-1.68 (1.77-1.68)
Total observations 101429 (1628) 129214 (1652) 170464 (24801) 732420 (82637) 103919 (1437)
Unique reflections 37067 (1317) 38990 (1367) 24461 (3497) 78730 (11128) 24816 (1102)
/ol 23.2(3.3) 27.4(5.8) 17.4(4.7) 17.2 (2.5) 31.2 (2.5)
merge 0.036 (0.238) 0.031 (0.133) 0.091 (0.378) 0.063 (0.687) 0.032 (0.209)
Completeness (%) 77.7 (19.7) 81.9 (20.3) 100 (100) 97.9 (96.0) 84.0 (26.8)
Refinement statistics
R0k 0.159 0.156 0.154 0.192 0.165
free 0.192 0.180 0.188 0.209 0.209
Root mean square deviations
from ideal
Bonds (A) 0.012 0.010 0.012 0.007 0.010
Angles (°) 1.208 1.157 1.234 1.151 1.174
Protein Data Bank code 2V23 2V2E 2VCF 2VCN 2VCS

“ These figures are for data measured into the corners of the square detector and used for refinement. In the case of CcP, CcP:INH, and sAPX (H42A) INH, the completeness to

2.0Ais, respectively, 92.9, 99.3, and 99.6%.
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FIGURE 2. Stereo diagrams showing INH bound in place of waters in the 5-heme edge hydrophobic binding
pocket of CcP. A, observed F, — F_difference density is shown in green (contoured at 3 o) with the refined INH molecule
in brown. B, the observed position of INH (yellow) compared with the predicted mode (purple) from Pierattelli et al. (1). The
protein is shown in green, the heme group in blue, INH in pink, and waters are represented as red spheres.

FIGURE 3. Stereo diagrams showing INH bound in place of waters in the 6-heme edge hydrophobic binding
pocket of sAPX. A, observed F, — F_difference density in green (contoured at 3 o) with the refined INH molecule in
brown. B, the observed position of INH (yellow) compared with the predicted mode (purple) from Pierattelli et al. (1).
The protein is shown in green, the heme group in blue, INH in pink, and waters are represented as red spheres.
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onstation ID14 -3 at the European
Synchrotron Radiation Facility
(ESRF) (Grenoble, France) using
an ADSC Q4R detector. Data from
sAPX-(H42A)- INH were also col-
lected at ESRF using ID14-1 and
an ADSC Q4R detector. All data
were collected at 100 K. Data were
indexed, integrated, and scaled
using MOSFLM (15) and SCALA
(16). 5% of the data were flagged
for the calculation of R.. and
excluded from subsequent refine-
ment. Data collection statistics are
shown in Table 1. The CcP-INH
structure was refined from the 1.70 A
wild-type CcP structure (17) (Pro-
tein Data Bank entry 2CYP). The
sAPX-INH and sAPX (H42A)-INH
structures were refined from mod-
els derived from the 145 A
sAPX-ascorbate complex (9) (Pro-
tein Data Bank entry 10AF), and
the sAPX (W41A) INH structure
was derived from the 1.35 A
SAPX-W41A structure (14) (Protein
Data Bank entry 2GGN). All refine-
ment used REFMACS5 (18) from the
CCP4 suite (19). Calculation of dif-
ference Fourier maps showed clear
and unambiguous electron density
for bound INH molecules in all the
structures. INH was incorporated
into the last cycles of refinement.
COOT (20) was used throughout
for manual adjustment, ligand fit-
ting, and interpretation of the water
structure. The refinement statistics
are shown in Table 1.

Steady-state Kinetic Experiments—
Steady-state oxidations of guaiacol
(2-methoxy phenol) in 50 mm
sodium phosphate, pH 7.0, 25 °C,
were carried out according to pub-
lished protocols (21) both in the
absence of INH and in the presence
of INH (50 mwm). Steady-state data
were fitted either to the Michaelis-
Menten or Hill equations as
described previously (21).

RESULTS AND DISCUSSION

Identification of the Hydrophobic
Binding Pockets in CcP and sSAPX—
Numerous studies have shown that
aromatic substrate oxidation in the
class I peroxidases occurs at the
6-heme edge (6, 11, 23, 24). This site
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FIGURE 4. Stereo diagrams showing INH bound in the active site mutants of SAPX W41A and H42A. A,
in SAPX-(W41A), two molecules of INH (brown) are bound in the distal cavity, one in the same position as
sAPX and a second coordinated directly to the heme iron. The figure shows observed F, — F_ difference
density (in green, contoured at 3 ¢). B, in sSAPX (H42A) the orientation of INH (brown) is rotated relative to
the wild type and is held in position by a hydrogen bond to Trp-41. Observed F, — F_difference density is
shown in green. In both cases the occupancy of the INH is partial and shared with water molecules that are

represented as red spheres.

is compared in KatG, CcP, and sAPX in Fig. 1. In the unliganded
CcP structure the hydrophobic pocket itself is defined, as pre-
dicted from the crystal structure (17), by residues Pro-145, Ser-
81, Ser-185, Arg-48, Trp-51, and His-52, with the “bottom” of
the pocket being defined by pyrrole ring IV of the heme while
one “side” is left open to solvent (Fig. 1B). Examination of elec-
tron density within this pocket in CcP reveals water molecules
hydrogen-bonded within the pocket and leading out into bulk
solvent. This open side forms a channel to allow the substrate to
access the binding pocket.

The unliganded sAPX structure (Fig. 1C) shows an almost
identical active site architecture with the hydrophobic pocket
defined by Trp-41, His-42, Pro-132, Ser-173, and Ala-70, and
again the bottom of the pocket is defined by pyrrole ring IV of
the heme. Like CcP (17) and KatG (6), ordered water molecules
occupy this pocket in sAPX with a substrate access channel
leading to bulk solvent. Thus, the pockets in all three of these
class 1 peroxidases are similar and available to bind hydropho-
bic aromatic substrates.

The Structures of INH Bound to CcP and sAPX—INH binds
in place of four of the water molecules within the hydropho-
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bic pocket of CcP (Fig. 24). The
structure allows hydrogen bonds
between N2 of the substrate and
the main chain oxygen of Pro-145,
the carbonyl oxygen on the sub-
strate and the side chain of Arg-48,
and the pyridinyl nitrogen on the
substrate and a water molecule
leading out to bulk solvent. The
guanidinium group of Arg-48
swings out to accommodate the
substrate (C{ moves by 2 A) and
displaces a further water molecule.
The overall position of the INH in
the crystal structure reported here
is similar to the NMR-derived
model (Fig. 2B) (1) except for the
interactions of N2 and N3. Nota-
bly, the crystal structure is incon-
sistent with a predicted (1) hydro-
gen bond between the globally
conserved distal tryptophan (Trp-
51 in the case of CcP) and N3 of
INH.

The structure of sAPX in com-
plex with INH also shows INH
bound in the hydrophobic pocket at
the 8-meso heme edge (Fig. 3A).
However, in this case the INH is
rotated through ~90° compared
with the orientation in CcP and the
predicted sAPX:INH model (Fig.
3B) (1). The pyridine ring of INH is
positioned directly over Ser-173,
and the complex is locked into posi-
tion via three hydrogen bonds, two
of which are to the same residues
that are used to bind INH in Cc¢P. The main chain carbonyl of
Pro-132 hydrogen bonds to N3 of the INH, the carbonyl oxygen
of INH hydrogen bonds via a water molecule to the Ne group of
Arg-48, and the N2 of INH is hydrogen-bonded to a water
molecule.

Previous mechanistic studies have proposed a KatG-cata-
lyzed activation mechanism that involves splitting of the C—-N
bond of the hydrazide moiety of INH, yielding a diazene that is
stabilized by Asp-137 (Scheme 1) (1, 6). In M. tuberculosis KatG
the acid group of Asp-137 is predicted to be located directly
above the carbonyl of INH and is ideally orientated to provide a
stabilizing acid-base interaction with the reacting INH. How-
ever, in CcP and sAPX, Asp-137 is replaced with Ser-81 and
Ala-70, respectively. Ser-81 could still offer some rudimentary
stabilization for the activated INH, whereas this is unlikely with
Ala-70. This hypothesis is supported by the relative reaction
rates of INH oxidation, KatG >>Ccp >sAPX (1).

The Structures of INH Bound to sAPX Mutants W41A and
H42A and the Role of Point Mutations in Drug Resistance—A
major problem in treating tuberculosis is resistance to the clin-
ically effective drugs rifampicin and INH. Various point muta-
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FIGURE 5. Stereo diagram showing the superposition of INH binding as an inhibitor of SAPX-W41A (pink)
with the previously determined SHA binding orientation (yellow) in sAPX (10). The hydrogen bond
between the coordinating oxygen of SHA and Trp-41 is shown as a broken red bond. An analogous hydrogen
bond cannot form between the coordinating NH,, of INH and Trp-41, so that coordination is only possible when

Trp-41 is absent in SAPX (W41A).

K31

FIGURE 6. Stereo diagram showing INH bound in the ascorbate binding pocket of sAPX. Hydrogen
bonding interactions are observed between INH and Arg-172 and Lys-31 and via a water to the propionate
group of the heme. There are INH molecules bound in identical positions in the sAPX (W41A) and sAPX
(H42A) structures. The first INH molecule bound in the distal cavity is also shown to aid orientation. The
protein is shown in green, the heme group in blue, and INH in pink. Waters are represented as red spheres.
The observed F, — F_ difference density (contoured at 3 o) for the INH molecules is shown in green. Figs.

2-6 were prepared with PyMOL (22).

tions of KatG have been identified in INH-resistant strains (25),
with one of the mutation hotspots being Ser-315 (mutated to
asparagine, isoleucine, arginine, and glycine, but most com-
monly threonine) (26 -28). Ser-315 is conserved in both CcP
and sAPX (Fig. 1) as Ser-185 and Ser-173, respectively. In the
CcP'INH structure the Ca of Ser-185 is ~4.0 A from the aro-
matic ring of INH, and in sAPX the C of Ser173 is ~3.8 A away
and located directly below it. All of these mutations would
introduce considerably more steric bulk than serine, thereby
placing the side chain of the mutated residue at position 315
closer than allowed Van der Waal’s contact distances, blocking
the binding of the INH molecule. These observations are con-
sistent with predictions that these mutations produce a steric
interference to INH binding (6, 29).
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Active site residues His-108 and
Ala-110 are also frequently mutated
in KatG sequenced from isolates
demonstrating resistance to INH
(30-32). Mutation of active site res-
idues of peroxidases has been
shown (14) to introduce conforma-
tional mobility into the distal cavity,
possibly  promoting  alternative
inhibitive INH binding orientations.
To probe this, we have determined
the structures of INH bound to two
active site mutations of sAPX
(W41A and H42A). Removal of the
distal tryptophan in the W41A
mutant of SAPX opens up the distal
cavity and imparts a degree of con-
formational mobility (14). Electron
density from crystals of INH-soaked
sAPX (W41A) shows a molecule of
INH occupying the hydrophobic
pocket in an identical position to
that found in the wild-type
sAPX:INH complex. A second INH
molecule is also seen coordinated
directly to the heme iron through
the NH,, of the acyl hydrazide, with
the aromatic ring occupying the
pocket created by removal of the
indole of Trp-41 (Fig. 4A). This
mode of binding has been seen pre-
viously (10) in APX for aromatic
acids such as SHA, which is an
inhibitor of APX peroxidase activ-
ity. However, coordination of INH
to the iron is only possible when an
additional pocket is created in the
W41A mutant, whereas coordina-
tion of SHA is possible with Trp-41
in situ (10). This is because SHA
forms a hydrogen bond between its
iron coordinating O~ and the NH of
Trp-41 (Fig. 5). However, INH has
an NH, group coordinated to the
iron that is unable to hydrogen bond to the NH of Trp-41;
furthermore, its bulk would also result in a steric clash. The
removal of Trp-41 allows the INH to move around through 90°
to coordinate to the iron without this steric conflict (Fig. 5).
Kinetic studies show that INH becomes an inhibitor of sAPX
(W41A) peroxidase activity, determined by competition with
guaiacol (k,,, for guaiacol oxidation is 98.3 = 1.2 s~ ' in the
absence of INH compared with 5.0 = 0.04s ™~ in the presence of
50 mm INH). These observations are consistent with the struc-
ture of SAPX (W41A)INH that shows INH bound directly to
the heme iron; thus, in solution the reaction of the enzyme with
H,0, is blocked by preventing the formation of the compound
I intermediate (by a mechanism similar to that proposed for
SHA) (10).
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The structure of INH bound to the H42A mutant of sSAPX
reveals a third binding orientation of INH within the distal
cavity (Fig. 4B). In this structure the INH again occupies the
8-heme edge but is rotated 90° anticlockwise compared with
the orientation in sAPX. The removal of His-42 creates
enough space for the aromatic ring of INH to sit directly
above the iron and hydrogen bond through N1 to the NH of
Trp-41. This provides further evidence that Trp-41 influ-
ences coordination to the heme iron. Although the cavity in
sAPX-H42A can contain the INH molecule, the steric clash
with Trp-41 (see Fig. 5) prevents coordination. Kinetic stud-
ies show no INH turnover by sAPX (H42A) (data not shown);
however, it has been previously shown that peroxidase activ-
ity in this mutant (21) is severely reduced. A reduction in
INH activation is consistent with the observation of INH
resistance in M. tuberculosis strains with mutations at the
distal His-108 residue of KatG (30, 31).

Occupation of the Ascorbate Binding Site of SAPX by INH—
The electron density maps of INH-soaked sAPX (Fig. 6) and
mutants (data not shown) also show density consistent with a
second INH molecule bound within the ascorbate binding
pocket at the y-heme edge, which has previously been identi-
fied as the primary site of catalysis within the enzyme (9) (Fig.
6). The INH molecule binds in place of six well ordered water
molecules that occupy the pocket in the absence of ascorbate.
The NH, group of INH forms two hydrogen bonds, one to the
side chain of Arg-172 and one via a water molecule to one of the
heme propionate groups. The flexible Lys-31 also partially
swings in from solvent to form a hydrogen bond to N1 of INH.
Movement of Lys-31 on binding of ascorbate has also been
observed (9). The role of the heme propionates has traditionally
been believed to be in stabilizing the heme prosthetic group
within the protein structure. However, there are now several
examples where the heme propionates are involved in substrate
or cofactor binding, notably in manganese peroxidase (33),
ascorbate peroxidase (9), and in nitric-oxide synthase (34 -36);
this has led to the suggestion (37) that there might be a broader
role for the proprionates than merely keeping the heme in
place. The data above add to this by indicating, for the first time,
that the y-heme edge might also be capable of binding aromatic
substrates.

In summary, we have provided unambiguous structural evi-
dence for the location of INH binding in the class I peroxidases
CcP and sAPX. These data expand on previous predictions and
provide a molecular understanding of prodrug binding and
activation. Furthermore, by comparing mutations engineered
into our peroxidase models with naturally occurring INH-re-
sistant variants of M. tuberculosis, we have identified three sep-
arate means of drug resistance: steric hindrance of the 8-heme
edge INH binding site, direct binding to the heme iron (and
consequent inhibition of compound I formation), and the loss
of peroxidatic activity due to the mutation of essential catalytic
residues. Finally, we have expanded the framework of under-
standing for aromatic substrate binding and activation in the
heme peroxidases. We have shown that single point mutations
can dramatically alter substrate binding and oxidation, indicat-
ing that the sites may be more promiscuous than previously
thought. These observations provide a fundamental platform
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upon which our understanding of the enzyme-catalyzed activa-
tion of this prodrug can now be developed for more effective
tuberculosis therapies in the future.
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ABSTRACT: The binding of substrates to heme enzymes has been widely assumed to occur at the so-called
0-heme edge. Recently, however, a number of examples have appeared in which substrate binding at an
alternative site, the y-heme edge, is also possible. In previous work [Sharp et al. (2003) Nat. Struct. Biol.
10, 303—307], we showed that binding of ascorbate to ascorbate peroxidase occurred at the y-heme edge.
Here, we show that the closely related cytochrome ¢ peroxidase enzyme can duplicate the substrate binding
properties of ascorbate peroxidase through the introduction of relatively modest structural changes at
Tyr36 and Asn184. Hence, crystallographic data for the Y36A/N184R/W191F triple variant of cytochrome
¢ peroxidase shows ascorbate bound to the y-heme edge, with hydrogen bonds to the heme propionate
and Argl184. In parallel mechanistic studies in variants incorporating the W191F mutation, we show that
a transient porphyrin sz-cation radical in Compound I of cytochrome ¢ peroxidase, analogous to that observed
in ascorbate peroxidase, is competent for ascorbate oxidation but that under steady state conditions this
intermediate decays too rapidly to sustain efficient turnover of ascorbate. The results are discussed in
terms of our more general understanding of substrate oxidation across other heme proteins, and the emerging
role of the heme propionates at the y-heme edge.
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Engineering the Substrate Specificity and Reactivity of a Heme Protein: Creation of

Our understanding of substrate binding across various
heme enzymes developed largely from crystallographic
information for a number of heme peroxidase enzymes. The
first structures to appear showed binding of aromatic
substrates close to the so-called d-heme edge (/—5), and
these structures were consistent with other observations, for
example from earlier chemical modification work (6—38), in
which substrate binding at the o-heme edge was also
implicated. As a consequence, a consensus emerged in which
substrate binding and oxidation at the so-called d-heme edge
was widely assumed. With the exception of the cytochrome
¢ peroxidase/cytochrome ¢ complex—which was known to
be anomalous in part because of its unusual substrate—the
only outlier to this general “trend” was the structure for the
manganese peroxidase/Mn(II) complex, which showed Mn(II)
bound at a different location, close to the y-heme edge and
ligated by carboxylate groups and the heme 6-propionate (9).
Later on, two other structures appeared, for the ascorbate
peroxidase/ascorbate (/0) and nitric oxide synthase/
tetrahydrobiopterin (71, 12) complexes. These structures also
revealed hydrogen bonding interactions between the substrate
and the heme 6-propionate at the y-heme edge. It became
clear, therefore, that substrate binding at the d-heme edge

T This work was supported by grants from the BBSRC (Project
Grants BB/C00602X/1, BB/C001184/1 and IIP 0206 /009, and a
studentship to E.J.M.).
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§ Department of Biochemistry and Henry Wellcome Laboratories
for Structural Biology.
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was not the only means by which the enzyme and substrate
might productively associate with one another. As far as
the protein is concerned, this offers distinct advantages
over the “one-site-fits-all” model, because it provides more
than one route through which electron delivery can be
channeled. Consequently, oxidation of different types of
substrate can be accommodated within the same protein
framework, for example in ascorbate peroxidase where
(hydrophobic) aromatic substrates and (hydrophilic) ascorbate
are oxidized at different sites (I, 10).

In previous work (/0), we identified the ascorbate binding
site in ascorbate peroxidase (APX"Y), Figure 1. The structure
was helpful not only because it revealed the details of the
binding interactions in APX but also because but also because
it helped to rationalize differences with the closely related
cytochrome c¢ peroxidase enzyme. Hence, we noted that the
residues required for ascorbate binding (Argl72, Lys 30,
Figure 1 (inset)) are replaced by Asn184 and Asp33 in CcP;
conversely, the residues required for binding of cytochrome
¢ (Asp34, Glu35, Asp37, Glu290 (13)) are completely
missing in APX. This comparison of the two structures also
accounted for the observation that Trp179 is not essential
for catalysis in APX (/4) while the equivalent residue
(Trp191) in CcP is (I15), because in APX there is direct
coupling of the substrate to the heme propionate, completely
bypassing Trp179. In this work, we demonstrate that CcP
can, with relatively modest changes in protein structure

! Abbreviations: APX, ascorbate peroxidase; CcP, cytochrome ¢
peroxidase.
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FIGURE 1: Comparison of APX with CcP, as described previously
(10). The structure of the APX—ascorbate complex (PDB accession
code 10AF, in green) (/0) overlaid with the structure of CcP (PDB
accession code 2CYP in purple). The three main hydrogen bonding
interactions between APX and ascorbate (Asc) are shown in red.
CcP residues are indicated and those for APX given in parentheses.
The 6- and y-heme edges are indicated. The loop regions (APX
residues 26—36 and CcP residues 28—45) are shown along with
the side chain of Tyr36 in CcP which blocks the equivalent
ascorbate binding site found in APX. Residues important for
ascorbate binding in APX are also shown (K30, R172) along with
the residue equivalent to R172 in CcP (N184). Inset: Structural
alignment of APX and CcP in the region of the ascorbate binding
site. The sequence from 34 to 41 is missing in APX and is replaced
with a single arginine residue at position 31. Glu 290 is also missing
in APX due to a C-terminal truncation. This figure was prepared
using PyMol (43).

around Tyr36 and Asnl84 (Figure 1), be re-engineered to
bind and oxidize ascorbate at the y-heme edge.

EXPERIMENTAL PROCEDURES

Materials. 1-Ascorbic acid (Aldrich Chemical Co.) and
buffers (Fisher) were all of the highest analytical grade
(99%+ purity) and were used without further purification.
Water was purified by an Elga purelab purification system
and all buffers were filtered (0.2 um) prior to use. Hydrogen
peroxide solutions were freshly prepared by dilution of a
30% (v/v) solution (BDH): exact concentrations were
determined using the published absorption coefficient (&4
= 394 M' cm™!) (16). All molecular biology kits and
enzymes were used according to manufacturer’s protocols.

Mutagenesis, Protein Expression and Purification. Site-
directed mutagenesis on CcP was performed according to
the Quikchange protocol (Stratagene Ltd., Cambridge, U.K.).
Mutations were confirmed by DNA sequencing as reported
previously (/7). A number of single, double and triple
variants of CcP were prepared involving Tyr36, Asn184 and
Trpl191. In total 7 variants were prepared: Y36A, N184R,
WI19IF, Y36A/N184R, Y36A/W191F, N184R/WI191F and
Y36A/N184R/W191F.

Wild type CcP and all variants were prepared and isolated
with modifications to published procedures (/8). All variants
containing the Y36A mutation failed to recrystallize against
water as per the published procedure, and so further
purification after gel filtration chromatography was carried
out by FPLC (Superdex 75 gel filtration column), after which
crystallization occurred. Absorption coefficients for all
variants were determined using the pyridine-hemochromogen

Murphy et al.

method (/9) and are given in Table I; the absorption
coefficients of wild type CcP and W191F have been reported
previously (15, 18).

Wavelength maxima for the ferric derivatives of all
variants are given in Table 1. Wild type CcP and the single
variants have spectra which are consistent with a predomi-
nantly high-spin heme species, either 5- or 6-coordinate with
a water at the axial position. In contrast, the Y36A/W191F,
Y36A/N184R and Y36A/N184R/W191F variants have simi-
lar spectra which are consistent with a predominantly low-
spin heme species, as observed in the alkaline form of CcP
(20). Spectra are shown in Figure S1 of the Supporting
Information. For all variants, the crystal structures (below)
show an oxygen ligand bound to the iron with Fe—O bond
distances ranging between 2.15 and 2.87 A. However, these
distances do not correlate with the high-spin/low-spin
distributions seen in the electronic spectra (i.e., expected
longer bond lengths for high-spin species compared to low-
spin) and we interpret these bond distances as arising from
coordination of either water or hydroxide.

Protein Crystallography. Crystals were prepared by mi-
crodialysis with 100 uL of a 10—30 mg/mL solution of
enzyme in 500 mM potassium phosphate, pH 6.0 against 10
mL of 50 mM potassium phosphate, pH 6.0 containing 30%
2-methyl-2,4-pentanediol by volume. With the exception of
the triple variant, crystals were grown at 4 °C for ap-
proximately two days, yielding large red crystals. The triple
variant needed up to two weeks to crystallize at 4 °C, and
crystals were much smaller. For the structure of the Y36A/
N184R/W191F—ascorbate complex, crystals were soaked in
mother liquor containing 100 mM ascorbate for 5 min before
rapid cooling to 100 K. Soaks at higher concentrations of
ascorbate and for longer times caused the crystals to crack,
and many variations of the soak (including variations in
length of soak and ascorbate concentration) were attempted
before the ascorbate bound structure was obtained. Although
less than 50% of the unique data was collected, the presence
of bound ascorbate was validated by difference Fourier
calculations (discussed in Figure S3 of the Supporting
Information).

Data Collection and Refinement. Diffraction data were
collected for all variants in house using a Rigaku RU2HB
X-ray generator with copper anode and Xenocs multilayer
optics and an R-Axis IV detector. All data were collected at
100 K. Data were indexed, integrated and scaled using
MOSFLM (217) and SCALA (22). Data collection statistics
are shown in Table 2, and 5% of the data were flagged for
the calculation of Rp. and excluded from subsequent
refinement. The structures were refined from the 1.70 A wild
type CcP structure (23) (Protein data bank entry 2CYP). All
refinement used REFMACS (24) from the CCP4 suite (22).
Calculation of difference Fourier maps showed clear and
unambiguous electron density for bound ascorbate in the
Y36A/N184R/W191F structure. Ascorbate was incorporated
into the last cycles of refinement. COOT (25) was used
throughout for manual adjustment, ligand fitting and inter-
pretation of the water structure.

Steady State Kinetics. Steady-state measurements (100
mM potassium phosphate, pH 6.0, 25.0 °C) for ascorbic
acid, guaiacol (2-methoxy phenol) and cytochrome c¢
(horse heart, Sigma) were carried out according to
published protocols (26—28). For L-ascorbic acid initial
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Table 1: Wavelength Maxima (nm) for the Ferric Derivatives of the Variants Examined in This Work”
wavelength maximum (nm)
variant soret CT1 s o CT2
wild type CcP 408 (102) 506 544 (sh) 589 (sh) 647
N184R 408 (102) 507 544 (sh) 589 (sh) 644
Y36A 408 (104) 502 538 (sh) 585 (sh) 630
WI9IF 408 (109) 504 544 (sh) 589 (sh) 645
N184R/W191F 412 (99) 536 563 (sh) 645 (sh)
Y36A/W191F 414 (350 sh) (98) 485 (sh) 533 566 632 (sh)
Y36A/N184R 414 (354 sh) (96) 489 (sh) 534 568 620 (sh)
Y36A/N184R/W191F 414 (350 sh) (100) 489 (sh) 536 567 620 (sh)

“ Absorption coefficients for the ferric derivatives (mM~' cm™") are shown in parentheses. sh = shoulder.

Table 2: Data Collection and Refinement Statistics for the Variants Examined in This Work and for the Y36A/N184R/W191F—Ascorbate Complex

N184R/ Y36A/ Y36A/ Y36A/N184R/ Y36A/N184R/
protein N184R Y36A WI9IF WIOIF WI9IF N184R WI191F W191F—ascorbate complex
Data Collection
Space group P2]212] P2]212] P212121 P212]21 P212]21 P212]21 P212]21 P212]21
unit cell (A)
A 51.0 51.1 51.1 51.0 51.0 51.1 51.0 51.0
B 74.5 75.8 75.3 74.6 75.0 75.1 74.5 74.4
C 106.3 107.1 106.3 106.7 106.4- 107.3 106.5 106.6
resolution (A) 61.78—1.40 46.13-2.01 27.16—1.80 27.17 —1.80 45.93—2.10 30.28—2.01 39.13 - 1.86 42.03- 2.01
(1.48—1.40) (2.12—2.01) (1.90—1.80) (1.90—1.80) (2.21—2.10) (2.11-2.01) (1.96—1.86) (2.12—-2.01)
total observations 411140 58833 74923 87578 196453 38648 120110 15047
(31869) (8129) (6085) (8923) (27085) (4669) (16654) (2103)
unique reflections 80702 26868 29668 34080 24405 18732 31259 12304
(11309) (3737) (3257) (4620) (3514) (2625) (4618) (1668)
Ilol 15.6 15.2 229 18.7 9.1 15.1 18.0 17.3
(4.4) (6.6) 4.0) (5.3) 4.3) 3.0) 3.4) (5.2)
Rinerse 0.082 0.047 0.039 0.044 0.076 0.055 0.063 0.033
(0.275) (0.112) (0.218) (0.125) (0.298) (0.389) (0.271) (0.104)
completeness (%) 98.9 95.0 76.8 88.8 99.7 65.8 90.4 459
(95.9) (92.1) (59.4) (77.5) (99.5) (64.6) (92.3) (42.5)"
Refinement Statistics
Ryork 0.172 0.161 0.174 0.186 0.168 0.165 0.169 0.187
Riree 0.193 0.203 0.214 0.216 0.210 0.201 0.205 0.246
RMSD
bonds (A) 0.007 0.015 0.012 0.013 0.015 0.014 0.013 0.013
angles (deg) 1.12 1.37 1.41 1.37 1.34 1.39 1.25 1.44

“ Values in parentheses refer to the outer resolution bin.  Discussed in Figure S3 of the Supporting Information.

rates were calculated from time-dependent absorbance
changes at 290 nm and multiplied by a factor of 2 to allow
for disproportionation of the monodehydroascorbate radical
(26). Substrate concentrations were calculated using the
following absorption coefficients: L-ascorbic acid, €99 = 2.8
mM~!' cm™! (29); guaiacol, g479 = 22.6 mM~' cm™! (30);
cytochrome c, €550 = 27.7 mM ™! cm™!. Concentration ranges
were 10—750 uM for ascorbate, 2 mM to 60 mm for
guaiacol, and 5—200 M for cytochrome c; the concentration
of peroxide was 200 M in all assays. Data were fitted to
the Michaelis—Menten equation as previously described (26, 28).

Transient-State Kinetics. Transient-state kinetics were
performed using a SX.18 MV stopped-flow spectrophotom-
eter (Applied Photophysics Ltd.) in 100 mM potassium
phosphate, pH 6.0 at 10 °C. Time-dependent spectral changes
occurring upon reaction of CcP with H,O, were monitored
using a photodiode array detector and X-SCAN software
(Applied Photophysics Ltd.). In these experiments the protein
(2 uM) was mixed with either a stoichiometric or 10-fold
molar excess of H,O, (reaction cell concentrations). Spectral
deconvolution was performed by global analysis and nu-
merical integration methods using PROKIN software (Ap-
plied Photophysics Ltd.).

Oxidation of L-ascorbate by the W191F and NI184R/
WI191F variants of CcP was measured using the sequential
mixing mode of the stopped-flow apparatus: enzyme (4 uM)
was mixed with H,O, (6 uM) and the solution allowed to
age for 20 ms (enabling formation of the porphyrin sr-cation
radical intermediate) prior to mixing with excess ascorbate.
Oxidation of ascorbate was monitored at 423 nm at a range
of substrate concentrations.

RESULTS AND DISCUSSION

Design of Site-Directed Variants. We noted originally (/)
that a comparison of the CcP and APX structures in the
region of the ascorbate binding site shows that the additional
loop in CcP and the side chain of Tyr36 together prevent
binding of ascorbate, and that Asn184 in CcP overlays with
Argl72 in APX, Figure 1. In total 7 variants of CcP were
therefore prepared with different combinations of the muta-
tions Y36A, N184R and W191F. These were Y36A, N184R,
WI191F, N184R/W191F, Y36A/W191F, Y36A/N184R, and
Y36A/N184R/W191F. The rationalization for the mutations
was as follows: (i) Tyr36 directly blocks the equivalent
ascorbate binding site in CcP and was therefore replaced with
a less bulky residue; (ii) the N184R variant introduces
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FIGURE 2: Structures of the CcP variants in the region of the heme. (A) Wild type CcP, (B) N184R, (C) Y36A, (D) WI91F, (E) N184R/
WI9IF, (F) Y36A/W191F, (G) Y36A/N184R and (H) Y36A/N184R/W191F. See also Figure S2 of the Supporting Information for electron

densities. This figure was prepared using PyMol (43).

potential hydrogen bonding interactions for ascorbate bind-
ing; (iii) the W191F mutation was incorporated with the other
mutations to assess whether CcP can support electron transfer
directly through the heme edge, bypassing Trp191 (as in
APX). Mutations that included a Lys in CcP were not
included as part of this mutational analysis, because Lys 30,
Figure 1, has been shown (32) to have little effect on
ascorbate binding in APX.

Crystallographic Studies. We obtained structures for all
of the variants presented in this paper, Table 2. The structures
in the region of the heme are shown in Figure 2. In all cases,
the structures were as expected and did not show major
perturbations compared to the wild type protein (see also
Figure S2 of the Supporting Information for electron densi-
ties).

Figure 3 shows the structure of the triple Y36A/N184R/
W191F mutant close to the expected ascorbate binding site.
The new variant, Figure 3(A), contains a cavity which was
previously occupied by the side chain of Tyr36 and a single
water molecule, Figure 3(C). Examination of the electron
density in the new cavity, Figure 3(A), reveals two well-
ordered water molecules which form hydrogen bonds to the
engineered Argl84 residue and the heme 6-propionate. The
first water molecule (labeled 1 in Figure 3(A)), is 2.70 A
from the O1 of the heme 6-propionate and 2.82 A from the
1-NH group of Arg 184; the second is 2.82 A from the 2-NH
of Arg 184. Comparison of this structure with that of APX
in the absence of ascorbate, Figure 3(B), shows that these
water molecules in the triple CcP mutant are in analogous
positions to two (also labeled 1 and 2 in Figure 3(B)) of the
five water molecules seen in the ascorbate binding site of
APX.

Crystal Structure of the Y36A/N184R/W191F—Ascorbate
Complex. The structure of the Y36A/N184R/W191F triple
mutant in complex with ascorbate is shown in Figure 3(D).?
Comparison with the ascorbate-free structure shows that
binding of ascorbate leads to no major structural rearrange-
ments of the enzyme (data not shown). Ascorbate binds at
the new cavity created at the y-heme edge in place of the
two water molecules seen in the unbound structure and in
an analogous position to that observed for ascorbate bound
to APX, Figure 3(A) (/0). The refined atomic positions,
Figure 3(D), show hydrogen bonds between the 2-OH (pK,
4.0 (31)) of the substrate and the heme 6-propionate (2.6 A)
and from the 3-OH (pK, 11.3 (31)) of the substrate and the
1-NH of Argl84 (2.4 A). There are no clear hydrogen
bonding interactions for the 6-OH group which is hydrogen
bonded to Lys30 in APX; however, this interaction has been
shown to have a minor role in stabilization of the substrate
bound complex in APX (32). There is no evidence of
ascorbate binding to any other site in the protein. By
comparing the structure of the Y36A/N184R/
W191F—ascorbate complex with that of the APX—ascorbate
complex, Figure 3(E), it is clear that the ascorbate is
orientated slightly differently in the two cases and that this
affects the hydrogen bonding patterns. In the APX—ascorbate
complex, Figure 3(E), the 2-OH group of the substrate makes
two hydrogen bonds to the heme 6-propionate and Argl72;
on the other hand, in the Y36A/N184R/W191F—ascorbate

2We have assigned the electron density as ascorbate since the
enzyme has not been oxidized and therefore we assume that the
substrate is not oxidized either. Note, however, that we are unable to
distinguish between ascorbate and either of its oxidized products
(monodehydroascorbate radical or dehydroascorbate).
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FIGURE 3: Comparison of the structures of the CcP variants with those of the APX—ascorbate complex. (A) The structure of Y36A/N184R/
WI191F. The F191 residue in the Y36A/N184R/W191F variant lies directly underneath the heme and is not shown in this orientation. In
comparison to wild type CcP (C) two well ordered water molecules (labeled 1 and 2) occupy the new cavity created in similar positions
to two of the water molecules (also labeled 1 and 2) seen in the ascorbate binding cavity of APX. (B), (C) The structures of wild type APX
and CcP, respectively. (D) Refined electron density (aquamarine) for ascorbate (magenta) bound to the new cavity in Y36A/N184R/W191F
(hydroxyl groups are labeled 2, 3 and 6). (E) The structure of the APX—ascorbate complex (/0) (hydroxyl groups are as for (D)). (F)
Comparison of the binding orientation for ascorbate in the APX—ascorbate complex (cyan) and Y36A/N184R/W191F (magenta). CcP
residues are labeled with those for APX in parentheses and the hydroxyl groups of ascorbate are also labeled as in (E) and (F). In all
figures, hydrogen bonds are indicated as red dotted lines and water molecules are shown as red spheres. This figure was prepared using

PyMol (43).

complex, Figure 3(D), the altered binding orientation pre-
vents the equivalent hydrogen bonding interaction between
the 2-OH of the substrate and the 1-NH of Argl184. Equally,
the 3-OH group of the substrate interacts with the 2-NH of
Argl72 in APX, Figure 3(D), whereas this hydroxyl group
interacts instead with the 1-NH group of Argl84 in the
Y36A/N184R/W191F-ascorbate structure. A direct overlay
of the APX-ascorbate complex and the Y36A/NI184R/
WI191F-ascorbate complex is given in Figure 3(F).

Nature of the Reactive Intermediates. It was important to
assess the nature of the intermediates formed during reaction
of CcP and its variants with H,O,, so that the steady state
data (vide infra) might be sensibly reconciled with the
structural information. Reactions with H,O, were examined
by rapid scanning stopped-flow over a 500 ms time scale.
For the wild type protein, addition of a stoichiometric amount
of H,O, leads to a red shift of the Soret band (from 410 to
421 nm) and the formation of two new bands at 533 and
562 nm, Figure 4(A), consistent with formation (k; = 1 x
10” M~ 's™!) of the expected Compound I species with a
protein radical on Trp191.

The corresponding time-dependent spectroscopic changes
for N184R and Y36A, under the same conditions, were
similar to the wild type protein, Figures 4(B), (C) and we
propose that formation (k; = 1 x 107 M~!s™!in both cases)
of a normal Compound I with a radical on Trp191 occurs in
these cases.

There are four variants which included the WI191F
mutation, and we wanted to assess whether a porphyrin
m-cation radical was formed in these cases. For W191F and
NI184R/WI191F this proved to be the case, because spectro-

scopic changes on reaction with H,O, showed evidence for
formation (k; = 1.2 x 10° and 1.6 x 10° M7! s71,
respectively) of an initial intermediate (A, = 412, 543 and
656 nm in both cases), Figures 4(D), (E), which is consistent
with a transient porphyrin s-cation radical, as observed
previously for W191F (33). This intermediate is very unstable
and decays over 500 ms in a first-order process (k, ~ 20 s}
in both cases) to a final product (A, = 423, 535 and 565
nm) which is very similar to that of the wild type and is
consistent with an oxy-ferryl species and a protein radical
(34); since Trp191 is not available, the radical must reside
on another residue, previously proposed as a tyrosine (35).
For the Y36A/W191F variant, no significant spectroscopic
changes on reaction with stoichiometric or higher amounts
of H,0,, Figure 4(G), were seen. The Y36A/N184R variant,
Figure 4(F), shows similar behavior, and this has been
observed previously in other variants of CcP (36, 37).> As
mentioned above, it is likely that nonspecific reactions,
perhaps involving protein radical formation, occur in these
cases, but this was not explored further.

In contrast to W191F and N184R/W191F, the Y36A/
NI184R/WI191F variant shows no evidence for a porphyrin
m-cation radical. In this case, reaction with peroxide is
observed as for the wild type (k; = 107 M~! s71). Since a
porphyrin sr-cation radical is clearly observed for Compound
I species of the other variants containing the W191F mutation
(WI191F and N184R/W191F, above), we conclude that the
formation of this species likely also occurs for Y36A/N184R/

3 This variant also has a higher proportion of 6-coordinate heme in
the ferric form, which may moderate reactivity.
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FIGURE 4: Photodiode array spectra for reaction of the CcP variants with H,O,. (A) Wild type CcP, (B) N184R, (C) Y36A, (D) W191F, (E)
N184R/W191F, (F) Y36A/N184R, (G) Y36A/WI191F and (H) Y36A/N184R/W191F. In each case the solid line indicates the spectrum
before addition of H,O, and the dashed line is after addition. Time-dependent changes were fitted either to an A — B model (panels (A),
(B), (C), (F) and (H)) or an A — B — C model (panels (D), (E)); where intermediates were observed (panels (D), (E)), these are indicated
by a dotted line. Enzyme was reacted stoichiometrically with H,O,, except for Y36A/W191F, panel (G), which was reacted with a 10-fold
excess of H,O,.
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Table 3: Kinetic Parameters for the Oxidation of Guaiacol Ascorbate and Cytochrome ¢

guaiacol ascorbate cytochrome ¢
variant Kear (s Ky (mM) kear (s Ky (mM) kear (5 Ky (uM)
wild type CcP 41+03 53+6.0 0.83 £0.14 0.71 £0.22 1510 £+ 259 93 £ 31
NI184R 3.0£0.1 27+ 1.6 1.5£0.10 1.7 £0.21 570 £ 40 140 £ 18
Y36A 54402 36 +£3.1 1.3 £0.08 1.7 £0.19 580 +£ 35 230 £ 28
WI91F 14 £0.6 57+4.6 0.25 £0.01 0.45 £ 0.004 1.7 +£0.13 100 £ 16
NI184R/W191F 49+02 34+22 0.27 £0.01 0.31 £ 0.004 0.08 £ 0.01 670 £ 110
Y36A/WI91F 32402 45£25 0.45 £ 0.06 0.50 £0.13 0.06 £ 0.01 160 £ 17
Y36A/N184R 0.9 +£0.01 16 £0.7 0.66 £ 0.03 0.48 + 0.06 600 £ 27 110 £ 10
Y36A/N184R/W191F 1.5+0.1 14+12 2.6 £0.35 1.3+0.22 1.6 £0.13 300 £+ 27
“ All assays were carried out in 0.1 M KPi buffer at pH 6.0 and 25 °C.
WI91F but that the introduction of the Y36A mutation o
destabilizes the porphyrin ;r-cation radical such that it decays 18 et
on a time scale that is too rapid for the stopped-flow 14 . P
experiment. This is consistent with the data for Y36A/W191F » 12 e
(above), which also show no evidence for a porphyrin my ;': ! -~
m-cation intermediate. 5 o B
Steady-State Oxidation of Substrates. The competency of 04}
the variants to support oxidation of various substrates was 0.2f/
i 0.0" : . . . : !
assessed in parallel steady state assays. Table 3 shows data 0 200 400 €00 800 1000 1200

for oxidation of guaiacol, ascorbate and cytochrome c. We
use this information to make correlations with the pre-steady
data above.

[Ascorbate] (uM)

FIGURE 5: Steady-state oxidation of L-ascorbate by CcP. Wild type
CcP (solid line) and Y36A/N184R/W191F (dashed line) (0.1 M

As expected (5, 33), the WI191F mutation dramatically
reduced the activity toward cytochrome c, but in the other
variants which did not contain the W191F mutation the

activity toward cytochrome ¢ was largely unaffected, Table
3.

Guaiacol oxidation was not significantly affected by any
of the mutations, including W191F, which is consistent with
the idea that aromatic substrates such as guaiacol bind at a
separate location close to the d-heme edge (/, 38) and is
clearly indicative of a different electron transfer pathway for
the oxidation of these types of aromatic substrate.

potassium phosphate, pH 6.0, 25 °C). The solid lines are a fit to
the Michaelis—Menten equation.

Ascorbate oxidation is measurable but slow for wild type
CcP, with clear changes in absorbance at 290 nm which
report directly on ascorbate oxidation (as in APX (26)). We
determine k., = 0.83 4= 0.14 s~! for the wild type enzyme,
Figure 5, which compares with a previous value of 3 s™!
(39). We also clearly observe oxidation of ascorbate for all
the variants, Table 3 and Figure 5. On the whole, however,
the rates of oxidation are not markedly increased from those
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FIGURE 6: Oxidation of ascorbate by the transient porphyrin szz-cation intermediate. (A) Deconvoluted spectra for the reaction of the porphyrin
m-cation intermediate in W191F with ascorbate. The solid line indicates the porphyrin s-cation intermediate formed after mixing enzyme
with H,O,; the dashed line is the final species after addition of ascorbate to the first intermediate. Similar spectra were observed for W191F/
N184R (not shown). (B) Dependence of the observed rate constant, ks, for reduction of the porphyrin sr-cation intermediate on ascorbate
concentration for W191F (filled circles) and N184R/W191F (open squares). Conditions: [enzyme] = 4 uM, [H,O,] = 6 uM (both cell
concentrations), 0.1 M potassium phosphate, pH 6.0; delay time of 20 ms before reaction with ascorbate contained in the same buffer.

of wild type CcP, with the highest value of k., observed for
the Y36A/N184R/WI19I1F variant (key = 2.6 &+ 0.35 s7,
Figure 5).

Together, these kinetic data allow us to make useful
comparisons between APX and CcP. Hence, although
WI191F and N184R/W191F (and, we assume, Y36A/N184R/
W191F) clearly forms a porphyrin s-cation radical as for
APX (above), the formation of this intermediate does not
translate into high ascorbate activity in the steady state. We
conclude that in the CcP variants the decay of the essential
porphyrin s-cation species is much too rapid (k; ~ 20 s™!
compared to ~ 0.03 s~! for APX) to support oxidation of
the substrate (k. ~ 1 s~' compared to ~ 80 s! for APX)
in the steady state.

Reactivity of the Porphyrin m-Cation Intermediate with
Ascorbate. The above data raise the question about the
inherent reactivity of the porphyrin sr-cation intermediate,
and whether it may, in fact, be competent for ascorbate
oxidation under different conditions where its rapid decay
was not competitive with substrate oxidation (i.e., in the pre-
steady state).

To assess this, we carried out double mixing experiments
with WI91F, Figure 6, and N184R/W191F (data not shown)
in the presence of H,O, and ascorbate. Initial formation of
the transient porphyrin s-cation intermediate was observed
(as above) on reaction of both ferric enzymes with H,0,.
On addition of ascorbate in a second mixing event, we then
observe that conversion to the final product (i.e., B — C)
occurred much more rapidly than in the absence of ascorbate,
Figure 6.* There is a linear dependence of the observed rate
constants on ascorbate concentration (data not shown), from

*In contrast, in experiments with Y36A/N184R/W191F and wild
type protein, neither of which forms a porphyrin 7z-cation radical, there
were no changes to the transients in the presence of ascorbate (compared
to those in the absence of ascorbate, Figure 4).

5The corresponding reaction of CcP with ascorbate was also
examined in control reactions. (This does not provide a direct
comparison, however, because the structure of the Compound I
intermediate for the wild type protein (Trp radical) is different from
that in W191F and N184R/W191F.) In this experiment, stoichiometric
addition of H,0; led to formation of the expected Compound I, but on
addition of ascorbate very small changes in spectra were observed over
1 s that most likely represent reduction to Compound II (i.e., reduction
of the protein radical occurs). Over longer time scales (60 s), reduction
back to ferric heme is observed, which is consistent with the steady
state data.

which a second order rate constant ko, ~ 1.0 x 10° M~ 57!

can be derived in both cases; this linear dependence also
shows an intercept, k¢ ~ 34 s~!, which most likely reflects
decay of the intermediate (with k. approximately the same
as that measured above (=20 s™')).> A direct comparison
with wild type CcP is not possible, see footnote 6, but it is
possible to compare the second order rate constant measured
above with that for reduction of Compound I by ascorbate
in horseradish peroxidase (HRP). For HRP, a rate constant
of 1.8 x 10° M ! s is reported (44), which compares well
with our value above.

These data highlight two important points. First, they show
that in cases where a porphyrin sr-cation intermediate forms
it is indeed capable of ascorbate oxidation, but that its decay
under steady state conditions occurs much too rapidly for
efficient turnover. This presumably means that the porphyrin
m-cation intermediate is competent for electron transfer, in
the sense that it can be reduced by substrate in a step that
requires only electron transfer (and not proton transfer, see
below). Second, since the on rate constants in the presteady
state experiments (kop s & 40—120 s™1) are much faster than
our measured values for k., in the steady state, substrate
binding is not likely to be limiting in the steady state, and
we conclude that some other process (e.g., proton transfer
during reduction of Compound II) controls turnover. This
would explain why the k., values are broadly similar in all
variants.®

Implications for Substrate Binding in Other Heme En-
zymes. Our appreciation of the substrate binding specificities
across a range of heme proteins has changed as we have
learned that different heme enzymes can bind and oxidize
different substrates at different sites. Although CcP has an
anomalous substrate, we have recently shown (38) that CcP
binds the aromatic substrate isoniazid at the 6-heme edge.
In this sense, CcP is behaving more conventionally insofar

6 We cannot rule out a further possibility that the ascorbate site seen
in our structure is not the site of oxidation, and that a second ascorbate
site exists. We consider this unlikely because our other structural work
on both APX and CcP (in the presence of high concentrations of
ascorbate) has never revealed a second binding site. We note, however,
that in lignin peroxidase two binding sites for substrate have been
proposed (Choinowski, T., Blodig, W., and Winterhalter, K. (1999) J.
Mol. Biol. 286, 809—827; Blodig, W., Smith, A. T., Doyle, W., Piontek,
K. (2001) J. Mol. Biol. 305, 851—861).
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as it is binding a substrate and oxidizing it at the J-heme
edge as observed for other peroxidase enzymes. This must
mean that a separate conduit for electron transfer, indepen-
dent of that used for oxidation of cytochrome ¢, must be
available, and our steady state data for oxidation of guaiacol
support this.

But it is now clear that the d-heme edge does not have a
monopoly on substrate oxidation, and that the y-heme edge
is also important. There are three examples: the manganese
peroxidase/Mn(II) complex (9), the nitric oxide synthase/
tetrahydrobiopterin complex (/2) and the APX/ascorbate
complex (/0). In all three cases, the heme propionate is
involved in a hydrogen-bonding interaction with the bound
substrate (although it is not the same propionate in all cases)
and the role of these propionate groups as direct participants
in the catalytic process has recently attracted attention (40—42).
The data presented here now show that this same binding
interaction can also be engineered in CcP. Hence, we have
shown that relatively minor alterations in structure at Tyr36
and Asn184 are enough to allow ascorbate to bind to CcP at
the y-heme edge in the same site and with essentially the
same hydrogen bonding pattern as that observed for APX.
Although we only have a structure for the triple variant, we
suggest that binding, albeit weakly, most likely occurs at
this same site in the other variants and possibly even in the
wild type protein.

Our data also show that CcP is functionally competent
for oxidation of the ascorbate in the engineered variants, but
there is little real enhancement of activity over the latent
activity of the wild type enzyme in this or any of the other
variants studied in the steady state. In this sense, the steady
state turnover certainly does not approach that observed in
APX (kg =~ 80 s™') even in the Y36A/N184R/W191F
variant. The pre-steady state data for W191F and N184R/
W191F demonstrate an intrinsic competency of the porphyrin
st-cation radical in Compound I for ascorbate oxidation, as
a simple electron transfer process. This is not, however,
enough to support steady state turnover because the decay
of the transient porphyrin sr-cation radical outruns ascorbate
oxidation. This is in contrast to the situation in APX, where
decay of Compound I is much slower and not competi-
tive with steady state turnover. In fact, even if the decay of
the porphyrin sr-cation intermediate were not so rapid, it is
likely that proton transfer during reduction of Compound II
by ascorbate would be rate limiting during turnover (as is
the case for APX) so that the straightforward introduction
of a substrate binding site would need also to be coupled to
proton delivery.

It appears, therefore, that the combination of efficient
substrate binding, together with the formation of a suitably
stable porphyrin s7-cation radical, seems to be the key to rapid
substrate oxidation at the y-heme edge (and, indeed, the
0-heme edge) and that hydrogen bonding plays a crucial role.
The wider role of the heme propionates should also not be
underestimated: it may well be the case that, in addition to
providing glue for substrate binding, these charged groups
have other, as yet unidentified, biological roles.
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NOTE ADDED DURING REVIEW

While this paper was under review, another paper appeared
(Meharenna et al. (2008) Biochemistry 47, 10324—10332),
based on the APX-ascorbate structure (/0), in which CcP
was also engineered to encourage ascorbate binding. In this
paper, the LREDDEYDNYIGY loop, Figure 1, was replaced
with the corresponding APX sequence (IAEKKC) and
coupled with the N184R and WI191F mutations. Crystal
structures are presented but none have ascorbate bound to
the enzyme. Molecular dynamics calculations indicate that
Asn80 allows movement of the ascorbate and thus prevents
ascorbate binding. These calculations are not consistent with
our crystallographic data for the ascorbate-bound complex
of Y36A/N184R/W191F, Figure 3(D), since the same Asn
(Asn87) is present and cannot, therefore, prevent binding of
ascorbate. In addition, the Meharenna et al. paper reports an
enhancement of ascorbate activity (ke = 12 min~") for the
best mutant, but this is based on a complete absence of
ascorbate activity for wild type CcP, whereas we and others

(157!, Table 1, and ~3 s~! (39), respectively) observe clear

activity for wild type CcP at greater than 12 min .

SUPPORTING INFORMATION AVAILABLE

Electronic spectra and structures for the variants, plus
electron density for the ascorbate site. This material is
available free of charge via the Internet at http://pubs.acs.org.
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