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ABSTRACT

HYDROPEROXIDE SUBSTRATE SPECIFICITY, CYCLOOXYGENASE

ACTIVATION AND PARTNERINC BETWEEN THE TWO MONOMERS

OF PROSTACLANDIN ENDOPEROXIDE H SYNTHASE

By

Jiayan Liu

The cyclooxygenase (COX) activity of prostaglandin endOperoxide H synthases

(PGHSS) converts arachidonic acid and 02 to prostaglandin G2 (PGG2). PGHS

peroxidase (POX) activity reduces PGG2 to PGHQ. The first step in POX cataly-

sis is the formation of an oxyferryl heme radical cation (Compound I). Compound

I undergoes intramolecular electron transfer forming Intermediate II with an oxy-

ferryl heme and a Tyr385 radical required for COX catalysis. The PGHS POX is

unusual in preferring hydrOphobic primary and secondary peroxides but the basis for

this specificity is unresolved. The distal surface of the PGHS POX site is Open to

solvent, except for large hydrOphobic amino acids that form a “dome” over part of

the heme. This suggested that dome residues facilitate the binding of alkyl hydroper-

oxides. However, substitutions Of dome residues with alanine had no significant effect

on Compound I formation from 15—hydroperoxy-eicosatetraenoic acid (15-HPETE)

or hydrogen peroxide (H202). Moreover, ab initio calculations Of heterolytic bond

dissociation predicted that the stabilities of the peroxy groups of 15-HPETE and

H202 are the same. Molecular Dynamics simulations suggest that PGG2 binds the

P0X site through a peroxy-iron bond, a hydrogen bond with His207 and van der



Waals interactions involving methylene groups adjoining the carbon bearing the per-

oxyl group and the protoporphyrin IX. We speculate that these latter interactions,

which are not possible with H202, are major contributors to PGHS POX specificity.

The distal Gln203 four residues away from HisZO7 has been thought to be es-

sential for stabilizing the transition state in Compound I formation. However, Q203V

PGHS mutant catalyzed rapid heterolytic cleavage Of 15-HPETE and exhibited native

COX activity; whereas, Q203V PGHS showed no spectral intermediate with H202.

Thus, we hypothesize that Gln203 is not essential for alkyl hydroperoxide catalysis

by PGHS, but may be critical for H202.

PGHSS are homodimers with each monomer having a POX site and COX site.

NO cross—talk between the FOX and COX sites of partner monomers was Observed

in a heterodimer comprising a Q203R monomer having an inactive POX site and a

G533A monomer with an inactive COX site.
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INTRODUCTION

Insights into the mechanisms of inflammation, pain and fever have shed light on

our current understanding of lipid biology. Prostaglandin endoperoxide H synthase

(PGHS) has emerged as playing a critical role [1, 2]. PGHS generates prostaglandin

H2 (PGH2), from which is derived a group of oxygenated, lipid signaling molecules

called prostanoids. These local hormones that include prostaglandins, thromboxanes

and prostacyclin, regulate a broad range of physiological functions, as well as being

involved in pathophysiologies. There are two PGHS isoforms referred to as PGHS-1

and PGHS-2, both of which are important pharmaceutical targets of non-steroidal

anti-inflammatory drugs (NSAIDS). Recent studies indicate that PGs play roles in

cardiovascular diseases, brain disorders and tumor formation [3, 4].

Both PGHSS are integral membrane proteins that are embedded in the luminal

Side of the endoplasmic reticulum (ER) and nuclear envelope (NE) [5, 6, 7, 8, 9]. The

expression and degradation of PGHS—2 is controlled differently from PGHS-1 [10, 11].

PGHS-1 is expressed constitutively in nearly all mammalian cells, and is responsible

for basal prostanoid synthesis and considered to be a housekeeping gene, except in a

few cases (e. g. brain and kidney), PGHS-2 is inducible and is important in replication

and differentiation [12].

The formation of PGH2 involves two different enzymatic functions of PGHS: (a)

conversion of arachidonic acid (AA) to prostaglandin G2 (PGGg) by a cyclooxygenase
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(COX) activity and (b) reduction Of PGGZ to PGH2 by a peroxidase (POX) activity

[13, 14, 15]. Both the COX and POX activities depend on a heme prosthetic group

in the POX site. PG formation via PGHS-1 or PGHS-2 pathways is differentially

modulated perhaps because of their different sensitivities to cellular hydroperoxide

levels [16]. Subcellular compartments are enriched in enzyme or reactive oxygen

species (ROS) derived hydroperoxides [17, 18]. Investigations of the regulation of

PGHS activity by hydroperoxides is of both theoretical and practical interests. I have

used mutagenic and kinetic approaches to gather information on the hydroperoxide

requirements for PGHS functions.

My dissertation research has focused on determining the structural basis for

the unique hydroperoxide substrate specificity of PGHS-l and the influence of dif-

ferent hydroperoxide initiators on COX activation. I have characterized the role of

hydrophobic residues on the distal surface of the POX heme group in alkyl hydroper-

oxide catalysis. In addition, I have evaluated the importance of distal glutamine 203

in PGHS POX catalysis; the results are important in understanding how mammalian

POXs function. Finally, my work has explored the putative relationship between the

POX and COX sites on the two monomers comprising a PGHS homodimer.



Chapter 1

Literature Review

1.1 Biology and Enzymology of Prostaglandin En-

doperoxide H Synthase (PGHS)

1.1.1 Biological Roles of PGHS

The introduction of aspirin or acetylsalicylic acid in the late nineteenth century

was a landmark in the modern pharmaceutical industry. Aspirin, along with other

non-steroidal anti-inflammatory drugs (NSAIDS), has analgesic, antipyretic and anti-

inflammatory functions. Recently it was also found to be anti-thrombogenic. All of

these functions are related to the inhibition of protein targets called prostaglandin

endoperoxide H synthases (PGHSS, also well known as cyclooxygenases or COXs)

[19].

PGHSS catalyze the committed step in the formation of an important class of

lipid mediators called prostanoids [1]. Prostanoids, including prostaglandins, throm-



boxanes and prostacyclins originated from (53- or w6-C20 and C22 polyunsaturated

fatty acids which are mobilized from the sn-2 position of glycerophospholipids by cy—

tosolic phospholipase A2 (cPLAg) and secretory PLAZ (SPLAg). Different prostanoids

are formed in a cell—type specific fashion, and their release from cells is transporter

dependent [2]. They are autocrine and paracrine hormones involved in inflamma-

tory and anaphylactic reactions (prostaglandins), vasoconstriction (thromboxanes)

and the resolution phase Of inflammation (prostacyclins).

There are two PGHS isoforms, PGHS-1 and PGHS-2, both of which are of con-

siderable interest for their physiological and pathological roles. PGHS-1 and PGHS-2

act coordinately in homeostasis, inflammation, gastric ulceration and carcinogenesis

[12]. They also play unique roles in distinct physiological pathways and disease de-

velopment. PGHS-1 is responsible for platelet aggregation and parturition. PGHS-2

is mainly involved in reproduction, inflammation, pain, fever, various cancers and

Alzheimer’s disease.

Immunocytochemical approaches have revealed that PGHS-1 and PGHS-2 are

both located on the luminal side of endoplasmic reticulum (ER) and nuclear envelope

(NE) in murine NIH 3T3 cells, human monocytes and human umbilical vein endothe-

lial cells [5, 6, 7, 8, 9]. A similar distribution of PGHS-1 and PGHS-2 is also shown

in subcellular fractions. The expression and degradation of the two isoforms are dif-

ferentially regulated [10, 11]. PGHS-1 exists constitutively in most cells. Like many

housekeeping genes, the PGHS-1 gene does not contain a TATA box in the promoter

region[20]. It is induced early in development and PGHS-1 mRNA is stable. PGHS-1

protein levels are relatively constant level in cells in which the enzyme is expressed.
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Upregulation of PGHS—1 is required in reproduction and immune cell differentiation

[21, 22, 23]. PGHS-2 is expressed in a rapid and transient manner. The primary se-

quences of PGHS-1 and PGHS—2 are 60% identical. A unique 19-amino acid cassette

near to the C terminus Of PGHS-2 appears to be one of the most significant differ-

ences determining the different protein stabilities of the two isoforms in cells [24]. This

polypeptide was identified to be critical in mediating ER—associated degradation of

PGHS-2. Constitutively expressed PGHS-2 is essential for normal functions of brain

and kidney as suggested by immunostaining and studies with PGHS-2 knockout mice,

respectively [25, 26].

1.1.2 Reaction Mechanism of PGHS

Most of our current understanding of the catalytic mechanism comes from extensive

studies on PGHS—1, the isoform first isolated in the mid-19705 from bovine and ovine

vesicular glands [13, 14, 15]. PGHS-2 was discovered in the early 1990’s. Both iso-

forms are bi-functional, heme-containing proteins, catalyzing the same transformation

of AA to PGH2 via two enzymatic reactions (Fig. 1.1). A COX activity converts

one molecule of arachidonic acid and two molecules of oxygen to a hydroperoxide

intermediate PGGQ, and the POX activity reduces the hydroperoxyl group of PGG2

to PGHZ which is the precursor of downstream prostanoids.

The POX can Operate in vitro independent of the COX. In contrast, the COX of

PGHS is driven by a protein-based radical formed during the reaction of hydroperox-

ide with the heme in the PGHS POX site [27]. This protein radical is located on a ty-
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Figure 1.1: Pathway of prostanoid biosynthesis. PGHS catalyzes the committed

step of prostanoid formation from arachidonic acid, involving the COX and POX

reactions. This diagram is adapted from [1].



rosine. Ruf and coworkers detected an intermediate with a low spin ferryl state (S=1)

after mixing PGHS-1 with PGG2 or AA [28]. It was later recognized as tyrosine 385

radical in a species called Intermediate II [29, 28]. Intermediate II is spectroscopically

similar to Compound 11 of horseradish peroxidase (HRP) [30, 31, 32, 33]. Derivation

of Intermediate II of PGHS results in a spectroscopic analog of Intermediate ES of

cytochrome c peroxidase (CcP) [34, 35].

PGHS catalysis involves a branched chain mechanism linking the POX and COX

activities (Fig. 1.2). The overall reaction is initiated by the reduction of hydroperox-

ide in the PGHS POX active site. The peroxidase containing a ferric protOporphyrin

IX (Fe3+—PPIX or heme b) co-factor reduces a hydroperoxide to an alcohol. An

oxyferryl intermediate, Fe4+=O coupled with a porphyrin radical 7r-cation (Fe4+=O

PPIX'+), is referred to as Compound I. Compound I is two oxidative equivalents

above the resting enzyme. Compound I can either be reduced by endogenous or ex-

ogenous reductants to an oxyferryl heme form containing Compound II, or it can un-

dergo intramolecular reduction, involving transfer of an electron from Tyr385, forming

a Compound II-like spectral intermediate and a tyrosyl radical. This latter complex

is designated as Intermediate II. When AA is present in the COX site, the tyrosyl

radical removes a hydrogen atom from C13 of AA, triggering a di-oxygenation reac-

tion [36]. Intermediate II is regenerated within the COX site when PGG2 is produced

and released from the COX site.

The 0-0 bond of hydroperoxides can undergo either homolytic or heterolytic

cleavage as depicted in Equations 1.1 and 1.2.
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Figure 1.2: Proposed reaction mechanism of PGHS. Resting enzyme containing

Fe +—PPIX reduces a hydroperoxides (ROOH) to the corresponding alcohol (ROH)

and generates an oxo-ferryl heme radical intermediate (Compound I). An electron is

transferred from Tyr385, producing a protein radical that initiates the COX reaction.

Alternatively, in the presence of endogenous or exogenous reducing co-substrate the

heme radical can be reduced to Compound II and then to resting enzyme. The COX

and POX activities also undergo suicide inactivations as shown in the figure. Adapted

from Ref. [37].



ROOH + Fe3+—PPIX ——» R = o + O = Fe4+—PPIx (1.1)

ROOH + Fe3+—PPIX ——» ROH + O = Fe4+—PPIx°+ (1.2)

The type of cleavage is sensitive to the heme environment [38]. Free Fe3+—

PPIX only catalyzes homolytic cleavage and at low rates. Addition of a fifth heme

ligand in peroxidases dramatically increases peroxidase turnover and the proportion

of heterolysis rises depending on the different distal ligands. A histidine on the distal

side of PGHS is essential for the reduction of hydroperoxides. The proximal and distal

histidines along with heme iron is thought to carry out 0-0 cleavage in a “push and

pull” manner (Fig. 1.3) [39]. The proximal histidine is usually involved in a hydrogen

bond network involving polar residues or water molecules. These interactions make

the axial nitrogen of the histidine “push” electrons toward the heme. On the other

hand, the distal histidine functions as a general base, deprotonating the a-oxygen of

the incoming hydroperoxide substrate. And then it switches hydrogen bond to the

fi-Oxygen, forming a strong electrophilic center (pull). The 0-0 bond collapses with

the pair of electrons transferred to the B-Oxygen atom. The corresponding alcohol

is produced as the leaving group obtains a proton from the distal histidine. 15-

hydroperoxyeicosatetraenoic acid (15-HPETE) can undergo heterolytic or homolytic

cleavage by PGHS POX activity leading to an alcohol (15-hydroxyeicosatetraenoic,

15-HETE) or a ketone (15—ketoeicosatetraenoic acid, 15-KETE), respectively [40].

In an investigation of the POX activity using 50 ,uM 15-HPETE, PGHS-1 catalyzes



95% heterolytic cleavage of the O—O bond, while heterolysis only accounts for 60% of

hydroperoxide reduction by PGHS-2 [40]. These differences reflect structural diversity

between the POX active sites Of the two isozymes.

Similar to many heme and radical involving enzymes, both the PGHS POX and

COX activities undergo suicide inactivation by processes that are not fully under-

stood. PGHS activities are measured by monitoring 02 consumption in COX assays

and oxidized product formation in POX assays. Neither of the reactions presents a

steady state even with sufficient substrate provided [37]. Indeed, the rate of substrate

consumption decreases immediately after a maximum value is reached, following a

first-order process [41].

The loss of the POX activity on a millisecond time scale is detectable colorimet-

rically using guaiacol (2-methoxyphenol) as a chromophore in sequential stopped-flow

measurements [41]. POX inactivation is induced by different hydroperoxides used at

various concentrations for a fixed time, and the amount of POX activities remaining

is quantified with a hydroperoxide-reductant mixture. The inactivation rate constant

is about 0.4 s“1 regardless Of the substrate structure and concentration, suggesting

a unimolecular process. Rapid mixing and scanning approaches identified a spectro-

scopic species having a shorter UV absorption and followed by a decay of the whole

spectrum. This species, designated Intermediate III, is believed to be the inactive

intermediate and to contain a ferrous heme. Electron paramagnetic resonance (EPR)

experiments show that a tyrosyl radical other than Tyr385 is generated during suicide

inactivation [42]. It is believed that Intermediate III is derived from Intermediate II

through an intramolecular transformation pathway, because if it is from Compound

10
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Figure 1.3: “Push and pull” mechanism for PGHS POX catalysis. Adapted

from [39]. The block arrows indicate electron flow facilitated by axial histidine ligands.
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I, inactivation should be substrate independent; however, this conclusion is based

on experiments with saturating substrates. An alternative interpretation is that sat-

urating hydroperoxide induces formation of enough of the PGHS Intermediate III

precursor(s) [37], either Compound I or Intermediate II or something else, and that

the process is pseudo-first order and not necessarily unimolecular. It seems more

likely that inactive Intermediate 111 originates from Compound I. A Y385F mutant

PGHS undergoes similar POX inactivation as the native enzyme, supporting that

POX inactivation need not proceed via Intermediate II.

Unlike peroxide-induced suicide inactivation of myoglobin which involves cross—

linking between heme and protein, the heme group of the inactivation form of PGHS

is not covalently linked to the protein [41]. Substrate-induced suicide inactivation of

PGHS catalysis may involve radical cross-linking within the protein, and may trigger

an ER chaperone—assisted unfolding and degradation process [24]. Substrate induced

protein degradation and related mechanistic components have not been well studied.

Addition of POX reducing substrates can retard both POX and COX inactivation.

1.2 PGHS Structures

1.2.1 Crystal Structures of PGHS-1 and PGHS-2

Since the first PGHS crystal structure was determined over 10 years ago, we have

gained more understanding of how PGHSS and NSAIDS function. PGHS is a homod-

imer with a subunit molecular weight Of 70, 72 or 74 kDa depending on the different
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glycosylation levels of PGHS-1 or PGHS-2 (Fig. 1.4A). PGHS monomers have three

structural domains (Fig. 1.4B) [43, 44]. The N-terminus starts with an epidermal

growth factor (EGF)-like domain, thought to be important for the dimerization. The

four disulfide bonds of PGHS are all associated with the EGF-like domain, three

within the domain, and another linked to the main body of the monomer. Following

the EGF-like domain is a four-helix membrane binding domain (MBD). C-terminal

to the MBD is a large catalytic domain in which are located the COX and POX ac-

tive sites. Crystallographic analysis reveals that although the two sites neighbor each

other, they are on opposite sides of the heme. There is no physical channel between

the COX and POX sites in any of the crystal structures of PGHSS. Presumably, AA

is mobilized from the lipid bilayer and moves through a tunnel in the MBD to the

COX site where AA is converted to PGG2. It is believed that PGG2 is then released

from the COX site and diffuses through the aqueous solvent to enter the POX pocket.

Interestingly, metabolic PGG2 channelling from the COX Site to the POX site was

observed in microsomal, but not purified, PGHS—1, suggesting that PGG2 partitions

into the membrane following release from the COX site [45].

PGHS-1 and PGHS-2 are remarkably similar. The primary sequences are 60%

identical. The major differences in the primary structure are observed in the N

terminal signal peptide, the loop above the POX sites and a 19-amino acid cassette

formed exclusively in PGHS-2. These differences are somehow associated with dif-

ferences in substrate utilization and protein stabilities. Differences before the signal

peptides and MBDS of PGHS-1 and PGHS-2 appear not to affect the subcellular

localization Of the isoforms within ER (DeVVitt and Smith, unpublished data). The
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Figure 1.4: PGHS structure. (A) A model of PGHS homodimer associated with the

lipid bilayer. The protein structure is adapted from ovPGHS—l (pdb code, lCQE). A

ferric heme (red) is associated in the POX site and a fiurbiprofen in the COX site (red

molecule close to the gold helixes). (B) PGHS monomer structure (ovPGHS-l; PDB

code, lDIY). Green, EGF domain in the N-terminus; gold, membrane binding domain;

blue, catalytic domain. The heme group is a cobalt porphyrin analog (red), and the

COX site contains arachidonic acid substrate (red). Images in this thesis/dissertation

are presented in color.



POX loop of PGHS-1 is susceptible to trypsin digestion and fiurbiprofen binding to

the COX site protects against trypsin hydrolysis, suggesting an allosteric relationship

between the COX and POX active sites. The third difference, the 19-amino—acid

cassette in PGHS-2 is a signal for PGHS-2 protein degradation in cells. The tertiary

structures of the two isoforms are more than 90% similar. A pharmaceutically impor-

tant structural difference is that PGHS-2 has a valine at position of 523 in the COX

active site instead of an isoleucine in PGHS-1 [46]. This one side chain difference

results in a larger side pocket for substrate access and is the basis for the design and

develOpment of PGHS-2 specific drugs known as COX-2 inhibitors.

1.2.2 The Structure of the POX Active Site

The PGHS POX active site is largely open to the solvent, exposing a large portion

of the heme group including a propionate (Fig. 1.5); in contrast, most peroxidases

have buried active sites [47, 48, 49]. In PGHS, the heme iron is coordinately bound

to His388. This histidine interacts with tyrosine 504 through a water molecule. The

POX reaction occurs on the distal side of the heme. The distal Hi8207 is present in the

center of the POX pocket, about 5 A away from the heme iron. The sixth coordination

position is occupied by a weak field ligand, probably a water molecule. The residues

in the POX site of PGHS-2 are mostly conserved. PGHS-2 has a relatively closed

distal heme dome in that a histidine and a tyrosine take place of Gly214 and Phe409,

respectively, at the edge of the POX site in PGHS-1 (Fig. 1.6). This may be a
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molecular basis for the fact that resveratrol (a phytoalexin found in grapes) is a

peroxidase-dependent inactivator Of PGHS-1 but not PGHS—2 [50].

The heme in PGHS POX enzymes is heme b (i.e. ferric protOporphyrin IX, Fig.

1.7). It is attached to the surrounding protein matrix through a single coordinate bond

between the heme iron and His388 (Fig. 1.5). Heme b-containing proteins possess

three major biological functions: electron transport, oxygen/nitric oxide transport

and catalysis of redox reactions [51]. The differences stem from differences in the ways

in which the heme prosthetic group interacts with the protein active site. Except for

electron transfer hemoproteins, the other two types have one accessible ligand binding

site. Hemoproteins catalyzing redox reactions fall into three families: catalases, heme-

thiolate P4505 and peroxidases; the fifth coordinated groups are tyrosine, cysteine and

histidine, respectively. For the peroxidases, interactions of the fifth ligand with other

protein component(s) or water molecule(s) determine the spin state Of ferric ion in the

heme plane. Mutagenic approaches have demonstrated that a strong, basic proximal

histidine is required in most of the peroxidases [52, 53]. However, in PGHS, the

proximal ligand is a neutral histidine bridging to Tyr504 through a water molecule

[54].

There is a conserved polar residue four amino acids upstream of the distal his-

tidine in all peroxidases (Fig. 1.5). It is an arginine in plant POXs (e.g. HRP and

CcP) or a glutamine [e.g. myeloperoxidases (MPO) and PGHSS]. These residues

are believed to serve as a polarity “enhancer”, that function together with the dis-

tal histidine, to provide a “pull” during heterolysis of the O-O bond stabilizing the

developing charge on the fi-oxygen (Fig. 1.3).
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Figure 1.5: Structure of the POX active site. His388 is the proximal ligand

group. His207 is the distal histidine. Gln203 is the distal glutamine. Val291, Leu294,

Leu295, Leu408 and Phe409 are the residues that form the hydrophobic dome. In

this surface model of the POX site, carbon is shown in gray, nitrogen in blue and

oxygen in red. In the stick-ball model, carbon is yellow, nitrogen is blue and oxygen

is red. This figure shows residues comprising the POX active site pocket (lDIY).
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His214 Tyr409

Figure 1.6: Comparison of the POX active sites of PGHS-1 and PGHS-2.

(A) ovPGHS—l; PDB code is lDIY. (B) muPGHS-2; PDB code is lcVU. Surface

presentations of the POX active sites are open to the solvent. Carbon atoms are

shown in gray; oxygen, red; nitrogen, blue; sulfur, orange. The heme groups are

shown as stick-ball models. Carbon, yellow; oxygen, red; nitrogen, blue; iron, green.



 
HOOC COOH

Figure 1.7: Structure of Heme b. A-D designate the pyrrole rings of Fe3+-PPIX.

1-8 and a-d indicate carbons at the edge of the heme plane.
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An intriguing feature of the distal surface of the PGHS-1 POX active site is

a cluster of hydrophobic residues (Fig. 1.5). It involves Val291, Leu294, Leu295,

Leu408 and Phe409. Except for a valine to leucine substitution at position 295 and a

phenylalanine to tyrosine at 409, these residues are also conserved in PGHS-2. The

side chains of the residues protrude from the “dome” of the distal heme active site,

facing His207 and Gln203.

On the other side of the POX dome, there are two lysines with side chains

forming a small side pocket in the POX active site (Fig. 1.5 and 1.6A). In a PGHS

crystal structure it has been observed that a citrate molecule binds in the POX

site through these lysines (Harman, CH; unpublished results). There are different

possibilities for the role of these polar residues in the POX site. This region may

be important for the interaction with the hydrophilic portion of hydroperoxides or

reducing substrates. Some molecular dynamics simulations, however, have suggested

that the carboxyl groups of hydroperoxy fattyl acid substrates may interact with the

FOX site via salt bridges with these lysines [55].

1.2.3 The Structure of the COX Active Site

The COX active site begins with Arg120 near the C—terminus of the MBD and involves

a narrow hydrophobic channel (Fig. 1.8). Arg120 and Tyr355 at the mouth of the

channel facilitate the association of the carboxyl end of fatty acid substrates and the

moieties of many NSAIDs[56, 57, 58, 59]. Crystallographic analyses clearly Show that

the carbon tail of AA lies toward the distal end of the COX channel [44]. Tyr385 faces
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the pro-S hydrogen at C13 of AA. Other important residues are Gly533 and Tyr348

which are involved in correctly positioning C13 of AA, and Va1349, Trp387 and Leu534

which orient AA so that it is converted to PGG2 and not other oxygenated products

[60].

1.3 The COX Activity is Regulated by the POX

Reaction

1.3.1 Catalytic Mechanism of PGHS COX

The cyclooxygenase reaction is one of the most intriguing events that occur dur-

ing prostanoid biosynthesis (Fig. 1.9) [61]. The COX activity is triggered by a

hydroperoxide-driven oxidation of the heme iron at the POX active site. The tyrosyl

385 radical of Intermediate II removes the pro—S hydrogen from C13 of AA, forming

a carbon-centered radical at C13. The radical can migrate to position 11, where

it reacts with molecular oxygen. The resulting transient 11-peroxy radical quickly

forms an endoperoxide bridge at C9. A rearrangement occurs with formation of a

band between C8 and C12 and a radical at C15. The radical at C15 reacts with an

additional molecule of oxygen, producing a PGG2 radical. Its one electron reduction

to PGG2 regenerates tyrosyl 385 radical. The abstraction of hydrogen from C13 is

the committed step in the COX reactions.
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Leu534

Val349 .G'y533

Tyr355 ”t.

Figure 1.8: Structure of the COX active site. Arachidonic acid is shown in a red

stick—ball model. Active site residues are shown with Tyr385 facing C13 of AA. PDB

code is 1DIY.
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Formation of the Tyr385 radical triggered by hydroperoxide in the POX site

leads to COX activation [62]. In practice, this is an auto catalytic event and occurs

with a kinetic lag as the enzyme generates PGG2 ina COX reaction activated by

hydroperoxides contaminating commercial substrate preparations [63]. Finally, the

rate decays because of suicide inactivations. The activation of PGHS-2 COX is slightly

faster due to the more rapid formation of Intermediate II [64]. COX activation can

be impaired by agents like cyanide ion that bind the heme in the PGHS POX site

[65]. The lag can be shorted by addition of an exogenous hydroperoxide.

Intermediate II formation occurs more slowly with PGHS-1 than PGHS-2, ac-

counting for a sigmoidal-shaped kinetic trace of substrate consumption for PGHS—1,

but not PGHS-2 [66, 67, 68, 16]. Thus, there is a negative allosteric effect in COX

catalysis by PGHS-1. The negative allosterism can be eliminated by adding hydroper-

oxide to the system. The effect may be in controlling PGHS-1 activity in intact cells.

Oxygenation of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) which

has a low kcat value with PGHS-1 is particularly sensitive to hydroperoxide levels

[69].

1.3.2 Tyrosyl Radicals

The notion that radical chemistry is involved in the COX reaction dates to 1978 when

a radical mechanism was proposed for the conversion of AA to PGH2[70]. EPR studies

identified that the protein radicals as tyrosyl radicals. There are 27 tyrosine residues

in a PGHS monomer. Tyrosyl 385 radical is critical for the COX activation. Mutation
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of Tyr385 to phenylalanine eliminates COX activity but causes little impairment of

the POX reaction [71]. However, two tyrosyl radicals other than Tyr385 have been

detected by EPR in both Y385F PGHS-1 and indomethacin—treated PGHS-1 [72, 71].

Although the identification of these two tyrosines are not clear yet, they appear not

to impact normal catalytic processes. In PGHS-2, a Y385F mutation also generates

a tyrosyl radical in the vicinity of the heme but at an unknown position(s).

Additional studies using hydroperoxide driven PGHS radical and a stoichiomet-

ric amount of AA identified an EPR signal derived from fatty acid substrate, clearly

supporting the proposed mechanism that the Tyr385 radical is competent for COX

activation [70].

Addition of a hydroperoxide increases the rate of tyrosyl radical formation and

the number of the COX turnovers as is evidenced when using EPA as the COX sub-

strate. On the other hand, the reducing co-substrate of the POX recycles Intermediate

II but increases the COX reaction rate at the same time. This contradiction is in-

terpreted as partial reduction Of tyrosyl radicals, with the remaining tyrosyl radicals

sufficient for full COX activity. With the increase of reductant level, heme reduction

becomes the major event and COX catalysis exhibits a substrate inhibition pattern.

Thus, the main function of the POX reductant for the COX reaction is to protect the

enzyme from suicide inactivation and prolong protein lifetime, but without interfering

with the COX reaction cycle.
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1.3.3 COX Inhibition by NSAIDS

NSAIDS target the PGHS COX activity and can act through three different mech-

anisms [1]. The first is simple reversible, competitive inhibition as is the case with

ibuprofen (i.e. the active ingredient in Advil® and Motrin®). Flurbiprofen and

indomethacin are classified as time-dependent inhibitors. They bind to the COX

site initially in a reversible manner, but apparently induce a protein conformational

change, which releases the inhibitor quite slowly. Aspirin is the sole member of the

third class of NSAIDS. It acetylates Ser530 in the PGHS-1 COX pocket, irreversibly

inhibiting the binding of AA in a catalytically competent conformation. Interesting,

acetylation in Ser530 of PGHS-2 by aspirin converts the enzyme from a di-oxygenase

to a mono-oxygenase that converts AA to 15-HPETE [73]. This is due to a larger

COX active site in PGHS-2 which accommodates AA even after acetylation. COX in-

hibition by aspirin is dependent on the heme oxidation state. Aspirin-treated PGHS-2

is still able to generate tyrosyl radical identical to that. prior tO acetylation modifica-

tion. In contrast, PGHS-1 treated with aspirin exhibits an EPR signal similar to that

from Y385F mutant, suggesting acetylation at Ser530 in PGHS-1 induces a positional

or orientation change of Tyr385 and inhibits deprotonation of this tyrosine.

In addition, some NSAIDS bind to the transcription factors nuclear factor kappa

B (NF'KB) and peroxisomal proliferator activated receptors (PPARS), which inter-

feres with transcription regulation of some genes responding to cell stimulations by

trauma, growth factor and cytokines r2]. But these pathways require very high levels

of NSAIDS. well above those likely to occur In Intro.
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‘ ' PGHS—2 specific drugs have molecular structures designed to promote tight

binding to the COX-2 active site. In general, they have no affect on PGHS-1, and they

reduce the gastrointestinal side effects of common NSAIDS. However, administration

of a PGHS-2 specific drug (e.g. Vioxx or Rofecoxib, Merck & CO.), increases car-

diovascular risk. The mechanism for Vioxx induced cardiovascular events is still not

clear. Inhibition of PGHS-2 by Vioxx may unbalance the formation of downstream

anti-thrombotic PG12 and pro-thrombotic thromboxane A2 causing thrombosis in

some individuals. More cautious applications of all other PGHS-2 specific inhibitors

and more mechanistic investigations on the roles of prostanoids and their regulatory

mechanisms in vivo are required.

1.4 Regulation of PGHS POX by Oxidizing and

Reducing Substrates

1.4.1 Hydroperoxide Initiates PGHS Reaction

The overall rate Of the PGHS POX reaction is affected by the structure of hydroper-

oxide substrates as shown many years ago (Fig. 1.10) [74]. PGHS POX preferentially

catalyzes the reduction of primary and secondary long chain alkyl hydroperoxides;

whereas, it is less active to H202 and almost inactive with tertiary hydroperoxides.

It is believed that this specificity is determined by the structure of the heme active

site in PGHS.
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Figure 1.10: Hydroperoxide substrate specificity of PGHS peroxidase. Per-

oxidase activity was measured as guaiacol oxidation in a concentration dependent

manner with different hydroperoxides in the peroxidase assay [74]. 1. PGGl;

2. l5-hydroperoxy-PGE1; 3. 15-hydroperoxyeicosatetraenoic acid; 4. methyl-15-

hydroperoxy-15-methyl-PGF1a; 5. H202; 6. t-butyl hydroperoxide (t—BuOOH); 7.

p-menthane hydroperoxide; 8. cumene hydroperoxide. This figure is cited from [74].
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Table 1.1: Alkyl hydroperoxides have higher k1 values for Compound I

formation.

 

 

Hydroperoxides k1 (M- 1s“ I) References

15-HPETE 7.1 x107 [74, 75]

EtOOH 2.5x106 [75, 76]

H202 4.4><105 [76]

t-BuOOH 5.9x 104 [77]
 

Compound I is formed as a result of heterolytic cleavage of hydroperoxide by

PGHS POX. The rates of Compound I formation with any given peroxide substrate

are similar for PGHS-1 and PGHS-2 [75]. However, there are substantial differences

in rates of Compound I formation from different hydroperoxides (Table. 1.1) [74, 75,

76, 77]. The rate constants for Compound I formation from enzyme plus primary and

secondary alkyl hydroperoxides are 2107 M—ISTI, 23 orders of magnitude faster

than with t-BuOOH or H202. In contrast, for a variety of eukaryotic peroxidases

including yeast CcP, HRP and human MPO, the rate constants for Compound I

formation with H202 are 107-108 M‘ls_1.

The identity of PGHS activator in Vivo is not know, but may serve as the

physiological heme oxidant in some cells (e.g. macrophages) [78]. Lipid peroxidation

occurs ubiquitously in cellular and subcellular membrane systems. 5-, 12- and 15-

Lipoxygenases and epidermis/platelet-type lipoxygenases are a major group of sources

for lipid peroxides. There are studies reporting co—expression of 5- or 12-lipoxygenase

with PGHS in the nucleus and ER tissues from stomach, small intestine, colon, lung,

thymus, lymph node and spleen. Immunochemical/fluorescent and imunoelectron

microscopic approaches have shown that mammalian lipoxygenases are predominately
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located in the cytoplasm of hematopoietic cells, and may translocate to the inner side

of plasma membrane or the cytosolic side of intracellular vesicles. However, the

hydrophobicity of lipid peroxides makes diffusion through membranes and contacts

with PGHSS possible. Product analysis of bovine corneal epithelial cells suggested

the dominant endogenous HPETE is synthesized by a 12-lipoxygenase. Reactive

oxygen species (ROS) including oxygen ions, free radicals and peroxides formed via

non-enzymatic lipid peroxidation is another important. source of alkyl hydroperoxides.

PGHS-1 and PGHS-2 catalyze the same reactions of PGH2 formation. However,

their activities appear to be tuned delicately by different hydroperoxide levels. PGHS

COX activation requires a hydroperoxide to generate a Tyr385 radical—containing

Intermediate II during the FOX reaction cycle. The rate constants for Compound I

formation of PGHS-1 and PGHS-2 are similar, but PGHS-2 conversion of Compound

I to Intermediate II appears to be one order of magnitude quicker than PGHS-1.

In vitro, the COX activity assays indicate that oxygen consumption by PGHS-2 is

triggered at a hydroperoxide concentration ten times lower than that required for

PGHS—1. This suggests that PGHS-2 can be activated at lower hydroperoxide levels

than PGHS-1. This may be important for PGHS functions in vivo. PGHS-1 and

PGHS-2 are co-expressed at comparable levels and at the same subcellular sites in

murine NIH 3T3 cells. However, only PGHS-2 responds to endogenously generated

AA while PGHS-1 is latent. A possible explanation for this result is that PGHS

isoforms are differentially regulated by cellular hydroperoxide levels.
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1.4.2 Regulation of PGHS Catalysis by Reductants

The influence of reducing substrates on overall PGHS catalysis depends on their abil-

ities to stabilize the Tyr385 radical and protect against suicide inactivation. Some

reductants stimulate the COX activity at lower concentrations but have inhibitory

effects at higher levels. because they promote the reduction of oxidized heme inter-

mediates thereby decreasing the levels Of the Tyr385 radical. Some reductants are

also reasonable COX inhibitors (e.g. acetaminophen).

Marnett and coworkers quantitatively investigated the potentials of various elec-

tron donors as reductants for PGHS in Vitro [79]. Polyhydroxylated compounds (e.g.

hydroquinone and epinephrine) and aromatic diamines (e.g. benzidine and tetram-

ethylphenylenediamine) were the best reducing co—substrates, among over 50 com-

pounds tested. The best naturally occurring reductants are epinephrine and uric

acid. The compound most likely to be a reductant in. own is uric acid which is

present at a fairly high concentration (~300 HM). A common reductant in cells, re-

duced glutathione, is a poor reducing substrate for PGHS POX.

One difficulty in identifying physiological reducing substrates for PGHS is know-

ing the redox state of the lumen Of the ER and nuclear envelope where PGHS isoforms

are found. Common reducing compounds are mostly found in the cytosol. The ox-

idation state of the ER determined as the GSH/GSSG ratio is 1:1 to 1:3, while the

ratio is 100:1 in the cytosol [80]. Possible reducing substrate candidates would be

compounds that readily diffuse into the ER. For example, it is known that coenzyme

Q can be detected in the ER and in subcellular membranes in addition to the inner
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membrane of mitochondria [81]. Reduced coenzyme Q is a good anti-oxidant and its

phenolic structure suggests it is a good reducing substrate for PGHS as mentioned by

Marnett and coworkers [79]. Meanwhile, Coenzyme Q is also capable of generating

H202 [82] which triggers lipid peroxidation spontaneously. Thus, it is possible that

coenzyme Q may function as the endogenous reducing reagent for PGHS. Another

possibility is an endogenous reductant in that the spontaneous decay of the tyrosyl

radicals occurs in the absence of exogenous reductants. And treatment with mild

oxidant is not able to neutralize the endogenous reductants which amount to about

10 equivalents per monomer. The endogenous reductants are yet to be determined.

1.4.3 PGHS and Other Peroxidases

Peroxidases catalyze one-electron oxidation of micro— and macromolecules at the ex-

pense of hydroperoxides. Heme containing peroxidases are composed of two super—

families, a)plant and fungal peroxidases including HRP, CcP, and chloroperoxidase

(CPO). and b)animal peroxidases including PGHS, MPO, thyroid peroxidase (TPO),

eosinophil peroxidase (EPO) and lactOperoxidase (LPO). As described above in “the

Structure of the POX Active Site”, they all have heme b in the active site. The

axial ligands are all histidines in both the proximal and distal positions except for

CPO, a nonclassical peroxidase with a thiolate as the proximal heme ligand [83].

But this thiolate contributes to the broad catalytic capabilities of CPO similarly to

a histidine as suggested by a mutagenic study [84]. The essential distal catalytic

residue is normally a histidine; again, CPO is an exception in that it possesses a
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glutamate in the distal active site. The distal histidines are not coordinated to the

heme iron directly; instead, they act as general bases in O-O heterolytic cleavage.

The reactions of these peroxidases typically follow the similar cycle of PGHS POX:

resting enzyme—>Compound I—->Compound II—eresting enzyme. There are four ma-

jor structural differences between these various peroxidases as described briefly below

[51].

The first distinction among peroxidases is the accessibility of the heme ac—

tive site. This feature of heme peroxidases has been investigated using cross-linking

reagents, in particular alkyl- or aryl—hydrazine, as probes [85]. The POX site Of HRP

and MP0 are buried in the proteins, which restricts bulky substrate access to the

heme ion. The reaction of HRP with phenylhydrazine results in 6—meso-phenyl- and

8-hydroxymethyl modified hemes [86]. The distal histidine of HRP appears to serve

as a barrier preventing reductants from freely interacting with ferryl oxygen. CcP

predominantly produces 6-meso heme derivatives, but also forms a small amount of

iron-phenyl complex [87]. In contrast, cytochrome P450 enzymes with open active

sites generate iron-aryl or N-alkyl-heme complexes [85]. Thus, the size of the heme

active site can determine the reaction specificity of peroxidases. Reducing substrate

are generally oxidized at the edge of the heme group at least for HRP. PGHS enzymes

have open POX active sites with fi-carbon, 5-methyl and 6-propionate groups exposed

to the solvent. Reducing reactions could occur conceivably either at the heme edge

or the surface of the heme plane.

The second difference among peroxidases involves the nature of the group that

interacts with the proximal histidine. In general, the proximal histidines are stabilized
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through hydrogen bonds by asparagines in mammalian POXS (e. g. LPO; Singh, AK,

2006, to be published), or aspartates in plant/fungal/bacterial POXS (e. g. HRP and

CcP). There are also exceptions; for example, huMPO has a Asp235 hydrogen bond-

ing the proximal histidine (His336) [88, 89]. Nevertheless, these interactions impart

imidazole character to the proximal histidine. The heme plane normally presents a

bent conformation in these POX active sites with iron moving toward the proximal

histidine which is a strong nucleophile, and thus the resting enzymes are usually five-

coordinate species [52, 53]. However, the proximal hydrogen bond network is unique

in PGHS in that a tyrosine was found to interact with the proximal histidine (His388)

via a water and it is not critical for Compound I formation [54]. The neutral proximal

Hi3388 of PGHS makes it a weaker electron donor than those in CcP and HRP. The

loose proximal histidine-ferric ion interaction allows water as the sixth ligand when

hydroperoxide substrate is absent.

The third difference among peroxidases is in the distal polar components in-

cluding water molecules and residues other than histidine. The residue 4 amino acids

upstream of the distal histidine always has a polar side chain, glutamine in mam-

malian POXS (e.g. PGHS and MP0) and arginines in plant/fungal/bacterial POXS

(e.g. HRP and CcP). This polar residue, the distal histidine, and the heme and

proximal ligand are thought to provide the “push and pull” machinery required for

heterolytic bond O—O scission, as evidenced by the results of studies using site-directed

mutagenesis [40, 90, 91]. The distal arginine in HRP is critical for both Of binding

and heterolytic cleavage Of H202. However, the distal arginine in CcP is not essential

for the formation Of Compound I. In addition to the distal histidine and upstream
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glutamine/arginine, peroxidases can also have other polar, e.g. arginine in MP0 and

tryptophan in CcP. These residues may interact with distal histidines through hy-

drogen bonds, modulating the pKa of histidines making them stronger general bases.

The distal heme dome in CPO, again, is unique that it does not have a conserved

glutamine or arginine upstream to the putative general base, G1u183; but Hile5 in

the vicinity of G1u183 may facilitate deprotonation of H202 through G1u183 [92].

The forth difference is the interaction between the heme group and the active

site [93]. The heme prosthetic groups in classic POXS (HRP and CcP) bind in the

active sites via the axial coordinations only. Whereas in mammalian POXS, covalent

linkages are commonly seen between heme side groups and polar residues in the bind-

ing site. The heme group in huMPO has a methylsulfonium bond involving Met243

and two ester bonds with Glu242 and Asp94 [94]. These covalent modifications cause

the Soret absorbance to red-shift from around 410 nm for other POXS such as HRP

and PGHSS. Along with the strong fifth coordinate His-iron interaction. these heme-

protein linkages are responsible for the distortion of the heme group in the huMPO

active site. Disruption of these covalent linkages dramatically decreased catalytic ac-

tivity of huMPO with chloride, H202 or hypochlorous acid [95, 96, 97]. Besides, it has

been demonstrated that at least one heme—protein covalent bond was required to pro-

tect heme peroxidases from modification by highly reactive metabolites of reductants

[98].
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1.5 Hypothesis

In vitro studies have demonstrated that PGHS POX prefers alkyl hydroperoxides as

opposed to bulky or hydrophilic ones. Alkyl hydroperoxides increase the turnover

numbers for the PGHS POX reaction. They also provide more rapid formation of

Compound I. Crystallographic analysis shows a cluster of hydrophobic residues in the

POX site of PGHS. Glutamine 203 is the distal polar residue instead of the arginine or

aspartate observed in other POXS. The hypothesis underlying my work is as follows:

The hydrophobic dome residues of ovPGHS—l POX facilitate hydrophobic inter-

actions between the alkyl portion of 15-HPETE and the POX active site, which makes

15-HPETE an excellent initiator for the COX activity. Gln203 can be a determinant

for substrate discrimination by PGHS.

TO test this hypothesis, the following studies were performed and are reported

in this thesis:

1. Examination of the potentially critical amino acids that account for the

unusual hydroperoxide substrate specificity of PGHS-1

2. Analysis of the hydroperoxide initiator requirements for the cyclooxygenase

activity of PGHS-1

3) Characterization of the role of conserved glutamine 203 in PGHS catalysis.

4) Testing if the COX activity in one monomer can be activated by the POX of

the partner monomer of PGHS homodimer.
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The outcome of my studies has provided a better understanding of structure-

function relationships Of PGHS. In addition, it is the first time that G111203 has been

found not to be an essential catalytic residue.
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Chapter 2

Hydroperoxide Dome Residues and

Substrate Specificity

2. 1 Introduction

Prostaglandin endoperoxide H synthases (PGHS) catalyze the committed step in

prostaglandin (PG) formation [1]. There are two PGHS isoforms, PGHS-1 and PGHS-

2 (or COX—1 and COX-2). PGHSS catalyze two reactions including a cyclooxygenase

(COX) reaction in which arachidonic acid is converted to prostaglandin G2 (PGGQ)

and a peroxidase (POX) reaction in which PGG2 is reduced to PGH2 [13, 14, 15].

Both PGHS-1 and PGHS-2 are located on the luminal side of the endoplasmic retic-

ulum (ER) and nuclear envelope [5, 99, 7, 100]. PGHS-1 is constitutively expressed

as a housekeeping gene and PGHS-2 is inducible in most cell types [10, 11].

The COX and FOX reactions occur at structurally distinct sites that are func-

tionally connected [27]. In the POX reaction the Fe3+ protOporphyrin IX (PPIX) is
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first oxidized to an oxyferryl heme radical n-cation, referred to as Compound I that

is similar to Compound I of horseradish peroxidase (Fig. 1.2) [30, 38, 32, 33]. Com-

pound I can either be reduced by exogenous reductants to an oxyferryl heme form

(Compound II), or it can undergo intramolecular reduction, involving transfer of an

electron from Tyr385, forming a Compound II-like spectral intermediate and a tyrosyl

radical [29, 28]. This latter complex is known as Intermediate II and is analogous

to the intermediate ES of cytochrome c peroxidase [34, 35, 101, 102]. Intermediate

II is the COX active form of the enzyme. When arachidonic acid is present in the

COX site, the Tyr385 radical removes a hydrogen atom from C-13 of arachidonate,

triggering a di-oxygenation reaction [103]. Intermediate II is regenerated Within the

COX site when PGGg is produced. PGHS reconstituted with Mn3+-PPIX proceeds

through a POX catalytic cycle analogous to that of Fe3+-PPIX PGHS but formation

of the mangano Compound I-like species is much slower [76, 104, 105].

Activation of the COX activity of PGHS-2 is triggered at a hydroperoxide con-

centration ten times lower than that required for PGHS-1 [75]. This may be important

in cells co-expressing PGHS-1 and PGHS-2 where PGHS-2 COX activity can function

when PGHS-1 COX activity is latent [106, 16].

Although PGG2 is considered to be the natural substrate for PGHS POX activ-

ity, other peroxides may also be used as substrates. PGG2 is chemically unstable and

not stored but synthesized de novo from arachidonic acid released from membrane by

cytosolic phospholipase A2 (cPLAg). The identity of COX-initiating peroxide in vivo

is unknown. PGHS-1 is reported to prefer primary and secondary alkyl hydroperox-

ides to H202 or bulky peroxides like t-butyl hydroperoxide (t-BuOOH). The molec—
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ular basis for this substrate preference is not known. The crystal structures of the

POX active sites in ovine (ov) PGHS-1 and murine (mu) PGHS-2 (Fig. 1.6) suggest

that the distal surface of the heme group is open to the solvent, and the POX site is

sufficiently spacious to accommodate large and linear hydroperoxides coming directly

from the aqueous environment [44, 43]. A dome comprised of mostly hydrophobic

amino acids lies above the distal surface of the heme (Fig. 1.5) and molecular dy-

namics modeling suggests that these residues can interact with alkyl chains of alkyl

hydroperoxides related to PGG2 [54, 55]. In addition to the hydrophobic ligands,

His388 covalently binds to a high spin state iron in the heme plane as the fifth ligand

and a weak field ligand such as a water molecule serves as the sixth ligand for heme.

Here we report an improved method for obtaining steady state catalytic con-

stants for PGHS POX activity that we have used to quantify hydroperoxide substrate

specificity. We have also investigated a number of PGHS POX mutants to examine

the basis for PGHS POX specificity and COX activation.

2.2 Materials And Methods

Materials: 15—Hydroperoxyeicosatetraenoic acid (IS-HPETE) was synthesized as

described previously [107]. Ethyl hydroperoxide (EtOOH) was purchased from Poly-

science. t-Butyl hydroperoxide (t-BuOOH), H202, guaiacol, phenol and NaCN were

from Sigma. Polyoxyethylene(6)-decyl ether (C10E6) was from Anatrace. Fe3+ pro-

toporphyrin 1X (PPIX) and Mn3+-PPIX were from Frontier Scientific. Arachidonic
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acid was from Cayman Chemical Company. Other chemicals were analytical grade

from Sigma.

Mutagenesis, Protein Expression and Purification: A cDNA for the

OVPGHS-l gene containing a hexa—histidine (HISfi) tag at the N—terminus [1, 37]

was subcloned into pFastBac plasmid (Life Technologies, Inc.). The QuickChange

site-directed mutagenesis protocol (Stratagene) was used to construct the mutants.

pFastBac plasmids were used for transposition Of DHIOBac Escherichia coli cells

following Bac-to—Bac® expression system protocols (Invitrogen). Mutants were iden-

tified by antibiotic resistance and blue/white screening. DNA was isolated and used

to transfect Spodoptem frugiperda (Sf—21) insect cells (Invitrogen) as a CellFectin

(Invitrogen) lipid/bacmid DNA complex. Baculovirus was precipitated from media

with polyethylene glycol (MW=3,350), and the DNA fragments containing mutant

PGHSS were amplified by PCR for further sequence verification. Media containing

baculovirus with correctly mutated sites were harvested and used for cell infection.

Sf—21 cells were infected with a multiplicity of infection (MOI) of 0.01 and cell pellets

were harvested four days later when cell viability had dropped below 85%.

Cell pellets were re-suspended in 20 mM TrisHCl, pH 8.0, and lysed by sonica—

tion. Cell lysates were solubilized for 1 hr with 0.8% C10E6. The supernatant after

ultracentrifugation at 158,000xgx2 hr was incubated with 4 ml of Ni-NTA fast-flow

agarose (Qiagen) per liter of cell culture in the presence of 5% glycerol, 500 mM

NaCl and 5 mM imidazole. The slurry was poured into a column and washed with

washing buffer (20 mM TrisHCl, pH 8.0. 5% glycerol. 500 mM NaCl, 20 mM imida-

zole and 0.1% C10E6). Bound PGHS was eluted with three column volumes of 250
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mM imidazole. These latter eluates were pooled, concentrated, and desalted using a

Sephadex G-25 (Sigma) Spin-column, which was pre-swollen in desalting buffer (20

mM TrisHCl, pH 8.0, 5% glycerol, 150 NaCl and 0.02% C10E6,).

POX Activity Assays: POX reactions were conducted in 100 pl of fil-

tered and degassed buffer (100 mM TrisHCl, pH 8.0, and 100 mM NaCl). Heme—

reconstituted PGHS (76 nM) containing 9.0 mM guaiacol was mixed with an equal

volume of a hydroperoxide substrate solution using a stopped—flow apparatus (SX-60

HiTech Instruments). Formation of the guaiacol oxidation product 3,3’-dimethoxydiph-

enol-4,4’—quinone was monitored at 436 nm (€436=6,390 M‘lcm‘l) [108]. The initial

velocity v was determined when guaiacol oxidation was linear with time. Plots of the

initial velocities as a function of hydroperoxide substrate concentrations were ana-

lyzed by the Michaelis—Menten equation (Eqation 2.1) to determine Vmam and Km

values; kcat is the activity per mole of enzyme.

_ Vmag; x [S]

_ Km + [S]

(2.1)

COX Activity Assays: COX reaction mixtures contained 3 ml of 0.1 M Tr-

isHCl, pH 8.0, l00 HM arachidonic acid, 1 mM phenol and 5 HM hematin equilibrated

in a glass chamber at 37 OC. Reactions were initiated by adding enzyme to the assay

chamber. A Yellow Springs Instruments Model 53 oxygen monitor was used to mon-

itor 02 consumption by native or mutant PGHSS with kinetic traces recorded using

DasyLab (DasyTec) software. The rates reported are maximal rates occurring after

a lag phase. One unit of COX activity is defined as 1 nmole of 02 consumed per min
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per mg of enzyme at 37 0C in the assay mixture. The lag time is defined as the time

required for the COX activity to reach a maximum after initiating the reaction.

Identification of POX Spectral Intermediates and Kinetic Analysis:

Pre-steady-state analysis Of the” POX reactions was performed with a rapid mixing

and scanning technique using a stopped-flow apparatus equipped with double grating

monochromators (DX—60 HiTech Instruments). Apo—PGHS was reconstituted with

Fe3+—PPIX or Mn3+—PPIX at a stoichiometry of 0.8 per enzyme monomer. The

final heme concentrations were usually 1—2 nM, and substrate concentrations were 2—

4 ,uM 15-HPETE or 50—100 HM H202. In single wavelength experiments at least ten

fold higher substrate concentrations were used to ensure steady-state kinetics. Both

the enzyme and substrate solutions were prepared in 20 mM TrisHCl, pH 8.0, 150 mM

NaCl and 0.02% C10E6. The enzyme and substrate solutions in individual syringes

were mixed rapidly by triggering them into a mixing chamber, driven through an

optical cell and stopped with a third syringe.

Different oxidation states of Fe-PPIX or Mn—PPIX were monitored spectroscopi-

cally. In the case of Fe3+-PPIX, the signal decay at 411 nm is due to the consumption

Of resting enzyme and the formation of Compound I. The peak shift to 420 nm repre-

sents the formation Of Compound II and Intermediate II; these two species have the

same UV-vis spectral features. There are two isosbestic points in the spectral scans:

427 nm between resting enzyme and Compound I, and 411 nm between Compound I

and Compound II/Intermediate II.

The kinetic traces were collected at isosbestic points and fitted to exponential

equations to obtain pseudo-first-order rate constants kobs- For Compound I forma-
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tion at 411 nm, a two—step reaction model (A—éleB—2+C) was used (Equation 2.2)

at low hydroperoxide concentrations. A four-species model was applied at higher

concentration because of increases of side reactions such as suicide inactivation.

k1 — e
+ (EC -EB)7;2—:-EI€ th] (2.2)

 X = Aolsz + (5A — 5(3)"? + (EB - 5Alkle—k1t

k2 - k1

where X stands for the total amount of all the species including intermediates A,

B and C; A0 is the initial amount of Species A; k1 and k2 are observed rate constants

(kobs) for the formation of intermediates B and C, respectively.

For the second-order reaction of Compound I formation, k1 was the slope from

the linear part of a plot of pseudo-first-order rate constants k1(obs) versus hydroper¥

oxide substrate concentrations (Equation 2.3). k_1 is the rate constant for the reverse

reaction.

k1(0bs) = k1[ROOH] + k_1 (2.3)

For the formation Of Compound II/Intermediate II at 427 nm, one exponential

1:

model (A—g—>B) was applied as Equation 2.4.

[B] = [Alotl — e’k2<0bs>t) (2.4)
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For Intermediate II formation, k2 was numerically equal to the maximum k2(obs)

at saturating substrate concentrations for the intramolecular two-species reaction

system as calculated using Equation 2.5.

’62 X [ROOH]

k2(0b3) 2 Km + [ROOH] (2'5)
 

With OVPGHS-l reconstituted with Mn3+-PPIX, the resting enzyme (3 nM)

when mixed with 50 MM 15-HPETE showed decreases in absorbance at 372, 472 and

561 nm, and a new peak at 417 nm, as described in previous reports [76, 104, 105].

As established previously, Mn3+-PPIX PGHS-1 forms intermediates similar to those

from Fe3+-PPIX PGHS-1 (Fig. 2.1). A consecutive three-species model A——>B—>C

(SpecFit, Bio—Logic Science Instruments) based on a singular value decomposition

(SVD) algorithm was exploited to resolve intermediates deriving from Mn3+-PPIX

OVPGHS-1. Kinetic traces were collected at 417 nm and fitted to two exponential

equations (Equation 2.2). A three-exponential equation was applied for higher sub-

strate concentrations when side reactions (e.g. reduction Of oxidized heme‘interme-

diates or suicide inactivation) may be involved.

Cyanide Binding Assay Purified ovPGHS—l proteins (1-3 nM) were recon-

stituted with 0.8 moles Fe3+-PPIX per protein monomer and incubated at room

temperature for 30-60 min. The protein solution was centrifuged at 10.000Xg for 10

min and 1 ml of the supernatant was transferred to a quartz cuvette. Aliquots of

concentrated NaCN stocks solution were added to the protein solution to yield final

cyanide concentrations of 0, 0.08, 0.16, 0.24, 0.32. 0.40, 0.65, 1.15, 1.65, 2.90, 4.15,
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6.65, 11.65, 16.65, 26.65 mM. The protein-ligand mixture was incubated for 5 min for

each concentration of cyanide. The absorbance changes measured at 430 nm where

the maximum change occurs were fitted to Eq. 2.6 to calculate a dissociation constant

(Kal-

AAUmax X [ON—1

AAU =

Kd + [CN‘ll

 

2.3 Results

2.3.1 Hydroperoxide Substrate Specificity of the POX Ac-

tivity of OvPGHS-l

Previous studies have established that ovPGHS-l catalyzes guaiacol oxidation effi-

ciently with several alkyl hydroperoxide substrates (i.e. PGGg, 5-phenyl-4-pentenyl-

1-hydroperoxide (PPHP) and 15-HPETE) [109, 75, 110, 111]. However, because the

POX activity undergoes rapid suicide inactivation [112, 37, 113], it has not been pos-

sible to obtain accurate rate constants using conventional steady-state spectroscopic

assays. we developed a rapid mixing stopped-flow assay to determine ovPGHS—I POX

activity more precisely. Oxidation of the reducing substrate guaiacol was monitored at

436 nm immediately after the reaction components were mixed. This method permits

steady—state product formation to be quantified before enzyme suicide inactivation

affects the rates significantly. The initial rates of guaiacol oxidation as a function of

substrate concentrations are shown for representative hydroperoxides in Fig. 2.2. The
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kcat/ Km values for guaiacol—dependent hydroperoxide reduction by ovPGHS-l were

2.7, 0.23, 0.01 and 0.0023 uM—ls_1 for 15-HPETE, EtOOH, H202 and t-BuOOH,

respectively (Table 2.1). Thus, as observed previously [74, 1, 110, 111], primary and

secondary lipid hydroperoxides (i.e. 15—HPETE and EtOOH) are much better sub-

strates than H202 or t-BuOOH. There was no detectable inhibition of ovPGHS-l

POX activity with a variety of alkyl alcohols including 5—HETE and 15-HETE, even

with alcohol to hydroperoxide ratios of more than 100 (Song, I., unpublished data).

2.3.2 Compound I Formation with Different Hydroperoxides

Native OVPGHS-l reconstituted with Fe3+-PPIX has a major peak at 411 nm. It

forms a spectral intermediate Compound I, when incubated with 15-HPETE‘ or

EtOOH also at 411 nm as illustrated in Fig. 2.3A for 15-HPETE. This is followed

by an accumulation of a Compound II/Intermediate II spectral intermediate with a

peak at 417 nm and two other minor bands in the visible region. Kinetic traces for

formation of intermediates are collected at two isosbestic points (A2427 nm for rest-

ing enzyme—+Compound I transformation and 411 nm for Compound I—->Compound

II/Intermediate II), which are shown as two phases for Compound I and one single

phase for Compound II/Intermediate II (Fig. 2.4). This behavior is consistent with

the following mechanism:

It ROOH] k

FefiPGHSA; CompoundI —2> CompoundlI/Intermediatell (2.7)
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-—-Fe3+— ——> —i|-'e4+—°+ —-> —Fe4+— Tyr'+

His His His

0

k k
1 +

—M 3*— ——> "—[lrpL —Iiin4+— if?)

HIS His HIS

resting Compound I Intermediate ll

Figure 2.1: Comparison of Fe- and Mn-PPIX PGHS-1 heme intermedi-

ates. Mn3+—PPIX reconstituted PGHS-1 forms similar intermediates as Fe3+-PPIX

PGHS-1. The figure is adapted from [76].

Table 2.1: Peroxidase activities of native ovPGHS-l with different hy-

droperoxides. The POX activity assays were performed as described in Fig. 2.2.

The steady state parameters were calculated following Equation 2.1.

 

keat (s71) Km (17M) eat/Km earls—1)
 
1.5-HPETE 1203221 422i:14 2.7

EtOOH 130i14 580i120 2.3x 10“1

H202 17i1.6 1700i260 1.0x 10—2

t-BuOOH 35i4.2 15000i3000 2.3 x10—3
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Figure 2.2: POX activities of native ovPGHS-l with different hydroperox-

ides. For each reaction, identical volumes (50 pl) of solutions containing hexa-His-

tagged oPGHS-l (76 nM plus 9 mM guaiacol) or hydroperoxides were mixed rapidly in

a stopped flow apparatus and formation of oxidized guaiacol was monitored through

a 1 cm optical cell spectrophotometrically at 436 nm. Final concentrations of com-

ponents in the 0.1 ml reaction mixture were 38 nM ovPGHS-l, 4.5 mM guaiacol and

hydroperoxide as indicated in the figure. The initial rates of hydroperoxide substrate

reduction were calculated from the rates of guaiacol oxidation. Each value is derived

from the triplicate determinations. Non-linear regression fitting using Equation 2.1,

yielded V'rnagj values for hydroperoxide reduction by ovPGHS-l, and first order rate

constants were calculated as shown in the lower panel. Inset: lower concentration

scale for 15—HPETE and EtOOH dependent ovPGHS-l peroxidase reaction. Solid

line, simulated curve for rate with 15-HPETE; dashed line, EtOOH; dotted line,

H202; dashed dotted line, t-BuOOH.
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Figure 2.3: UV/Visible spectra of intermediates of Fe-PPIX ovPGHS-l 1

eq Fe3+-PPIX reconstituted ovPGHS-l reacted with 2 eq 15—HPETE (A) or 50 eq

H202 (B). Protein concentrations were 0.8 and 2 ,uM in (A) and (B), respectively.

Arrows at top of the peaks indicate the directions of peak migrations after ovPGHS-l

was mixed with hydroperoxide. Images in this thesis/dissertation are presented in
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Figure 2.4: Kinetic traces of Fe-PPIX ovPGHS-l intermediates. A kinetic

mode of a stopped flow apparatus was used to monitor the formation of Compound

I (A2411 nm) and Compound II/Intermediate II (/\=427 nm). The dotted curves

Show absorbance changes of native—+Compound transition at 411 nm (in blue) and

Compound I——>transition at 427 nm (in pink). Solid lines are fitting results using

equations as described in Materials and Methods. Images in this thesis/dissertation

are presented in color.

The reverse reaction was omitted in Equation 2.3 because the interception of

the linear fitting at y axis was trivial compared with the value of the slope (Fig.

2.5A).

The values of k1(obs) and 192(0b3) are dependent on substrate concentration

(Fig. 2.5) as per Equations 2.3 and 2.5. Compound I was formed from 15-HPETE

and EtOOH with OVPGHS-l with second-order rate constant of 106-107 l\/I_ls_1

(Table 2.2).

Native ovPGHS-l showed spectral changes only with high concentrations of

H202. After mixing 50 MM H202 and 1 ,uM ovPGHS-l the Soret peak at 411 nm

slowly decreased (Fig. 2.3B). There was a slight red shift (~4 nm) after a short time

that occurred concomitant with the appearance of Compound II/Intermediate II-like
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Figure 2.5: Effect of 15-HPETE concentrations on the rate constants for

ovPGHS-l intermediate formation . (A) First order rate constant (k1(0bs))

for the formation of Compound I is a linear function of 15-HPETE concentrations

as described in Equation 2.3. (B) Rate constant for the formation of Compound

II/Intermediate II Shows a saturating pattern over 15-HPETE concentrations follow-

ing Equation 2.5.
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Table 2.2: Alkyl hydroperoxides have higher 161 values for Compound I

formation. Second-order rate constants were determined by stopped flow analysis

as described in Materials and Methods. Intermediate formation by ovPGHS-l with

15-HPETE or EtOOH was detected in 10—100 ms scale at 4 °C, with peak shifts

between transitions of Compound I—>Compound.II/Intermediate II or Compound

II/Intermediate II——>resting enzyme. These intermediates of ovPGHS-l were not dis-

tinguishable in reactions with H202 or t-BuOOH in the present studies because of

bleaching of the heme as described in the text and illustrated in Fig. 2.3B. This table

lists previous experimental (a) and simulative results (b).

 

Hydroperoxides k1 (M’ISTI) References
 

 

 

 

7

15_HPETE 7.1x10 7 [74, 75]

(5.3:l:0.2)X10 present work

EtOOH 2.5x10b [75, 76]

a4.4x105 [76]
H O
2 2 b0.9x105 [114]

t-BuOOH 5.9x104 [77]
 

spectral features at longer wavelengths (Fig. 2.3B). However, the heme appeared to be

decomposing (bleaching) as evidenced by decreased absorbance at later time points.

Similar phenomena have been reported previously [28, 41]. Bleaching events are

commonly seen with heme proteins in their reactions with peroxides and compromise

the resolution of active intermediates [115, 116]. Hence, it was difficult to choose an

appropriate model to resolve pure species of Compound I particularly with H202.

Listed in Table 2.2 are second order rate constants for Compound I formation from

ovPGHS-l with H202 from previous studies [76, 77]; the value was determined by

fitting the early phases of the decay of resting enzyme to a two-exponential equation,

assuming a consecutive two-step reaction mechanism for H202 reduction by OVPGHS-

1. Table 2.2 also includes a simulation result for Compound I formation from H202

[114]. This indicates that the efficiency of hydroperoxides as heme oxidants follows
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the same trend as their steady state activities. H202 and t—BuOOH had k1 values

100-1000 times lower than those of 15-HPETE and EtOOH.

k2 is a macroscopic rate constant for the formation of Compound II/Intermediate

II complex which is a parallel reaction (Equation 2.8). It has been reported that as-

pirin treated PGHS-1 does not form Tyr385 radical. This allows measurements of

the formation of Compound II species without a branched reaction to Intermediate

II, and the rate constant for Intermediate II can be available.

/IntermediateII

CompoundI \, CompoundII (2.8)

2.3.3 COX Activation by Different Hydroperoxides

Oz consumption during the COX reaction with AA is sigmoidal (Fig. 2.6A) [65];

i.e. plot of activity vs. time shows a lag time prior to reaching maximal velocity

(Fig. 2.6B). In a typical COX assay, the COX activity of PGHS is activated by trace

amounts of hydroperoxide contaminants present in commercial fatty acid substrate

preparations [63]. The first few COX reaction turnovers then generate sufficient

PGG2 to support a burst of oxygen consumption. NaCN binds to the heme group of

ovPGHS-l and inhibits 15-HPETE reduction by guaiacol with a K, of 0.11 mM (data

not shown). The presence of 10 mM cyanide in the COX assays results in considerably

longer lag times in the COX reaction (Fig. 2.7) [117]. Lipid hydroperoxides (i.e. 15-

HPETE and EtOOH) shortened the lag times that were prolonged by cyanide, but

H202 and t-BuOOH had little or no effects at the concentrations tested (Table 2.3).
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Figure 2.6: COX activation and lag time (A) Kinetic trace of 02 consumption

in a typical COX assay. COX assay is carried out in 3 ml TrisHCl, pH 8.0 at 37 °C

which contains 1 mM phenol, 1 nM hematin, 100 MM AA and 2 pg ovPGHS-l. The

arrow indicates the time to mix the reaction components. (B) Instantaneous COX

rates. The rates of ()2 consumption are calculated from (A). The time required to

reach the maximum rate after initiating the reaction is defined as the lag time.
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Figure 2.7: COX activation by different hydroperoxides. Cyclooxygenase as-

says were performed as described in Materials and Methods. Reaction mixtures con-

tained 10 mM CN‘, 100 pM AA, 5 pM heme and 50 pM hydroperoxide. Reactions

were initiated by injection of 5-10 pg of the indicated enzyme.

Table 2.3: Oxygen consumption and lag times in COX activation. Reaction

mixtures contained 100 pM arachidonic acid, 1 mM phenol and 5 pM hematin in

3 ml of 0.1 M TrisHCl, pH 8.0. NaCN (10 mM) present in some of the samples

as indicated. The reactions were initiated by injecting 5 pg of ovPGHS—l and 02

consumption measured with an 02 electrode. To test for the capability of different

hydroperoxides to reverse the cyanide inhibition, 50 pM 15-HPETE, 50 pM EtOOH,

100 mM H202 or 100 mM t-BuOOH was added to the sample prior to the addition

of enzyme. The COX assays were performed in duplicate.

 

Lag Time COX Activity

 

Components (5) (nmol 02/min/mg)

No CN‘ 10.3 48:1:1.8

10 mM CN_ 71.7 4.9:i:2.3

CN“ + 15-HPETE 23.5 12i0.36

CN_ + EtOOH 25.7 9.9:t0.54

CN— + H202 66.1 6.1:i:0.07

CN" + t-BuOOH 78.0 15d:0.07
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2.3.4 Mutations of Hydrophobic Residues in the POX Dome

Data on the steady state catalytic efficiencies of PGHS POX activity and the rate

constants for Compound I formation with different hydroperoxides along with the

abilities of various hydroperoxides to activate PGHS COX functioning are consis-

tent with ovPGHS—l POX preferring lipid hydroperoxides to hydrophilic or bulky

substrates. The molecular basis for this specificity has not been determined. We

reasoned that the side chains of leucine, valine and phenylalanine residues (Fig. 1.5)

that form a hydrophobic dome over the distal side of the heme of PGHS were im-

portant in PGHS POX specificity. Alanine substitutions at some of the sites caused

some alterations of POX activity toward 15-HPETE (Table 2.4). However, there

was no Obvious pattern to the changes in rates. About half of the mutations caused

qualitatively similar changes with 15-HPETE vs. H202. The changes in kcat values

were no more than ten fold and the catalytic efficiencies of mutant enzymes having

alanine substitutions expressed as (feat/Km values, showed relatively small variations

(0.35-1.7 fold).

A second group of mutations involved replacements of residues in the dome with

amino acids other than alanine. L294G and L294S mutants had 7—9 fold higher kcat

values with both 5-HPETE and H202. Substitutions of Leu294 with acidic amino

acids (i.e.. L294D and L294E) showed much reduced turnover numbers and catalytic

efficiencies with 15-HPETE.
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2.3.5 Compound I Formation of Fe3+-PPIX OvPGHS-l from

Different Hydroperoxides

Several alanine—substituted mutant enzymes were selected to examine rates of Com-

pound I formation. Table 2.5 compares the rate constants for Compound I and Com-

pound II/Intermediate II formation by native, V291A, L294A and V291A/L294A

OVPGHS—ls with 15-HPETE or H202. These enzymes formed Compound I from

15-HPETE at about the same rate as native ovPGHS-l when reconstituted with

Fe3+-PPIX. These results indicate that substituting residues in the dome with a

smaller amino acid does not affect Compound I formation; however, as judged by

kcat values the expanded POX active site space does appear in some cases to favor

electron transfer from guaiacol to the heme.

Table 2.5: Rate constants for Compound I formation of Fe3+-PPIX

ovPGHSs. Native and V291A OVPGHS-l enzymes did not form a spectroscopically

identifiable Compound I-like intermediate in the presence of H202, SO rate constants

could not be determined in these cases. N/A, not available. *, estimated value. Each

kinetic constant was calculated from the mean of triplicate determinations.

 

 

 

Enz me I5-HPETE H202

y 161 (107 M—IS—l) k2 (S_j) 161 (105 M_ls_1) k2 (8-1)

native 5.3:t02 460:1:50 *0.9 N/A

V291A 6.2:l:1 460:1:60 N/A N/A

L294A 8.5:l:0.3 290:1:40 7.0:t0.2 42:1:2

V291A/L294A 7.6:l:0.9 I40:l:6 3.9i0.6 23i2
 

L294A—containing mutants Of OVPGHS-l formed spectrally distinct peaks for

Compound I and Compound II/Intermediate II with H202, and the rate constants

for Compound I formation by these mutants were comparable to the value estimated
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previously for native OVPGHS-l (40); but again, we were unable to obtain k1 or 1:2

values for native enzyme ovPGHS-l with H202.

We also tested L294D and L294E OVPGHS-l with HPETE and H202 but ob-

served bleaching of the enzyme.

2.3.6 Compound I Formation of Mn3+-PPIX OvPGHS-l from

Different Hydroperoxides

Because of difficulties in some cases in obtaining kinetic constants for Compound I

formation by Fe3+-PPIX ovPGHS—I variants, Compound I formation was investi—

gated using Mn3+-PPIX reconstituted ovPGHSs. The Mn3+-PPIX prosthetic group

is structurally the same as heme b except for the metal ion, and it is a reasonable ana-

log with which to study heme behaviors when the iron heme is labile (23,24). Mn3+-

PPIX ovPGHS-1 retains only about 5% of the POX activity of Fe3+—PPIX ovPGHS-l

but both enzymes have the same COX specific activities (Table 2.6). i\-’In3+-PPIX

ovPGHS—l exhibits strong Soret absorption and its oxidized variants can be easily

detected spectroscopically (Fig. 2.8A). The slower POX reaction rate of Mn3T-PPIX

ovPGHS—l, and the optical properties of the enzyme facilitate observation of oxidized

intermediates.

Kinetic traces were collected at 417 nm where maximum absorbance changes

occurred, and fit to two exponential equations to calculate rate constants for formation

of the intermediates (Fig. 2.8B).
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Figure 2.8: UV/Vis spectrum of Mn-PPIX PGHS-1 intermediates. (A)

UV/Vis spectra of Mn—PPIX native ovPGHS—l intermediates produced in the reaction

with ~20 eq 15-HPETE. Intermediate species were isolated by SVD algorithm-based

program (SpecFit). This figure presents intermediates (shown in different colors)

with similar spectra to those of the simulations. Arrows indicate the directions of

peak abolishment or formation. (B) Kinetic trace (gray cycles) of intermediate for-

mation at 417 nm. Solid line is the fitting results using the equation described in

Materials and Methods. (A) and (B) represent two reactions using different protein

concentrations.
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Table 2.6: Activities of Fe3+- and Mn3+-PPIX ovPGHS-ls. The reactions

were performed the same as described in Materials and Methods. % stands for the

percentage of Fe3+-PPIX ovPGHS-l activity which is equivalent to the full activity

of Mn3+-PPIX OVPGHS-l.

 

 

 

prosthetic group COX Activity POX Activity

(pmol Og/min/mg) 15—HPETE (s-I) H202 (S_1)

Fe3+—PPIX 70 116 17

Mn3+—PPIX 57 6.6 1.3

% 81 5.7 7.6
 

Plotting first order rate constant k1(0b8) versus 15-HPETE concentration (Fig.

29A) exhibited saturation, suggesting at least one intermediate was formed before

the formation of Compound I for Mn-PGHS-l. This intermediate was probably an

enzyme—substrate complex. The second order rate constants were achieved by fitting

the linear range of the regression curve to Equation 2.3 (Fig. 29A, inset). However,

this enzyme-substrate-like species was not likely formed with H202. The plotting of

k1(obs) versus H202 showed a linear function (Fig. 2.9B). The first order rate constant

k12(obs) for the formation of Compound II/Intermediate II shows a saturating function

of the substrate concentration using 15-HPETE or H202 (data not shown) as seen

with Fe-PPIX ovPGHS-l (Fig. 2.5B).

The rate constants for Compound I formation in Mn3+-PPIX ovPGHSs and

mutant enzymes except for L294E ovPGHS-l were similar to Fe3+-PPIX OVPGHSS.

The k1 value for L294E OVPGHS-l mutant was two orders of magnitude lower than

that of native enzyme. Thus, it appears that the introduction of a longer side chain

having a negative charge changes the geometry of the active site significantly. (Table

2.7)
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Figure 2.9: Effect of Hydroperoxide concentrations on the rate Constants for

Mn-PPIX ovPGHS—l intermediate formation. (A) k1(0bs) levels off at higher

concentrations of 15-HPETE. Inset, linear fitting of k1(obs) at lower 15-HPETE con-

centrations. (B) k1(0bs) for Compound I formation of Mn-PPIX ovPGHS-l from

H202 is a linear function of the hydroperoxide substrate concentration. These two

figures show kinetic properties Of Mn3+-PPIX native ovPGHS-l as a representative.

The behaviors of the other mutant enzymes were similar except for L294D as param-

eters listed in Table 2.7.
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Table 2.7: Rate constants for Compound I formation by Mn3+-PPIX

ovPGHS-ls. Kinetic data were collected at 417 nm where Compound I, Compound

11 and Intermediate II exhibit increased absorbance upon addition of 15-HPETE or

H202. The data were fitted to an A—>B——2C kinetic model to calculate k1,obs and

k2obs values because Compound II and Intermediate II are identical spectroscopi-

cally. Second order rate constants were obtained at saturating peroxide substrate

concentrations. k2 values were not availableIn the case of L294A and L294D Mn3+-

PPIX OVPGHS— 1 with 15-HPETE and V291A Mn3+-PPIX ovPGHS- 1 with H202

because kinetic data fitting yielded decreasing first order rate constants versus hy-

droperoxide concentrations which could not be used to calculate k2obs at saturating

concentrations. Rate constants for the reaction of Q203V ovPGHS—1 and H202 were

not determined for that there was no spectral change at any tested concentrations of

H202. Each value was the mean of three duplicates.

 

  

 

Enz me Iii-HPETE H202

y la (105 M-Ts-U lets-1) k1 (M-Tfl) kits-1)

native 9.3:l:1.1 5.3:l:0.0049 510:1:59 3.6i1.1

L294G 13:1:2.7 6.7:l:0.0 140:1:16 13:i:6.7

L294A 8.4:l:0.7 N/A 270i13 18:l:0.43

V291A 6.6i1.4 14:i:1.0 24:l:1.3 N/A

V291A/L294A 6.0:l:0.47 3.3:l:7.8 79:i:3.7 5.5i0.36

L294E 0.097i1.6 0.21:t0.050 89:l:4.4 1.5:l:0.15

L294D 3.1:l:0.26 N/A 65:i:11 4.4:l:0.65
 

Based on information in Tables 2.5 and 2.7, we conclude that hydrophobic

residues of the distal heme active site are not important determinants of Compound

I formation.

2.3.7 Cyanide Binding to the POX Active Site

The study Of the binding of ligands to HRP c is an important source of information

for understanding the structure and reactivity of the heme group and its immediate

environment. Azide, in common with cyanide and fluoride. binds to HRP c as the

undissociated acid. The interaction with hydrazorc acid results in a change to the
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Table 2.8: Effect of Va1291 and Leu294 on CN- binding to the heme group

of ovPGHS-l. Native or mutant ovPGHS-l (1-2 pM) reconstituted with 0.8 mol

heme/monomer were titrated with NaCN and the effects were examined spectropho—

tometrically. Shifts in the Soret absorbance peak from 411 to 424 nm (420 nm in case

of Q203 mutants) were Observed. The maximum absorbance changes at 430 nm were

plotted as a function of cyanide concentration to obtain Kd values.

 

Protein Kd,CN— (mM)
 

native 0.41:l:0.04

V291A 006320.004

L294A 0.3340002

V291A/L294A 0.14i0.03

L294E 0.59:1:005
 

electronic properties of the heme iron atom, the extent of which is dependent on

the concentration of ligand species present. Although the electronic structure of the

azide-ligated state has not been defined precisely, it may be considered as a thermally

mixed spin state with high—Spin and low-spin character. The proportion of this species

present may be increased by decreasing the pH of the azide—containing sample within

the range pH 7.0-4.0.

In the present studies, cyanide is used as a probe to explore the electronic

environment of the distal dome of the PGHS POX site with different side chain

substitutions. Cyanide has outer sphere electrons with high spin state. Binding to

high spin state iron in the heme group Of PGHS POX causes red shifts of UV/Visible

absorbance (Fig. 2.10A). The maximum light absorption changes at 430 nm showed

saturation and Kd was Obtained by fitting the data to Equation 2.6 (Fig. 2.108).

As shown in Table 2.8 dissociation constants (Kd) for the binding of CN" to

the heme group of native and several mutant PGHS were similar. This is consistent
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Figure 2.10: UV/Visible Absorbance of Fe3+-PPIX native ovPGHS-l with

CN" titration. (A) Titration of the proteins (1 pM) with cyanide produces pro—

gressive shifts in the Soret absorbance peak from 411 to 424 nm. Arrows indicate

the direction of spectral changes with increased CN-concentrations. (B) UV—Visible

absorbance changes of Fe3+-PPIX native ovPGHS—l with CN” titration at 430 nm

(close squares) and a simulation using Michaelis-Menten equation (solid line).

66



with the idea that hydrophobic residues of the dome have no major effects on the

heme group.

2.3.8 COX Activation of OvPGHS-l by Compound I Forma-

tion

At low concentrations of hydroperoxides, the lag time in COX catalysis is determined

by the efficiency of Compound I formation and its conversion to Intermediate II. For

native ovPGHS-l, a typical lag time in our assays was 10 s at a protein concentration

of 23 nM. Side chain substitutions with glycine, alanine or aspartate had no influence

on the lag times for oxygen consumption for mutant OVPGHSS (Table 2.9). L294E

ovPGHS-l had a lag three times longer than that for native OVPGHS—l, consistent

with L294E OVPGHS-l having a very low rate of Compound I formation.

Table 2.9: Lag times and specific COX activities of Fe3+-PPIX ovPGHS-

ls. For the COX assays, enzyme protein (5-10 pg) was injected into 3 ml Of 0.1

M TrisHCl, pH 8.0, 100 pM arachidonic acid containing 1 mM phenol and 5 pM

hematin. 02 consumption was monitored using an 02 electrode and recorded using

DazyLab software. The specific cyclooxygenase (COX) activities were averaged from

multiple (23) independent protein preparations except for V291A/L294A ovPGHS-l

where only one enzyme preparation was analyzed.

 

Lag Time Specific COX Activity

 
Enzyme (s) (nmol Oz/min/mg)
native 10 34i 15

V291A 10 371:19

L294A 10 25:l:3

V291A/L294A 10 47

L294E 35 91i38
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2.4 Discussion

It is well established that lipid hydroperoxides are required for the COX activity

of PGHSS [27, 118, 117, 1, 110, 111]. Peroxides function by oxidizing the heme

group at the FOX site of PGHSS which, in turn, leads to oxidation of Tyr385 in

the COX site, and the Tyr385 radical abstracts a hydrogen from AA in the rate

determining step in COX catalysis [1, 110, 111]. As described earlier, there are two

PGHS enzymes, PGHS-1 and PGHS-2. PGHS-2 is activated at about a ten-fold

lower lipid hydroperoxide concentration than PGHS-1 [119, 64, 66]. The biological

importance of this difference in the peroxide requirements of PGHS-1 and PGHS-

2 remains to be resolved. In principle, this would permit PGHS-2 to operate under

conditions where PGHS-1 is not activated [120]. It is known that PGHS-2 can function

at low AA concentrations in NIH 3T3 cells when PGHS-1 is latent [106], and this

could be due to the negative allosteric behavior Of PGHS-1 [68, 16] which can be

overcome by addition of peroxides [66].

Previous studies by other laboratories have indicated that primary and sec-

ondary alkyl hydroperoxides are better peroxidase substrates [74, 1, 110, 111], and

the results of our POX assays have confirmed and extended this by providing more

accurate measurements. The basis for the peroxide substrate specificity has been

an enigma because although the POX site of PGHSS is relatively open to solvent

[43, 121, 122] it exhibits a preference for alkyl hydroperoxides over small, hydrophilic

molecules such as H202. Modeling studies including our own have suggested that

alkyl groups of secondary hydroperoxides (i.e. PGG2 derivatives) can interact with
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residues in the hydrophobic “dome” that overlies a portion of the distal surface of the

heme group at the PGHS POX site [54, 55]. However, modification of these residues

had relatively small effects on POX catalytic efficiency or on the rates of Compound

I formation from 15-HPETE. These relatively small effects seen with some mutants

having substitutions of dome residues can be attributed to differences in the rates of

reduction of oxidized heme intermediates by guaiacol.

We examined the hypothesis that the hydroperoxide substrate specificity resides

in the diflerent reactivities of the O-O bonds of hydroperoxides toward heterolytic

cleavage. It is surprising that the oxidant substrate specificity is not attributed to

the chemical properties of the O-O bonds of hydroperoxides. Cukier and Seibold

performed quantum mechanical (QM) calculations with different hydroperoxides in

the gas phase to compare bond dissociation energies (BDE) of the peroxy group

of different hydroperoxides (Table 2.10). The quantum chemical calculations were

carried out by using the second-order Meller—Plesset perturbation method (MP2),

as implemented in the Gaussian98 [123] software package. All the structures were

geometry Optimized and their vibrational frequencies calculated using the 6—311++G

basis set, in which polarization and diffuse functions are included.

The calculations, in agreement with those Of others [124, 125], demonstrated

that a heterolytic O-O bond breakage required significantly higher energy activation

than homolysis (e.g. N360 versus ~40 kcal/mol). Studies clearly show that the en-

zyme active site. containing the proximal ligand of the heme-iron, the porphyrin redox

properties, and the local protein structure (e.g. distal histidine and solvent water)

can contribute to lowering the activation barrier for heterolytic cleavage [126, 127].
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However, our experimental data suggested hydrophobic residues in the distal dome of

heme do not significantly affect the interactions with lipid hydroperoxide substrates.

The MP2 calculations indicate that no large difference (> 3-13 kcal/mol) exists be-

tween the BDEs of the small hydroperoxides and a larger carbon unit (C5H1002)

as shown in Table 2.10. Thus, presumably the hydroperoxide substrate specificity of

PGHS POX is neither determined by key residues in the hydrophobic heme dome as

previously thought, nor the intrinsic reactivity Of hydroperoxides as QM calculations

suggest.

Table 2.10: Bond dissociation energies of different hydroperoxides. Molecular

orbital calculations were performed at the Moller-Plesset (MP2) level with the 6-

311++G basis set to study the heterolytic and hemolytic bond dissociation energies

(BDE) of different hydroperoxides. The calculations were kindly provided by Drs.

Cukier and Seibold. N/A, not available.

 

Heterolytic O-O Homolytic O-O

 

(kcal/mol) (kcal/mol)

H202 377 46

MeOOH 374 43

EtOOH 370 45

Compound I 364 N/A
 

\ = Compoud I

00H

In order to understand the structural basis for the hydroperoxide substrate

specificity, the impact of hydroperoxide binding to the FOX active site need to be re-

evaluated. Fig. 2.11 compares POX active sites of a crystal structure (lDIY) [44] and

models with PGG2 (Cukier and Seibold, unpublished data) or H202 [128] simulated

70



by molecular dynamics (MD). There appears to be no change in the conformation

of the active site of ovPGHS-l with and without PGG2 bound (Fig. 2.11A). MD

simulation suggests that a peroxy-iron bond and a hydrogen bond with His207 of

PGG2 are formed as commonly seen in other peroxidases. Not surprisingly, MD

simulation with PGG2 also appears to show van der Waals interactions involving

methylene groups adjoining the carbon bearing the peroxyl group of PGG2 and the

protoporphyrin IX. However, the latter interactions are lacked for H202 binding.

We speculate that interactions between hydroperoxide substrate and the heme group

other than a peroxy-iron bond are major contributors to PGHS POX specificity.

As alluded to previously, secondary alkyl hydroperoxides may adapt alternate

conformations to bind the PGHS POX site via interactions between two lipid tails

and a number of residues in the POX active Site pocket [55]. This study indicated

that removal of residues Lys211 and Ly3212 in the far end of the POX active site

(Fig. 2.12), e.g. K211A mutation, seemed to abolish PGE2 formation by PGHS-

transfected COS-1 cells. The same study using MD simulation also suggested that

Lys211, Gln289 and Glu290 seemed to form a shallow groove that may accommodate

a tail of PGG2, presumably, by the carboxyl end, and the w-end of fatty acid derived

hydroperoxide appeared to bind the hydrophobic “dome” of the POX active site.

We have shown that attenuation of potential hydrophobic interactions between the

hydrophobic cluster (Va1291, Leu294, Leu295, Leu408 and Phe409) and 15-HPETE

was not sufficient to block the binding. In addition, it is not clear whether the

protein was correctly folded, bound heme in the same way as the native enzyme, or

how these mutations affected enzymatic reactions of PGHS in cells, e. g. whether the
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Figure 2.11: Molecular Dynamics Simulations with PGG2 or H202. (A) A

model of the POX site with PGG2 (Cukier and Seibold, unpublished data). Carbons

in surface model are shown in gray, nitrogens in light blue, oxygens in light red and

sulfurs in tan. Carbons in stick-ball models are shown in yellow, nitrogens in blue,

oxygens in red and iron in green. (B) Interactions between PGG2 and the heme

group in the ovPGHS—l POX active site. Structure coordinates are the same as used

in (A). The peroxy-iron bond is formed, and the distances between the heme and the

carbons adjacent to the carbon bearing the peroxy group are within reasonable van

der Waals radii. In PGG2 molecule, carbons are in gray and oxygens in light red.

In the heme group, carbons are shown in yellow, oxygens in red, nitrogens in blue

and iron in green. (C) Model of the POX site with H202 [128]. H202 is shown in a

stick model and water molecules are in fine lines. Color designations are the same as

described in (A). (D) A hydrogen bonding network in the MD simulation with H202.

This figure is cited from [128]. Unit: A. (Coordinates of MD simulations are kindly

provided by Cukier and Seibold.) Images in this thesis/dissertation are presented in

color.
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K211A mutation disrupted the interactions of the reducing substrate to the active

site which decreased the product formation. It will be valuable to perform pre—steady-

state analysis with the mutation(s) (e.g. K211A) in the far end of the POX site which

might be the determinant for the the binding of alkyl hydroperoxides to the PGHS

POX.

MD simulations showed that substantial space existed in the POX active site

in the MD simulation with H202 which resulted in accommodation of a series of

water molecules in the active site area (Fig. 2.11B) [128]. The distance between

s-N Of His207 and the heme iron increased from 5 A without ligand (lDIY) to 8

A with H202 bound. In the POX active site with H202 bound His207 appears

to be out of hydrogen bonding distance from H202 (N6 A). Although water may

mediate the deprotonation of H202 through a proton transfer wire, Hi5207-heme 7-

propionate—water-H202 [128], the function of deprotonation may not be as efficient

as via direct hydrogen bonding between His207 and H202. In addition, water can

also be an unfavorable factor for H202 binding in that it appears to have a higher

aflinity for ferric iron than H202 [129], and H202 must compete with water to form

the peroxy-iron intermediate in the reaction.

For the case of PGG2, it is possible that it may interact with active site residues

and exclude water from the active site, easily forming a peroxy anion intermediate

(ROOT-H1”). When PGHS had EtOOH or PGG2 docked, both compounds had

non-polar interactions with local residues. SO the pocket entrance was not as open

(active site volume is occupied) and less, if any water gained access into interior for
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Figure 2.12: Surface model of the POX active site. The POX active site of

ovPGHS-l (lDIY) has a polar far end containing neutral (green), positive (blue) and

negative (red) charged residues as indicated. The heme group, distal histidine and

glutamine are shown in a stick-ball model. PDB code is lDIY.
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larger substrates. However, H202 does not have these interactions and water gains

admission and competes with H202 substrate.

The physiological hydroperoxide initiator of the COX reaction is not known.

Lipid peroxides can be formed both nonenzymatically from reactive oxygen species

and polyunsaturated fatty acids in membrane lipids [18]. Oxidative stress induced

by H202 or t—BuOOH treatment of calf corneal fibroblasts increases the formation of

PGE2 perhaps due to concomitant generation of lipid hydroperoxides that, in turn,

stimulate PGHS COX activity [130]. Lipid peroxides can also be formed enzymatically

through the actions of 5—, 12- and 15—lipoxygenases, which typically oxygenate free

polyunsaturated fatty acids. Lipoxygenases are Often found in the nuclear envelope

and/or ER [131, 132] which is also the subcellular location of PGHSS [5, 7]. However,

knock-out mice lacking platelet 12-lipoxygenase do not exhibit a platelet phenotype

that would be expected were 12-lipoxygenase providing hydroperoxide for activation

of PGHS—1 [133].

H202 is mostly found in the mitochondrial respiratory chain and there is no

direct evidence showing H202 exists in the lumen of the ER or nuclear envelope.

And if present, the subcellular concentrations of H202 are probably two orders of

magnitude lower than in normally respiring mitochondria [134, 135].

One difficulty in identifying physiological reducing substrates for PGHS is that

the redox state of the lumen of the ER and nuclear envelope where PGHS isoforms are

found is oxidizing. Common reducing compounds are mostly found in the cytosol.

The oxidative state of the ER determined as a GSH/GSSG ratio is 1:1—1:3, while

the ratio is 100:1 in the cytosol [80]. Possible candidates for the reducing substrate
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might be compounds that readily diffuse into the ER. For example, it is known that

coenzyme Q can be detected in the ER and in subcellular membranes in addition to

the inner membrane of mitochondria [81]. Reduced coenzyme Q is a good anti-oxidant

and its phenolic structure suggests it may be used as a good reducing substrate for

PGHS as mentioned by Marnett and coworkers [79]. Additionally, coenzyme Q is

also capable of generating H2nghich triggers lipid peroxidation spontaneously [82].

Thus, coenzyme Q may function as the endogenous reducing reagent for PGHS.
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Chapter 3

The Role of Q203 in PGHS

Peroxidase Catalysis

3. 1 Introduction

The cyclooxygenase (COX) activity of prostaglandin endoperoxide H synthase (PGHS)

is initiated by its perox1dase (POX) activity (Fig. 1.2) [1]. The PGHS POX active

site contains a prosthetic group ferric protoporphyrin IX (Fe3+-PPIX or heme b, Fig.

1.7). The reaction cycle of the PGHS POX is similar to classic heme peroxidases [28].

Resting enzyme cleaves the O-O bond of a. hydroperoxide heterolytically, as most

peroxidases do, and generates a corresponding alcohol and Compound I. The latter

is an oxy-ferryl heme radical that is two ox1dative states above the resting enzyme,

with one electron from heme iron and one from the protoporphyrin. The reduction

of the heme radical by Tyr385 produces a tyrosyl radical which is the initiator of the

COX reaction.
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The formation of Compound I of PGHS POX'requires heterolytic cleavage of

the O—O bond, which is believed to be facilitated by the heme group, along with

distal histidine and glutamine residues [40]. His207 act as a general base and Gln203

stabilizes a transient state of B-oxygen (Fig. 3.1) [40, 136]. The role of Gln203, which

is located four amino acids away from the distal histidine, has been thought to be

critical for Compound I formation [40]. Elimination of the amide group of the Gln203

side chain (i.e. Q203V mutation) of muPGHS-2 resulted in an inactive peroxidase

as shown by Marnett and coworkers [40]. Thus, it was proposed that Gln203 is an

essential catalytic residue for the POX reaction, as well as the COX activity.
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The distal glutamine is conserved in human peroxidases including PGHS, myelo-

peroxidase (MPO), lactoperoxidase (LPO), eosinophil peroxidase (EPO) and thyroid

peroxidase (TPO) [137]. The similarities between the genes and the chromosomal

locations of these mammalian proteins suggest that their sequences are highly con-

served (>50%) and the genes are probably originated from the same ancestor [137].

PGHS shares only about 20% identical sequence with MP0, mostly within the region

involving the POX active site. MPO, LPO, EPO and TPO are important for the

cells in self—defense against microbes by raising levels of offensive oxidative molecules

at the expense of H202 in the peroxisome. These POXS are highly active to H202

(e.g. 101 value for Compound I formation for MP0 is about 108 M-ls—l). But PGHS

is much less active with H202 (k1 is about 104—105 lVI_1S_1 for Compound I for-

mation). The structural basis for the different H202 catalytic efficiencies of PGHS

and other POXS (e.g. MP0) is unknown. The axial histidines are essential for the

POX catalysis; however, the roles of the distal glutamine in the POX active site for

mammalian peroxidases have not been elucidated except for PGHS.

Plant/fungal/bacterial POXS [e.g. horseradish peroxidase (HRP) and cytochro-

me c peroxidase (CcP)] are also highly active to H202. Interestingly, the distal

glutamine in PGHS POX is replaced by an arginine in fungal and plant peroxidases.

Mutating the distal arginine of HRP to a leucine reduced the rate constant for Com-

pound I fOrmation (.ls:1=108 M—ls_1) by 103 fold [115, 91]. And the 101 value for

CcP also decreased by 2 orders of magnitude when the distal arginine was mutated

to leucine [90]. Previous work demonstrated that Gln203 in muPGHS-2 was essential

for the catalysis for 15-HPETE but H202 was not tested [40]. Our mutagenic and
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kinetic studies addressed the catalytic roles of Gln203 mutant PGHSS with different

hydroperoxides.

3.2 Materials and Methods

Materials: Materials for purifications and activity assays are described in Chapter

2 Materials and Methods. Hexanes, isopropanol and acetic acid were HPLC grade

from Fisher Scientific.

Mutagenesis, protein expression and purification: A site-directed muta-

genesis protocol was used as described in Chapter 2 Materials and Methods to mutate

Gln203 in ovine (ov) PGHS-1, human (hu) PGHS-2 and murine (mu) PGHS-2. The

primers are as follows: .

Q203V OVPGHS—l, forward: 5’- COO TTC TTT GCC OLA CAC TTC ACC

CAT CAG-3’; backward: 5’-CTG ATG GGT GAA GTG TAO GGC AAA GAA

GGC-3’.

Q203N ovPGHS-l. forward: 5’-GCC TTC TTT GCC ALC- CAC TTC ACC

CAT CAG-3’: backward: 5‘-CTG ATG GGT GAA GTG QT: GGC AAA GAA

GGC-3’.

Q203R ovPGHS-l, forward: 5’-GCC TTC TTT GCC Q_G_A CAC TTC ACC

CAT GAG-3’; backward: 5’-CTC ATG GGT GAA GTG m GGC AAA GAA

GGC-3’.
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Q203V huPGHS-2, forward: 5’-GCA TTC TTT GCC Gig CAC TTC ACG

CAT CAC-3’; backward: 5’-CTG ATG CGT GAA GTG CAC GGC AAA GAA

TGC-3’.

Q203V muPGHS-2, forward: 5’-GCA TTC TTT GCC G_T§ CAC TTC ACG

CAT CAC-3’; backward: 5’-CTG ATG CGT GAA GTG CAC GGC AAA GAA

TGC-3’.

The sequences of the plasmids containing PGHS genes were confirmed in the

University of Michigan DNA Sequencing Core. Protein expression and purification

were carried out as described in Chapter 2 Materials and Methods.

POX and COX Activity assay: Different species of purified Gln203 mutant

proteins were subjected to the activity assays as described in Chapter 2 Materials and

Methods.

Identification ofPOX Spectral Intermediates and Kinetic Analysis:

Q203V ovPGHS-l was re-constituted with hematin or mangano PPIX and subjected

to stopped-flow UV-Vis spectroscopy while reacting with 15-hydroperoxyeicosatetraenoic

acid (15-HPETE) or H202 to identify potential intermediates as described in Chapter

2 Materials and Methods.

Cyanide Binding Assay Purified Gln203 mutant proteins were titrated by

concentrated cyanide solution as described in Chapter 2 Materials and Methods.

Analysis of 15-HPETE reaction in products: A POX reaction was con-

ducted in a 500 pl reaction mixture containing 100 nM of native ovPGHS-l or Q203V

ovPGHS-l, 50 11M hematin, and 4.5 mM phenol in 100 mM TrisHCl, pH 8.0, at

room temperature. The reaction was initiated by adding 5 pM 15-HPETE and
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terminated at 2 min by adding 1.5 ml of a pre—cooled (4 OC) mixture of diethyl

ether/methanol/0.2 M citric acid (30:4:1). 5-Phenyl-4-pentenyl-alcohol (PPA; 5 pM)

was added as an internal control. The organic phase was shaken with 380 pl of a

saturated NaCl solution at 4 °C to remove H2O. The upper organic layer was trans—

ferred to a clean tube and evaporated under N20. The products were dissolved in 100

pl of hexane:isopropanolzacetic acid (987:12:1; running solution) [40] and resolved by

HPLC on a Nucleosil Silica column (5 pm, 250x46 mm, Cobert Associates) mounted

on a Shimadzu HPLC system equipped with a diode array detector. The bound

products were eluted with running solution at a flow rate of 1 ml/min. 15-HPETE

and 15—hydroxy-eicosatetraenoic (15—HETE) were monitored at 236 nm and 15—keto-

eicosatetraenoic acid (15-KETE) at 279 nm. PPA was eluted after the 15-HPETE,

15-HETE and 15-KETE and had a strong UV absorption at 249 nm.

3.3 Results

3.3.1 The POX Activities of Gln203 Mutant OvPGHS-ls

Three Gln203 mutant OVPGHS-l, Q203R, Q203N and Q203V, were constructed as

described in Chapter 2. The arginine substitution resulted in an inactive enzyme when

15-HPETE or H202 was used as substrates (Table 3.1). The ovPGHS-l mutant

Q203N with a conservative but smaller Side chain retained about 20% and 7% of

native peroxidase activity with 15-HPETE and H202, respectively. Eliminating the

amide group of the Gln203 side chain was reported to eliminate the POX activity
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of muPGHS-2 [40]. However, it is surprising that kcat value of Q203V ovPGHS-l

with 15-HPETE was about 50% of that of native ovPGHS-l, and it also was active

with H202 as substrate. It is unclear why the Q203V muPGHS-2 mutant reported

previously lacked activity [40].

Table 3.1: Gln203 mutations in the PGHS distal active site altered guaiacol

peroxidase activities Mutant ovPGHS-ls were purified as described in Chapter 2

Materials and Methods. POX assays were performed using stopped flow measure-

ments. kcat and Km values were calculated from the Michaelis-Menten equation

(Equation 2.1). N/A, not applicable. Each value is the average of triplicate determi-

nations.

 

 

 

1.5-HPETE H202

Enzyme kcat Km kcat/Km kcat Km kcat/Km

(8‘1) 01M) (iLM—ls—I) 73—1) (mM) (mM-ls‘l)

Native 270i2.7 14i0.5 19 150i13 2.9:t0.4 54

Q203V 13521220 42:1:22 3.2 37i4.7 17i3.1 2.3

Q203N 53:1:2.4 80i11 0.7 11:]:22 8.4:l:2.8 1.3

. Q203R 0 N/A N/A 0 N/A N/A
 

3.3.2 The Formation of Compound I for Gln203 Mutant PGHSS

The intermediate Compound. I was not formed with Fe3+-PPIX Q203V ovPGHS-l

from either 15-HPETE or H202. However, when re-constituted with M113+-PPIX,

Q203V ovPGHS-l produced intermediate species with a lower absorbance at .417 run

than other Mn3T-PPIX ovPGHS-l variants as discussed in Chapter 2, suggesting that

Gln203 may play a role in Compound I formation. Nonetheless, the UV-vs spectra

of Fe3+- or Mn3+-PPIX reconstituted Q203V OVPGHS-l was the same as those .Of

native enzyme at the resting state, implying that the heme binding environment was

not altered by mutating Gln203 to valine. Kinetic traces of the reactions with Mn3+-
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PPIX Q203V ovPGHS-l and varying concentrations of 15-HPETE also showed two

phases similar to those shown in Fig. 2.88, which suggested that the reaction had

three species as follows: Mn-‘PGHS—>Compound I——>Compound II/Intermediate II.

Fitting these traces to a two-consecutive-step model yielded first order rate constants

k1(obs) and 102( obs) for the formation of Compound I and Compound 11/Intermediate

II complex, respectively. The second-order rate constants 161 and k2 were calculated

as described in Chapter 2. Mn3+-PPIX Q203V ovPGHS-1 did not have any spectral

change with H202. k1 value for the formation of Compound I of Mn—PPIX Q203V

ovPGHS—l with 15—HPETE was only Slightly lower than that of native enzyme (Ta-

ble 3.2), suggesting that the Q203V substitution had trivial effect on Compound I

formation.

Table 3.2: Rate constants for Compound I Formation from Q203V Mn3+-

PPIX ovPGHS-l. Kinetic traces collected at different 15-HPETE concentrations

were fitted to two-exponential equations to obtain k1(0bs) and Ianobs) Second-order

rate constants were calculated as described in Chapter 2.

 

 
 

 

Enzyme 15-HPETE H202

k1 (105 M—ls_1) k2 (3’1) 101 (M’ls—I) k2 (S—I)

native 9.3:l:1.1 5.3i0.0049 510i59 3.6i1.1

Q203V 3.5i0.85 8.1i0.53 N/D N/D
 

3.3.3 Cyanide Binding to the Active Site

The integrity of the POX active site in Gln203 mutant. ovPGHS-ls was further in—

vestigated by testing the affinity of the enzyme for CN‘. The Soret peaks of Gln203

mutant ovPGHS-ls are the same as that Of the native enzyme. but they become red-

shifted to 420 nm at a saturating concentration of CN’, instead of 424 nm for the
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native and other mutant ovPGHS-l with hydrophobic residue substitutions described

in Chapter 2. This suggested that valine and arginine substitutions of Gln203 did

not affect heme association but disturbed the electronic environment of the distal

ligand binding site. As shown in Table 3.3 dissociation constants (Kd) for the bind-

ing Of CN- to the heme group Of native and Gln203 mutant PGHSS were similar.

Hence, the interference of the distal ligand binding site by Gln203 mutations had no

significant effect.

Table 3.3: Effect of Gln203 on CN— binding to the heme group of ovPGHS-

1. Native and mutant ovPGHS-l (1-2 M) reconstituted with 0.8 mol heme/monomer

were titrated with NaCN and the effects were examined spectrophotometrically. Shifts

in the Soret absorbance peak from 411 to 424 nm (420 nm for Gln203 mutants) were

observed. Plotting maximum absorbance changes at 430 nm as a function of cyanide

concentration identified a saturable value and permitted calculation Of Kd values.

 

Protein Kd,CN—~ (mM)

native 0.41i0.04

0203v 1.01:l:0.05

Q203R 0.83:l:0.08

 

 

3.3.4 Product Analysis of Guaiacol Peroxidase Assays

Kinetic analysis suggested that Q203V ovPGHS-l was able to form a Compound

I—like species and activate COX activity. This was confirmed by analysis of the

products formed from 15-HPETE [40]. Hydroperoxides can undergo homolytic or

heterolytic cleavage Of the O-O bond. The type of cleavage is determined by the

heme environment [138, 40]. Free Fe3+-PPIX only catalyzes homolytic cleavage and

at low rates. Addition of a fifth heme ligand in peroxidases dramatically increases

the turnover numbers and the proportion of heterolysis rises depending on the distal
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ligands. 15—HPETE can undergo heterolytic or homolytic cleavage leading to the al-

cohol (15-HETE) or ketone (15-KETE), respectively. PGHS-1 is reported to catalyze

95% heterolytic cleavage of the O-O bond of 15-HPETE, while PGHS-2 catalyzes

60% heterolytic cleavage [40].

Shown in Fig. 3.2 are normal phase HPLC chromatograms of difference profiles

for products generated by native and Q203V ovPGHS-l with 15-HPETE and guaia-

col when the proteins were reconstituted with heme (0.5 heme/monomer). For both

enzymes 15-HETE was the major lipid product from 15-HPETE. There was little or

no detectable 15-KETE, although another species eluted at 11.6 minutes, having dou—

blet peaks at around 280 nm. This species may be a lipid derivative containing three

conjugated double bonds, but its identification was not pursued. There was a small

amount of 15-HPETE remaining in the reaction mixture when heme-reconstituted

enzyme and lipid hydroperoxide concentrations were 50 nM and 5 pM, respectively.

These results showing equal amounts of 15-HETE formation by native and Q203V

ovPGHS-l support the conclusion that Gln203 is not essential for heterolytic cleavage

of hydroperoxide substrates by PGHSS.

3.3.5 COX Activation Influenced by Q203V Substitution

Q203V OVPGHS-l appeared to be fully functional with regard to its specific COX

activity (Table 3.4). Comparing with the native enzyme, there is no obvious longer

lag time to activate the COX reaction of Q203V ovPGHS—I using AA as the COX

substrate. This is consistent with our observations that Q203V Mn-ovPGHS-l yielded
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Figure 3.2: Gln203 is not essential for heterolytic cleavage of the O-O bond

of 15-HPETE by Fe3+-PPIX ovPGHS-l. POX assay mixtures were extracted as

described in Methods and Materials, and separated on a HPLC silica column (5 pm,

250x46 mm. Cobert Associates). The chromatograms represent difference spectra

after subtracting values for two controls, 15-HPETE plus heme alone for the non-

enzymatic reaction and Fe3+-PPIX OVPGHS alone. The arrows indicated the elution

times of chromatographic standard, 15-HPETE, 15-HETE, 15—KETE, and PPA.
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Compound I as efficiently as the native enzyme. Q203V mutation of two other PGHS

species, huPGHS-2 and muPGHS-2, also exhibited reasonable COX activities (31

and 39 pmol 02/min/mg for specific COX activities of huPGHS-2 and muPGHS-2,

respectively). Again, there is no appropriate interpretation for the inactive Q203V

muPGHS-2 COX reported previously.

Table 3.4: Lag times and specific COX activities of Gln203 mutant Fe3+-

PPIX ovPGHS-ls PGHSS used in this set Of experiments were all ovine Species

and were averaged from multiple protein preparations. The COX assays were carried

out as described in Chapter 2 Materials and Methods. N/A, not applicable.

 

Enz me Lag Time Specific COX Activity

y (s) (nmol 02/min/mg)
 

native 10 34d: 15

Q203V 11 32:l: 17

Q203R N/A 0
 

3.4 Discussion

Glutamine in the distal “dome” Of the heme active site is conserved in mannimlian

peroxidases [93, 137]. Its counterpart in plant/fungal/bacterial POXS is an arginine

which has been shown to be critical for catalysis with H202 and Compound I forma-

tion [139]. However, our data, consistent with previous observations with muPGHS-2,

confirmed that a distal arginine was not suitable for the particular situation of PGHSS.

In my experiments with all three species of PGHSS, Q203V substitution did

not abolish catalytic activities. We do not have an appropriate interpretation for the

discrepancy that Fe3+-PPIX Q203V OVPGHS-l did not form spectral Compound I

from hydroperoxides in the same way as native enzyme did, but. the [01 value from
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intermediate formation of Mn3+—PPIX Q203V ovPGHS-l with 15-HPETE was com-

parable with that of native ovPGHS—l (Table 3.2), and calculations for k1 were also

consistent with the Observations that the COX Of Q203V ovPGHS-l had the [same

behavior as native enzyme (Table 3.4).

It is interesting that the Q203V mutation had a more profound influence on

the POX activity with H2O2 than with 15-HPETE. Q203V ovPGHS-l, using either

Fe3+ or Mn3+ form, showed no spectral change with H202, suggesting that there

was no Compound I formation. This mutant enzyme also had only 20% POX activity

of the native enzyme with H202, but retained 50% with 15-HPETE. Furthermore,

Q203V ovPGHS-l had the same COX activity with AA as native enzyme (Table 3.4),

suggesting that Q203V PGHS can be activated by alkyl hydroperoxide. In contrast,

we presume that the COX activity Of Q203V ovPGHS-l will not be activated by

H202 because a spectral intermediate of Q203V ovPGHS-l was never formed from

H202.

Molecular dynamics simulations suggest that native ovPGHS—l, with I1202 as

a substrate, had an expanded POX site which accommodated more water molecules

than the situation without substrate (Fig. 2.118) [128]. Q203V substitution in the

PGHS POX site creates an even larger space for competing water molecules, which,

in turn, results in lOwer POX activity. It is also assumed that a smaller side chain

like alanine at position 203 will completely quench the PGHS POX activity with

H202 and guaiacol by allowing for entry of more water. Thus, we hypothesize that

Gln203 is required for the binding Of H202 in such a way that. it excludes water as a

competitor for the sixth coordination of the heme iron in the PGHS POX site [129].
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Our studies on the distal “dome” of the PGHS POX suggest that while the

distal Gln203 is not essential for binding alkyl hydroperoxides, it may be critical for

interactions with small, polar hydroperoxide substrates such as H202.
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Chapter 4

Cross-talk between POX and COX

Active Sites of PGHS Homodimer

4.1 Introduction

Prostaglandin endoperoxide H synthases (PGHSS) function as homodimers with each

monomer having spatially distinct cyclooxygenase (COX) and peroxidase (POX) sites

(Fig. 4.1A) [1, 140, 111, 141]. PGHS COX converts arachidonic acid (AA) to

prostaglandin G2 (PGG2), and the POX reduces PGG2 to prostaglandin H2 (PGH2)

(Fig. 1.1). The activation of COX reaction requires a Tyr385 radical generated by

the heme-dependent catalysis of POX (Fig. 1.2). Non-steroidal anti—inflammatory

drugs (NSAIDS) are PGHS COX inhibitors.

Like many oligmerized enzymes [142, 143. 144, 145], PGHS activities are manip-

ulated by cross-talk between the active sites. The tryptic susceptibility of a peptide

sequence (residues 272-283 of ovine PGHS-1) on the PGHS—1 peroxidase active site
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[146] is prevented by treatment with PGHS COX inhibitor flurbiprofen. A nega-

tive allosteric effect is also observed between the monomors. Complete inhibition of

PGHS by NSAIDS appears to require only one binding site [147, 148, 149, 150]. A

recent investigation by Smith and coworkers revealed that AA or NSAIDS binding

to one monomer of PGHS caused residue rearrangements involving the dimerization

interface of PGHS-2 (Yuan, unpublished data) and reduced the affinity of the other

monomer [151], strongly supporting the hypothesis that there is cross-talk between

the two COX sites of the partnering monomoers.

Although allosteric regulation is also seen in many heme proteins [152, 153, 154],

it is difficult to predict whether POXS are allosteric sites from the structure (Fig.

1.4). However, a possible interaction between the two POX sites may occur via

tyrosyl radical dynamics. All the radicals formed during the POX reactions are iden-

tified to reside on tyrosines among which Tyr385 is essential for COX activation

[155, 156, 71, 72, 157, 158]. Radical migration is suggested between Tyr385 and

Tyr504 (in the proximal POX site) when a COX inhibitor is bound to PGHS-2 [159].

And the formation of Tyr385 radical appeared to be facilitated by Tyr348 [158]. There

are seven tyrosmes in the dimerization interface of muPGHS-2 (Tyr65, 130, 134. 136,

147, 373 and 544). In the present studies, I tested the possibility of radical migration

in huPGHS—2 to determine if there was cross-talk between the POX and COX sites of

partnering monomers. A model with a defective POX in one monomer and a dysfunc-

tional COX in the other monomer was constructed as a G533A/Q203R huPGHS-2

heterodimer (Fig. 4.18). COX activity assays were carried out and confirmed COX

activation by the POX of the same monomer.
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Figure 4.1: Models of PGHS-2 homodimer and heterodimer. (A) PGHS—2

homodimer with a POX and a COX site in each monomer. COX activation re-

quires Tyr385 radical formed by the POX reaction. (B) G533A/Q203R PGHS-2

heterodimer. Monomer a has a Q203R mutation which quenches both POX and

POX activity (Chapter 2). Monomer b is defective for the COX reaction [151].
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4.2 Materials and Methods

Materials: Materials for purifications and activity assays are described in Chapter

2 Materials and Methods.

Mutagenesis, protein expression and purification: The site—directed mu-

tagenesis protocol was used as described in Chapter 2 Materials and Methods for cre-

ating the G533A/G533A and Q203R/Q203R huPGHS—2 homodimers. Native/native,

G533A/G533A and Q203R/Q203R huPGHS-Z homodimers are all tagged with hexa-

histidine (H186) polypeptides at their N-termini. The primers are as follows:

G533A/G533A, forward: 5’-C TCC TTG AAA 9% CTT ATG GGT AAT

G-3’; backward: 5’-C ATT ACC CAT AAG EC TTT CAA GGA G-3’.

Q203R/Q203R, forward: 5’- GCA TTC TTT GCC QC; CAC TTC ACG CAT

CAC-3’; backward: 5’-CTG ATG CGT GAA GTG QQQ GGC AAA GAA TCC-3’.

A G533A/Q203R huPGHS-2 heterodimer was constructed and expressed using

procedures described previously (Fig. 4.2) [151]. The pFastBac vector containing a

FLAG—tagged—native huPGHS—2 gene was a kind gift of Dr. C. Yuan. Mutated FLAG—

tagged-G533A huPGHS-2 cDNA was cleaved from the pFastBac vector with Stu I and

Kpn I and inserted downstream of Promoter p10 in pFastBac Dual vector that had

been treated Sma I and Kpn I (Fig. 4.2). Mutated HisG-tagged-Q2O3R huPGHS-2

was cloned into Promoter PH of pFastBac Dual using the same strategy except that

the EcoR I and Hind III were used to digest the DNAs. The correct orientation and

positions of the inserts were confirmed by restriction digestion and DNA sequencing

(the University of Michigan DNA Sequencing Core). The heterodimer was expressed
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in the baculovirus system as described above and purified by a combination of Ni-

NTA and anti—FLAG agarose chromatography [160]. The purity was determined by

SDS-PAGE and the identity was confirmed by western blot analysis using anti-Hi56

and anti-FLAG antibodies (Sigma).

Western Blot: Purified proteins were separated electrophoretically by SDS-

polyacrylamide gel electrophoresis (NuPAGE 10% polyacrylamide Bis-Tris, Invitro-

gen, Carlsbad, CA) and transferred to nitrocellulose. Rabbit antibody. Anti-His6

and anti-FLAG antibodies were from Sigma. Anti-rabbit and anti-murine antibodies

were obtained from Bio-Rad. The detection system used the Super Signal West Pico

chemiluminescence kit (Pierce, Rockford, IL)

POX and COX Activity assay: Purified huPGHS-2 homodimers and het—

erodimer were subjected to the activity assays as described in Chapter 2 Materials

and Methods.

4.3 Results

4.3.1 Construct, Expression and Purification of HuPGHS-Z

Homodimers and Heterodimer

A FLAG-tagged G533A/hexa—histidine (Hi86)-tagged-Q2O3R huPGHS-2 heterodimer

was prepared using sequential Ni-NTA and anti-FLAG affinity chromatography. Hiso—

G533A huPGHS—2 and HisG-Q2O3R huPGHS-2 homodimers were prepared by Ni-

NTA chromatography. All of the proteins were more than 95% pure as determined
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Figure 4.2: Construct of PGHS-2 heterodimer and protein purification

strategy. FLAG- or HisG-tagged mutant huPGHS-2 genes were cloned to differ-

ent promoters of pFastBacTM Dual vector. Proteins were expressed in baculovirus

expression system as three populations, HisG-Q2O3R/Hi86-Q203R (green squares),

FLAG-G533A/FLAG-G533A (blue circles) homodimers and HisG-Q203R/FLAG-

G533A heterodimer. Affinity chromatography using Ni- and anti-FLAG columns

yielded a homogenous his-Q203R/FLAG-G533A heterodimer fraction. The plasmid

map is from www.invitrogen.com.
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by SDS-PAGE. As expected, all of the proteins were recognized by the antibodies

against the hexa—histidine tag and PGHS-2, while only the heterodimer was reactive

to the anti—FLAG antibody [151].

4.3.2 POX Activities of HuPGHS-Z Homodimers and Het-

erodimer

As reported previously, the POX activity of the G533A/G533A huPGHS-2 homod-

imer was about the same as that of native/native PGHS-2 (Fig. 4.4) [151]. Moreover,

as observed earlier with Q203R ovPGHS-l (Table 3.1), the Q203R/’Q203R huPGHS-2

homodimer lacked POX activity. The G533A/Q203R huPGHS-2 heterodimer, lack-

ing POX activity in one monomer, showed somewhat less (20—30%) than half of the

POX activity of the native homodimer that we expected previously. Although, there

are other explanations, we suspect that the mutant monomers may not interact as

well as complimentary monomers.

4.3.3 COX Activities of HuPGHS-2 Homodimers and Het-

erodimer

Importantly, the G533A/Q203R huPGHS—2 heterodimer exhibited no COX activity.

This was also truewhen exogenous 15-HPETE was added to optimize COX activation.

Thus, the POX site of the G533A monomer is unable to activate the COX site of the

Q203R monomer. This result suggests there is no cross—talk between POX and COX

sites of partner monomers.
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Figure 4.3: Expression and identification of PGHS-2 homodimers and het-

erodimer. His-tagged native/native, G533A/G533A, Q203R/G533A and FLAG-

G533A/his-Q203R huPGHS-2s were expressed and purified as described in Materials

and Methods. The purity was confirmed by CoomaSSIe-stained SDS-PAGE and west-

ern blots.
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Figure 4.4: Normalized POX activities of native/native, G533A/G533A,

Q203R,/Q203R and G533A/Q203R huPGHS-Zs. 100 pl reaction buffer (100

mM TrisHCl, pH 8.0 at 4 °C) contained 38 nM PGHS monomers, 4.5 mM guaiacol

and 15-HPETE of different concentrations (4, 8, 16, 32, 64 and 128 mM). The initial

rates of guaiacol oxidation were achieved by measuring the linear increase of UV

absorbance (A=436 nm). Rate-concentration simulations using the Michaelis-Menten

equation yielded kcat of 250 s‘1 and Km of 88 nM for the native enzyme.

4.4 Discussion

Radical migration has been of interest in the context of the PGHS reaction mecha—

nism. Radicals may migrate within or between the macromolecules proteins including

PGHS-1 [72]. DNAs or~lipids [161, 162]. For example, electrons can be transferred

from a human myoglobin monomer to a tyrosyl radical in another nearby monomer

[163]. However, the present work clearly shows that there is no electron transfer

between the two monomers of PGHS dimers that lead to COX activation. COX ac-

tivity requires initiation by the radical generated from the POX reaction in the same
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Figure 4.5: Specific COX activities of huPGHS-2 enzymes. 3 ml reaction

buffer (100 mM TrisHCl, pH 8.0 at 4 °C) contained 5 ,ug PGHS monomers, 1 mM

phenol and 100 MM AA. 02 consumption was monitored by an 02 electrode probe

and initial rates were calculated using DasyLab.

monomer. Funk and coworkers have suggested that a PGHS-2 lacking COX activity

may dimerize with a PGHS-1 monomer and stimulate PGHS—2 COX activity [164].

Based on our studies, this seems unlikely.
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Chapter 5

Conclusions and Future Directions

COX activity assays using purified ovPGHS-l or recombinant proteins have affirmed

that PGHS prefers lipid hydroperoxides to H202, which is present at higher concen-

trations in cells. We assessed the impact of distal residues in the heme POX active site

on hydroperoxide substrate utilization. When large hydrophobic residues comprising

the distal dome were mutated to smaller residues (e.g. alanine), Compound I forma-

tion from 15—HPETE was unaffected (Fig. 2.5 and 2.7). Substitution with an acidic

residue (L294D) also had no impact on Compound I formation. These results indi-

cate that the hydrophobic dome does not significantly influence lipid hydroperoxide

association or heterolysis. The intrinsic bond dissociation energies of heterolytic O-O

bond cleavage in different hydroperoxides appeared similar (Table 2.10). Molecular

Dynamics simulations indicated that binding of H202 but not PGG2 allowed more

water molecules to compete for the binding to the heme iron. In short, hydroperoxide

substrate specificity is not determined by hydrophobic interactions of peroxides with

the hydrophobic dome or different chemical properties of different hydroperoxides. In-
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stead, the essential interactions for hydroperoxide binding are peroxy-iron bond and

hydrogen bond involving Hi8207, and long carbon chains appear to enhance binding

of alkyl hydroperoxides to the PGHS POX active site perhaps by interacting with

the heme.

H202 appears more sensitive to the residue at position 203 in the PGHS heme

active site than alkyl hydroperoxides. We hypothesize that the association of H202

to the POX site requires a distal Gln203 to exclude competing water molecules near

the sixth coordinate position of the heme iron. It is not clear whether the heterolytic

cleavage of O-O bond in H202 also requires facilitation by Gln203 in the native

PGHS. The existence and importance of a hydrogen bond between Gln203 and H202

can be tested by measuring the POX activity of a Q203L mutant PGHS with H202

as well as investigating Compound I formation. Moreover, the activity level of H202

seems also manipulated by the distance to the distal H13207 in the PGHS POX active

site as suggested by molecular dynamics simulations (Chapter 2). It is implied that

a distal histidine in an appropriate proximity to H202 may increase PGHS POX

activity with this polar, small hydroperoxide substrate.

Our mutagenic analysis suggests that the hydrophobic dome residues of PGHS

POX are not critical for Compound I formation; however, there are some effects on

POX specific activities with guaiacol presumably due to differences in the activity of

guaiacol to reduce oxidized heme intermediates. PGHS POX has a big cavern which

may accommodate bulky phenolic reductants. Presumably, the. reduction of organic

compounds is carried out on the surface of the heme. instead of the edge groups

as observed in peroxidases with narrow POX active sites such as HRP. Potential
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positions for the reduction of PGHS can be the axial oxygen of higher oxidative

species, or coordinating nitrogen atoms of the heme iron.
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