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ABSTRACT. Prostaglandin kisynthesis by prostaglandin endoperoxide synthase (PGHS) requires the heme-
dependent activation of the protein’s cyclooxygenase activity. The PGHS heme participates in cyclooxy-
genase activation by accepting an electron from Tyr385 located in the cyclooxygenase active site. Two
mechanisms have been proposed for the oxidation of Tyr385 by the heme iron: (1) ferric enzyme oxidizes
a hydroperoxide activator and the incipient peroxyl radical oxidizes Tyr385, or (2) ferric enzyme reduces
a hydroperoxide activator and the incipient ferryl-oxo heme oxidizes Tyr385. The participation of ferrous
PGHS in cyclooxygenase activation was evaluated by determining the reduction potential of PGHS-2.
Under all conditions tested, this potentiad- 135 mV) was well below that required for reactions leading

to cyclooxygenase activation. Substitution of the proximal heme ligand, His388, with tyrosine was used
as a mechanistic probe of cyclooxygenase activation. His388Tyr PGHS-2, expressed in insect cells and
purified to homogeneity, retained cyclooxygenase activity but its peroxidase activity was diminished more
than 300-fold. Concordant with this poor peroxidase activity, an extensive lag in His388Tyr cyclooxygenase
activity was observed. Addition of hydroperoxides resulted in a concentration-dependent decrease in lag
time consistent with each peroxide’s ability to act as a His388Tyr peroxidase substrate. However,
hydroperoxide treatment had no effect on the maximal rate of arachidonate oxygenation. These data imply
that the ferryl-oxo intermediates of peroxidase catalysis, but not thé&Ekcouple of PGHS, are essential

for cyclooxygenase activation. In addition, our findings are strongly supportive of a branched-chain
mechanism of cyclooxygenase catalysis in which one activation event leads to many cyclooxygenase
turnovers.

Prostaglandin endoperoxide synthase (PGHSa heme but are functionally interrelated. This is exemplified by the
protein with two distinct activities that are required to convert observations that binding of a sixth ligand to the heme blocks
arachidonic acid to prostaglandin, HPGH,) (1, 2). The both activities and addition of glutathione/glutathione per-
cyclooxygenase activity incorporates two molecules of oxidase as a hydroperoxide scavenger inhibits both the
dioxygen into the substrate to form the hydroperoxide, peroxidase and the cyclooxygenase reactigns)
prostaglandin @(PGG), (3, 4 and the peroxidase activity The heme prosthetic group is located at the base of a wide
reduces PGgto the corresponding alcohol, PGKB, 6). opening near the top of the protein that comprises the
These two reactions occur at different locations on the protein peroxidase active sit®). The cyclooxygenase active site is
located beneath one edge of the heme, and a tyrosine residue
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1 Abbreviations: PGHS, prostaglandin endoperoxide synthase; PGHS-1genase catalytic cycle. Because heme is essential for cy-

and £2, Froﬁ_tagéagdén HzendOD?VOTId% _Syr;hgéeésozyn}es Il aCTd ZE PGG clooxygenase turnover and because modulation of the heme
prostaglandin , prostaglandin , prostaglandin E : C b :

PGD;, prostaglandin B CHAPS, (3-[(3-cholamidopropyl)dimethyl- group by, a Ya,”etY of megns can inhibit afa‘?h'd‘?’_‘ate
ammonio]-1-propanesulfonate; ABTS, 2&inobis(3-ethylbenzothia-  OXygenation, it is widely believed that the heme is critical
zoline-6-sulfonic acid); ABTS*, 2,2-azinobis(3-ethylbenzothiazoline-  for oxidation of Tyr385 and, hence, for cyclooxygenase
6-sulfonic acid cation radicalert-butyl-OOH, tert-butylhydroperoxide; activation (L6)

HpETES, hydroperoxyeicosatetraenoic acids; 15-HpETESR117Z,- ’ T
13€,15(9)-15-hydroperoxyeicosatetraenoic acid; HETES, hydroxyeicosa- 1€ exact nature of heme participation in cyclooxygenase
tetraenoic acids. catalysis has been the subject of much debate. According to
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ROOH ROH been discovered about the catalytic roles of heme prosthetic
groups by evaluating naturally occurring and site-directed

@'“ v - @lv=o { substitutions of amino acids known to ligate the heme iron.
+A

AH . One substitution that has been particularly fruitful is the
Hzo \JI,’/’
A-~—
pe

replacement of histidine ligands with tyrosine in proteins such
AH @lvzo

as hemoglobin, myoglobin, and heme oxygenase-30).

OH One of the primary effects anticipated by such a substitution
is in the ability of the mutant protein to stabilize more
oxidized forms of the heme (i.e., ferric and ferryl-oxo) in
preference to the ferrous form due to the increased anionic
character of a phenolate ligand.

Histidine-to-tyrosine ligand substitutions have translated
into dramatic changes in protein function. For example, this

H M alteration in hemoglobin renders it unable to carphb@cause

O\Ofb‘\ " 00H [ v the Fé oxidation state is much less stable in the mutant than
< in the wild-type protein Z4). The analogous substitution in
é\j A heme oxygenase results in an inactive protein because, upon

00 0 reduction, the heme prosthetic group dissociates from the
COO- protein. Interestingly, this modified heme oxygenase also
loses its ability to react with peroxid&@).
{ 20, { Given the unresolved aspects of heme participation in
/ PGHS catalysis and the wealth of information that can be
- obtained through manipulation of these amino acids, we
substituted the histidine ligand of PGHS-2 (His388) with
OH OH tyrosine and evaluated the effect of this modification on
o™ H oo E\//E/\/\/ peroxidase and cyclooxygenase activities. The phenotype of
o M/\/\ His388Tyr PGHS-2 provides valuable information regarding
N A not only the role of the heme in the mechanisms of
cyclooxygenase and peroxidase catalysis but also the nature
coo- CoO- of the complex interaction between these two spatially and

_ _ _ functionally distinct activities in prostaglandin biosynthe-
Ficure 1: Scheme representing the branched-chain mechanism ofsiS
prostaglandin biosynthesis by PGHS. The intramolecular electron
transfer proposed for cyclooxygenase activation is indicated by the
bold arrow. EXPERIMENTAL PROCEDURES

the branched-chain mechanism first proposed by Ruf and Materials. Arachidonic acid (Z,8Z,117,14Z-eicosatetra-
co-workers (Figure 1), e PGHS behaves as a peroxidase €noic acid) was purchased from Nu-Check-Prep, Inc. (Ely-
by reducing a hydroperoxide to the corresponding alcohol Sian, MN) and [1*C]arachidonic acid was obtained from
(15, 17. In the process, the heme is oxidized to aff F©- NEN Dupont (Boston, MA). (3,82,117,13F,15(9)-15-
[porphyrirt] intermediate {8). This intermediate then accepts Hydroperoxyeicosatetraenoic acid (8HpETE) was pur-
an electron from Tyr385, resulting in the formation of the chased from Cayman Chemical (Ann Arbor, MI) or Oxford
critical tyrosyl radical and an B&=0O heme intermediate. ~ Biomedical Research (Oxford, MI). Bovine liver catalase,
An alternative mechanism has been proposed in which the2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
Fe'l/Fe' forms of the enzyme participate in Tyr385 oxidation Xanthine, xanthine oxidase, benzyl viologen, hemats©H+
and cyclooxygenase activatiohq, 20. (30%), andert-butyl hydroperoxidetért-butyl-OOH) (70%)
Disagreement also has arisen over the role of the hemewere purchased from Sigma (St. Louis, MO). Indigo carmine
following the initial activation of the cyclooxygenase. and NaCN were obtained from Aldrich (Milwaukee, WI).
According to the branched-chain model, the tyrosyl radical ~Mutant ConstructionSite-directed mutagenesis was per-
required for the initial oxidation of arachidonic acid is formed on a mCOX-2 pB$ vector (Stratagene, La Jolla,
regenerated in the last step of the cyclooxygenase catalyticCA) with the Quick Change site-directed mutagenesis kit
cycle by the reduction of PGGperoxyl radical to the  (Stratagene). Mutant-containing regions were subcloned into
hydroperoxide, PG&(Figure 1) (5, 21). Because of this  the mCOX-2 pVL1393 baculovirus expression vector (Pharm-
step, the heme is only necessary for the initial oxidation of ingen, San Diego, CA) by use of th8tu and EcoRl
Tyr385. However, others have proposed that the tyrosyl restriction sites in mCOX-2. The subcloned region was fully
radical is not regenerated by the P&@&roxyl radical but ~ sequenced to ensure no accidental mutations were incorpo-
that heme is required to reoxidize Tyr385 at each turn of rated during mutagenesis.
the cyclooxygenase cycleZ, 23. Protein Expression and PurificatiolVild-type and mutant
Heme prosthetic groups are used by a variety of proteins proteins were expressed by homologous recombination of
to accomplish a diverse set of functions. Clearly, the the mCOX-2-pVL1393 vector with the Baculogold vector
individual proteins modulate the reactivity of the heme group (Pharmingen, San Diego, CA) in SF-9 cells (Novagen,
by a variety of interactions, the most obvious of which is Madison, WI). After virus amplification, 415 L of unin-
through the axial ligands supplied by the protein. Much has fected SF-9 cellsX95% viable) were grown in TNM-FH
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medium supplemented with 10% fetal bovine serum (Hy-
Clone, Logan, UT), 1%-glutamine, 0.1% pluronic, and 4
mL/L antibiotic/antimycotic to a density of Xk 1 cells/
mL. These cells were then infected with fresh viral stock.
Upon reaching 6570% viability, the total volume was
harvested by centrifugation at 2500 rpm in a Sorvall RC-3B

Goodwin et al.

benzyl viologen semiquinone radical were observed. The
potential of the sample at given time during reducti&) (

was calculated on the basis of the proportion of oxidized
and reduced indigo carmine, by use of the Nernst equation:

E = Ey + (RTnF) In ([dye],/[dyel .y

centrifuge, washed in ice-cold phosphate-buffered saline, and

recentrifuged. The cell pellet was stored-e&0 °C.
Purification of wild-type and mutant COX was performed
at 4 °C as previously described with minor modifications.
Frozen cells were resuspended in 80 mM Tris (pH 7.2),
2 mM EDTA, 0.5 mM phenylmethanesulfonyl fluoride,
0.1 mM diethyl dithiocarbamate. After centrifugation at
16000@ for 45 min, the pellet was resuspended to a volume
of roughly 100 mL in a Dounce homogenizer. PGHS-2
proteins were solublized from the membrane by dropwise
addition of CHAPS [11% (w/v)] to give a final detergent
concentration of 1%. Aftel h of stirring, the sample was
recentrifuged at 1600@0for 45 min. The supernatant was
retained and then diluted 4-fold by the addition of 20 mM
Tris (pH 8.0), 0.4% CHAPS, and 0.1 mM EDTA. This
mixture was then loaded onto a 50 mL Macro-prep High-Q
ion-exchange column preequilibrated with the dilution buffer.
PGHS-2 proteins were eluted with a linear gradient of
increasing KCI (6-0.3 M). Fractions were tested for cy-

Note on Reconstitution with HematiReconstitution of
wild-type PGHS-2 with hematin resulted in a linear increase
in cyclooxygenase activity up to a ratio of 1 heme/subunit.
Significant deviations from linearity were detected in
His388Tyr cyclooxygenase activity and visible band molar
absorptivity above 0.5 heme/subunit. The properties of free
or adventitiously bound hematin are such that its presence
in excess may have a profound effect on experimental
outcomes. Therefore, for each experimental procedure out-
lined below, a note regarding the rationale for the reconstitu-
tion protocol used is provided.

UV—Visible Spectroscopy and CNinding All reactions
were carried out at room temperature in 100 mM phosphate
buffer, pH 7.0, and 1@M PGHS-2 (wild type or His388Tyr)
reconstituted with .M hematin. Reconstitution with 0.5
equiv of hematin was performed to minimize spectral
contributions from free or adventitiously bound hematin.
After the ferric PGHS-2 spectrum was recorded, NaCN was

clooxygenase and/or peroxidase activities by arachidonate-added (2 mM final concentration) and another spectrum was

dependent oxygen consumption os@4-dependent ABTS
oxidation, respectively. PGHS-2-containing fractions were
analyzed by SDSPAGE (7.5%) to determine the fractions
to pool for gel-filtration chromatography. Appropriate frac-
tions were concentrated in an Amicon concentrator (Amicon,
Beverly, MA) to a final volume of approximately 6 mL.
The sample was then loaded onto a 26 mn1000 mm
column packed with preequilibrated Superose-12 [20 mM
Tris (pH 8.0), 0.4% CHAPS, and 0.15 M NacCl]. Fractions
containing PGHS-2 protein, as determined from cyclooxy-
genase and/or peroxidase activities and SPSGE (as
described above), were concentrated and storeeBat°C.
The purity of wild-type and mutant COX-2 protein was
estimated by evaluation of Coomassie-stained SDS5%
PAGE.

Determination of PGHS-2 FEF€' Reduction Potential.
Reduction potentials were determined according to the
method described by Masse34j. Briefly, PGHS-2 proteins
(reconstituted with hematin) were reduced froni'Re Fé'
intermediates with the oxidation of xanthine to urate by

recorded. Th&p of wild type and His388Tyr for CN was
obtained by titrating NaCN into a cuvette containingudd
PGHS-2 reconstituted with &M hematin. A spectrum was
recorded after each addition.

Extinction coefficients for the Soret bands of ferric wild-
type and His388Tyr PGHS-2 were determined by titrating
hematin into a cuvette containing oM PGHS-2 and
monitoring the change in absorbance at fhg, for each
protein. Again, to minimize spectral contributions from free
or adventitiously bound hematin, only points obtained with
< 0.5 equiv of hematin were used for extinction coefficient
determination.

Oxygen Consumption Assaytivity was determined for
the wild-type and mutant PGHS-2 proteins in the presence
of 100 mM Tris, pH 8.0, and 7aM arachidonic acid at 37
°C without a reducing substrate. Reconstitution was ac-
complished by mixing the protein and hematin in 2000f
buffer and incubating at 37C for not more than 1 min.
Oxygen consumption was initiated by adding the reconsti-
tuted enzyme to the oxygraph cuvette containing arachidonic

xanthine oxidase as a source of electrons. Benzyl viologenacid and buffer. Reconstitution was accomplished with either
was present as an electron-transfer mediator and indigo0.5 or 10 equiv of hematin/subunit.

carmine Eng = —158 mV) was used as a reduction potential
indicator 82). All reactions contained 4 8M PGHS-2 (wild
type or the appropriate mutant) . benzyl viologen, 15
uM indigo carmine, 25:M xanthine, and 10 nM xanthine

Reconstitution with 10 equiv was used to evaluate the
maximum activity of His388Tyr cyclooxygenase activity
possible with fully reconstituted protein. Because free
hematin is known to react with fatty acid hydroperoxides to

oxidase in 100 mM Tris, pH 8.0 at room temperature. form the corresponding ketones, reconstitution with 0.5 equiv
Reactions were made anaerobic by freeze/pump/thaw de-of hematin was used to minimize consumption of hydro-
gassing, and reduction was initiated by mixing xanthine peroxides. The activity profiles obtained with either method
oxidase with all the other components of the solution. were highly similar, except that lag phases were generally
Reduction of indigo carmine was monitored at 594 nm, an longer in the presence of excess hematin. Accordingly, the
isosbestic wavelength for feand Fé PGHS-2. Reduction  effect of excess hematin on the lag phase was more
of PGHS-2 was monitored at 430 nm. The contribution of pronounced with older preparations of arachidonic acid. The
reduced indigo carmine at 430 nm was subtracted to obtainlag phase observed in the presence of excess hematin could
only the change in absorbance due to PGHS. Reductivebe extended indefinitely by the addition of reducing sub-
titration was carried out until spectral contributions from strates such as ABTS.
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Effect of Hydroperoxide on Acttion Time The ability
of hydroperoxides to affect the lag in cyclooxygenase activity
was determined by oxygen consumption as above. Hydro-
peroxides were placed in the oxygraph cuvette with arachi-
donate prior to addition of reconstituted His388Tyr. Calcu-
lation of the relative activation time was accomplished by
determining the time necessary for the enzyme to consume
22.5uM oxygen. Maximal rates of @consumption were
consistently observed at this point in the reaction. The
maximum activation time gnay was determined in the =
absence of any added hydroperoxide, and a theoretical 0350 400 450 500 550 600 650
minimum activation time &ni,) was calculated on the basis
of the time required for His388Tyr PGHS-2 to consume 22.5
uM O; at its maximal rate. The relative activation tintg (

Absorbance

Wavelength (nm)

with a given hydroperoxide concentration was set on a scale o ' B
from 1 (maximum activation time) to O (minimum activation 5 14
time) by ¢ — amin)/(amax — amin)- &
His388Tyr Arachidonate Oxygenation Product Analysis. L 051
Wild-type PGHS-2 or His388Tyr was reconstituted with 0.5 & 0]
equiv of hematin and reacted with B [1-14C] arachidonic 2
acid far 1 h atroom temperature in 100 mM Tris, pH 8.0. ?.I? 0.51
For some His388Tyr reactions, Tyr385Phe PGHS-2 (100 nM 2 1]
final concentration) was added followingetli h incubation ”g
with [1-*4C] arachidonic acid. Phenol, when present, was S 45 : . .
added to a concentration of 0.5 mM. All reactions were 025 02 015 O 0.05
stopped, and products extracted by the addition of 2 volumes Reduction Potential (V)

of ether/methanol/acetic acid (85:12:3). The organic phase N )
was collected, dried down, and finally resuspended in Ficure 2: Visible absorption spectra (A) and the calculated effect

. . . of reduction potential on distribution of Eeand Fd forms of wild-
methanol for separation by HPLC. Arachidonate oxygenation type PGHS-2 (B) collected during a typical PGHS-2 midpoint

products were separated on a® ODS Ultrasphere C-18  potential determination. Every fifth spectrum collected is shown,
column (4.6 mmx 25 mm) from Beckman Instruments Inc.  and the arrows indicate the direction of absorbance change during

(Fullerton, CA). Reverse-phase gradient separation (flow ratereduction. The midpoint potentiaEf) was calculated from the
= 1 mL/min) was achieved by use of a two-solvent system Xntercept.
comprising HO/0.1% acetic acid (solvent A) and acetonitrile/
0.1% lacetic acid (solvgnt B) and a gradign.t .similar to that ot ABTS to ABTS *+ at 417 nm. 15-HpETE antért-butyl-
described by Capdevila et al33). The initial solvent  ooH were diluted, when appropriate, with 95% ethanol.
conditions were 70% A/30% B. Followgna 5 min isocratic Free hematin can act as a pseudoperoxidase by carrying
period, the mixture was changed over 30 min to 40% A/60%  the reduction of hydroperoxides (especially alkyl and
B and held there for 10 min. Over the following 15 min, the ¢ty acid hydroperoxides) and oxidizing reducing substrates
solvent mixture was ramped to 25% A/75% B and from there  the corresponding radicals. Therefore, all peroxidase assays
to 0% A/100% B over the next 10 min. These conditions \yere carried out with PGHS-2 reconstituted with 0.5 equiv
were maintained for an additional 5 min, giving a total ime ¢ hematin to minimize the pseudoperoxidase activity of free
of 75 min for each run. Arachidonate eluted from the column pame
with a 71 min retention time. PGEnd PGD standards were
produced by allowing the spontaneous decomposition of RESULTS
purified PGH to take place in 50 mM phosphate buffer (pH
7.4) at room temperature for 30 miB, (4). Reduction Potential of Wild-Type and Mutant PGHS-2s
As mentioned previously, free hematin is known to react The possible involvement of EEPGHS as an intermediate
with fatty acid hydroperoxides to form the corresponding in cyclooxygenase activation was evaluated by determining
ketones 84). Thus, we observed that reconstitution of the reduction potential of the [t&=€' couple of wild-type
His388Tyr with 10 equiv of hematin resulted in the formation PGHS-2 and comparing it to known values for reactions
of primarily ketoprostaglandins. Reconstitution of the en- involved in cyclooxygenase activation. Typical spectra
zymes with 0.5 equiv of hematin minimized conversion of obtained during reductive titration of HePGHS in the
hydroperoxyprostaglandins to the corresponding ketones. presence of indigo carmine as well as a typical reduction
Peroxidase Actiity AssaysAll reactions were carried out  potential determination are shown in Figure 2. The reduction
at room temperature. PGHS-2 proteins were reconstitutedpotential of wild-type PGHS-2 was determined to-b&56
by the addition of 0.5 equiv of hematin and incubated for 1 + 1 mV. This was significantly lower than the redox
min at room temperature in 80 mM Tris, pH 8.0, and 1 mM potential reported for sheep PGHS-1 but the differences
ABTS. The entire volume containing reconstituted PGHS-2 appear to be due to experimental conditions. We also
(=95% of the total reaction volume) was transferred to a determined the reduction potential for sheep PGHS-1 in the
cuvette containing hydroperoxide $% of the total reaction =~ same buffer as wild-type mouse PGHS-2. The value in the
volume). Peroxidase activity was monitored by the oxidation absence of glycerol was167 mV, which is 115 mV lower
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0.8

Table 1: Reduction Potentials of Ferric PGHSs and Related 407 A
Chemical Reactions 0.74
redox couple Em (MV) ref o 067
Fe'/Fe! WPGHS-2 ~156+ 1 this work S o054
Fe''/Fe' wiPGHS-2+ indomethacin ~ —143+ 1 this work g 0.4
Fe''/Fe' Tyr385Phe -139+1 this work S ’
Fe''/Fe' Tyr385Phet arachidonate  —138+1 this work Q034
Fe''/Fe' Tyr385Phet indomethacin —140+ 2 this work < 0.2
Fe'/Fe' wtPGHS-? —52 42 ’
Fe''/Fe' wtPGHS-2 —-1674+2 this work 0.1
PUFP\-/PQFAd +600 48 0 T
Fe''/Fe' lipoxygenase +600 58,59 200 300 400 500 600 700 800
ROO/ROOH_ +1020to 1110 47
tyrosyt/tyrosine +880t0930 46 Wavelength (nm)
a All PGHS-2 reduction potentials were obtained at pH 8.0 in the
absence of glyceroP. Determined in the presence of 30% glycerol. 0.12
¢ Determined at pH 8.0 in the absence of glycerol; G. P. Hochgesang,
unpublished results.All non-PGHS potentials are reported at pH 7. 0.1
) § 0.08
than the value for PGHS-1 in the presence of glycerol and T
11 mV lower than PGHS-2. g 006
It is possible that binding of substrate by PGHS results in 8 0,04
a change in the BEFE' PGHS-2 reducion potential favoring < =
the Fé intermediate 19). This was tested by addition of 0.02
arachidonic acid to the peroxidase active/cyclooxygenase o
inactive PGHS-2 mutant, Tyr385Phe (Table 1). The substitu- 450 500 550 600 850 700
tion of Tyr385 with Phe produced &13 mV shift in
potential. Addition of arachidonic acid to the Tyr385Phe Wavelength (nm)

mutant did not change this potential. Indomethacin, an ggure3s: Ultraviolet-visible absorption spectra for wild-type and
inhibitor known to bind in the cyclooxygenase active site of His388Tyr PGHS-2. Panel A indicates the entire scanned range,
PGHS, had little effect on the reduction potential of either and panel B is a magnification of the weaker visible bands. Wild-
wid-ype or Tyr3gSPhe PGHS-2 Also shown in Table 1 08 GOLeE ) e HESEeTyr (so o were paced 1 100
are reductlc_m potennals for reactions relevant to cyclooxy- hemgtin (%/tM reconsiit‘fjted P’GHS-Z). d
genase activation. The reduction of a polyunsaturated fatty
acid carbon-centered radical, tyrosyl radical, and a peroxyl
radical to the corresponding parent compounds all occur with PGHS-2 (129 mM! cm™). This trend is consistently
reduction potentials far more positive than that obtained for observed with His— Tyr ligand substitutions in heme
any of the PGHS-2 reactions shown in Table 1. proteins, including metmyoglobin, methemoglobin, and heme
Spectral Properties of His388Tyr PGHS-e also oxygenase 26—30).
undertook a structural approach to evaluate the role bf Fe  Shifts in the weakero, B, and charge-transfer bands
PGHS in cyclooxygenase catalysis. It has been shown that(Figure 2B) also are indicative of His- Tyr heme ligand
substitution of the proximal histidine ligand of many heme substitution. A characteristic band for PGHS-2 near 630 nm
proteins with tyrosine results in significant lowering of the was lost and replaced by a more intense transition at 608
reduction potential of those proteins. This is thought to result nm in His388Tyr PGHS-2. Similar shifts are detected in the
from the more anionic character of the phenolate ligand as proximal histidine-to-tyrosine mutants of myoglobin and
compared with imidazole. We substituted the known PGHS hemoglobin 26—29). In wild-type PGHS-2, thex and 8
proximal heme ligand, His388, with a tyrosine by site- pands are very weak, and the same is observed in the
directed mutagenesis to evaluate the effect of this substitutionHis388Tyr protein; however, the bands observed near 485
on both the peroxidase and cyclooxygenase activities of and 525 nm are consistent with a tyrosine ligand to the heme
PGHS and to determine the role of the heme group in jron.
cyclooxygenase activation. The mutant protein was expressed one of the most profound differences between His388Tyr
in insect cglls (SF-9) and purified to near electrophoretic 5nq wild-type PGHS was in the ability of each protein to
homogeneity. bind CN- as a sixth ligand (Figure 4). In the presence of 2
Visible absorption spectra for wild-type and His388Tyr mm NaCN, a characteristic fle-CN complex with absorp-
PGHS-2 are shown in Figure 3. This substitution resulted in tion maxima at 420 and 535 nm was observed W|th W||d_
a shift in the absorption maximum of the Sorgf band from  type PGHS-2. However, little or no change was detected with
407 to 403 nm. A nearly identical shift is reported for His3g88Tyr upon addition of the same NaCN concentration.
metmyoglobin upon substitution of its proximal heme iron  From titration of wild-type PGHS-2 with NaCN, Kp of
ligand (His93) with tyrosine 26—29). A reduction in the  230,M was determined, but titration of His388Tyr resulted
molar absorptivity of the Soret band was detected with i, jittle spectral change at NaCN concentrations up to 5 mM
His388Tyr (100 mM* cm™) compared with the wild-type  (Figure 4, inset). Addition of 2 mM NaCN to bovine
erythrocyte catalase resulted in a spectral transition similar
2G. P. Hochgesang, unpublished results. to that of wild-type PGHS-2 (data not shown). Since the
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heme iron alone is not sufficient to explain the inability of
His388Tyr to bind CN.

0.8
A . 0.3+ ‘
0.6 | 0.2
8 <
g “ o
L 04 '
o]
_(U]) 04
< 01 2 3 4 5
0.2 [NaCNJ (mM) 15 u,ﬂ
0,
— a b
0 T T T : = 1 min
200 300 400 500 60O 700 800 FIGURE 5: Oxygen consumption by wild-type (a) and His388Tyr
Wavelength (n (b) PGHS-2 in the presence of arachidonic acid. All reactions
0.6 gth (nm) contained 7%M arachidonate, 150 nM PGHS-2, and 100 mM Tris,
1B pH 8.0. Reactions were carried out at 32 and initiated at the
05 time indicated by the arrow by addition of reconstituted PGHS-2.
o 0.4] PGs HETEs 20:4
8
[W]
£ 03]
o]
(%2}
2 0.2 wild-type L
’ \ | A + phenol
0.1 -~
0 ' T T T T wild-type
200 300 400 500 600 700 800 - phenol_|
Wavelength (nm)
Ficure 4: Effect of NaCN on the visible absorption spectra of
wild-type and His388Tyr PGHS-2. Wild-type (panel A) and His388Tyr
His388Tyr (panel B) were reconstituted as in Figure 1 and spectra - phenol
were recorded for each dorm (dashed lines). Following addition
of NaCN (2 mM final concentration), spectra were again recorded
for each protein (solid lines). The inset indicates the effect of NaCN
titration on absorbance at the'Fenaximum for each protein [408 His388Tyr
nm for wild-type @) and 402 nm for His388TyrJ)]. + phenal
proximal heme ligand of catalase is tyrosinate, this finding His388Tyr - phenol
suggests that the substitution of a tyrosinate ligand to the *
Tyr385Phe + phenol

Catalytic Actvities of His388Tyr PGHS-2Perhaps the Hisa88Tyr + phenol
most striking feature of His388Tyr PGHS-2 is that it retains +
cyclooxygenase activity (Figure 5). Addition of reconstituted SPNSBL)] < S
His388Tyr to a solution containing arachidonic acid resulted ¢ 5 10 15 20 25 80 35 40 45 50 55 60 65 70 75
in oxygen uptake, indicative of prostaglandin biosynthesis. Time (min)

The maximal rate of oxygen consumption observed with E 6: HPLC eluti i ¢ hidonat i
His388Tyr was somewhat less than that with wild-type T'SURE ©: - elution profiies ol arachidonate oxygenation
PGHS-Zybut the extent of arachidonate oxygenation byghe products from wild-type and HisS88Tyr PGHS-2. Wild-type or

! - h Y9 oy His388Tyr protein was reconstituted with 0.5 equiv of hematin and
two enzymes was identical. The primary difference in the reacted with 5M [1-4Clarachidonic acid in 100 mM Tris, pH
cyclooxygenase activities of the two proteins was the 8.0. Tyr385Phe and phenol, when present, were at concentrations

presence of a pr0|onged |ag period in oxygen Consumption of 100 nM and 0.5 mM, respecj[ively. EXpeCt_ed e!Ution times for
prostaglandins (PGs), hydroxyeicosatetraenoic acids (HETEs), and

exhibited by thg mutant, - . arachidonate (20:4) are indicated. PGHuted at 18.9 min and
Several studies have indicated that changes in the cy-pgp, at 20.3 min.

clooxygenase active site of PGHS render the protein unable

to produce prostaglandins as the primary product of catalysisConsistent with previous reports, reaction of wild-type
(35—38). Instead, these proteins produce the hydroxyeico- PGHS-2 with arachidonate produced a series of prostaglan-
satetraenoic acids (HETES) as the dominant products. Todins (mainly PGE) along with small amounts of PGD11-
ensure that the His388Tyr substitution in PGHS-2 did not HETE, and 15-HETE. When the reaction was carried out in
result in these types of changes, we evaluated the productghe absence of the peroxidase reducing substrate, phenol, the
of arachidonate oxygenation by His388Tyr and compared major prostaglandin products eluted at longer retention times.
them with those produced by wild-type PGHS-2 (Figure 6). This suggested the accumulation of hydroperoxyprostaglan-
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dins resulting from the inability of wild-type PGHS-2 0.6
peroxidase to process the hydroperoxides to the correspond- 0.5 A
ing alcohols in the absence of a peroxidase reducing substrate 04
3. 4. =

Reaction of His388Tyr with arachidonate in the absence <Er 031
of phenol resulted in a product profile nearly identical to 0.2
that obtained with wild-type enzyme in the absence of phe- 0.1
nol. However, the presence of phenol in the incubation mix- Y . crrrrrinaad
ture did not result in a substantial shift in the prostaglandin 0 10 20 30 40 50 60
products obtained with His388Tyr. This indicated that Time (s)
His388Tyr PGHS-2 can oxygenate arachidonic acid to PGG 1
but cannot reduce PG® PGH; (i.e., it has cyclooxygenase B
but not peroxidase activity). This was confirmed by the addi- 081
tion of the peroxidase-active/cyclooxygenase-inactive PGHS-2 ™ 06
mutant, Tyr385Phe, to incubations of His388Tyr with arachi- <E’ 0.4
donate. The addition of Tyr385Phe (and phenol if necessary) '
resulted in product profiles nearly identical to those obtained 0.2
with wild-type PGHS-2 in the presence of phenol. ol

Consistent with the product profiles above, little or no 0 20 40 60 80 100 120
peroxidase activity was detected when His388Tyr was Time (s)
incubated with the reducing substrate ABTS in a standard 24
peroxidase assay (Figure 7A). Peroxidase activity was e
detectable but required substantially higheOklconcentra- 21 T
tions than typically used with wild-type PGHS-2 (Figure 7B). .:; 1.6 B L
As with the wild-type protein, His388Tyr peroxidase activity — 1]
was detected with other hydroperoxide substrates (Figure = 0.1 X
7C). The ability of each of the hydroperoxides to support = %5 &
peroxidase activity was highly variable, consistent with 0.4
previous reports for both PGHS-1 and PGH3239-41). 0 . . . T
In general, kot Values for reaction of His388Tyr with 0 005 01 0154 8 1216 20
hydroperoxides were one-tenth those obtained with wild- [ROOH] (mM)

type PGHS-2. Interestingly, thk.s values for wild-type  Figure 7: Peroxidase activity of His388Tyr PGHS-2. Panel A
PGHS-2 or His388Tyr PGHS-2 were independent of per- indicates oxidation of ABTS to the corresponding radical (monitored
oxide. Kinetic parameters for peroxidase activity supported at 417 nm) by 45 nM wild-type (solid line) and His388Tyr (dashed
by tert-butyl-OOH, HO,, and 15-HpETE for both wild-type line) PGHS-2 reconstituted with 22.5 nM hematin. Each reaction

. . . contained 50«M H,0,. Panel B indicates ABTS oxidation by
and His388Tyr PGHS-2 are given in Table 2. Generally, €ach {yis3gaTyr (solid line) or hematin (225 nM) (dotted line) in the

of the peroxides tested showed much highgralues ¢ 25- presence of 10 mM pD,. His388Tyr (450 nM) was reconstituted
fold) and much lowerks, values (186-10° less) for with 225 nM hematin. Panel C indicates peroxidase activity of
His388Tyr than for the wild-type PGHS. However, the trend His388Tyr in the presence of increasing concentrations of 15-
in substrate specificity was the same for both the wild-type HPETE @), H:0, (@), or tertbuty-OOH (). All reactions

d 2 h -~ contained 1 mM ABTS and were carried out at room temperature
and mutant proteins; 15-HpETE was the most reactive i, 1yis buffer, pH 8.0.
followed by HO,, andtert-butyl-OOH.

Hydroperonde—Dependent Agition of His388Tyr PGHS-  Taple 2: Kinetic Parameters for Reaction of Wild-Type and
2. His388Tyr PGHS-2 has a significantly reduced peroxidase His388Tyr PGHS-2 with Peroxides
ac:_ivit%_/ andf Itth is clelar from the extensive Iagdphalsg that thde wild type His388Tyr
activation of the cyclooxygenase is correspondingly impaired. - Er—
Since some His388Tyr peroxidase activity can be detected—>uPSrate K (MM) KappM7S7) K (MM) ke (M7257)
at relatively high peroxide concentrations, we evaluated the Putyl-OOH 01'396 ;’;i ig: Eg g%i 1821
ability of the hydroperoxides to enhance cylooxygenase 1§_,jpETE <0005 ~1 x 107 0.068 4.5x 10°
activity by shortening the lag period. The prominent lag
phase in oxygen consumption observed with this mutant was 5
shortened in a concentration-dependent manner by the
addition of either HO, or 15-HpETE (Figure 8). However, . o
the maximal rate of oxygen consumption was unaffected by oncentrations similar to those used fos0d. 15-HpETE
the added hydroperoxide. At hydroperoxide concentrations Was @ much more effective activator of His388Tyr cyclooxy-
higher than those shown in Figure 8, the extent of O _genase_than elth_erzﬂz ortert—butyI-QQH, consistent with
consumption decreased due to presumed hydroperoxide tS relative peroxidase substrate activity.
dependent irreversible inactivation of the protein. Addition
of tert-butyl-OOH also appeared to shorten the lag in DISCUSSION
cyclooxygenase activity, but it was far less effective than  Structural Modifications Induced by His> Tyr Heme
H.0O,. Furthermore, the effect on the lag phase was obscuredLigand SubstitutionSubstitution of the PGHS-2 proximal
by inactivation caused by this particular hydroperoxide at histidine with a tyrosine fails to abrogate either activity,

aPeroxidase activity was monitored by oxidation of ABTS to
BTS' *. Details are provided in Materials and Methods.
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B ‘ Hyde Park g chain) and His93Tyr myoglobir26—29). In
all of these proteins, the proximal histidine ligand has been

A ‘ ‘
substituted with a tyrosine. Resonance Raman, electron
paramagnetic resonance (EPR), and crystallographic data
show that these proteins are high-spin pentacoordinate
complexes with no contribution from either a distaitHor
histidine @5, 26, 28. In contrast, the wild-type forms of
these proteins, like PGHS, are suggested to exist as hexa-
15 M O, 15uM O, \\ coordinate F# species 26, 28, 42, 4R In light of the
\ coordination environments of some (but not all) catalases
— \ \ o \ \ (pentacoordinate ferric hemedy( 45, it seems that tyrosine

198" fedc ba e edeba as a proximal ligand tends to disfavor binding of a sixth
ligand.
° 7 Cc It is possible that structural changes may take place that
£ D block the approach of small molecules but still do not allow
= 0'8"’5 Lo for formation of a hexacoordinate complex. Such a case has
2 A been reported recently for His25Tyr heme oxygen@g:. (
T 064 ! . .
2 3 . a Qn the basis of hlgh-fr_equency resonance Rar_nan spectra,
g o4l i Liu et al. 30) assign this structure as a high-spin pentaco-
o o, : I ordinate complex similar to the hemoglobin and myoglobin
T o2l : mutants mentioned above. However, even with an open sixth
g ° i coordination site, His25Tyr heme oxygenase does not react
0 with H,O,. This is in stark contrast to the wild-type protein
0 04 08 12 1.6 2 100 200 300 400 500 and another heme oxygenase proximal ligand mutant,
[ROOH] (uM) His25Cys 80). These data are similar to our own results

with PGHS-2 in which substitution of the proximal ligand
PGHS-2 cyclooxygenase activity. (A) His388Tyr (300 nM firal yields a protein with limited ability to react with peroxides

concentration) was reconstituted with 0.5 equiv of hematin (150 ©' "Qa”_ds such as CN .
nM final concentration) and added to reactions containing¥5 It is interesting to note that although the reactivity of
arachidonate and 0 nM (a), 100 nM (b), 200 nM (c), 500 nM (d), peroxides with His388Tyr is much less than with wild type,
;gm (2,] gurf’éwd(?eﬁigé’ﬂ'ﬁ'églﬁiﬁgﬁgéyémgC?c”)étit&ted the same trend in reactivity is observed with both proteins
(b). 2000M (0). 3004M (d). or 5004M (€) L0y, All reactions (-6 15-HPETE> H;0, > tert-butyl-OOH). Therefore, fatty
were carried out at 37C in Tris buffer, pH 8.0. (C) Effect of 15-  acid hydroperoxides are still the preferred substrates for the
HpETE and HO, on the relative activation time determined as peroxidase activity despite the His388Tyr substitution. This
described under Materials and Methods. suggests that structural changes induced by His388Tyr do
not eliminate interactions that favor binding of fatty acid
although there are substantial differences in their relative hydroperoxides (i.e., long hydrophobic tail, carboxylate
activities. His388Tyr retains a surprising amount of cy- group) over that of K, and small alkyl hydroperoxides.
clooxygenase activity (Figures 5 and 6) and though the This would seem to indicate that the structural modifications
maximal rate of turnover is diminished, it catalyzes the same induced by His388Tyr substitution are limited to the im-
extent of arachidonate oxygenation as wild-type enzyme. Themediate vicinity of the heme prosthetic group, an assertion
major product of oxygenation is PGGPeroxidase activity  also supported by the ability of the His388Tyr cyclooxyge-
is also retained in the mutant, but it is dramatically nase to produce prostaglandin products in preference to
diminished compared to wild-type enzyme. Theg values HETESs or HpETEs.
for reaction of His388Tyr with hydroperoxides were roughly Implications of His388Tyr Structure and Aty for PGHS
one-tenth the values determined for wild-type PGHS. Catalytic MechanismAlthough PGHS is unique in its ability
What is most striking is that the loss in His388Tyr to catalyze two separate reactions, it is perhaps more
peroxidase activity appears to stem as much from stericinteresting to note the complex interaction between the two
restrictions imposed by the substitution as the anticipated catalytic cycles. There is general agreement that the radical
electronic effects on the heme group. Affinity of His388Tyr derivative of Tyr385 is the catalytic oxidant in the cyclooxy-
for peroxides and CNseems to be significantly altered over genase reaction. Since the resting enzyme does not contain
and above any effects dna. This raises questions about a tyrosyl radical, Tyr385 must be oxidized to activate
the nature of the structural changes induced by the substitu-cyclooxygenase; a derivative of the heme group appears to
tion. One possibility is that a hexacoordinate heme complex be the oxidant15, 19. However, details of the activation
is formed in His388Tyr with Tyr388 and His193 acting as mechanism, such as the oxidation state of the heme electron
axial ligands. Such an arrangement would bear someacceptor and the role of the heme following the initial
structural and electronic similarities to hemoglobin M activation event, have been the subject of considerable
Saskatoon/ chain) @4, 25, 28 and the equivalent sperm  debate. We believe that the thermodynamic data and
whale myoglobin mutant [His(E7)Tyr] in which the distal characterization of His388Tyr PGHS-2 presented here pro-
histidine has been substituted with a tyrosi2é)( vide valuable information regarding this unique interac-
The visible spectroscopic characteristics of His388Tyr bear tion between PGHS peroxidase and cyclooxygenase activi-
closer resemblance to hemoglobins M Iwatechain) and ties.

Ficure 8: Effect of hydroperoxides on the lag in His388Tyr
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Heme Oxidation States in Cyclooxygenase Jatibn.
Proposals have been made that' F® GHS or peroxidase
intermediates (i.e., Fe=0 and F&=O0O[porphyrin]) are the
oxidants (9, 20. Our data seem inconsistent with a role

Goodwin et al.

whether the reduction potential is lowered or the heme

dissociates upon reduction; however, dissociation of the heme
group seems more likely. PGHS-1 and PGHS-2 bind heme
relatively weakly compared with other heme protei&sg),

for the Fé'/F€' in cyclooxygenase activation or catalysis and substitution of His388 with tyrosine produces an even
for two main reasons. First, the reduction potential for the weaker interaction with the heme as evidenced by titration
Fe''/F€e' transition of PGHS-2 is far too low to participate of apoprotein with heme. Moreover, upon reduction of

in cyclooxygenase activation; and second, substitution of a His388Tyr, CO readily binds to form the FeCO complex.

tyrosine for the proximal histidine ligand fails to block
cyclooxygenase activity.

The reduction potential for fé¢Fe! PGHS-2 is well below
that necessary for oxidation of a tyrosine, fatty acid hydro-
peroxide, or arachidonic acidi§—49). According to all

cyclooxygenase activation mechanisms proposed thus far,

In light of the resistance of the Eeform to binding of CN'
and other small molecules, it appears that the heme environ-
ment is changed markedly upon reduction, which leads us
to propose dissociation of the heme from the tyrosinate ligand
as the most likely response to reduction.

Taken together, these data do not support a role for

at least one of these oxidations must be carried out by thereduction of F¢ PGHS in cyclooxygenase activation. The

PGHS heme. The PGHS-2 reduction potential is similar to
that observed with other peroxidaseS0{52) and is

reduction of peroxidase intermediates, on the other hand, is
compatible with corresponding oxidations proposed to be

consistent with the need of these proteins to stabilize higherinvolved in the initiation of arachidonate oxygenation to

oxidation states such as'FeO and F&=OQO[porphyrir] as
opposed to the Mestate. The reduction potentials for the
known horseradish peroxidase"FeO[porphyrin]/FeV=0

or FeV=0/F€" couples {950 and+970 mV, respectively)
(53) are sufficient for oxidation of tyrosine, arachidonate,
and a number of hydroperoxide$&-49). Although reduc-

PGG. The striking effect of the His388Tyr substitution on
PGHS-2 peroxidase activity correlates well with the impaired
cyclooxygenase activation of the mutant. Moreover, the effect
of added hydroperoxides on activation correlates well with
the ability of each to act as a substrate for the His388Tyr
peroxidase. We suggest that it is highly unlikely that

tion potentials for the same couples have not been determinechydroperoxides such as8, activate His388Tyr by reducing

for PGHS, it is clear from the ability of this protein to use
phenol and tryptophan as peroxidase reducing substtes (
54, 55 that the F&=0 and F&=Q][porphyrin] intermedi-
ates are sufficiently oxidizing to initiate cyclooxygenase
catalysis. The reduction potential of PGHS-2 is also con-
sistent with its isolation in the Mestate and the apparent
inability of the protein to spontaneously convert to thé-Fe
[Tyr—0O] form. In contrast, lipoxygenase [which is isolated
in its Fe' form (56, 57] has an F&/F€' reduction potential
(=+600 mV) close to that required for abstraction of bis-
allylic hydrogens from polyunsaturated fatty acid$,58,
59).

Though no spontaneous conversion of' RGHS to its
Fe' form is observed, it is conceivable that a transition in
heme potential could take place following major structural

the heme iron.

Tightly Coupledvs Branched-Chain Mechanism of PGHS
Catalysis.The extent of coupling of the cyclooxygenase to
the peroxidase activity of PGHS also has been vigorously
debated. The branched-chain mechanism implies minimal
coupling because Tyr385 is reoxidized to its radical form
with each turnover independent of the heme. Conversely, a
tightly coupled mechanism posits that the PGé&roxyl
radical exits PGHS without regenerating the tyrosyl radical,
suggesting that heme-dependent reactivation must take place
for oxygenation of each arachidonic acid molecule.

Our results with His388Tyr strongly support the branched-
chain mechanism. First, turnover of His388Tyr generates
predominantly hydroperoxyprostaglandins, not the corre-
sponding alcohols. This occurs in the presence or absence

changes upon substrate binding. However, our results indicateof an added peroxidase reducing substrate, indicating that
that binding of molecules in the cylooxygenase active site peroxides and the peroxidase make a very small contribution
has little effect on the F¥Fe' PGHS reduction potential.  to the overall turnover of the cyclooxygenase. The accumula-
Indomethacin binding to wild-type PGHS-2 results in a small tion of hydroperoxides clearly indicates that the continued
positive shift in reduction potential but nothing near that heme-dependent reoxidation of tyrosine 385 is not required
required for cyclooxygenase activation. Similarly, Tyr385Phe for every turn of the His388Tyr cyclooxygenase cycle
PGHS-2 shows no difference in reduction potential in the because such a model predicts that for each P@@ecule

presence or absence of arachidonate.
The cyclooxygenase activity of His388Tyr PGHS-2 also
casts doubt on the involvement of 'FBGHS in cyclooxy-

produced another PGGnust be consumed.
According to the tightly coupled mechanism of cyclooxy-
genase catalysis, a reduced rate of hydroperoxide reduction

genase catalysis. It is well-documented that substitution of would reduce the rate of each catalytic cycle. Acceleration
histidine heme ligands with tyrosines results in substantial of the cyclooxygenase rate with time suggests that the
destabilization of the Pestate relative to the Hestate. This peroxidase is not necessary for continual cyclooxygenase
has been observed experimentally by either a substantialactivation following the initial activation event.

decrease in reduction potentidd( 27, 29 or loss of tyrosine At the same time, the lag phase can be dramatically
ligation to the heme group upon reductid@6( 30. Neither shortened by the addition of exogenous peroxides. The ability
response is compatible with the production of' RGHS of each of these peroxides to stimulate activation corresponds
during cylooxygenase activation. The inability to form'Fe  with the ability of each to act as a substrate for the His388Tyr
PGHS would block activation, and it is known from previous peroxidase. This clearly indicates that although the peroxi-
work with PGHS-1 His388 mutants that the heme iron must dase activity is not required for the continued turnover of
be bound at this position to observe appreciable cyclooxy- cyclooxygenase, it is definitely required as an initiator of
genase activity@0). Our initial studies have not established cyclooxygenase activity.
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In conclusion, the relationship between the cyclooxygenase 16.
and peroxidase activities of PGHS is complex and much
debated. The reliance of both activities on the heme prosthetic 17.
group provided us the unique opportunity to probe the

altering the ligation of the heme. The substitution of the
proximal heme ligand, histidine, with tyrosine resulted in a
protein with altered properties, allowing us to probe both

the

peroxidase and cyclooxygenase activities. More impor-

tantly, the profound impact of these modifications on PGHS

catalysis provides valuable information regarding the inter-

mediates involved in cyclooxygenase activation and the role
of these intermediates in the continued synthesis of pros-
taglandins. Although the contribution of other factors such

as peroxidase reducing substrate has not yet been tested with24.
this interesting and informative mutant, we suggest that
His388Tyr PGHS and other similar PGHS mutants may

provide valuable information regarding the role of these

factors in mechanisms of prostaglandin synthesis. Further
spectroscopic analysis and structural characterization via
EPR, resonance Raman, and other techniques are anticipate®7.
to provide additional exciting insight into the mechanism of
action of His388Tyr and other axial ligand-substituted
mutants of PGHS.
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