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ABSTRACT 

Highly purified cyclooxygenase from 
sheep vesicular glands is stimulated by the 
presence of protoporphyrin IX com- 
pounds. This stimulation may be due to 
the conversion of an apoenzyme to the 
holoenzyme, and full activity is achieved 
w h e n  ha l f  of the enzyme subunits 
(70,000 daltons) bind heme. Also, one- 
half of the subunits appear to contain 
non-heme iron. The apparent molecular 
weight of the holoenzyme is approxi- 
mately 300,000 daltons and is compatible 
with a complex of four 70,000 dalton 
subunits. Thus, we suggest that heine and 
non-heme iron may be attached to dif- 
ferent 70,000 daltons subunits that make 
up an A2B2-type of peptide chain ar- 
rangement. 

INTRODUCTION 

In the overall scheme of prostaglandin for- 
mation, free fatty acid is first converted to an 
e n d o p e r o x i d e ,  P G G ,  wh ich  is t h e n  
converted to other biologically active products 
including prostaglandins, thromboxanes, and 
other oxidized derivatives. The fatty acid cyclo- 
oxygenase which adds two molecules of 02 to 
substrate fatty acid and forms the cyclic endo- 
peroxide is a unique dioxygenase of central 
importance. A monooxygenase would utilize 
02 by adding one oxygen atom to the substrate 
and reducing the other oxygen to water. A di- 
oxygenase commonly adds both oxygen atoms 
of 0 2 to substrate. The cyclooxygenase, how- 
ever, may be regarded as a bis-dioxygenase since 
it adds two 02 molecules to the substrate fatty 
acid. 

This unique enzyme has many regulatory 
features including hydroperoxide activation (1), 
glutathione peroxidase inhibition (2,3), reac- 
tion-catalyzed inactivation (2), and inhibition 
by antiinflammatory drugs (4). The enzyme 
m u s t  have some complicated mechanistic 
features if it is to create the proposed interac- 
t i o n s  of oxygen, activator, substrate and 
enzyme (5). To facilitate our understanding of 

1This work was presented at the 1976 Fall Meeting 
of The American Oil Chemists' Society at which 
M.E.H. was an Honored Student Awardee. 

this complex enzyme, some properties of the 
purified cyclooxygenase including interactions 
of subunits and prosthetic groups were ex- 
amined. 

MATERIALS AND METHODS 

Materials 

Sheep vesicular glands were generously dona- 
ted by Upjohn Co., Kalamazoo, MI and the 
Flurbiprofen-Sepharose was prepared by Dr. 
W.L. Smith (6). Tween-40, DEAE cellulose, 
sodium diethyldithiocarbamate, hemoglobin, 
myoglobin, bovine serum albumin, catalase, 
phosphorylase a, and hemin were purchased 
from Sigma Chemical Co., St. Louis, MO. 
Lactate dehydrogenase was purchased from 
Calbiochem, (Elk Grove Village, IL,) and all 
other protein standards and the Blue Dextran 
2000 were purchased from Pharmacia, Piscat- 
away, NJ, Ampholine carrier electrolytes from 
LKB, Rockville, MD, adenosine-5-diphosphate 
from P-L Biochemicals, Inc., Milwaukee, WI, 
and flufenamic acid from Aldrich Chemical Co., 
Milwaukee, WI. 

Experimental Procedures 

Purified cycloxygenase was obtained by fol- 
lowing the procedures of Hemler et al. (7) in 
which the final enzyme material was chroma- 
tographed on Biogel P-30 or Sephadex G-200, 
or used immediately after isoelectric focusing 
without further chromatography. 

To perform isoelectric focusing in a narrow 
range of pH values, the procedures described 
earlier (7) for focusing at pH 5 to 8 were scaled 
up using a LKB 8101 Ampholine Column (440 
ml). Then the active enzyme fractions ("60 
mls) plus additional ampholyte (0.14 ml, pH 
5-8) were refocused in a LKB 8101 (110 ml) 
column. A continuous glycerol density gradient 
was prepared from: (a) a heavy solution that 
contained 9 ml of glycerol and 45 ml of en- 
zyme solution and (b) a light solution that con- 
tained 15 ml of enzyme solution and 39 ml of 
0.5 mM tris HC1 (pH 8.5). After about 40 hr of 
focusing, 2 ml fractions were collected and the 
pH was determined using a Radiometer Model 
PHM-28 pH meter. 

Heme-binding experiments consisted of incu- 
bation of purified cyclooxygenase with a three- 
fold and tenfold molar excess of hematin per 
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FIG. 1 Narrow range isoelectric focusing. After isoelectric focusing as described in Methods, fractions were 
collected and assayed for oxygenase activity ( o - - o )  and pH ( * - - * ) .  

70,000-dalton subunit for 1 hr at 0 C. The 
mixtures were then chromatographed on Biogel 
P-30 (1 x 38 cm) at 2 ml/hr  at 4 C in 0.02 M 
sodium phosphate (pH 7.0) containing 20 % 
ethylene glycol. Fractions of ~1.2 ml were col- 
lected and analyzed for iron, heme, protein,  
and enzyme activity. 

Molecular Weight Determinations 

The molecular weight of cyclooxygenase 
subunits was determined using the SDS gel elec- 
trophoresis system described earlier (7). Protein 
standards of  known molecular weight were in- 
cluded with the purified cyclooxygenase, the 
stained gels were scanned at 540 nm, and the 
posit ion of each band was calculated relative to 
the bromphenol  blue tracking dye. The ident i ty  
of the cyclooxygenase band was verified since it 
was located in the region radio-labeled by 
[ 3H] acetylsalicylate as previously described. 

The molecular weight of  active cyclooxy-  
genase holoenzyme was estimated from gel fil- 
t rat ion on Biogel P-300 (2.5 x 82.5 cm) and 
Biogel A -  1.5 m (2.5 x44 cm), each equilib- 
rated with 0.1 M tris-chloride (pH 8.0) contain- 
ing 20% ethylene glycol, 0.2% Tween-40 and 
5 mM d i e t h y l d i t h i o c a r b a m a t e .  For  both 
columns, Blue Dextran-2000 was used to calcu- 
late the void volume, and the enzyme fractions 
utilized had been purified up to and including 
the isoelectrie focusing procedure. 

Analytical Procedures 

Iron was measured using a model  AA-5 
Varian Techtron atomic absorption spectrom- 
eter as described earlier (7). Protein was de- 
termined by the method of Lowry et al. (8) or 
by quantitative scanning of  SDS gels (7). Spec- 
tra of the purified enzyme were recorded on a 

Cary I18 recording spectrophotometer  and 
heme was quanti tated by a modification (7) of 
the reduced pyridine hemochrome method of 
Falk  (9). 

Standard conditions for the assay of cyclo- 
oxygenase consisted of polarographic measure- 
ment of  oxygen consumption (6,10) in reaction 
vessels containing 100/aM arachidonic acid, 0.5 
/aM bovine hemoglobin or 0.4/aM hematin, and 
0.67 mM phenol in a total  volume of  3 ml of 
0.1 M tris-chloride (pH 8.5). Reactions were 
init iated by the addit ion of enzyme, and one 
unit of activity is defined as the amount  of en- 
zyme which will catalyze the uptake of  1 nmole 
of  oxygen/min at 30 C. 

RESULTS AND DISCUSSION 

Isoelectric Focusing 

Rome and Lands (10) previously had solubi- 
lized membrane-bound cyclooxygenase with 
the nonionic detergent, Tween-40, fract ionated 
with ammonium sulfate, chromatographed on 
an ion exchange resin and achieved 60-fold 
purification. Further  purification was achieved 
by affinity chromatography using a Flurbipro- 
fen-Sepharose column (6) and the active frac- 
tions were then pooled and subjected to prepa- 
rative isoelectric focusing (7). Results from 
isoelectric focusing and immunoelectrophoresis  
(11) experiments had suggested the possibility 
of multiple forms of the enzyme. Further  sup- 
port for this hypothesis was obtained upon 
performing a high resolution isoelectric focus- 
ing experiment in the range of  pH 6-7. As 
shown in Figure 1, there appeared to be separa- 
tion of enzyme into two distinguishable peaks 
with the approximate isoelectric points of pH 
6.35 and 6.58, thus supporting the possibility 
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FIG. 2. Determination of molecular weight of 
cyclooxygenase subunits. 

of  two different isozymes. However, the 
enzyme fractions of p i"6 .3  and p i "6 .5  had 
similar specific activities (~46,000 units/mg) 
and visible spectra (trace peak at 412 nm). 
Also, the relative reactivities of the substrates, 
arachidonie acid and eicosatrienoic acid, were 
the same with both forms (-~0~ = 1.5), and 
SDS gel electrophoresis showed that each form 
was composed entirely of 70,000 dalton sub- 
units (See Fig. 2). The difference in isoelectric 
point may reflect an apparent charge hetero- 
geneity, but varied amounts of bound lipid or 
detergent may have also contributed to multi- 
ple peak formation. 

Molecular Weight 

After isoelectric focusing and gel filtration, 
the enzyme preparation had a high degree of 
homogeneity as indicated by a single band upon 
SDS gel electrophoresis. The subunit molecular 
weight was determined using protein standards 
as shown in Figure 2. A value of 70,000 dal- 
tons/subunit  was obtained in either the pres- 
ence or absence of ~-mercaptoethanol, reaffirm- 
ing that if there are multiple subunits, they are 
not linked by disulfide bonds. An estimated 
molecular weight for the active holoenzyme 
was then determined from gel filtration experi- 
ments on Biogel P-300 and Biogel A-I.5 m. For 
each column, calculations of ve/v o were consis- 
tent with a molecular weight of 300,000 dal- 
tons, similar to that recently reported for the 
bovine enzyme (12). This value may be arti- 
ficially high due to the presence of 0.2% Tween 
40 in the column buffers, but it is consistent 
with a t e t r a m e r i c  arrangement of the 70,000 
dalton subunits. 

The Role of Heine 

Previous work had shown that hematin 
could bind and activate cyclooxygenase which 
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FIG. 3. Heine stimulation of cyclooxygenase ac- 
tivity. Varied amounts of each material were included 
in the otherwise heme-free standard assay mixture as 
indicated. For the protoheme compounds, the x-axis 
represents the concentration of total heme in each so- 
lution. 

had retained only a trace of native heme after 
purification (7). The enzyme which forms 
prostaglandin in bovine seminal vesicles also 
seemed to be stimulated by heme compounds 
(12,13), and it might also have had some heme 
present after purification (12). The ability of 
several protoheme compounds to stimulate the 
purified sheep cyclooxygenase was examined in 
detail as shown in Figure 3. Upon adding in- 
creasing amounts of free heroin, or bound heme 
as myoglobin or hemoglobin, the basal level of 
activity of the purified apoenzyme was in- 
creased several fold. In control experiments, 
ADP-iron, a known catalyst of nonenzymatic 
fatty acid oxidation, had no effect, thus sup- 
porting the enzymatic nature of the heme stim- 
ulation. Also, added bovine serum albumin did 
not stimulate the enzyme, indicating that pro- 
tein probably did not exert any nonspecific 
stimulatory effects. 

The mechanism of cyclooxygenase stimula- 
tion by protoheme compounds may be due to 
conversion of the apoenzyme to a holoenzyme. 
A previous experiment had shown that a signifi- 
cant amount of heme could bind to cyclooxy- 
genase as evidenced by a large Soret peak (7) of 
a heine-supplemented preparation compared to 
the spectrum of the apoenzyme which had only 
a trace peak at 412 nm. In order to more close- 
ly investigate this phenomenon, and to deter- 
mine how much heme must be bound to the 
enzyme to attain maximal activity, purified 
enzyme samples were preincubated with dif- 
ferent levels of added hematin and chxoma- 
tographed to remove the free hematin. 

The heme bound per 70,000 dalton subunit 
in three different unsupplemented preparations 
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TABLE I 

Heme and Non-heine Iron in Cyclooxygenase a 

Specific Non-heme 
Heme/70,000 Absorbance activity Stimulation Fe[70,000 

Sample daltons maximum (ram) units/mg by heme daltons 

1 <0.01 412 . . . .  0.63 
2 0.05 412 5,143 7.7 0.81 
3 0.11 b 412 14,375 3.2 0.57 b 
4 0.49 412 18,100 1 0.75 
5 1.50 409 17,250 0.8 0.37 
6 2.89 406 13,750 0.8 0.42 

aPurified unsupplemented enzyme fractions in row 1 and 2 were obtained from Biogel P-30 gel 
filtration experiments, and the enzyme fraction in row 3 was obtained from a G-200 column. Heme- 
supplemented enzyme fractions (rows 4, 5, and 6) were obtained as described in Methods. Oxidized 
spectra, total iron, heine concentrations, and specific activities were obtained as described in Methods. 
Non-heine iron levels per 70,000 daltons were calculated as total iron minus heine iron. Specific 
activity measurements were based on standard assay conditions without added heine. The heine 
stimulation is expressed as the ratio of activity obtained when heine was included in the enzyme assay 
mixture divided by the activity in the absence of added heine. 

bCalculation of heine concentration for this enzyme fraction was based on an empirically derived 
average extinction coefficient (e412  = 205 raM) for oxidized spectra. 

TABLE II 

Copurifieation of Non-heme Iron and Cyciooxygenase Activity a 

Purification Protein Units/mg Total iron Heme 
stage mglml protein ng/ml nmole/mg /zM nmole/mg 

I-DEAE-cellulose 0.40 12,500 80 3.6 0.13 b 0.3 b 

II-G-200 0.46 46,000 250 9.7 0.71 b 1.5 b 
III-P-30 0.07 26,800 36 9.2 <0.07 c <1.0 c 

aDEAE-cellulose data were taken from tube 56 Rome and Lands (10), Figures 2 and 3, and Table 
III. G-200 and P-30 enzyme fractions a r e  t h e  same as those in Table I, row 3 and row 1, respectively. 

bHeme concentrations were calculated using e412 = 205 mM. 
theme concentrations was determined from the reduced pyridine hemochrome, as described in 

Methods. 

was 0.11 or less (Table I; samples 1,2,3). Analy- 
sis o f  the  supp l emen ted  samples (4-6) showed  
tha t  varied am oun t s  of  the  added  heme  also 
may  be bound .  The prepara t ions  wi th  low heme 
con ten t  (samples  1,2,3) were s t imula ted  when  
assayed in the  presence  of  p r o t o h e m e  com- 
pounds  (as p red ic ted  f rom Fig. 3). On the  o the r  
hand,  the  apparen t ly  " h e m e - s a t u r a t e d "  samples 
(4-6) were no t  s t imulated.  Thus,  it appears  tha t  
0.5 h e m e / 7 0 , 0 0 0  dal tons  may  be the  m i n i m u m  
amoun t  of  tha t  p ros the t i c  group necessary  to  
give op t imal  activity.  

The m a x i m u m  absorbance  in the  Soret  
region (co lumn 3) was cons is ten t ly  at 412 n m  
when  0.5 or less heme  was p resen t  per  70 ,000 
da l ton  subuni t .  The high af f in i ty  of  h e m e  bind- 
ing may  be deduced  f rom the  absence o f  any 
shoulder  at 370 nm that  could be a t t r i bu t ed  to  
free heme.  However ,  as more  heine  was b o u n d  
to  the  enzyme ,  the  o p t i m u m  absorbance  shi f ted  

to  409 n m  (1.5 h e m e / s u b u n i t )  and to  406 nm 
(2.9 heme/ subun i t ) .  In the  la t ter  sample,  a 
shoulder  in the  370 nm region ind ica ted  tha t  
some loosely b o u n d  heme  had dissocia ted to  
the  free form.  Apparen t ly  the  absorbance  peaks 
at 409 and 406 were due to  heme  b inding  at 
site(s) o f  lower  af f in i ty  tha t  are no t  essential  
for  an en zy me  which  was already 100% active. 

Presence of Non-heme Iron 

Besides heine-iron,  pur i f ied cyc looxygenase  
conta ins  significant  n o n - h e m e  i ron,  and thus  
r e s e m b l e s  a n o t h e r  f a t t y  acid d ioxygenase ,  
soybean  l ipoxygenase ,  which  has also been  
shown  to  conta in  n o n -h eme  iron (14) .  Fu r t h e r  
evidence suppor t ing  the  presence  of  n o n -h eme  
iron is indica ted  by the  copur i f i ca t ion  of  non-  
heme i ron  and e n z y m e  activi ty as shown  in 
Table II. R o m e  and Lands (10),  using part icaUy 
purif ied en zy me ,  ob ta ined  the data s h o w n  in 
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row I. Our modified purification procedure, in- 
cluding additional steps (isoelectric focusing 
and gel chromtography), resulted in apparently 
homogenous enzyme preparations. The analyses 
for these preparations (II and III) show an in- 
crease in  levels of iron/mg and activity/mg 
when compared to the cruder preparation. The 
lack of significant change in the apparent heme 
content per mg reinforces  the  concept that non-  
heme iron has co-purified with cyclooxygenase. 

In order to quantitate the amount  of non- 
heine iron in the various cyclooxygenase frac- 
tions listed in Table I, they were each assayed 
for total iron using flameless atomic absorption 
spectrometry, and the amount of  heme iron 
was subtracted. The last column in Table I 
shows that a relatively constant amount  of  non- 
heine iron per 70,000 dalton subunit was ob- 
tained for each sample. There was some vari- 
ability, but the average number of n o n - h e m e  
atoms per 70,000 daltons appears to be about 
0.6. While further studies of the heme and non- 
heme iron stoichiometry are in progress, these 
preliminary numbers of 0.5 heme per subunit 
and 0.6 non-berne iron per subunit lead to an 
interesting theory. Perhaps there are two dif- 
ferent kinds of subunits of  70,000 molecular 
weight, one which contains non-heme iron, and 
the other which binds heme. The tetrameric 
holoenzyme would then have an A2B2-type of  
arrangement. The combintation of  heme and 
non-heme iron in one enzyme has no known 
precedent. However, the cyclooxygenase reac- 
tion appears to include two dioxygenase steps. 
One may be analagous to the reaction catalyzed 
by lipoxygenase, an enzyme containing non- 
heme iron (14), and there may be a heine- 
mediated reaction analogous to t ryptophan 
oxygenase catalysis. The latter enzyme has two 
types of subunits of similar molecular weight 
(15) and half of the subunits appear to bind 
heme. Tryptophan and indoleamine oxygenase 
enzymes were recognized as the only heine pro- 
teins known to catalyze the dioxygena.,e type 
of reaction (16,17). Cyclooxygenase nob repre- 
sents a second type of dioxygenase activity that 
requires heme for catalysis. 

Wi th  t h e  pur i f ica t ion  and preliminary 
characterization reported here, the door is now 
open for mechanistic and regulatory insights. 
For example, the requirement for heme to con- 
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vert the apoenzyme into a holoenzyme suggests 
t h a t  heine might have a very important 
physiological regulatory role in prostaglandin 
biosynthesis. Perhaps the heine must be avail- 
able to the membrane-bound apoenzyme in 
order to convert it to the active form, and 
agents which would interfere with heme synthe- 
sis, availability, or binding could regulate pros- 
tagiandin synthesis. 
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