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ABSTRACT: The role of histidine in catalysis by prostaglandin H synthase has been investigated using chemical 
modification with diethyl pyrocarbonate (DEPC), an agent that has been found to rather selectively derivatize 
histidine residues in proteins under mild conditions. Incubation of the synthase apoprotein with DEPC at  
pH 7.2 resulted in a progressive loss of the capacity for both cyclooxygenase and peroxidase catalytic activities. 
The kinetics of inactivation of the cyclooxygenase activity were dependent on the concentration of DEPC; 
a second-order rate constant of 680 M-' m i d  was estimated for reaction of the apoenzyme at  pH 7.2 and 
0 OC. The kinetics of inactivation of the cyclooxygenase by DEPC exhibited a sigmoidal dependence on 
the pH, indicating that deprotonation of a group with a pK, of 6.3 was required for inactivation. The presence 
of the heme prosthetic group slowed, but did not prevent, inactivation by DEPC. The stoichiometry of histidine 
modification of apoenzyme during inactivation determined from absorbance increases a t  242 nm agreed 
well with the overall stoichiometry of derivatized residues determined with [ 14C] DEPC, indicating that 
modification by DEPC was quite selective for histidine residues on the synthase. Although modification 
of several histidine residues by DEPC was observed, only one of the histidine residues was essential for 
cyclooxygenase activity. Modification of the holoenzyme with DEPC altered the EPR signal of the hy- 
droperoxide-induced tyrosyl free radical from the wide doublet (35 G, peak-to-trough) found with the native 
synthase to a narrower singlet (28 G, peak-to-trough) quite like that found in the indomethacin-synthase 
complex. Reaction of the indomethacin-synthase complex with DEPC was found to increase the cyclo- 
oxygenase velocity by 9 times its initial value, to about onethird of the uninhibited value, without displacement 
of the indomethacin; the peroxidase was significantly inactivated under the same conditions. Histidyl residues 
in the synthase are thus likely to have important roles not only in cyclooxygenase and peroxidase catalysis 
but also in the interaction of the synthase with indomethacin. 

%e cyclooxygenase activity of prostaglandin H (PGH) 
synthase represents the first committed step in the biosynthesis 
of prostaglandins, prostacyclin, and thromboxane (Samuelsson 
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et al., 1978). The pure synthase also exhibits a heme-de- 
pendent peroxidase activity that has been proposed to play a 
crucial role in the initiation of the cyclooxygenase reaction 
(Kulmacz et al., 1985; Dietz et al., 1988; Kulmacz, 1986). 
Spectroscopic observations have indicated that histidine res- 

' Abbreviations: PGH, prostaglandin H; DEPC, diethyl pyro- 
carbonate; EtOOH, ethyl hydroperoxide; EPR, electron paramagnetic 
resonance. 
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idues on the synthase serve as the proximal and distal ligands 
of the heme iron (Kulmacz et al., 1987). Comparison of the 
amino acid sequence of the synthase with those of other 
hemedependent peroxidases has identified the possible location 
of the heme-liganding histidine residues in the synthase 
(DeWitt et al., 1990). To further characterize the role of 
histidine residues in catalysis by the synthase, we have initiated 
chemical modification studies with diethyl pyrocarbonate 
(DEPC), a reagent that has been found to be relatively se- 
lective for modification of histidine residues under very mild 
conditions (Miles, 1977). This report describes results which 
indicate that several histidine residues in the vicinity of the 
active site have important influences on both cyclooxygenase 
and peroxidase activity, and on the interaction of the synthase 
with the antiinflammatory agent indomethacin. 

MATERIALS AND METHODS 
Heme, diethyl pyrocarbonate, diethyl [~arbonyl-'~C]pyro- 

carbonate, imidazole, hydroxylamine hydrochloride, n-octyl 
/3-D-glucopyranoside (octyl glucoside), guaiacol, aspirin, and 
indomethacin were obtained from Sigma Chemical Co., St. 
Louis, MO. n-Decyl B-D-maltopyranoside (decyl maltoside) 
was purchased from Calbiochem, San Diego, CA. Arachidonic 
acid was from NuChek Preps, Inc., Elysian, MN. Hydrogen 
peroxide was obtained from Fisher Scientific, Itasca, IL, and 
ethyl hydrogen peroxide was from Polysciences, Inc., War- 
rington, PA. 

PGH synthase was purified to homogeneity from sheep 
seminal vesicle microsomes as described previously (Kulmacz 
& Lands, 1987). The synthase preparations used in this study 
had cyclooxygenase specific activities of about 100 unitslpg 
of protein (assayed with 1 pM heme); about 90% of the syn- 
thase was in the apoenzyme form, as determined by assays in 
the presence and absence of heme. When necessary, residual 
heme was removed from the protein by gel-filtration chro- 
matography in the presence of glutathione and deoxycholate 
(Odenwaller et al., 1990) or by treatment with DEAE-cellulose 
(Kulmacz et al., 1987) in the presence of 5 mM glutathione. 
Holoenzyme was reconstituted by the addition of heme to bring 
the level to 1 hemelsubunit. 

Synthase acetylated at Ser-530 was prepared by incubation 
of the apoenzyme (81 pM subunit) with 5 mM aspirin at room 
temperature for 2 h. No detectable cyclooxygenase activity 
was present at this point. Excess aspirin and salicylate were 
removed by gel filtration of the reaction mixture on a Bio-Rad 
lODG desalting column equilibrated with 90 mM potassium 
phosphate, pH 7.2, and 10% glycerol. 

Cyclooxygenase activity was assayed with an oxygen elec- 
trode; the reaction contained 3 mL of 0.1 M potassium 
phosphate, pH 7.2, 100 pM arachidonate, and 1 pM heme and 
was thermostated at 30 OC (Kulmacz & Lands, 1987). One 
unit of cyclooxygenase activity resulted in a velocity of 1 nmol 
of oxygenlmin under the standard conditions. For analysis 
of the kinetics of self-inactivation, the oxygen electrode re- 
sponse was digitized (Kulmacz & Lands, 1987), and the first 
derivative was taken to obtain second-by-second values for the 
cyclooxygenase velocity. After the optimal velocity was 
reached, the instantaneous velocity declined in an approxi- 
mately exponential fashion (Kulmacz & Lands, 1987); the 
apparent rate constant for the self-inactivation of the cyclo- 
oxygenase was calculated from the slope of a plot of the log- 
arithm of the velocity as a function of time in a given reaction. 

Peroxidase activity was assayed with guaiacol as the chro- 
mogenic substrate (Kulmacz, 1989). The reaction contained 
2 mL of 0.1 M Tris-HC1 (pH 8.0), 5 mM guaiacol, 1 pM 
heme, and 1.2 mM HOOH; the reaction was initiated by 
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injection of the hydroperoxide and was monitored at 436 nm. 
Absorbance spectra were reocrded with a Shimadzu E2101  

spectrophotometer. EPR spectra were obtained as described 
previously (Kulmacz et al., 1990a). 

Stock solutions of diethyl pyrocarbonate were made up in 
ethanol and stored at 4 OC. The concentrations of DEPC 
solutions were determined each day by addition of an aliquot 
to 10 mM imidazole and 50 mM potassium phosphate, pH 
7.8, and measurement of the increase in absorbance at 230 
nm, using an extinction coefficient of 3.0 mM-* cm-' (Melchior 
& Fahmey, 1970). The rate of hydrolysis of DEPC under the 
various conditions used for derivatization was determined by 
assaying the DEPC concentration at intervals after an initial 
addition of the reagent to the buffer in question. The final 
concentration of ethanol in the inactivation reactions was less 
than 2%; these levels do not have a detectable effect on the 
enzymatic activity. 

The extent of modification of amino acid residues was 
quantitated either from the increase in absorbance at 240 nm, 
using an extinction coefficient for carbethoxyhistidine of 3.2 
mM-' cm-' (Miles, 1977), or by determination of protein- 
bound radioactivity after incubation with [~arbonyl-'~C]- 
DEPC. For the latter, an aliquot (35 pL) from the incubation 
with DEPC was mixed with 105 pL of 10 mM imidazole and 
50 mM potassium phosphate, pH 7.8, to quench the reaction 
and then with 100 pL of 0.15% cholate and 1.5 mL of ice-cold 
8% trichloroacetic acid to precipitate the protein. The pellet 
was collected by centrifugation and washed once with 1.5 mL 
of ice-cold trichloroacetic acid before it was solubilized with 
0.5 mL of water and 0.5 mL of reagent A for the modified 
Lowry protein assay (Peterson, 1979). An aliquot was re- 
moved for determination of radioactivity in the solubilized 
pellet before the rest of the protein assay procedure was 
performed on the remainder. Carbethoxyhistidine has been 
found to be relatively stable under acidic conditions at room 
temperature (Melchior & Fahrney, 1970), and we took the 
added precaution of keeping the samples chilled at or below 
4 OC throughout the 45-60 min it took to process them. 

Stock solutions of hydroxylamine were adjusted to pH 7.3 
with potassium hydroxide. For decarbethoxylation of deriv- 
atized histidine residues (Miles, 1977), the final concentration 
of hydroxylamine was 0.1 M. 

Radioactivity was determined by liquid scintillation counting 
using a Beckman LS6800 scintillation counter. 

Protein was assayed with a modified Lowry method (Pe- 
terson, 1979), using bovine serum albumin as the standard. 

RESULTS 
Effects of DEPC on Cyclooxygenase and Peroxidase Ac- 

tivities. When the synthase apoenzyme (4.2 pM subunit) was 
incubated on ice in 0.1 M potassium phosphate, pH 7.2, with 
0.4 mM DEPC, there was a progressive loss of both the cy- 
clooxygenase and the peroxidase activities. The low tem- 
perature helped minimize hydrolysis of the reagent. Plotting 
the activity on a semilogarithmic basis as a function of effective 
incubation time (Figure 1 )  indicated that the peroxidase ac- 
tivity decreased in an exponential fashion, with an apparent 
rate constant of about 0.16 min-'. The cyclooxygenase activity 
also declined exponentially, with an apparent rate constant of 
0.23 min-I, somewhat faster than that seen for the peroxidase. 
In the absence of DEPC, there was no change in either per- 
oxidase or cyclooxygenase activity under these conditions (not 
shown). Reconstitution of the synthase to the holoenzyme 
form by the addition of heme (1 mol/mol of subunit) before 
incubation with DEPC resulted in a dramatic decrease in the 
rate of inactivation of both activities (Figure l ) ,  with an ap- 
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FIGURE 1 : Inactivation of cyclooxygenase and peroxidase activities 
by DEPC. The synthase apoenzyme (open symbols) or holoenzyme 
(filled symbols) was incubated at 4.2 pM subunit in 0.1 M potassium 
phosphate, pH 7.2, at 0 "C with 0.4 mM DEPC for the indicated 
effective incubation times before removal of aliquots for assay of 
cyclooxygenase (squares) or peroxidase (circles) activity as described 
under Materials and Methods. To minimize warming of the aliquots 
during the transfer of enzyme to the assay cuvette, the microsyringe 
used for sampling was kept on ice when not in use, and its needle was 
insulated with a sleeve of plastic tubing. The effective incubation 
time (1') was calculated as described by Topham and Dalziel(l986) 
to compensate for the hydrolysis of DEPC, which had a half-life of 
47 min under these conditions. 

parent rate constant of 0.019 min-l for the cyclooxygenase and 
0.026 min-' for the peroxidase. A similar protection of the 
cyclooxygenase activity by heme was reported earlier by Golub 
et al. (1984). 

Dependence of Inactivation Kinetics on DEPC Concentra- 
tion. The dependence of the rate of inactivation of the cy- 
clooxygenase activity upon the concentration of DEPC was 
examined by monitoring activity as a function of time during 
incubations of apoenzyme with four different levels of DEPC. 
The results, presented on a semilogarithmic basis in Figure 
2, indicated an exponential decrease in activity with time at 
each level of DEPC, with a faster loss of activity as the DEPC 
concentration was raised. The apparent rate constants were 
0.053 min-' at 0.1 mM DEPC, 0.109 min-' at 0.2 mM DEPC, 
0.226 min-' at 0.4 mM DEPC, and 0.526 min-' at 0.8 mM 
DEPC. When these apparent rate constants were plotted as 
a function of the DEPC concentration, the points appeared 
to fall on a straight line; the slope of this line indicated that 
the second-order rate constant for inactivation of the cyclo- 
oxygenase capacity in apoenzyme at 0 OC was 680 f 30 M-l 
min-', or 11.3 f 0.5 M-' s-'. From the relative rates of loss 
of cyclooxygenase activity in apoenzyme and holoenzyme at 
0.4 mM DEPC (Figure l ) ,  the corresponding rate constant 
for destruction of cyclooxygenase activity in holoenzyme can 
be estimated to be an order of magnitude smaller, or about 
60 M-' m i d .  

Effect of DEPC on Selj-Inactivation Kinetics of Cyclo- 
oxygenase. The cyclooxygenase activity of the synthase un- 
dergoes a characteristic self-inactivation process during ca- 
talysis (Smith k Lands, 1972). The effect of prior reaction 
with DEPC on the kinetics of self-inactivation of the cyclo- 
oxygenase was examined under conditions where the inacti- 
vation by DEPC was relatively slow, allowing time to remove 
several aliquots for analysis of cyclooxygenase kinetics during 
the period that the cyclooxygenase optimal velocity was de- 
creased by DEPC to about 20% of its control value. For the 
apoenzyme, the conditions were 0.1 mM DEPC at 0 OC in 0.1 
M potassium phosphate, pH 7.2; for the holoenzyme, 0.3 mM 
DEPC at room temperature in 0.1 M TES buffer, pH 7.0, was 

0.01 
0 1 0  2 0  

Effective Incubation 
Time (min) 

FIGURE 2: Effect of DEPC concentration on the kinetics of cyclo- 
oxygenase inactivation. Synthase apoenzyme (4.2 pM subunit) was 
incubated in 0.1 M potassium phosphate, pH 7.2, at 0 OC with 0.1 
(open squares), 0.2 (filled squares), 0.4 (open circles), or 0.8 mM 
DEPC (filled circles) for the indicated times before aliquots were 
removed for assay of surviving cyclooxygenase activity as described 
under Materials and Methods. The lines indicate the least-squares 
fit to the data points in the semilogarithmic plot. Apparent rate 
constants for inactivation of the cyclooxygenase were calculated from 
the slope of the fitted lines. 
used. Different incubation temperatures were used for apo- 
enzyme and holoenzyme to compensate for their different 
susceptibilities to inactivation by DEPC (Figure 1). In each 
case, aliquots were removed at intervals for assay of the cy- 
clooxygenase under the standard conditions, and the rate 
constant for self-inactivation was determined for each assay 
as described under Materials and Methods. For synthase 
reacted with DEPC as apoenzyme, the subsequent self-inac- 
tivation kinetics were little affected by the preincubation with 
DEPC: the apparent rate constant for self-inactivation was 
6.8 min-' initially, 6.9 min-' in the aliquot removed at 5.5 min 
(where the cyclooxygenase optimal velocity was 72% of the 
initial value), 7.4 min-' in the aliquot removed at 20 min 
(optimal velocity 51% of the initial value), and 6.2 min-' in 
the aliquot removed at 59 min (optimal velocity 21% of the 
initial value). For synthase reacted with DEPC as holoenzyme, 
the self-inactivation kinetics appeared to be considerably slower 
in the aliquots preincubated longer with DEPC: the apparent 
rate constant for self-inactivation was 7.0 min-' initially, 6.3 
min-' for the aliquot taken after 22 min (optimal velocity 59% 
of the initial value), 5.2 min-' in the aliquot taken at 39 min 
(28% of the initial optimal velocity), and 4.4 min-' in the 
aliquot at 64 min (20% of the initial optimal velocity). These 
results suggest an alteration of the self-inactivation process 
in the surviving cyclooxygenase activity when the synthase is 
reacted with DEPC in the holoenzyme form, but not when the 
apoenzyme was used instead. Given the harsher incubation 
conditions used to overcome the relative resistance of the 
holoenzyme to inactivation by DEPC, it is possible that amino 
acid residues not directly related to cyclooxygenase catalysis 
are modified more extensively by DEPC in the holoenzyme 
and that these modifications lead to a slower self-inactivation 
process. 

Dependence of Inactivation of Cyclooxygenase by DEPC 
on pH. The pH dependence of the inactivation of the cyclo- 
oxygenase activity of the apoenzyme was examined over the 
range of pH 6-8.5, where reasonable activity and stability of 
the cyclooxygenase are observed. The apparent first-order rate 
constant for the inactivation was 0.060 min-' at pH 6.0, in- 
creased to 0.099 min-' at pH 6.5 and 0.137 min-' at pH 7.2, 
and then reached a plateau value near 0.170 min-' above pH 
8 (Figure 3). This behavior is that expected if the inactivation 
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FIGURE 3: Dependence of the rate of cyclooxygenase inactivation by 
DEPC on pH. The apoenzyme (3.5 pM subunit) was incubated at 
0 OC in 0.1 M phosphate buffer adjusted to the indicated pH values 
before addition of 0.4 mM DEPC. Aliquots were withdrawn peri- 
odically for assay of surviving cyclooxygenase activity, and apparent 
rate constants for inactivation by DEPC at each pH were calculated 
as described in the legend to Figure 2. 

process required deprotonation of an ionizable group on the 
protein, so the data were fitted to an equation of the form kOb 
= k&(l + [H+]/Ka). The resulting estimate for the value 
of the pKa of the ionizable group was 6.3, a reasonable value 
for a histidine residue in protein. Taken with the fact that 
reaction of DEPC requires the deprotonated form of histidine 
(Miles, 1977), this suggests that derivatization of histidine in 
the synthase was responsible for inactivation of the cyclo- 
oxygenase by DEPC. 

Absorbance Changes during Reaction of DEPC with Apo- 
enzyme. The absorbance spectrum of the synthase in the 
ultraviolet region was recorded at intervals during the reaction 
of synthase apoenzyme with DEPC at 0 OC. There was a 
progressive increase in the absorbance at 242 nm (data not 
shown), as expected for the formation of carbethoxyhistidine, 
and very little change in the absorbance at 280 nm, indicating 
that no significant derivatization of tyrosyl residues was oc- 
curring (Miles, 1977). The fraction of cyclooxygenase activity 
remaining at each time point was calculated using the inac- 
tivation kinetics determined in parallel incubations with the 
same batch of apoenzyme; this surviving fraction is plotted 
in Figure 4 as a function of the number of derivatized histidine 
residues per subunit [calculated from the absorbance increase 
at 242 nm using an extinction coefficient of 3.2 mM-' cm-' 
(Miles, 1977)]. Extrapolation of the line fitted to the data 
points to the x axis indicates that the loss of cyclooxygenase 
activity was associated with the derivatization of three histidine 
residues. The kinetics of derivatization of these residues (rl,2 
= 9.2 m i d )  coincided with the kinetics of inactivation of the 
cyclooxygenase activity ( t l l 2  = 8.7 min-') under these con- 
ditions. Modiication of the histidine residues is thus kinetically 
competent to account for enzyme inactivation. 

Absorbance Changes during Reaction of DEPC with Ho- 
loenzyme. In a similar experiment to that described above 
for apoenzyme, the absorbance spectrum of the synthase ho- 
loenzyme was recorded at intervals during reaction with a 
higher concentration of DEPC (0.8 mM) and a higher tem- 
perature (23 "C). This combination of increased temperature 
and concentration overcame the relative resistance of the 
holoenzyme to inactivation while retaining simple kinetics; 
incubation on ice with 2.5 mM DEPC resulted in multiphasic 
inactivation kinetics (not shown). A progressive increase in 
absorbance at 240 nm (data not shown) indicated formation 
of carbethoxyhistidine, whereas a decrease in absorbance at 
41 2 nm indicated some disruption of the interaction between 
the synthase and the heme prosthetic group. As with reaction 
of the apoenzyme with DEPC, there was no significant change 
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FIGURE 4: Histidine modification during reaction of the synthase 
apoenzyme with DEPC. Apoenzyme (6.1 pM subunit) was incubated 
in 0.1 M potassium phosphate, pH 7.2, with 0.2 mM DEPC in a 
cuvette thermostated at 0 OC. Difference spectra were recorded at 
intervals after addition of DEPC. The surviving cyclooxygenase 
activity at the time of the start of each absorbance scan was calculated 
from the inactivation kinetics determined in a parallel incubation and 
plotted as a function of the number of carbethoxyhistidine residues 
calculated from the absorbance increases at 242 nm using an extinction 
coefficient of 3.2 mM-' cm-I (Miles, 1977). The fitted line for i = 
1 was determined by linear regression. Equivalent curves for the i 
= 2 and i = 3 cases are also shown. 

in the absorbance at 280 nm, pointing to a lack of tyrosine 
modification (Miles, 1977). The fraction of cyclooxygenase 
activity remaining at each time point during the reaction was 
determined by measuring the cyclooxygenase activity in 
parallel incubations with DEPC under the same conditions 
with the same holoenzyme preparation; these results are plotted 
in Figure 5A. The activity declined in an exponential fashion, 
with an apparent rate constant of 0.15 min-'. For comparison 
with the changes in activity, the decreases in absorbance at 
412 nm over the first 15 min were expressed as a fraction of 
the maximal decrease found after extended lengths of reaction 
(with additional DEPC added to replace hydrolyzed reagent) 
and are also presented in Figure 5A. The absorbance at 412 
nm decreased in an exponential manner, with an apparent rate 
constant of 0.027 m i d ,  about 6-fold slower than the rate of 
loss of cyclooxygenase activity. This large difference suggests 
that the inactivation of the cyclooxygenase activity caused by 
DEPC was not due to disruption of the prosthetic group 
binding. 

The values for the surviving cyclooxygenase activity are 
plotted as a function of the extent of histidine modification 
at each time point of the reaction of DEPC with the holo- 
enzyme (calculated from the absorbance increases at 240 nm) 
in Figure 5B. At the earliest time point, there were more than 
three modified histidine residues per subunit and only a 7% 
loss of cyclooxygenase activity, suggesting a rapid modification 
of several residues by DEPC with little effect on activity. The 
absence of such rapidly modified residues in the reaction with 
apoenzyme (Figure 4) is probably due to the lower temperature 
(0 instead of 23 "C) and the lower concentration of DEPC 
(0.2 instead of 0.8 mM) used for the apoenzyme. To estimate 
the number of the rapidly reacting residues unrelated to 
catalytic function in holoenzyme, a line is drawn though the 
intermediate data points in Figure 5B; its intersection with a 
horizontal line (representing complete retention of activity) 
suggests that there are about four such histidine residues. 
Extrapolation of the same line to the x axis indicates that the 
complete inactivation of the cyclooxygenase was associated 
with the modification of a total of just over seven histidine 
residues. When the four rapidly reacting residues are sub- 
tracted, this leaves three or four histidine residues derivatized 
during the loss of activity. This number agrees reasonably well 
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FIGURE 5: Histidine modification during reaction of the synthase 
holoenzyme with DEPC. Holoenzyme (5.9 pM subunit) was incubated 
in 0.1 M TES, pH 7.0, with 0.8 mM DEPC in a cuvette thermostated 
at 23 "C. The rate of hydrolysis of DEPC under these conditions 
was 0.050 m i d .  Difference spectra were recorded at intervals after 
addition of DEPC, and the number of carbethoxyhistidine residues 
was calculated from the absorbance increases at 242 nm using an 
extinction coefficient of 3.2 mM-' cm-' (Miles, 1977). Panel A: The 
fraction of the total absorbance change at 4 12 nm remaining at each 
time (open squares) was calculated as described in the text. The same 
holoenzyme was reacted in a parallel incubation, and aliquots were 
removed periodically for assay of the fraction of surviving cyclo- 
oxygenase velocity (filled squares) under standard conditions. Panel 
B: The surviving cyclooxygenase activity at the time of the start of 
each absorbance scan was calculated from the inactivation kinetics 
determined from the data shown in panel A and plotted as a function 
of the number of carbethoxyhistidine residues. 

with the stoichiometry of histidine modification seen with the 
apoenzyme (Figure 4). Derivatization of the nonspecific 
residues may be more evident in the holoenzyme because the 
presence of the heme made the reaction with the specific 
histidine residues considerably slower than the reaction with 
the nonspecific residues; in the apoenzyme, the specific residues 
were derivatized faster than the nonspecific ones, so that the 
activity was lost before appreciable derivatization of the 
nonspecific residues could occur. 

Modification of Synthase with Radiolabeled DEPC. Re- 
action of the synthase with radiolabeled DEPC was used to 
corroborate the stoichiometry of modification calculated from 
the absorbance changes near 240 nm. For this, the apoenzyme 
and holoenzyme were incubated with [ 14C] DEPC for various 
lengths of time at 0 OC before aliquots were withdrawn for 
assay of protein-bound radioactivity as described under Ma- 
terials and Methods. The results are presented in Figure 6A 
as the number of modified residues per subunit as a function 
of time. In the apoenzyme, about 3 residues had been modified 
after 25 min of incubation, in good agreement with the stoi- 
chiometry calculated from the absorbance changes (Figure 4); 
in the holoenzyme, the corresponding value was 1.6 residues. 
This is as would be expected from the protective effect of the 
heme on the cyclooxygenase activity (Figure 1); fewer residues 
are modified in the holoenzyme here than in the experiment 
presented in Figure 5 because this experiment was done at 0 
"C instead of 23 OC. 
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FIGURE 6: Modification of synthase with radiolabeled DEPC. The 
synthase (8.1 pM subunit), with or without prior reconstitution with 
heme, was incubated with 0.23 mM [14C]DEPC in 0.1 M potassium 
phosphate, pH 7.2 at 0 "C. Panel A: Aliquots of the incubation 
mixture were withdrawn at the indicated times for determination of 
the amount of protein-bound radiolabel and calculation of the extent 
of modification of the protein, as described under Materials and 
Methods. Hydroxylamine was added to a concentration of 0.1 M 
at 26 min (indicated by arrows) and the incubation continued at room 
temperature. The points shown for incubations of less than 26 min 
represent data from two independent experiments; those after 26 min 
are from one experiment. Panel B: For each of the incubation times 
of less than 26 min in the experiment shown in panel A, the surviving 
cyclooxygenase activity in the apoenzyme was calculated from the 
inactivation kinetics determined in parallel incubations and plotted 
as a function of the number of modified residues in the apoenzyme 
(open squares) and of the difference in modified residues between 
apoenzyme and holoenzyme (filled squares). The fitted lines were 
determined by linear regression. 

Addition of 0.1 M hydroxylamine at 26 min (indicated by 
the arrows in Figure 6A) led to the release of radioactivity 
corresponding to about two modified residues per subunit in 
the apoenzyme and about one modified residue per subunit 
in the holoenzyme. This result indicates that at least two of 
the three residues modified by DEPC in the apoenzyme, and 
one of the two residues modified in the holoenzyme, were 
carbethoxyhistidine residues. In a parallel incubation of the 
same apoenzyme preparation with unlabeled DEPC, followed 
by addition of hydroxylamine, no significant recovery of cy- 
clooxygenase activity was found even after 1 00-min total in- 
cubation time (data not shown). This suggests either that the 
modified residue responsible for loss of activity was not his- 
tidine (e.g., derivatized lysine residues are not restored by 
hydroxylamine) or that it was a carbethoxyhistidine residue 
that is relatively resistant to the level of hydroxylamine used 
here. 

For each time point in the first 25 min of incubation of the 
apoenzyme with [14C]DEPC shown in Figure 6A, a corre- 
sponding value for the fraction of surviving cyclooxygenase 
activity was calculated using the inactivation kinetics deter- 
mined from parallel incubations with the same apoenzyme. 
These values for surviving cyclooxygenase are presented as a 
function of the number of modified residues per subunit in the 
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apoenzyme (calculated from the protein-bound radiolabel) in 
Figure 6B. Extrapolation of the straight line fitted to the data 
to the x axis indicates that complete loss of cyclooxygenase 
activity was accompanied by the modification of about 3.4 
residues in each synthase subunit of the apoenzyme. This value 
agrees reasonably well with the value of 3.0 carbethoxyhistidine 
residues per subunit calculated from the absorbance changes 
(Figure 4) and indicates that the 3 residues modified during 
incubation of the apoenzyme with [14C]DEPC were indeed 
histidine residues. To estimate the number of catalytically 
important residues protected by the heme, the values for 
surviving activity in the apoenzyme at each time point are also 
plotted in Figure 6B as a function of the difference in the 
number of modified residues in the apoenzyme and the holo- 
enzyme at that point (calculated from the data in Figure 6A). 
Extrapolation of a line fitted to the data to the x axis indicates 
that about 1.6 residues were modified by DEPC in the apo- 
enzyme but not in the holoenzyme during the time that all of 
the cyclooxygenase activity was destroyed in the apoenzyme 
(and almost all of the activity was protected in the holoenzyme; 
see Figure 1). 

Effects of DEPC on the Indomethacin-Synthase Complex. 
When the synthase holoenzyme was treated with indomethacin 
(1 mol/mol of subunit) for 30 min at room temperature, its 
cyclooxygenase velocity decreased to about 4% of the control 
value, just as expected from previous results (Kulmacz & 
Lands, 1985). Incubation of the indomethacin-treated holo- 
enzyme in 0.1 M potassium phosphate, pH 7.2, at room tem- 
perature with DEPC resulted in a surprising time-dependent 
increase in cyclooxygenase velocity; the rate of increase in the 
cyclooxygenase velocity was proportional to the concentration 
of DEPC in the incubation (Figure 7A). With the higher 
concentrations of DEPC, the effect on the cyclooxygenase was 
clearly multiphasic, with the cyclooxygenase velocity reaching 
a maximum of about 9 times the initial value and then de- 
clining. The peak level of cyclooxygenase velocity was about 
35% that of the untreated holoenzyme. 

In a similar series of incubations, indomethacin-treated 
apoenzyme was incubated with DEPC at 0 OC. The results, 
presented in Figure 7B, also show a biphasic effect of DEPC 
on the cyclooxygenase velocity, but with an inhibitory phase 
preceding the stimulatory phase; the maximal stimulation 
observed was only about 3-fold. Both phases again were ac- 
celerated by increases in the level of DEPC, with the result 
that at 1.6 mM DEPC very little of the inhibitory phase was 
observed. 

To investigate the possibility that the stimulatory effect of 
DEPC on the cyclooxygenase velocity was due to a displace- 
ment of the inhibitor, holoenzyme was treated with [14C]- 
indomethacin before incubation with DEPC at room tem- 
perature. Aliquots were removed at various times, mixed with 
buffer containing imidazole to quench the reaction, chroma- 
tographed on a small column of Sephadex G-25 to isolate the 
synthase from any displaced ligand and reaction products, and 
then assayed to determine the cyclooxygenase and peroxidase 
activities and the amount of bound indomethacin. For a 
control, the [ 14C]indomethacin-synthase complex was incu- 
bated without DEPC and processed in the same manner. The 
results were normalized to control values, and are presented 
in Figure 7C on a logarithmic scale as a function of the ef- 
fective incubation time with DEPC. The cyclooxygenase 
velocity was elevated by incubation with DEPC, reaching 
nearly 7-fold that of the control before decreasing. In contrast, 
the amount of bound indomethacin was essentially unchanged 
from its initial value throughout the incubation with DEPC, 
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FIGURE 7: Effects of DEPC on the indomethacin-synthase complex. 
Panel A: Indomethacin-treated holoenzyme (1 .O mol of indo- 
methacin/mol of subunit) was reacted at room temperature in 0.1 
M potassium phosphate, pH 7.2, with 0.2 (filled circles), 0.4 (open 
circles), 0.8 (filled squares), or 1.6 mM DEPC (open squares) for 
various lengths of time before assay of the surviving cyclooxygenase 
activity under standard conditions. The effective incubation time was 
calculated as described by Topham and Dalziel (1986) to compensate 
for the hydrolysis of DEPC, which had a half-life of 7.5 min under 
these conditions. Panel B: Indomethacin-treated apoenzyme (1 .O 
mol of indomethacin/mol of subunit) was reacted at 0 OC in 0.1 M 
potassium phosphate, pH 7.2, with 0.1 (filled triangles), 0.2 (open 
squares), 0.4 (filled squares), 0.8 (open circles), or 1.6 mM DEPC 
(filled circles) for various lengths of time before assay of the surviving 
cyclooxygenase activity under standard conditions. The effective 
incubation time was calculated as described above; DEPC had a 
half-life of 47 min under these conditions. Panel C: [14C]Indo- 
methacin-treated holoenzyme (0.6 mol of indomethacin/mol of 
subunit) was incubated at room temperature in 0.1 M potassium 
phosphate, pH 7.2, with 0.8 mM DEPC for various lengths of time 
before assay of cyclooxygenase activity (filled circles), the apparent 
rate constant for cyclooxygenase self-inactivation (filled triangles), 
peroxidase activity (open squares), and bound indomethacin (filled 
squares) as described in the text. The effective incubation time was 
calculated as described above; DEPC had a half-life of 7.5 min under 
these conditions. 

and the peroxidase activity declined by about 40% (the loga- 
rithmic scale compresses the data) over the time that the 
cyclooxygenase velocity was increasing. The stimulation of 
the cyclooxygenase velocity of indomethacin-treated holo- 
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enzyme, the intensity of the high-spin rhombic heme signal 
increased over the first 4 min of incubation with DEPC, 
reaching a plateau level about 25% (holoenzyme) or 50% 
(indomethacin-treated holoenzyme) higher than the initial 
value; the axial high-spin signal (attributed to nonspecifically 
bound heme; Karthein et al., 1987) did not increase, and the 
gross appearance of the spectra was not otherwise altered (data 
not shown). To examine the changes in cyclooxygenase activity 
and electronic absorbance spectra under the same conditions, 
the same solutions of holoenzyme and indomethacin-treated 
holoenzyme used for the EPR experiments were treated with 
DEPC in parallel experiments. The results were much like 
those presented in Figures 5A and 7C. For the holoenzyme, 
the cyclooxygenase activity was inactivated with an apparent 
rate constant of 0.4 min-', whereas the decrease in absorbance 
at 412 nm was much slower, with an apparent rate constant 
of 0.06 m i d .  For the indomethacin-holoenzyme complex, 
the cyclooxygenase velocity was stimulated about 7-fold during 
the first minute of incubation with the DEPC and then de- 
clined with an apparent rate constant of 0.3 m i d ;  the ab- 
sorbance at 412 nm declined with an apparent rate constant 
of 0.09 m i d .  The increases in the amplitude of the high-spin 
signals in the EPR spectra seen upon DEPC treatment thus 
did not appear to correlate well with the changes in either the 
cyclooxygenase activity or the Soret absorbance. The reason 
for this discrepancy is not known. 

For examination of the effect of reaction with DEPC on the 
hydroperoxide-induced radical in the synthase, samples of 
holoenzyme frozen after reaction with 1.6 mM DEPC for 2 
min at room temperature (where it had lost about half of its 
cyclooxygenase activity) and of indomethacin-treated holo- 
enzyme frozen after reaction with 1.6 mM DEPC for 1 min 
(where its cyclooxygenase velocity was increased about 7-fold) 
were each warmed quickly to -10 OC, immediately reacted 
with ethyl hydroperoxide for 15 s at -10 OC, and then refrozen. 
The EPR spectra of the g = 2 region of these samples are 
shown in Figure 9. For the DEPC-treated holoenzyme, the 
hydroperoxide-indud radical signal was a singlet with con- 
siderable hyperfine structure and a peak-to-trough width of 
roughly 28 G (spectrum b in Figure 9); the intensity was 0.25 
spin/heme. Reaction of unmodified holoenzyme with hy- 
droperoxide exhibited a doublet radical signal with a peak- 
to-trough width of 35 G and an intensity of about 0.5 spin/ 
heme (spectrum a in Figure 9). Pretreatment of the holo- 
enzyme with DEPC thus resulted in attenuation and consid- 
erable narrowing of the subsequent radical signal. Interpre- 
tation of these changes is complicated by the simultaneous 
inactivation of both cyclooxygenase and peroxidase activities 
by DEPC (Figure 1). Some of the decrease in intensity of the 
radical signal may well be due to inactivation of the peroxidase 
activity by DEPC. The fact that the overall appearance of 
the spectrum of the radical in the DEPC-treated holoenzyme 
(with half of the cyclooxygenase surviving) could be approx- 
imated by a 5050 mixture of the broad doublet signal found 
in native synthase and the narrow singlet signal found after 
treatment of the synthase with indomethacin (spectrum c in 
Figure 9) suggests that modification by DEPC perturbs the 
tyrosyl radical in a fashion similar to that agent. Preincubation 
of the synthase with decyl maltoside micelles before addition 
of the hydroperoxide also resulted in the appearance of a 
narrow singlet EPR signal, with a decreased intensity (spec- 
trum d in Figure 9). 

With the DEPC-treated indomethacin-synthase complex, 
the hydroperoxide-induced radical signal was a singlet with 
marked hyperfine structure and a peak-to-trough width of 25 
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FIGURE 8: Effects of detergent on the indomethacinsynthase complex. 
Synthase holoenzyme (18 pM subunit) in buffer containing 90 mM 
potassium phosphate, pH 7.2, and 10% glycerol with (open symbols) 
or without (filled symbols) preincubation with indomethacin (0.6 
mol/mol of subunit) was titrated with small volumes of 600 mM octyl 
glucoside (squares) or 100 mM decyl maltoside (circles) to give the 
indicated concentrations of detergent. After 5-10 min at room 
temperature, a 3-pL aliquot was removed for assay of the cyclo- 
oxygenase activity under standard conditions; the activities were 
normalized to the initial values. The concentrations of indomethacin, 
octyl glucoside, and decyl maltoside were less than 30 nM, 60 pM, 
and 10 pM, respectively, in the assay mixture. 

enzyme by DEPC is thus not likely to result from the dis- 
placement of the indomethacin. The kinetics of the self-in- 
activation of the cyclooxygenase were also examined in these 
samples (Figure 7C); it was found that the apparent rate 
constant for the self-inactivation process increased in parallel 
with the increase in velocity in the samples taken early in the 
incubation with DEPC and then remained relatively constant. 
The effects of DEPC observed here are thus in essence a 
reversal of the changes seen upon the addition of indomethacin 
to the synthase, where both the cyclooxygenase velocity and 
the rate of self-inactivation decrease in parallel (Kulmacz & 
Lands, 1985). 

Effects of Detergent on the Indomethacin-Synthase Com- 
plex. When indomethacin-treated synthase was titrated with 
octyl glucoside, the cyclooxygenase velocity was found to in- 
crease, reaching about 6-fold the initial value at detergent 
concentrations above 50 mM (Figure 8). Half-maximal 
stimulation was at about 23 mM, which is close to the critical 
micelle concentration for octyl glucoside (22 mM; Brito & 
Vaz, 1986). Treatment of the indomethacin-treated holo- 
enzyme with decyl maltoside also stimulated the cyclo- 
oxygenase velocity about 6-fold (Figure 8); half-maximal 
stimulation was seen at about 4 mM, which is close to the 
critical micelle concentration for this detergent (2 mM, ac- 
cording to the manufacturer). In control titrations of the 
holoenzyme with the two detergents, the cyclooxygenase ve- 
locity was found to decrease somewhat over the concentration 
ranges used with the indomethacin-treated enzyme (Figure 
8). It is thus likely that some interaction of the protein with 
the micellar form of detergent is responsible for the stimulation 
of the cyclooxygenase in the indomethacin-treated enzyme. 

EPR 
spectroscopy was used to examine further the effects of re- 
action with DEPC on the heme environment in both the ho- 
loenzyme and the indomethacin-treated holoenzyme. For this, 
the holoenzyme, with or without preincubation with indo- 
methacin (0.6 mol/mol of subunit), was incubated at room 
temperature with 1.6 mM DEPC in 0.1 M potassium phos- 
phate, pH 7.4, and 30% glycerol for 0.5-10 min before rapid 
freezing of the sample and recording of the EPR spectrum as 
described previously (Kulmacz et al., 1990a). In the EPR 
spectra of the holoenzyme and indomethacin-treated holo- 

EPR Characterization of the Effects of DEPC. 
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FIGURE 9: EPR spectra of EtOOH-induced radicals. The synthase 
holoenzyme (15.4 or 17.8 pM heme), with or without preincubation 
with indomethacin (0.6 mol/subunit) in 50 mM potassium phosphate 
(pH 7.4)/30% glycerol/0.03% octyl glucoside, was reacted at -10 
O C  with EtOOH (1 O-fold excess over heme) for 15 s and then frozen 
and stored in liquid nitrogen until analysis by EPR. For DEPC 
treatment, samples were incubated at room temperature with 1.6 mM 
DEPC for 1 min (indomethacin-holoenzyme complex) or 2 min 
(holoenzyme) and then kept frozen below -70 OC; these samples were 
rapidly warmed to -10 OC, reacted with EtOOH (10-fold excess over 
heme) for 15 s, and then refrozen and stored in liquid nitrogen until 
analysis by EPR. Where indicated, decyl maltoside was added at 
8 mM and the sample kept on ice for an extended period before 
reaction with EtOOH. Spectra of radical signals in (a) holoenzyme, 
(b) DEPC-treated holoenzyme, (d) decyl maltoside treated holo- 
enzyme, (e) indomethacin-holoenzyme complex, (f) DEPC-treated 
indomethacin-holoenzyme complex, and (9) decyl maltoside treated 
indomethacin-holoenzyme complex. Spectrum c is an arithmetic 
average of the radical spectra in holoenzyme and in the indo- 
methacin-holoenzyme complex. The spectra were recorded at 12 K, 
with the modulation amplitude set at 2 G, the power level at 10 pW, 
and the frequency at 9.28 GHz. Signal intensities have been nor- 
malized to account for differences in heme concentration, detector 
gain, and sample tube diameter. 

G; the intensity was 0.15 spin/heme (spectrum f in  Figure 9). 
Reaction of unmodified indomethacin-synthase complex with 
hydroperoxide led to a singlet radical signal with very similar 
overall shape and intensity (spectrum e in Figure 9). Incu- 
bation of the indomethacin-synthase complex with micellar 
decyl maltoside before reaction with ethyl hydroperoxide re- 
sulted in essentially the same radical signal as that seen in the 
absence of the detergent (spectrum g in Figure 9). 

Effect of Acetylation of Ser-530 by Aspirin on Inactivation 
by DEPC. The synthase apoenzyme was pretreated with 
aspirin as described under Materials and Methods to acetylate 
Ser-530 before incubation with DEPC. Unlike indomethacin, 
acetylation of the synthase by aspirin completely inhibits the 
cyclooxygenase activity, so the peroxidase activity was assayed 
to monitor the effect of DEPC. The decline in peroxidase 
activity as a function of time was determined with several 
DEPC levels between 0.1 and 1.6 mM at pH 7.2 on ice. In 
each case, the decay was found to be approximately expo- 
nential, so apparent rate constants were calculated from plots 
of the logarithm of the surviving activity as a function of time. 
Parallel measurements were done with the same apoenzyme 
preparation not treated with aspirin and for the aspirin-treated 
holoenzyme. The apparent rate constant for destruction of 
the peroxidase activity increased linearly with increased DEPC 
concentration for apoenzyme with and without prior acety- 
lation by aspirin; second-order rate constants for inactivation 
by DEPC were calculated from the slopes of lines fitted to the 
data. The rate constant was 360 M-' min-' for the apoenzyme 
and 260 M-' m i d  for the acetylated apoenzyme, indicating 
that acetylation of Ser-506 somewhat slowed inactivation of 
the peroxidase by DEPC. The corresponding rate constant 
for inactivation of the peroxidase activity in the aspirin-treated 
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holoenzyme was only 40 M-' min-I, indicating that acetylation 
of Ser-530 did not prevent the protective effect of the heme. 

DISCUSSION 
Reaction of PGH synthase with DEPC results in the 

modification of residues required for both cyclooxygenase and 
peroxidase activity (Figure 1). For proteins near pH 7, DEPC 
has been found to react relatively specifically with histidine 
residues (Miles, 1977), although reaction has also been es- 
tablished in some cases for lysine (Burstein et al., 1974; Sams 
& Matthews, 1988), tyrosine (Burstein et al., 1974), and serine 
residues (Melchior & Fahmey, 1970), and for the N-terminal 
amino group (Melchior & Fahrney, 1970). In the case of the 
synthase apoenzyme, the evidence points to almost exclusive 
derivatization of histidine residues. Quantitation of the for- 
mation of carbethoxyhistidine residues in the apoenzyme from 
the increases in absorbance near 240 nm agreed reasonably 
well with the overall stoichiometry of modified residues de- 
termined from reactions with radiolabeled DEPC (Figure 6). 
Also, little change in absorbance was seen near 280 nm, where 
modified tyrosyl residues would be evident (Burstein et al., 
1974). Modification of residues that did not involve incor- 
poration of radiolabel from DEPC would, of course, not have 
been detected. There is convincing evidence that inactivation 
of the cyclooxygenase activity in the apoenzyme by DEPC was 
caused by modification of histidine. The pH dependence of 
the inactivation of the cyclooxygenase by DEPC indicated 
reaction with an ionizable residue with a pKa of about 6.3 
(Figure 3), similar to the values found for other histidine 
residues modified by DEPC (Miles, 1977; Meyer & Cro- 
martie, 1980; Dominici et al., 1985; Blanke & Hager, 1990). 
This pH dependence was quite distinct from that reported for 
lysine modification by DEPC (Pasta et al., 1987). The bi- 
molecular rate constant determined for inactivation of the 
cyclooxygenase in the apoenzyme (about 1 1  M-' s-'; Figure 
2) is comparable to those determined for other cases of his- 
tidine modification (Bateman & Hersh, 1987). Also, in the 
experiment presented in Figure 4, the kinetics of inactivation 
of the cyclooxygenase by DEPC paralleled the kinetics of 
modification of the three histidine associated with loss of 
activity. Thus, modification of histidine can reasonably ac- 
count for the inactivation of the cyclooxygenase in the apo- 
enzyme by DEPC. 

Treatment with hydroxylamine after reaction with [ 14C]- 
DEPC released mast, but not all, of the radiolabel incorporated 
into the synthase (Figure 6A), although it did not restore 
enzymatic activity. The reversibility of histidine modification 
varies considerably (Miles & Kumagai, 1974; Abdulwajid & 
Wu, 1986; Gacheru et al., 1988), and indeed the diagnostic 
value of hydroxylamine in detecting modified histidine has been 
questioned (Meyer & Cromartie, 1980). The simplest in- 
terpretation of the present results is that a key carbethoxy- 
histidine residue in the DEPC-treated synthase was not easily 
reactive with hydroxylamine, although derivatization of lysine 
cannot be ruled out completely, particularly for the holo- 
enzyme. However, because radioactivity from labeled DEPC 
was incorporated into the protein, the modified residue in the 
synthase resistant to hydroxylamine is clearly not a lysine in 
amide linkage, in contrast with the lactose repressor protein 
(Sams & Matthews, 1988). 

The sheep synthase has 18 histidine residues per subunit 
(Merlie et al., 1988; DeWitt et al., 1988). These residues can 
be grouped into several different classes on the basis of the 
kinetics of their reaction with DEPC. The first category, 
residues whose reaction kinetics coincided with (but did not 
necessarily cause) the loss of cyclooxygenase activity, includes 
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The precise identity of the single essential histidine in the 
apoenzyme derivatized by DEPC to inactivate the cyclo- 
oxygenase of course cannot be determined from the present 
results, and the instability of the carbethoxyhistidine residue 
makes the conventional isolation and sequencing of modified 
peptides very difficult (Miles, 1977). As mentioned above, 
two histidine residues were protected by the presence of heme 
(Figure 6B) coincident with the protection of activity (Figure 
l ) ,  making it very likely that the crucial histidine residue in 
the apoenzyme is in the heme pocket, and may be either the 
proximal or the distal heme ligand defined by EPR spec- 
troscopy (Kulmacz et al., 1987). Recent mutagenesis studies 
(Shimokawa & Smith, 1991) have suggested that His-309 is 
the proximal ligand and His-207 or His-388 the distal ligand. 

When the holoenzyme or its complex with indomethacin was 
reacted with DEPC, the rate of the absorbance decrease at 
412 nm was much slower than the loss of cyclooxygenase 
activity (Figure 5A and Results), and the intensity of the 
rhombic high-spin heme signal in the EPR spectrum actually 
increased during the time that cyclooxygenase activity was 
affected (Results). This suggests that disruption of the primary 
interactions between the protein and heme was not responsible 
for loss of activity in the holoenzyme. Mutation of the likely 
proximal histidine ligand (His-309) appeared to destroy the 
ability to bind heme (Shimokawa & Smith, 1991), so it would 
appear that DEPC reaction with the proximal heme ligand 
is not the inactivating event in the holoenzyme. Modification 
of the distal ligand by DEPC could certainly account for the 
observed loss of activity, but for the holoenzyme, it remains 
to be proven that inactivation is actually tied to modification 
of histidine. 

The lower rate of inactivation observed after treatment with 
aspirin (Results) suggests that access to the crucial histidine 
residue was decreased by acetylation of Ser-530. In contrast, 
the early inhibitory phase seen in the reaction with DEPC of 
the indomethacin-apoenzyme complex (Figure 7B) suggests 
that the binding of indomethacin did not hinder access to the 
crucial histidine residue. 

Peroxidase and cyclooxygenase displayed somewhat different 
sensitivities to inactivation by DEPC (Figure 1). The higher 
survival of the peroxidase activity indicates that peroxidase 
activity can tolerate modification of the particular histidine 
residue that is essential for cyclooxygenase activity. A similar 
pattern of differential resistance of the peroxidase has been 
observed for chemical modification with tetranitromethane 
(Kulmacz et al., 1990b) and for self-inactivation during re- 
action with arachidonate (Kulmacz, 1987). The more robust 
nature of the peroxidase might well arise from less constrained 
structural requirements for catalysis or the availability of 
alternate mechanistic pathways, thus necessitating more 
general damage to the protein before activity is lost. Selective 
inactivation of the peroxidase activity has, however, been 
observed upon site-directed mutagenesis of His-204 or His-386 
to glutamine or alanine (Shimokawa & Smith, 1991). These 
two histidines are likely to be important to aspects of the 
peroxidase reaction cycle not involved in the initiation of the 
cyclooxygenase, perhaps in electron transfer from the reducing 
cosubstrate to oxidized peroxidase intermediates. The mu- 
tations would not impair the generation of the oxidized per- 
oxidase intermediates thought to be crucial to initiation of the 
cyclooxygenase reaction, but would prevent the catalytic cy- 
cling of the peroxidase. The relative resistance of the per- 
oxidase to inactivation by DEPC makes it unlikely that either 
His-204 or His-386 is readily derivatized by this agent under 
the conditions used here. 

about three histidines per subunit for both the apoenzyme 
(Figures 4 and 6B) and the holoenzyme (Figure 5 ) .  About 
two of these residues were protected by the presence of heme 
in reaction at 0 OC (Figure 6B). One or both of these protected 
histidines is clearly important to catalytic activity, as attested 
to by the slower inactivation of both activities in the holo- 
enzyme than in apoenzyme (Figure 1). 

Deciding how many of the histidine residues modified in the 
course of loss of cyclooxygenase activity are actually respon- 
sible for the inactivation is more complicated than might be 
suspected. The inactivation kinetics were first order with 
respect to DEPC (Figure 2), but unfortunately the observed 
order of a reaction is not a reliable indicator of the stoi- 
chiometry of reactants (Atkins, 1982). However, information 
about the stoichiometry of modification required for loss of 
activity can be obtained by using the procedure of Tsou (1962) 
to analyze inactivation data such as those in Figures 4 and 
5. For an enzyme with i essential residue(s) (Le., derivatization 
of any one results in loss of activity) in a group of equally 
reactive residues, it is expected that (A/Ao)'Ii = x, where x 
is the fraction of intact residues. Plots of the number of 
modified histidines as a function of time of incubation with 
DEPC for the apoenzyme and holoenzyme (not shown) had 
break points only after modification of the three histidines in 
question; thus, the reactivities of these residues were experi- 
mentally indistinguishable, if not identical, establishing the 
applicability of the Tsou analysis to this case. In one variant 
of the Tsou procedure, one successively plots the surviving 
activity @/Ao),  the square root of the surviving activity 
[ (A /Ao) ' /* ] ,  or the cube root of the surviving activity [ ( A /  

etc. as functions of the number of derivatized residues. 
The exponent of A / &  in the plot that best approximates a 
linear function is the reciprocal of the number of essential 
residues. For the reaction of the apoenzyme with DEPC, it 
is apparent that the decline in A / A o  (rather than its square 
or cube root) was a linear function of the number of derivatized 
histidine residues (Figure 4). The data for the holoenzyme 
afford a similar result when the rapidly reacting residues 
unrelated to loss of activity in the holoenzyme are ignored. 
Thus, the loss of cyclooxygenase activity during reaction with 
DEPC can reasonably be attributed to modification of a single 
histidine residue. 

A second category of histidine residues comprises those that 
reacted with DEPC faster than activity was lost. No such 
residues were apparent when the apoenzyme was reacted with 
DEPC on ice, but about four such residues per subunit were 
seen when the holoenzyme was reacted at higher temperatures. 
These residues are presumably not a part of the active site, 
and their reaction was noticed only because the presence of 
heme made histidines at the active site considerably less re- 
active. 

A third category, those histidines reacting more slowly than 
the loss of activity, should presumably include all the histidines 
not already accounted for. No attempt was made to ex- 
haustively modify the synthase with DEPC in our studies, but 
derivatization of about two additional residues per subunit in 
the apoenzyme and one additional residue in the holoenzyme 
could be calculated from the increases in absorbance at 240 
nm after inactivation of the cyclooxygenase activity (data not 
shown). Overall, fewer than half of the histidine residues in 
the synthase reacted with DEPC, suggesting that in the de- 
tergent-solubilized synthase dimer at least half of the histidine 
residues either are not readily accessible or are in a micro- 
environment that keeps them protonated (e.g., involved in 
hydrogen bonding) and thus unreactive at neutral pH. 



Modification of PGH Synthase with Diethyl Pyrocarbonate 

Reaction with DEPC has provided useful information about 
the mechanism of inhibition of the cyclooxygenase by indo- 
methacin. Indomethacin forms a tight, noncovalent, stoi- 
chiometric complex with the synthase that exhibits a residual 
cyclooxygenase activity with about 4% of the original velocity 
(Kulmacz & Lands, 1985; Kulmacz et al., 1990a); the per- 
oxidase activity is not affected significantly (Mizuno et al., 
1982). Incubation of the indomethacinsynthase complex with 
DEPC resulted in a marked stimulation of the cyclooxygenase 
activity, up to 35% of the uninhibited value (Figure 7A-C); 
this stimulatory effect of DEPC was overlaid with the inac- 
tivation seen for the synthase in the absence of indomethacin 
(Figure 1). The stimulatory effect was more rapid than the 
inhibitory effect in the indomethacin-holoenzyme complex 
(Figure 7A) but slower than the inhibitory effect in the in- 
domethacin-apoenzyme complex (Figure 7B). This kinetic 
distinction between the stimulatory and inhibitory effects of 
DEPC demonstrates that modification of two distinct classes 
of residues on the indomethacinsynthase was responsible for 
the two countervailing effects of DEPC. The observation that 
the cyclooxygenase activity in the indomethacin complex with 
the holoenzyme was increased to a greater degree by DEPC 
than was that in the corresponding complex with apoenzyme 
(Figure 7A,B) presumably reflects the more rapid inactivation 
of the cyclooxygenase in the absence of heme (Figure 1). 

The stimulatory effect of DEPC was selective for the cy- 
clooxygenase activity of the indomethacinsynthase complex, 
and was not accompanied by displacement of indomethacin 
(Figure 7C), suggesting that modification of the protein by 
DEPC altered the relationship between bound indomethacin 
and the cyclooxygenase activity site. It is remarkable that a 
very similar limited stimulation of the cyclooxygenase activity 
in the indomethacin-synthase complex was evoked by the 
micellar form of nonionic detergents (Figure 8). A simple 
process of differential partitioning of the protein and the in- 
hibitor into added detergent micelles does not seem to account 
for this stimulation. Indomethacin has a moderate solubility 
in water at neutral pH, and would be expected to equilibrate 
among micelles and the aqueous compartment, and to be 
progressively partitioned away from the protein-detergent 
micelles into pure detergent micelles as the concentration of 
micells was increased. This would lead to continuously in- 
creasing activity as the detergent concentration was increased 
above the critical micelle concentration, to eventually approach 
the activity found in the absence of the indomethacin. Instead, 
the activity leveled off at detergent levels just above the critical 
micelle concentration, at about half the value of the control. 
The limited stimulation actually observed can reasonably be 
seen as a result of a continuing, but changed, interaction 
between the synthase and tightly bound indomethacin in the 
presence of detergent micelles. 

Both detergent and DEPC were able to restore only about 
one-third of the control cyclooxygenase activity. This shared 
upper limit seems more than just coincidental, and may in- 
dicate that a similar alteration in the effect of bound indo- 
methacin can be achieved by very different modifications of 
the protein. The ability of detergent to mimic the effects of 
covalent modification by DEPC points to the involvement of 
a conformational shift in the indomethacin-synthase complex, 
rather than modification of a functionally important activesite 
residue. The less than full restoration of the cyclooxygenase 
activity by treatment with either DEPC or detergent is pre- 
sumably a consequence of the abiding presence of bound in- 
domethacin. 
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The effects of DEPC on the cyclooxygenase activity of the 
indomethacinsynthase complex provide some insight into the 
mechanism of self-inactivation of the cyclooxygenase. Parallel 
increases in the cyclooxygenase optimal velocity and the ap- 
parent rate constant for self-inactivation were observed after 
preincubation with DEPC, and these effects were clearly 
dissociated from the effects of DEPC on the peroxidase ac- 
tivity, which was decreased (Figure 7C). Parallel decreases 
in the cyclooxygenase optimal velocity and the rate of self 
inactivation were observed during the interaction of the syn- 
thase with indomethacin (Kulmacz & Lands, 1985), without 
significant changes in the peroxidase activity (Mizuno et al., 
1982). Thus, the rate of self-inactivation of the cyclooxygenase 
appears to be tied to the rate of cyclooxygenase catalysis, not 
peroxidase catalysis, and the self-inactivation of the cyclo- 
oxygenase is very likely a result of an abortive side reaction 
of a cyclooxygenase enzyme intermediate (Hemler & Lands, 
1980) rather than some action of a peroxidase intermediate. 

Treatment of the synthase with DEPC or with decyl mal- 
toside micelles clearly perturbed the EPR spectrum of the 
hydroperoxide-induced tyrosyl radical (Figure 9). This in- 
dicates that DEPC and micellar detergent should be added 
to the list of agents which inhibit cyclooxygenase activity and 
modify the EPR spectrum of the hydroperoxide-induced free 
radical. This list includes covalent modification by tetra- 
nitromethane, complexation with indomethacin, ibuprofen, 
naproxen, or flurbiprofen, and acetylation of Ser-530 by aspirin 
(Kulmacz et al., 1990a, 1991). The ability of agents with such 
widely varied chemical characteristics to so similarly affect 
the tyrosyl radical spectrum is quite remarkable. Whether 
this reflects a direct action of each of these agents in the 
immediate vicinity of the radical or a sensitivity of the radical 
to changes at multiple, separate sites on the protein is not clear. 
The characteristic changes in the tyrosyl radical EPR signal 
have recently been ascribed to a change in the conformation 
of the tyrosyl residue involved, from a strained conformation 
(characterized by a wide doublet EPR signal) in the native 
enzyme to a relaxed conformation (characterized by a nar- 
rower singlet EPR signal) in the treated synthase (Barry et 
al., 1990). The simple hypothesis that alteration of the radical 
conformation is the cause of the decrease in cyclooxygenase 
is not strengthened by the failure to find evidence for the wide 
EPR doublet signal characteristic of the native synthase after 
DEPC or detergent treatment of the indomethacin-synthase 
complex (Figure 9), even though some of the cyclooxygenase 
velocity was restored. However, restoration of the cyclo- 
oxygenase activity in the indomethacin-synthase complex was 
far from complete, and interpretation of the spectra is further 
complicated by the perturbation of the radical signal in the 
native synthase by DEPC and decyl maltoside (Figure 8). 

In any case, these chemical modification studies with DEPC 
have better defined the important roles of histidyl residues in 
both cyclooxygenase and peroxidase catalysis by PGH syn- 
thase, and in the interaction between the synthase and indo- 
methacin. 
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