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Abstract: Conversion of arachidonic acid to prostaglandin G2/H2 catalyzed by prostaglandin 
H synthase (PGHS) is proposed to involve initial transfer of the C13 pro-(S) hydrogen 
atom from arachidonate to the Tyr385 radical in PGHS, followed by insertion of two 
oxygen molecules and several chemical bond rearrangements. The initial hydrogen-transfer 
was recently concluded to be a rate-limiting step in cyclooxygenase catalysis based on the 
observed intrinsic deuterium kinetic isotope effect values (Dkcat). In the present study, we 
have found that Dkcat values of both PGHS-1 and -2 show an unusual increase with 
temperatures in the range of 288–310 K, exhibiting an inverted temperature dependence. The 
value of lnDkcat, however, decreased linearly with 1/T, consistent with a typical  
Arrhenius relationship.  

Keywords: prostaglandin H synthase-1 and -2; deuterium kinetic isotope effect; 
temperature dependence of KIE 

 

1. Introduction 

Prostaglandin H synthase (PGHS) catalyzes the biosynthesis of prostaglandin H2 (PGH2), which is 
the precursor of all the prostaglandins, thromboxanes and prostacyclins [1,2]. There are two isoforms, 
PGHS-1 and PGHS-2, each having both peroxidase and cyclooxygenase activities [1]. PGHS reacts 
with peroxide at its peroxidase site to generate Intermediate I, which contains a ferryl heme and  
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a proto-porphyrin radical; subsequent intra-molecular electron transfer from an adjacent tyrosine 
residue to the ferryl heme yields Intermediate II and a tyrosine radical [3–5]. This tyrosyl radical is the 
starting point of cyclooxygenase catalysis, which transforms arachidonic acid (AA) to prostaglandin 
G2 (PGG2) [6,7]. PGG2 is itself a peroxide, and can be reduced to PGH2 by the peroxidase activity  
of PGHS. 

The tyrosyl radical mechanism of cyclooxygenase catalysis (Scheme 1) is consistent with most of 
the experimental evidence [4,6,8]. In this mechanism, the cyclooxygenase reaction starts with the 
abstraction of the C13 pro-(S) hydrogen of AA by a tyrosyl radical located on Tyr385 in PGHS-1 
(Tyr371 in PGHS-2) (step 1). This hydrogen abstraction generates an AA pentadienyl radical with  
spin density distributed over C11–C15. Insertion of O2 at C11 generates a peroxyl radical intermediate 
(step 2) that next forms an endoperoxide across C11 and C9 and leaves the radical at C8 (step 3). 
Subsequent cyclization between C8 and C12 forms a cyclopentane ring and a delocalized radical  
over C13–C15 (step 4). The insertion of a second O2 at C15 produces a PGG2 radical (step 5), which 
then abstracts the hydroxyl hydrogen from Tyr385 to produce PGG2 and regenerate the Tyr385 radical 
(step 6). Finally, PGG2 dissociates from the cyclooxygenase catalytic site and leaves PGHS ready for 
the next cyclooxygenase cycle [8]. 

Scheme 1. Hypothetical mechanism for PGHS-1 and -2 cyclooxygenase catalysis [9] using 
AA or d4-AA as substrate. Deuterium substitutions are labeled with “D”. Deuterium 
substitution at the pro-(S) hydrogen at C13 of AA gives the primary kinetic isotope effect 
(KIE) and is labeled in red; other deuterium substitutions are labeled in blue. The 
reversibility of individual reaction steps has not been established, so all are depicted as 
irreversible. Tyrosine 385 may not participate in the O2 insertion and AA double bond 
rearrangement steps and so this residue is shown in lighter color. Tyrosine 385 in PGHS-1 
corresponds to tyrosine 371 in PGHS-2. 
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Kinetic isotope effect (KIE) studies have been used to characterize the cyclooxygenase  
mechanism [9–12]. In an early experiment, observations of isotope enrichment in the unreacted 
substrate after PGHS incubations with tritium-substituted 8,11,14-eicosatrienoic acid indicated  
that the initial hydrogen abstraction from the substrate (step 1, Scheme 1) is rate-limiting in  
PGHS cyclooxygenase catalysis [9]. Recently, the KIE of the hydrogen abstraction step in  
PGHS-1 was measured directly using AA and 13,13-d2-AA with rapid-freeze quenching EPR and 
computer modeling methods [10]. The resulting KIE value for hydrogen abstraction was small,  
Dk (=kH/kD) = 1.9–2.3, but comparable to the steady-state noncompetitive KIE values observed  
for PGHS-1 and -2 using the same protio and deutrio AAs, Dkcat (kcat,H/kcat,D) = 1.8–2.3 [10].  
The similarity of the KIE values determined using the different methods is consistent with the initial 
hydrogen abstraction step being a rate-limiting step in cyclooxygenase catalysis [10]. Interestingly, 
results from a study of competitive O18 isotope effects in PGHS-1 indicated that formation of the 
endoperoxide ring or the bicyclic intermediate (steps 3 and 4, Scheme 1) may be irreversible [11]. 

Recent KIE studies using perdeuterated linoleic acid (d31-LA) as the substrate instead of deuterated 
AA reported much larger Dkcat values, >30 for PGHS-1 and >22 for PGHS-2 [12]. This presumed 
substrate-dependence of KIE was not observed in lipoxygenases (LOX)—a family of fatty acid 
oxygenases that oxidize LA–AA and other fatty acid substrates by inserting a hydroperoxy group into 
the fatty acid chains [13,14]. LOX catalysis is thought to start with a rate-limiting hydrogen abstraction 
from the fatty acid by a non-heme ferric center, Fe3+-OH [15]. Soybean LOX exhibits large deuterium 
KIEs for both LA, 18–80 [15–18] and AA, 97 [19], attributed to significant hydrogen tunneling in both 
substrates [20]. 

In addition to the magnitude of KIEs, information on the temperature dependence of KIEs can  
also provide important insight into the mechanisms [21]. Most theoretical models based on transition 
state theory or hydrogen tunneling predict smaller activation energy for hydrogen than deuterium  
and therefore a reciprocal correlation between KIE and temperature, called a normal temperature  
dependence [21,22]. This normal temperature dependence has been observed in many enzymes [21]. The 
KIE for PGHS-2 with d31-LA has been shown to decrease slightly with increasing temperature [12].  
In the present study, we found that the activation energies for PGHS-1 or -2 with 10,10,13,13-d4-AA 
(d4-AA) are smaller than that for PGHS-1 or -2 with AA and therefore KIEs for PGHS increase with 
the temperature, showing abnormal, or inverted, temperature dependence. There are only a few 
reported examples of KIE values increasing with temperature in chemical reactions [23–27] and 
enzymatic catalyses [16,28]. 

2. Results and Discussion 

The catalytic rate constants of PGHS-1 and -2 cyclooxygenase activities were calculated from their 
measured maximum O2 consumption rates (vopt) in reactions at pH 7.2 with saturating levels of AA or 
d4-AA [10]. The resulting kcat values at temperatures of 288–310 K are listed in Table 1. With AA, the 
kcat value of PGHS-1 increased from 34.2 s−1 at 288 K to 308.6 s−1 at 310 K, and the kcat of PGHS-2 
increased from 17.7 to 75.6 s−1 over the same temperature range. With d4-AA, the corresponding kcat 
values ranged from 8.1–72.3 s−1 for PGHS-1 and 7.6–23.9 s−1 for PGHS-2, respectively. 
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Table 1. Effects of temperature on kcat and Dkcat of PGHS. Turnover numbers and primary 
KIE values, Dkcat, are shown for PGHS-1 and -2 at the indicated temperatures and pH 7.2. 
The values shown are averages ± standard deviation (N = 4). 

Temp. K 
PGHS-1 PGHS-2 

kcat,AA, s−1 kcat,d4-AA, s−1 Dkcat kcat,AA, s−1 kcat,d4-AA, s−1 Dkcat 
288 34.2 ± 1.3 17.7 ± 1.8 1.9 ± 0.3 8.1 ± 1.8 7.6 ± 1.5 1.1 ± 0.4 
293 66.2 ± 4.5 30.1 ± 3.1 2.2 ± 0.4 13.3 ± 3.1 8.9 ± 1.2 1.5 ± 0.3 
298 107.3 ± 8.3 40.8 ± 6.7 2.6 ± 0.6 21.3 ± 6.7 11.9 ± 1.5 1.8 ± 0.3 
303 175.1 ± 9.2 56.6 ± 0.3 3.1 ± 0.2 34.6 ± 0.3 16.4 ± 0.7 2.1 ± 0.2 
310 308.6 ± 20.7 75.6 ± 4.6 4.1 ± 0.5 72.3 ± 4.6 23.9 ± 1.9 3.0 ± 0.8 

Figure 1. Temperature dependence of PGHS cyclooxygenase activity and deuterium KIE. 
Upper panel: The logarithm of kcat is plotted as a function of reciprocal temperature. 
Circles, PGHS-1/AA; diamonds, PGHS-2/AA; triangles, PGHS-1/d4-AA; inverted 
triangles, PGHS-2/d4-AA. Solid lines: linear fit for reactions using AA; dashed lines: linear 
regression for reactions using d4-AA; Lower panel: The logarithm of deuterium KIE 
(Dkcat) is plotted as a function of reciprocal temperature. Circles: PGHS-1; diamonds: 
PGHS-2. Lines: linear regression. Error bars represent standard deviations (N = 4). 

 

The value of lnkcat exhibited a linear dependence on the reciprocal of absolute temperature for both 
isozymes and both substrates (Figure 1, upper panel). This result indicated that the activation energies for 
cyclooxygenase catalysis by PGHS-1 and -2 remained unchanged over the experimental temperature 
range. This behavior is in line with the previous mechanistic studies of PGHS-1 and -2 [9,10]. The 
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temperature dependence of kcat on 1/T fits well with the empirical Arrhenius equation, kcat = A e−Ea/RT, 
where A is the Arrhenius prefactor, Ea is the activation energy and R is the gas constant. The fitted Ea 
and A parameters for PGHS-1 and -2 are summarized in Table 2. With AA as the substrate, the 
activation energies of PGHS-1 and -2 were essentially identical—74 and 73 kJ/mol, respectively  
(Table 2). With d4-AA, the Ea of PGHS-1 was 48 kJ/mol, ~20% higher than the Ea of PGHS-2  
(40 kJ/mol) (Table 2). The Arrhenius prefactors for PGHS-1, 7.9 × 1014 s−1 for AA and 1.1 × 1010 s−1 
for d4-AA, were significantly larger than those for PGHS-2, 1.6 × 1014 s−1 for AA and 1.3 × 108 s−1 for 
d4-AA (Table 2). The much larger prefactors for PGHS-1 clearly account for most of the difference in 
overall cyclooxygenase activities between PGHS-1 than -2 seen in Table 1. 

Table 2. Activation parameters of PGHS-1 and -2. 

 
Ea,H 

(kJ·mol−1) 
Ea,D 

(kJ·mol−1) 
ΔEa 

(kJ·mol−1) 
AH (s−1) AD (s−1) AH/AD 

PGHS-1/AA a 74 48 25 7.9 × 1014 1.1 × 1010 7.9 × 104 
PGHS-2/AA a 73 40 33 1.6 × 1014 1.3 × 108 1.2 × 106 
PGHS-2/LA b   0.04   20 

Soybean LOX/LA c 8.8  3.8 9 × 103  18 
a The parameters were obtained by fitting the lnkcat vs. 1/T data at 288–310 K with AA as the substrate;  
ΔEa = Ea,H − Ea,D; b [11]; c [18]. 

The activation energies obtained by fitting to the Arrhenius relationship (Figure 1A) presumably 
include a non-enzymatic contribution reflecting the temperature-dependent permeability of the O2 
electrode membrane. The permeability of this membrane, made of Teflon, has a temperature coefficient 
of 3%–5% per degree [29]. This corresponds to an apparent energy term of 17–25 kJ/mol (Figure S1). 
Since the same type of O2 electrode membrane material was used for all cyclooxygenase measurements, 
the energy term due to the membrane permeability was the same regardless of the enzyme or substrate 
used. Subtracting the energy term for the membrane permeability, the corrected activation energies  
of the cyclooxygenase catalysis with AA were 49–57 kJ/mol for PGHS-1 and 48–56 kJ/mol for  
PGHS-2. The corrected activation energy of PGHS-1 approximately agreed with a quantum mechanics 
calculation for the cyclooxygenase reactions of PGHS-1 [30]. On the other hand, the calculated  
ΔEa values in Table 2 do not need correction for membrane permeability because this contribution to 
the energy cancels. 

The observation of similar activation energies for PGHS-1 and -2 using a given substrate  
suggests that the two isozymes have similar transition states in the rate-determining step(s) of the 
cyclooxygenase reactions with each substrate. The difference between the prefactors of PGHS-1 and -2 
may be related to the structural difference in the substrate binding sites and catalytic dynamics in these 
two isozymes [5,31,32]. For both PGHS-1 and -2, deuterium substitution at C10 and C13 of AA 
markedly decreased the activation energy, from 74 to 48 kJ/mol in PGHS-1 and from 73 to 40 kJ/mol 
in PGHS-2, respectively (Table 2). This observation is surprising because deuterium substitution 
generally decreases the zero point energy in a reactant more than in a transition state, and thus 
increases the activation energy [21,33]. Deuterium substitution of AA also resulted in much smaller 
prefactor values, from 7.9 × 1014 to 1.1 × 1010 s−1 for PGHS-1 and from 1.6 × 1014 to 1.3 × 108 s−1 in 
PGHS-2, resulting in very large AH/AD ratios, 7.9 × 104 for PGHS-1 and 1.2 × 106 for PGHS-2  
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(Table 2). Combining the kinetic parameters (Table 1) and activation parameters (Table 2) of PGHS-1 
and -2, PGHS-1 and -2 exhibited small Dkcat’s whose magnitude increased with temperature, namely an 
inverted or abnormal dependence on temperature (Table 1 and Figure 1, lower panel). 

In contrast to the small Dkcat’s observed for PGHS-1 and -2 with AA (Table 1), Dkcat’s for PGHS-1 
and -2 oxygenation reactions with LA have been found to be large, in the range of 22–30 [12]. 
Moreover, the activation energy of PGHS-2 with d31-LA was just ~0.04 kJ/mol higher than with  
LA [12] and the AH/AD ratio was 20 [12], which is significant but very much smaller than that 
observed for PGHS-2 with AA in the present study (Table 2). Therefore, Dkcat of PGHS-2 with LA 
decreased slightly with temperature [12]. Overall, the activation parameters for PGHS with LA were 
comparable with those of soybean LOX with the same fatty acid (Table 2) [18]. 

The KIEs of most chemical reactions and enzymatic catalyses exhibit normal temperature 
dependence; namely they decrease with increased temperature [21]. The normal temperature dependence 
of KIE has been explained successfully by many theoretical analyses. On the other hand, only a few 
examples of KIE increasing with reaction temperature have been published. The non-enzymatic 
reactions include: (1) the dehydrohalogenation of certain halogen substituted ethylbenzenes [23];  
(2) the addition reaction of m-nitro-β,β-difluorostyrene [24]; (3) the reaction between ubiquinol-10  
and 5,7-diisopropyltocopheroxyl radical [25]; (4) the proton-coupled electron-transfer (PCET) from 
ubiquinol to Ru(bpy)2(pbim)+ (bpy = 2,2'-dipyridyl; pbim = 2-(2-pyridyl)-benzimidazolate) [27]; and 
(5) the hydride transfer from 5-methyl-6-phenyl-5,6-dihydrophenanthridine (G-PDH) substituted with 
electron-donating groups to thioxanthylium (TX+) [26]. All these chemical reactions were conducted in 
alcohol or acetonitrile. We are aware of only two examples of enzymatic catalysis where the KIE 
increased with temperature. In an early study, the KIE of soybean LOX purified from dry soybeans 
with LA were found to increase from 18 at 273 K to 60 at 305 K; slight decreases were seen at higher 
temperatures [16]. However, for recombinant soybean LOX expressed in E. coli, the KIE with LA  
was reported to decrease with temperature [15]. The second example of an enzyme KIE with  
inverted temperature dependence is human platelet 12-lipoxygenase (h12-LOX) using d4-AA as the 
substrate [28]. 

Explaining inverted temperature dependence in a KIE is a challenging task and only a few 
theoretical treatments for single step chemical reactions are available [22,26]. Theoretical analysis of 
the PCET from ubiquinol to Ru(bpy)2(pbim)+ indicated that a KIE of inverted temperature dependence 
in a PCET reaction may arise in a system with proton donor-acceptor motion of high frequency and 
small inner-space and solvent reorganization energies [22]. In such a system, when the 0/0 pair of 
reactant/product vibronic states is in the inverted Marcus region while the 0/1 pair of reactant/product 
vibronic states is in the normal Marcus region and is the dominant contributor to the overall rate, the 
free energy barrier is lower for deuterium, giving an increase in KIE with temperature [22]. A 
theoretical approach based on thermodynamics and kinetics analyses was used to explain the inverted 
temperature dependence of the KIE for the hydride transfer from G-PDH to TX+ [26]. In this case, it was 
proposed that the hydride transfer from G-PDH to TX+ occurs via a two-stage mechanism with two 
elementary chemical steps: (1) the two reactants approach each other to reversibly form a charge transfer 
complex that accomplishes partial electron transfer without chemical bond formation or breakage; and 
(2) hydrogen bearing a partial negative charge transfers irreversibly from the G-PDH-moiety to the  
TX-moiety [26]. In this case, it was demonstrated that both normal and inverted temperature-dependence 
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of deuterium KIE could be observed in a single reaction. For G-PDH substituted with  
electron-withdrawing groups, the second step is not favored and the H− transfer exhibits a KIE of 
normal temperature dependence. For G-PDH substituted with electron-donating groups, the second 
step is favored and the H− transfer exhibits a KIE of inverted temperature dependence [26]. There is as 
yet no detailed theoretical analysis for the hydrogen transfer from AA to Tyr385 radical in PGHS; it 
remains to be seen whether either of these theoretical analyses mentioned above is relevant to the 
inverted temperature dependence of the KIEs observed in reactions of PGHS-1 and -2 with AA. 

Catalysis by enzymes usually involves multiple reaction steps and the observed KIE reflects the 
interplay of the kinetics of several steps, both isotope-sensitive and isotope-insensitive. The KIE being 
observed may differ from the intrinsic KIE of the isotope sensitive step(s), especially when such a step(s) is 
not rate-limiting under the conditions used, due to the kinetic complexity caused by the other steps. For 
soybean LOX purified from dry soybeans, the increase of KIE with temperature (up to 305 K) was 
attributed to a temperature-dependent change in the rate-limiting step(s) [16]. It was shown that the 
hydrogen abstraction from LA by Fe3+-OH becomes rate-limiting above 305 K, where the KIE is large 
and almost temperature independent [15,16]. The increase of KIE with temperature for oxygenation of 
AA by h12-LOX was also attributed to a shift of rate-limiting step(s) [28]. 

Although cyclooxygenase catalysis also begins with hydrogen abstraction from a fatty acid substrate, 
PGHS utilizes a tyrosyl radical as the oxidant in place of the Fe3+-OH used by LOX (Scheme 1).  
At room temperature and with excess O2, abstraction of the C13 pro-(S) hydrogen from AA or LA by 
the Tyr385 radical (step 1) is likely the rate-limiting step in PGHS oxygenation reactions [9,10,12]. 
Compared to the large KIE for PGHS-2 reacted with LA [12], the KIEs for PGHS-1 and -2 with AA  
are quite small but very similar to the intrinsic KIE for hydrogen abstraction from AA by PGHS-1 [10]. 
It is possible that the intrinsic KIE is obscured at lower temperatures and revealed better at higher 
temperatures as the hydrogen abstraction step becomes more rate-limiting (Figure 1, lower panel). 
However, the small sizes of KIEs of PGHS-1 and -2 with AA at the highest experimental temperature 
(≤4.1, Table 1) and the good linear relationship between lnkcat and 1/T seem to argue against a change 
in the rate-limiting step(s) as the explanation for the observed increase in KIE with temperature.  

The KIE for PGHS-2 reacted with LA exhibited only a weak but normal temperature  
dependence [12]. The significant difference in the magnitude of KIEs of PGHS with AA and LA was 
attributed to the discrepancies in the interactions between AA and LA and the cyclooxygenase active 
site [12]. Mutations in the active site of soybean LOX were shown to result in different catalytic 
dynamics in the oxygenation of LA, leading to KIEs of different temperature dependence [18]. In 
PGHS, the wide variation in cyclooxygenase KM values among different fatty acid substrates indicates 
substrate-dependent interactions with the active site [34,35]. These substrate-dependent interactions 
are also revealed by the crystal structures of PGHS with fatty acids such as AA, LA, α-linolenic acid, 
eicosapentaenoic acid and docosahexaenoic acid [31,36,37]. Such discrepancy in interactions  
between cyclooxygenase active site and various fatty acid substrates likely lead to different catalytic 
dynamics and transition states in the oxygenations of various fatty acids by PGHS, exhibiting KIEs of 
different magnitude and temperature dependence. Further detailed investigations of active site 
dynamics with different fatty acids may improve understanding of KIEs and mechanism(s) for PGHS 
cyclooxygenase catalysis. 
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PGHS catalysis plays the pivotal role in the syntheses of all prostanoids. The dependence of PGHS 
catalysis on temperature likely affects the controls of many physiological processes at different 
temperatures. In humans, although the core body temperature is maintained around 37 °C, it does 
fluctuate under different states, such as after exercises. Body temperature may also be different at 
peripheral tissues. More significant changes in body temperature happen under pathological conditions 
such as inflammation. Understanding the temperature dependence of PGHS catalysis will provide 
insights into how many physiological processes are affected by the change in body temperature and 
will also provide guidelines on administering antipyretic drugs, many of which are inhibitors of PGHS. 
Moreover, the different temperature dependence of PGHS and LOX catalysis presumably affects the 
relative ratios between prostanoids, HpETEs and leukotrienes under different temperatures since these 
hormones are synthesized from AA in humans by PGHS and LOX, respectively [38,39]. 

3. Experimental Section  

3.1. Materials 

Hemin was purchased from Sigma (St. Louis, MO, USA) or Porphyrin Products (Logan, UT, USA). 
Tween 20 was from Anatrace (Maumee, OH, USA). Arachidonic acid was purchased from Nu-Chek 
Prep, Inc. (Elysian, MN, USA). The 10,10,13,13-d4-AA was synthesized with high purity by total 
synthesis as reported before [40,41].  

PGHS-1 was purified as the apoenzyme from ram seminal vesicles [42] and human PGHS-2 was 
purified as a recombinant protein overexpressed in baculovirus-infected insect cells [43]. The PGHS-1 
and -2 holoenzymes were reconstituted as previously described [44]. The concentrations of PGHS-1 
and -2 holoenzymes were calculated based on their A410 using an extinction coefficient of  
165 mM−1·cm−1 [45]. The cyclooxygenase specific activities of individual PGHS preparations were 
determined under standard conditions at 30 °C with a YSI Model 5331 electrode, covered by a 
Standard membrane (YSI #5793) and a YSI Model 53 monitor (Yellow Springs Instrument Co., 
Yellow Springs, OH, USA) [45]. Reactions were conducted in 3 mL of 0.1 M potassium phosphate 
buffer, pH 7.2 containing 1 mM phenol, 100 µM AA and 0.05% Tween 20. The optimal cyclooxygenase 
velocity (vopt) for each reaction was calculated from the slope of a tangent to the steepest part of the 
recorded [O2] vs. time plot. The kcat (vopt/[PGHS]) for AA consumption under these standard conditions 
was typically ≥100 s−1 for purified PGHS-1 and ≥15 s−1 for purified PGHS-2 (assuming 2 mol O2 
consumed per mol AA). 

3.2. Measurement of Non-Competitive Kinetic Isotope Effect 

The noncompetitive steady-state KIE was calculated as the ratio of AA conversion rates 
(determined from O2 consumption) with AA and d4-AA as the substrate. The enzyme concentration 
was 11 nM for PGHS-1 and 13 nM for PGHS-2. The working stocks of AA and d4-AA were prepared 
by evaporating the organic solvent with a stream of N2 gas, adding suitable volume of 0.1 M Tris,  
pH 8.5 buffer, and vortexing to achieve a homogeneous suspension. The concentrations of the substrate 
stock solutions were determined from the extents of O2 consumption in reactions with limiting fatty 
acid and excess O2 and PGHS-1, assuming that 2 mol O2 are consumed per mol AA. For measurements 
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of KIE, the concentrations of AA and d4-AA were 60–70 µM, essentially saturating given the KM’s of 
PGHS-1 and -2 for the substrates [10]. Under these vmax conditions, kcat could be calculated by dividing 
the observed cyclooxygenase velocity by the PGHS concentration (kcat = vmax/[PGHS]). The primary 
KIE, Dkcat, was calculated as Dkcat = kcat,H/kcat,D. 

For temperature dependence experiments, the cyclooxygenase reaction temperature was controlled 
at 15–37 °C by a Fisher Scientific Isotemp model 3016 water bath (Fisher Scientific, Pittsburgh, PA, 
USA), which has a temperature stability of ±0.01 °C. In these experiments, the oxygen electrode was 
covered by a High Sensitivity membrane (YSI #5794), which has a higher O2 permeability than the 
Standard membrane and responds more quickly to changes in [O2]. Increases in cyclooxygenase KIE 
with reaction temperature were also observed in tests using the Standard membrane (data not shown), 
so the electrode response characteristics were not an issue in reliable KIE measurements. 

4. Conclusions 

The kinetic isotope effect for PGHS cyclooxygenase catalysis exhibits an inverted temperature 
dependence. Theoretical interpretation of this phenomenon will provide important insight into the 
mechanism of PGHS. 
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