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Rat Liver u-Amidase. Kinetic Evidence for an 
Acyl-Enzyme Intermediate? 

Louis B. Hersh 

ABSTRACT : Rat liver w-amidase catalyzes hydrolysis and acyl- 
transfer reactions with the amide and monoalkyl esters of a- 
ketoglutarate, glutarate, and succinate. The specificity of the 
enzyme has been extended by demonstrating the reactivity of 
a number of para-substituted phenyl glutarates. p-Methoxy, 
p-chloro, p-methyl, and the unsubstituted phenyl ester of 
glutarate are hydrolyzed at about one-half the rate of the 
methyl ester, and show little dependence on the pK of the 
leaving group. Hydroxaminolysis of glutaramate and methyl- 
glutarate leads to a twofold increase in the total rate of sub- 
strate utilization (hydrolysis plus hydroxaminolysis), with 
a nonstoichiometric decrease in hydrolysis at lower hydroxyl- 
amine concentrations. On the other hand, hydroxylamine has 

R at liver w-amidase was first described by Meister and 
coworkers (Meister and Tice, 1950; Meister et al., 1953, 1955; 
Meister, 1953, 1954). This enzyme, in conjunction with glu- 
tamine transaminase (Braunstein and Ting-Sen, 1960a,b; 
Yoshida, 1967; Cooper and Meister, 1972), comprises the en- 
zyme system previously designated glutaminase I1 (Errera, 
1949; Errera and Greenstein, 1949; Greenstein and Price, 
1949), which appears to be involved in the metabolism of glu- 
tamine primarily in the liver and kidney. 

The w-amidase has recently been purified and characterized 
in this laboratory (Hersh, 1971a). In addition to the previously 
described amidase activity (Meister et al., 1955), the enzyme 
also catalyzes hydrolysis and acyl-transfer reactions with a 
number of alkyl esters of a-ketoglutarate, glutarate, and 
succinate. The existence of acyl-transfer reactions, although 
readily interpretable in terms of a double-displacement reac- 
tion involving an acyl-enzyme intermediate, could proceed by 
direct nucleophilic attack. In order to distinguish between 
these two possibilities the kinetics of acyl transfer for a number 
of glutarate derivatives was investigated. The results of this 
study, which provide strong evidence for a mechanism in- 
volving an acyl-enzyme intermediate, are the subject of this 
paper. 

Materials and Methods 

Reagents. Para-substituted phenyl glutarates were prepared 
by the method of Gaetjens and Morawitz (1960). Ethyl a-keto- 
glutarate and glutaramate were prepared as previously de- 
scribed (Hersh, 1971a). Hydroxylamine hydrochloride and 
methylamine hydrochloride were recrystallized from ethanol- 
ether prior to use. All other reagents were obtained commer- 
cially and were generally recrystallized or redistilled before use. 

t From the Department of Biochemistry, The University of Texas, 
Southwestern Medical School at Dallas, Dallas, Texas 75235. Received 
February I ,  1972. This work was supported in part by grants from the 
National Institutes of Health (AM 13443) and the Robert A.  Welch 
Foundation (I 391), Houston, Texas. 

no effect on the rate of p-cresol release from p-methylphenyl 
glutarate, and the rate of hydrolysis is decreased proportion- 
ally to the increase in hydroxaminolysis. The partitioning of 
the acyl group derived from glutaramate, methyl glutarate, 
and p-methylphenyl glutarate between water and hydroxyl- 
amine is identical for the three substrates. Nucleophiles such 
as hydroxylamine and methanol show uncompetitive activa- 
tion for the total rate of glutaramate disappearance, and for a 
particular acyl donor V,,, for acyl transfer is independent of 
the added nucleophile. These results are interpreted in terms 
of a two-step mechanism involving an acyl-enzyme interme- 
diate. 

Preparation of Rat Liver w-Amidase. Rat liver w-amidase 
was prepared as previously described (Hersh, 1971a), except 
that DEAE-Sephadex A-50 was used in place of DEAE-cellu- 
lose, and the hydroxylapatite step was omitted. 

Ethyl a-ketoglutarate hydrolysis was assayed by following 
a-ketoglutarate liberation with glutamate dehydrogenase 
(Hersh, 1970). The hydrolysis of para-substituted phenyl 
glutarates was followed by measuring phenol release. The ex- 
tinction coefficient of the phenols was determined with redis- 
tilled compounds: (compound, X (nm), E(M)) phenol, 270, 
1380; p-chlorophenol, 280, 1360; p-methylphenol, 277, 1540; 
p-methoxyphenol, 285,2200). 

Methyl glutarate hydrolysis was measured by following the 
disappearance of ester as determined by the alkaline hydroxyl- 
amine method of Hestrin (1949). Glutaramate hydrolysis was 
measured by following ammonia release with glutamate de- 
hydrogenase (Su et al., 1969). 

ACYL-TRANSFER REACTIONS. The reaction of hydroxylamine 
with glutarate derivatives was assayed by measuring hydrox- 
amate formation by the method of Lipmann and Tuttle 
(1945). Acyl transfer to methylamine was followed by mea- 
suring the formation of ['CI-N-methyl glutaramate as pre- 
viously described (Hersh, 1970). Methanolysis of glutaramate 
was determined by measuring the appearance of ester with 
alkaline hydroxylamine (Hestrin, 1949). Stock solutions of 
p-methoxy- and p-chlorophenyl glutarate were prepared in 
40 dioxane, while p-methylphenyl and phenyl glutarate 
were prepared in 100% dioxane. The concentration of ester 
was adjusted such that the concentration of dioxane in the re- 
action mixture was 2% or less. Control experiments showed 
dioxane, up to a concentration of 5%, has no effect on the 
hydrolysis of ethyl a-ketoglutarate or glutaramate, and at 
10% dioxane, only 5-10% inhibition was observed. 

Enzyme Assays. HYDROLYSIS OF GLUTARATE DERIVATIVES. 

Results 

Rat liver w-amidase catalyzes the hydrolysis of the amide 
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FIGURE 1: The effect of hydroxylamine on the reaction of methyl 
glutarate. Reaction mixtures contained 50 mM potassium phosphate 
buffer (pH 7.0), 20 mM methyl glutarate, hydroxylamine as indicated, 
and 56 pg of enzyme in a final volume of 2.0 ml. Hydrolysis (0) was 
measured by the disappearance of ester with alkaline hydroxyl- 
amine, and hydroxaminolysis (0) by hydroxamate formation. The 
total reaction rate (3) was calculated from the equation !"(total) = 
V(hydrolysis) + V(hydroxamino1ysis). VIEexpressed as pmoles/min 
per mg protein. 

and monoalkyl esters of a-ketoglutarate, oxaloacetate (only 
the amide has been examined), succinate, and glutarate 
(Meister et a/., 1955; Hersh, 1971a). In order to learn more 
about the specificity of the enzyme and to provide a broader 
class of substrates to  be examined, the hydrolysis of a number 
of para-substituted phenyl glutarates was studied. Table I lists 
the kinetic parameters, K, and V,,,,, for the hydrolysis of p -  
chlorophenyl glutarate, phenyl glutarate, p-methylphenyl 
glutarate, and p-methoxyphenyl glutarate. The maximal 
velocities for the hydrolysis of these phenyl esters are approx- 
imately two- to threefold less than the V,,,,, for the corre- 
sponding amide or methyl ester, and show only a slight de- 
pendence on the pK of the phenol. 

Evidence that phenyl glutarates are hydrolyzed by the 
amidase, rather than by a contaminating enzymatic activity, 
was obtained by showing that the ratio of specific activity for 
ethyl a-ketoglutarate hydrolysis compared to  the specific ac- 
tivity for p-methylphenyl glutarate hydrolysis remains con- 
stant over the 100-fold purification required to  obtain essen- 
tially pure enzyme (Table 11). 

TABLE I :  Kinetic Constants for the Hydrolysis of Glutarate 
Derivatives." 

Substrate 

V,,, 
(pmoles/min 

per mg of 
K, (M) Protein) 

p-Methoxyphenyl glutarate 8 0 x 2 68 
p-Methylphenyl glutarate 2 o x 10-3 2 76 
Phenyl glutarate 8 0 X 2 76 
p-Chlorophenyl glutarate 3 7 x 10-3 3 96 
Methyl glutarate 3 o x 10-3 7 50 
Glutaramate 2 o x 10-3 6 42 

a Kinetic constants were determined in 50 mM potassium 
phosphate buffer (pH 7.0) a t  30'. 
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FIGURE 2 :  The effect of hydroxylamine on the reaction of glutara- 
mate. Reaction mixtures were identical with those described in 
Figure 1 except 20 mM glutaramate replaced 20 nni  methyl 
glutarate. Hydroxaminolysis (0 )  was measured by hydroxamate 
formation, and the total reaction rate (3) by ammonia liberation. 
The rate of hydrolysis (0) was calculate from the equation: V(hp- 
drolysis) = V(tota1) - V(hydroxamino1ysis). W E  expressed as 
pmoles/min per mg of protein. 

Hydroxarninolysis. The effect of increasing concentrations 
of hydroxylamine on the hydrolysis, the hydroxaminolysis, 
and total reaction rate with glutaramate, methyl glutarate. 
and p-methylphenyl glutarate as substrates is shown in Fig- 
ures 1-3. With glutaramate and methyl glutarate, the total re- 
action rate increases with increasing hydroxylamine concen- 
tration. Although the hydrolytic rate is decreased in the pres- 
ence of hydroxylamine, this decrease is not stoichiometric 
with hydroxamate formation. On the other hand, with p -  
methylphenyl glutarate as substrate, the total reaction rate 
remains constant with increasing concentrations of hydroxyl- 
amine, and the rate of hydrolysis decreases stoichiometrically 
with hydroxamate formation. In all three of the above cases, 

TABLE 11: Constancy of the Specific Activity for Ethyl @-Keto- 
glutarate Hydrolysis Compared to  the Specific Activity of 
p-Methylphenyl Glutarate Hydrolysis During Purification of 
Amidase." 

Sp Act. for Ethyl 
a-Ketoglutarate 
Hydrolysis : Sp 

Sp Act. for Ethyl Act. for p-Methyl- 
a-Ketoglutarate phenyl Glutarate 

Step Hydrolysis Hydrolysis 

Extract 0 17 6 5  
50:70% (NH,):SO, 0 85 6 9  

CM-Sephadex 17 4 6 9  
DE-Sephadex 5 3  7 0  

a Assay for ethyl a-ketoglutarate hydrolysis : reaction mix- 
ture contained 50 mM potassium phosphate buffer (pH 7.4), 
2 p~ ethyl a-ketoglutarate, 0.125 p~ DPNH, 10 mbi am- 
monium chloride, 100 pg of glutamate dehydrogenase, en- 
zyme, and water in a final volume of 1.0 ml. The reaction was 
measured by the oxidation of DPNH at 340 nm at 30". Assay 
for p-methylphenyl glutarate hydrolysis: reaction mixture 
contained 50 mM potassium phosphate buffer (pH 7.0), 5 
mM p-methylphenyl glutarate, and enzyme in a final volume of 
1 .O ml. The reaction was followed by measuringp-cresol libera- 
tion at 227 nm at 30". 
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the maximal velocity for substrate utilization at infinite hy- 
droxylamine is equal to the maximal velocity for the hydrox- 
aminolysis reaction . 

These results are most readily interpreted in terms of a two- 
step mechanism involving an acyl-enzyme intermediate 

Acylation: 
0 0 0 
ll ll II Enz + R - C - X e E n z . .  .R-C-X-Enz-C-R + X 

Deacylation : 
0 
I1 

Enz + R-C-OH 

0 "OH/ 
/I / 

Enz-C-R \ NHzOH 

0 
I I  

Enz + R-C-"OH 

When glutaramate and methyl glutarate serve as acyl donors 
hydrolysis proceeds with both acylation and deacylation par- 
tially rate limiting. The addition of a second acyl acceptor to 
the system (i.e., hydroxylamine) causes an increase in the 
total reaction rate; deacylation by reaction with water plus 
deacylation by reaction with hydroxylamine. Since acylation 
is only partially rate determining, hydroxaminolysis initially 
proceeds with only a slight decrease in the hydrolytic rate; 
however, as the hydroxylamine concentration is increased, 
acylation becomes more and more rate limiting, until even- 
tually hydrolysis decreases at the expense of hydroxaminolysis, 
and V(tota1) equals V(hydroxamino1ysis). The situation with 
p-methylphenyl glutarate as acyl donor is different in that 
acylation is always the rate-determining step. Under these 
conditions the acyl-enzyme reacts as soon as it is formed so 
that hydroxaminolysis can only occur at the expense of hy- 
drolysis. 

Regardless of whether acylation or deacylation is rate 
limiting, if the reaction proceeds through a common acyl- 
enzyme intermediate, the partitioning of this intermediate 
between two different acyl acceptors (i.e., water and hydroxyl- 
amine) should be independent of the leaving group. The data 
in Figure 4 show that over the range of 1-4 mM hydroxylamine 
the ratio of hydroxaminolysis to hydrolysis is identical for the 
amide, the methyl ester, and the p-methylphenyl ester of 
glutarate. 

The hydrolysis of amides and esters oia an acyl-enzyme 
mechanism can be kinetically classified as a special case of a 
"double displacement" or "Ping-Pong" mechanism. The in- 
ability to demonstrate Ping-Pong kinetics is, of course, due to 

1 Although the data in Figures 1-3 is too limited for a detailed kinetic 
analysis, the rate equations (Chung e t  al., 1970) for the total reaction: 

and hydroxaminolysis 

VT(A)(B) 
KAT@) + KB(A) + KAHKB + (A)@) V =  

both reduce to V = VT(A)/[KAT + (A)] at  infinite hydroxylamine. 
Thus at infinite hydroxylamine, the observed equality of rates for the 
total reaction, and the hydroxaminolysis reaction is predicted from the 
rate equations. 

+ 2E I 
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FIGURE 3: The effect of hydroxylamine on the reaction ofp-methyl- 
phenyl glutarate. Reaction mixtures were identical to those described 
in Figure 1 except 5 mM p-methylphenyl glutarate replaced methyl 
glutarate. Two separate runs were made for each hydroxylamine 
concentration. In the first, V(tota1) (0) was measured by p-methyl- 
phenol release, while in the second run the rate of hydroxaminolysis 
(0) was measured by hydroxamate formation. The rate of hydrolysis 
(0) was calculated as described in Figure 2. VIE expressed as 
pmoles/min per mg of protein. 

the fact that the acyl acceptor, water, cannot be varied. If an 
acyl acceptor other than water can participate in the reaction, 
and the rate of acyl transfer to this alternate substrate is as 
fast or faster than the transfer to water, the reaction will obey 
eq 1 (Chung et al., 1970), where A = the ester or amide sub- 

strate, B = the added nucleophile, and KA, K B ,  and KIB are 
constants as defined by Chung et al. (1970). This equation 
describes hyperbolic uncompetitive activation by the added 
nucleophile B, so that double-reciprocal plots of l / u  us.  1/[A] 
at fixed levels of B should result in a series of parallel lines. 
As shown in Figure 5, double-reciprocal plots of l/rate of 
glutaramate disappearance VS. l/[glutaramatel at varying 
levels of hydroxylamine do indeed approximate a series of 
parallel lines. The theoretical lines drawn through the experi- 
mental points in Figure 5 ,  were obtained by fitting the data 
to eq 1 with the computer program of Knot and Reace (1971). 
The following kinetic constants were obtained: VH = 5.55 =t 
0.13 ,umoles/min per mg of enzyme, KAH = 2.0 + 0.08 mM, 
and K I B  = 4.9 A 0.8 mM. (It was not technically feasible to 
obtain an accurate determination of KB.) 

Alcoholysis and Aminolysis. The observation that the w -  
amidase catalyzes hydrolysis of glutaramate and methyl- 
glutarate with nearly identical maximal velocities (Table I) 

(",OH), Mx1O3 

FIGURE 4: Pattitioning of the glutaryl group derived from methyl 
glutarate, glutaramate, and p-methylphenyl glutarate between 
hydroxylamine and water. The experimental points are those values 
calculated from the data in Figures 1-3. A, Methyl glutarate; 0, glu- 
taramate; 0, p-methylphenyl glutarate. 
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FIGCRE 5: Uncompetitive action by hydroxylamine for the rate of 
glutaramate disappearance. Reaction mixtures were identical with 
Figure 1 except that glutaramate and hydroxylamine were added as 
shown in the figure. The rate of glutaramate disappearance was 
measured by ammonia release. E/V expressed as lipmole of glutara- 
mate utilized per min per mg of protein. 
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FIGURE 6: Methanolysis of glutaramate. Reaction mixtures con- 
tained 50 mM potassium phosphate buffer (pH 7.0), 20 mM glu- 
taramate, 2.0 M methanol, and 88 pg of enzyme in a final volume of 
1.5 ml. The reaction mixture was incubated at 30", arid at the time 
periods indicated, 0.2-ml aliquots were withdrawn and assayed for 
ester formation as described in Methods. Control experiments in 
which enzyme was omitted or boiled enzyme was used, showed no 
ester formation. 
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FIGURE 7 :  Uncompetitive activation by methanol for the rate of 
glutaramate disappearance. Reaction mixtures identical with 
Figure 5 except that methanol was used in place of hydroxylamine. 
The rate of glutaramate disappearance was measured by ammonia 
release. E/V  expressed as l/pmole of glutaramate utilized per min 
per mg of protein. 

prompted us to  determine if we could measure alcoholysis of 
the amide substrate. Using methanol as the acyl acceptor, the 
alcoholysis of glutaramate was detected by measuring the 
appearance of ester with alkaline hydroxylamine (see Meth- 
ods). A typical experiment is shown in Figure 6 in which 
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FIGURE 8 :  Competitive inhibition by methylamine with respect to 
hydroxamine. Reaclion mixtures contained 50 mM Tris-hydrochlor- 
ide buffer (pH 8.51, 10 mhi glutaramate, 40 pg of enzyme, and 
hydroxylamine and methylamine as indicated in a final volume of 
1.5 ml. Hydroxamate formation measured as described in Methods. 
E/V expressed as lipmole of glutaryl hydroxamate formed per min 
per mg of protein. 

TABLE 111: Maximal Velocities for Acyl-Transfer Reactions. 

V,,,, 
(pmolesl 
min per 

Acyl mg of 
Acyl Donor mM Acceptor K, (mM) Protein) 

~~ 

Glutaramate 20 ",OH 3 7 1 5 . 1  
20 CHSNHC 43h 1 4 . 5  
20 MeOH 5000 14 .2  

Methyl glutarate 20 NHzOH 4 . 1  1 2 . 6  
20 CHaNHP 30b 13 .2  

p-Methylphenyl 5 "?OH 1 0  2 . 8  

55b 2 . 5  
glutarate 

______ 
5 CHSNHP 

a The reaction was measured at pH 8.5. Unpublished results 
showed that both the hydrolysis and hydroxaminolysis are 
independent of pH over the range of 6.5-8.5. These values 
are for total methylamine, for the free-base form of methyl- 
amine, K,, is -lo2 times smaller than the value listed above. 

alcoholysis was measured over a 20-min time period. Since 
ammonia (pK = 9.2) is a much stronger nucleophile than 
methanol (pK = 15.5), it would be expected that alcoholysis 
of an  amide would be difficult to demonstrate because of the 
effective competition for the acyl group by small concentra- 
tions of ammonia. The ability to  observe alcoholysis in the 
present case can most probably be accounted for by two fac- 
tors: first, initial velocities were measured so that the amount 
of ammonia produced was quite small, and secondly, the re- 
action was conducted at pH 7.0, a pH a t  which the free base 
form of ammonia is approximately 0.5 of the total ammonia 
concentration. 

As shown for the reaction in the presence of hydroxylamine, 
uncompetitive activation for V(tota1) was observed in the pres- 
ence of 2 M methanol (Figure 7 ) .  No alcoholysis was observed 
using ethanol, 2-chloroethanol, and 2,2,2-triff uoroethanol at 
concentrations from 0.2 to  2.0 M. At concentrations greater 
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than 2 M, these alcohols caused irreversible inactivation of the 
enzyme. 

The reaction of methylamine with substrates of the w-  
amidase has previously been demonstrated (Hersh, 1971a), 
however, maximal velocities were not determined. Table I11 
lists the maximal velocities for this reaction, along with the 
maximal velocities for hydroxamate formation and methanol- 
ysis. (The latter reaction was only determined with glutar- 
amate as the acyl donor.) As is apparent from this table, 
these reactions have identical maximal velocities for a par- 
ticular acyl donor. 

Methylamine was found to inhibit the hydroxaminolysis of 
glutaramate. This inhibition was found to be competitive with 
respect to glutaramate (Figure 8). That methylamine reacts in 
the free-base form is evidenced by the observation that at pH 
7.0 methylamine (0.2 M) has no effect on the hydroxaminolysis 
reaction. 

Discussion 

Several kinetic criteria are presented in this paper which 
strongly support the contention that reactions catalyzed by 
rat liver w-amidase proceed by a two-step mechanism involv- 
ing an acyl-enzyme intermediate. These include the following: 
(a) demonstration that the total reaction rate increases with 
increasing concentrations of hydroxylamine for the two most 
reactive glutarate derivatives, glutaramate, and methyl glu- 
tarate, but remains constant for the less reactive substrate, 
p-methylphenyl glutarate; (b) demonstration of identical par- 
titioning ratios between hydroxylamine and water for the 
amide, the methyl ester, and the p-methylphenyl ester of 
glutarate; (c) demonstration of uncompetitive activation by 
hydroxylamine and methanol for the rate of glutaramate utili- 
zation ; and (d) demonstration of identical maximal velocities 
for acyl transfer to hydroxylamine and methylamine. 

The effect of an added nucleophile on the total reaction rate 
has been previously discussed by Greenzaid and Jencks (1971), 
and, as described in the text, is best accounted for in terms of 
an acyl-enzyme intermediate. 

The demonstration that an acyl group derived from chem- 
ically different donor molecules is partitioned identically be- 
tween two nucleophiles has been used previously to support 
an acyl-enzyme mechanism for chymotrypsin (Epand and 
Wilson, 1963, 1965), glutaminase (Hartman, 1968), and 5- 
hydroxy-N-methylpyroglutamate synthetase (Hersh, 1971b). 
Although a direct transfer from the donor molecule to the 
acceptor could proceed at a constant ratio of rates (Jencks, 
1969), this situation appears unlikely since the ester and amide 
of acetate, which are chemically similar to the substrates used 
in this study, differ in their nonenzymatic partitioning between 
hydroxylamine and water by a factor of l o 4  (Hartman, 1968). 

Uncompetitive activation of a reaction represents a special 
case of Ping-Pong kinetics (Cleland, 1963), and requires that 
the reaction be sequential, that the first product be released 
before the second substrate reacts, and that the enzyme exist 
in two forms. Although this kinetic pattern does not, in itself, 
require a covalent enzyme-substrate intermediate, in the pres- 
ent case no other intermediate would logically fit these criteria. 

The observation that the reaction of a series of nucleophiles 
with a particular acyl donor proceed at identical maximal 
velocities is also consistent with the proposed mechanism. It 
is difficult to imagine how direct nucleophilic attact by com- 
pounds of such widely different nucleophilic reactivity as hy- 
droxylamine, methylamine, and methanol, could proceed 
with the same rate constants. A slow isomerization of the en- 

zyme, or enzyme-substrate complex, could give such a re- 
sult; however, the observation that acyl transfer proceeds more 
rapidly than hydrolysis rules out this possibility. On the other 
hand, this observation is consistent with the acyl-enzyme 
mechanism, in which acylation of the enzyme is the rate-deter- 
mining step in acyl-transfer reactions. 

Unfortunately, the fact that acylation is rate determining 
for acyl group transfer reactions does not permit an unam- 
biguous assignment of a nucleophilic binding site to the en- 
zyme. The observation that ethanol and its derivatives do not 
react with the acyl-enzyme, even though the pK of trifluoro- 
ethanol is 2 pK units less than methanol, and that methyl- 
amine but not ethylamine is an inhibitor of a-ketoglutaramate 
hydrolysis (Hersh, 1971a) implies that there is a nucleophilic 
binding site on the enzyme which cannot accommodate mole- 
cules larger than methanol or methylamine. 
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Isolation and Properties of Luciferase, a Non-Heme Peroxidase, 
from the Bioluminescent Earthworm, Diplocardia longat 

Ronald Bellisario,$ Terry E. Spencer, and Milton J. Cormier* 

ABSTRACT: It has been demonstrated that in ciao lumines- 
cence from the bioluminescent earthworm, Diplocardia longa, 
arises from the coelomic fluid exuded by the worm following 
mechanical or electrical stimulation. The blue-green lumi- 
nescence has an  unstructured peak emission at 19,700 cm-1 
(507 nm) with a half-width of 3070 cm-l (78 nm). The source 
of the luminescence has been shown to be cells present in the 
coelomic fluid of the worms; these coelomic cells, about 40 
p in diameter, have been isolated by sucrose gradient centrif- 
ugation. Luciferase has been isolated in highly purified form 
from the coelomic cells of D. longa and has been shown to  
have an approximate molecular weight of 300,000 and a 
frictional ratio (f]fo) of 2.10 indicating that it is highly asym- 
metric. Data from sodium dodecyl sulfate gel electrophoresis 

I t has been previously demonstrated that luciferin, lucif- 
erase, and H202 are required for in citro light emission from 
the earthworm, Diplocardia longa (Cormier et al., 1966; 
Bellisario and Cormier, 1971). These requirements for lumi- 
nescence are expressed in the following reaction scheme 

luciferase 
luciferin + H202  light (max = 507 nm) + products 

Thus, the Diplocardia luminescent system belongs to a class 
of peroxidative bioluminescent reactions in which H 2 0 2  is 
utilized for light emission instead of molecular oxygen (Cor- 
mier and Totter, 1968; Hastings, 1968). 

We present evidence that luciferase and luciferin are lo- 
cated within the coelomic cells of this bioluminescent worm. 
Diplocardia luciferase has been isolated in the present study 
in order to determine the physical properties of a luciferase 
of the peroxidative type. Furthermore, we show that Dip- 
locardia luciferase is a non-heme protein and exhibits no 
activity toward a number of typical peroxidase substrates 
such as guaiacol, benzidine, or pyrogallol. In addition, lucif- 
erase is irreversibly inactivated by H 2 0 2  and kinetic data 
indicates that luciferase does not exhibit normal enzymatic 
catalysis and “turnover.” 
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indicates that luciferase is composed of three pairs of non- 
identical subunits of molecular weight 71,000, 58,000, and 
14,500. The absorption and fluorescence spectra of luciferase 
are those of a typical protein with no evidence of any ultra- 
violet or visible absorbing prosthetic groups. Luciferase is 
inhibited by a variety of metal-binding agents such as potas- 
sium cyanide, o-phenanthroline, and sodium diethyldithio- 
carbamate, but the activity of luciferase could not be corre- 
lated with the metal content of the protein. The enzyme is 
also irreversably inactivated by H202 and kinetic data suggest 
that one molecule of H 2 0 2  per luciferase site is required for 
this inactivation. During the light reaction, therefore, lucif- 
erase does not exhibit normal enzymatic catalysis and “turn- 
over.” 

Materials and Methods 

The following materials were purchased from the suppliers 
indicated : crystalline bovine serum albumin and crystalline 
egg albumin (Pentex); twice crystallized catalase (Worthing- 
ton) ; fumarase (Nutritional Biochemicals) ; glutamic dehy- 
drogenase (Boeringer) ; fibrinogen (Mann) ; lysozyme and 
twice crystallized catalase (Sigma) ; Sephadex gels and Blue 
Dextran 2000 (Pharmacia); acrylamide, Agarose 1.5 m gel, 
N,N’-methylenebisacrylamide, N,N,N‘,N’-tetramethylenedi- 
amine (California Biochemicals) ; sodium lauryl sulfate 
(Mann); Sepraphore I11 cellulose acetate electrophoresis 
strips and Tris-barbital (pH 8.8) buffer (Gelman); riboflavin 
and Bromophenol Blue (Eastman); Coomassie Blue (Colab 
Laboratories); DEAE-cellulose (Whatman); hydroxylapatite 
(Serva) ; hydrogen peroxide (Baker) ; succinyl peroxide and 
ethyl hydroperoxide (K & K Labs); dimethylbenzyl hydro- 
peroxide (Matheson, Coleman & Bell); o-phenanthroline 
(G. F. Smith Co.) ; sodium diethyldithiocarbamate (East- 
man) ; 8-hydroxyquinoline, benzidine, o-dianisidine, guaiacol 
(Sigma). All other chemicals used were from commercial 
sources and are the highest quality available. 

Isolation of Coelomic Cells. Coelomic fluid from D. longa 
was collected by electrically stimulating two worms with a 
manually operated magneto generator in 30 ml of an earth- 
worm Ringer solution (Block et a/., 1964) which was made 
hypertonic with 0.1 M KC1 and 0.1 M NaCI. Following this 
stimulus, the coelomic fluid was exuded from the mouth and 
dorsal pores of the worms and had a milky appearance due 
to the presence of numerous cells suspended in the fluid. 
All following operations were carried out at 4 ’. 

When the worms ceased exuding coelomic fluid, they were 
washed and homogenized in 60 ml of 0.1 M sodium borate 


