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ABSTRACT: Bacterial luciferase is a heteropolymeric protein 
((up) that catalyses the conversion of chemical energy to light 
by oxidation of a reduced flavin mononucleotide and a long 
chain aliphatic aldehyde. Elucidation of the specific amino acid 
residues involved in the enzymatic reaction is essential for 
understanding the mechanism of the bioluminescent reaction. 
Luciferase has been found to be inactivated by ethoxyformic 
anhydride with a second-order rate constant of 146 M-1 min-' 
at  pH 6.1 and 0 "C with a concomitant increase in absorbance 
at 240 nm due to formation of ethoxyformylhistidyl derivatives. 
Activity could be restored by hydroxylamine and the pH curve 
of inactivation indicated the involvement of a residue having 
a pK,, of 6.8. Both substrates, FMNHz and aldehyde, protected 
the enzyme against inactivation, suggesting that the modifi- 

B a c t e r i a l  luciferase, isolated from the bioluminescent strain, 
Beneckea harueyi, catalyzes the oxidation of a reduced flavin 
and a long chain aliphatic aldehyde (RCHO)  to form F M N '  
and the corresponding acid, respectively, with the emission of 
light a t  490 nm. 

FMNH2 + 0 2  + R C H O  
+ F M N  + RCOOH + HzO + hv490nm 

In the absence of aldehyde, the enzyme catalyzes the oxidation 
of FMNH2 with the formation of H202 (Hastings and Balny, 
1975). Although it has been postulated that two reduced flavins 
are involved in the bioluminescent reaction (McElroy and 
Green, 1955; Lee, 1972; Lee and Murphy, 1975), the majority 
of studies support the involvement of a single reduced flavin. 
These studies include the kinetic determination of the number 
of FMNHz binding sites on luciferase (Meighen and Hastings, 
1971; Watanabe and Nakamura, 1972; Watanabe et  al., 
1974), measurement of the binding of FMN and FMNH2 to 
luciferase by circular dichroism or equilibrium dialysis (Bal- 
dwin, 1974a; Baldwin et al., 1975a; Becvar and Hastings, 
19751, detection of 1 mol of flavin per mol of a luciferase-flavin 
intermediate isolated by low-temperature chromatography 
(Hastings et al., 1973; Hastings and Balny, 1975), and quan- 
tum yield studies (Becvar and Hastings, 1975). Early inves- 
tigations clearly demonstrated the necessity for a long chain 
aliphatic aldehyde (Cormier and Strehler, 1953; Strehler et 
al.,  1954); only recently has it been demonstrated that the al- 
dehyde is oxidized to the corresponding aliphatic acid (Shi- 
momura et al., 1972; McCapra and Hysert, 1973; Dunn et al., 
1973; Vigny and Michelson, 1974). The oxidation of one 
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cation occurred at  or near the active site. Incorporation of 
[ ''C]ethoxyformyl groups into luciferase indicated that in-  
activation resulted from the modification of about three his- 
tidy1 residues, one histidine being found on the CY subunit and 
two on the (3' subunit. Hybridization experiments, in which 
ethoxyformylluciferase, a,@,, was complemented with native 
subunits, CY or @, showed that the hybrid, amp, has the same 
activity as amp,, whereas the activity of the hybrid, CY$,,,, \cas 
close to that of the reconstituted luciferase, cup. The results 
indicate that modification of only one histidyl residue on the 
CY subunit inactivates luciferase and suggest that this histidyl 
residue plays an essential role in the mechanism of the bacterial 
bioluminescent reaction. 

molecule of aldehyde and F M N H ?  per catalytic cycle clearly 
meets the energy requirements to populate an excited state for 
photon emission at  490 nm as recently supported by the direct 
calorimetric measurement of the enthalpy of the reaction 
(Mangold and Langerman, 1975). 

Bacterial luciferase is a heteropolymer of molecular weight 
79 000, constituted of two nonidentical subunits, CY and 8 
(42 000 and 37 000, respectively; Friedland and Hastings, 
1967a; Hastings et al., 1969). Although no common tryptic 
peptides have yet been detected (Meighen et al., 1970), a high 
degree of homology in the amino terminal sequence has indi- 
cated that the two subunits might have similar three-dimen- 
sional structures (Baldwin et al., 1975b). However, the role 
of each subunit in the bioluminescent reaction appears to be 
quite different. Chemical modification and hybridization ex- 
periments (Meighen et al., 197 la,b), mutant complementation 
(Cline and Hastings, 1972), limited proteolysis of the native 
enzyme (Baldwin, 1974b; Njus et al., 1974; Nicoli et al., 1976), 
studies on mutants with altered bioluminescent emission 
spectrum (Cline and Hastings, 1974), and active site studies 
(Nicoli et al., 1974; Nicoli and Hastings, 1974) have shown 
that the active site is located specifically on the a subunit. In 
contrast, the role of the p subunit still remains to be elucidated. 
although it is essential for bioluminescent activity (Friedland 
and Hastings, 1967a,b; Gunsalus-Miguel et al., 1972). 

The investigation of the amino acid residues involved directly 
in the catalytic center of luciferase is of special interest since 
the bioluminescent reaction involves conversion of chemical 
energy to light. Chemical modification studies have demon- 
strated the existence of an essential sulfhydryl residue located 
at  or near the active site on the CY subunit (Nicoli et al., 1974). 
However, the specific role of this residue in the mechanism of 
bioluminescence has not yet been ascertained. Although al- 
kylation of the sulfhydryl residue decreased or eliminated 
FMNHz binding to luciferase, it has now been shown that 
FMN can still bind to the modified enzyme with a dissociation 
constant not significantly different than the native enzyme 
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(Nicoli et  al., 1976). Furthermore, a luciferase mutant with 
a substantially altered binding constant for FMNH2 still had 
the same reactivity toward sulfhydryl reagents, suggesting the 
mutation had not occurred in close enough proximity to the 
sulfhydryl residue to affect its reactivity (Baldwin et al., 
197%). In addition, the pH profile for flavin binding to lucif- 
erase as well as the pH dependence of the catalytic parameters 
showed nocorrelation with the ionization of the reactive sulf- 
hydryl, leaving open the question concerning its role in the 
bioluminescent reaction (Nicoli et  al., 1974; Nicoli and 
Hastings, 1974). 

The study of the pH dependence of the binding affinity of 
reduced flavin to luciferase, however, has suggested the pos- 
sible involvement of a protonated histidyl residue in flavin 
binding (Nicoli et al., 1974). Since a number of flavin-de- 
pendent enzymes have also been shown to have histidyl residues 
a t  the active site (Steemkamp et al., 1974; ThomC-Bau et al., 
1971; Hucho et al., 1973). theeffect ofchemical modification 
of luciferase with ethoxyformic anhydride, a relatively specific 
histidine reagent (Melchior and Fahmey, 1 9 7 0  Muhlrad et 
al., 1967), has been investigated. These studies have provided 
evidence concerning the existence of an  essential histidyl res- 
idue at  the active site of luciferase that may be involved in the 
interaction of reduced flavin with the enzyme. 

Experimental Procedure 
Chemicals. FMN was a gift from Sigma and its concen- 

tration was determined spectrophotometrically using a molar 
extinction coefficient of 12.2 X IO' M-I cm-I at 450 nm 
(Whitby, 1954). Dodecanal was obtained from Aldrich, bovine 
serum albumin and dithiothreitol were from Sigma, mercap- 
toethanol, and 1,6-hexanediamine, N.N-methylenebisacry- 
lamide, and acrylamide were from Eastman. The latter reagent 
(acrylamide) was, however, recrystallized from chloroform 
(Loening, 1967) prior to use. Sodium dodecyl sulfate was 
purchased from British Drug House. Either ultrapure urea 
from Mann was used without further purification or urea from 
Fisher was dissolved in H 2 0  immediately prior to use, treated 
with activated charcoal, Millipore filtered, and then deionized 
with a mixed-bed resin (Rexyn 300, Fisher). DEAE-Sephadex 
A-50 was obtained from Pharmacia, Bio-Gel P-IO (50-IO0 
mesh) from Bio-Rad, and Sepharose-4B from Sigma. All 
phosphate buffers were made by mixing appropriatevolumes 
of 2.0 M K 2 H P 0 4  and 2.0 M NaH2P04 .  

Ethoxyformic Anhydride. Unlabeled ethoxyformic anhy- 
dride was obtained from Eastman, whereas [I-erhyl-i4C]- 
ethoxyformic anhydride (0.202 Ci/mol) was synthesized by 
New England Nuclear according to the procedure of Melchior 
and Fahrney (1970). All stock ethoxyformic anhydride solu- 
tions were prepared in ethanol. The molar concentration was 
determined by reaction of ethoxyformic anhydride ( E  
M) with 0.01 M N-acetylhistidine in 0.1 M phosphate, pH 6.1. 
After 15 min of incubation a t  r m m  temperature, the increase 

FIGURE I: Sadium dadecyl sulfate gel electrophoresis of luciferase ( - 5  
pg). Electrophoresis was conducted for 5 h at 8 mA/tube and the gel 
stained with Caomassie blue as described in the Experimental Pracedure. 
Thc upper band carrespands to the a subunit (42 000 daltons) and the 
lower band to the 0 subunit (37 000 daltans). 

hexyl-Sepharose-4B column ( I  .3 X 30 cm), preequilibrated 
with 0.05 M phosphate, IO-' M dithiothreitol, pH 7.0, was 
eluted with a linear gradient of 250 ml of 0.05 to 0.25 M 
phosphate, pH 7.0, containing IO-' M dithiothreitol. The peak 
of luciferase activity was precipitated in 75% saturated am- 
monium sulfate, redissolved in a minimal volume of 0.1 M 
phosphate, 0.01 M dithiothreitol, pH 7.0, and stored a t  -20 
OC. Sodium dodecyl sulfate electrophoresis (Figure I )  dem- 
onstrated only two bands corresponding to the subunits of lu- 
ciferase indicating that the enzyme was greater than 95% ho- 
mogeneous by this criteria. The purified luciferase had a spe- 
cific activity between 1.8 and 2.5 X IO" quanta s-' mg-' with 
dodecanal in the standard assay (see below). If decanal was 
used, a specific activity of 2.0 X I O i 4  quanta s-I mg-I was 
obtained in the standard assay. The values agree with specific 
activities reported for luciferase in which chemical modifica- 
tion of one sulfhydryl residue inactivated luciferase (Nicoli et 

in absorbance at  240 nm was measured and the molar con- 
centration determined based on an extinction coefficient of 3.6 
X IO' M-' cm-I (Holbrookand Ingram. 1973). 

Purifirarionof Rarrwial Lucqeraw. Luciferase was purified 
from a strain of bioluminesccnt bacteria, Beneckea harueyi 
(Reichelt and Baumann. 1973). previously named MAV 
(Hastings et al., 1969). according to the procedureof Gunsa- 
Ius-Miguel et al. (1972). The e n q m e  was. however. purified 
further by anion-exchange chromatography on aminohcxyl. 
Sepharose-4R. The anion-exchange resin was prepared by 
reaction of I .6-diaminohexane wi th  Sepharose-4B activated 
with cyanogen bromide (Cuatrecasas, 1970). The amino- 

al.. 1974) and to~kineticand bindingstudies whichshowedone 
binding site for FMNH? (Meighen and Hastings. 1971; Bnvar  
3nd Hastings. 1975). A specific activity of 3.2 to 4.3 X IO" 
quanta s-' mg-I w i t h  dodecanal is obtained if the dithionite 
assay is used (Meighen and MacKenzie, 1973) in which re- 
duced FMN is mixed with theemyme prior totheadditionof 
aldehyde. The protein concentration was detcrmined spec- 
trophotometrically on the basis of a specific absorption coef- 
ficient of 0.94 (0.1%. I cm) at 280 nm (Gunsalus-Migucl et 
81.. 1972). 

The subunits of luciferase (a and 16') were obtained by 
DEAE-Scphadex Chromatography of the native cnzyme in 5 
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FIGURE 2: (A) The kinetics of inactivation of luciferase with ethoxyformic 
anhydride. Luciferase M) was mixed with 6 X M ethoxyformic 
anhydride in 0.1 M phosphate, pH 6.1, at 0 'C. Aliquots were withdrawn 
at  various times and assayed directly by the standard assay. (B) Depen- 
dence of the pseudo-first-order rate constant for inactivation of luciferase 
with ethoxyformic anhydride on reagent concentration. The slope gives 
a second-order rate constant of 146 M-'  min-I. 

TIME (min) ETHOXYFORMIC ANHYDRIDE (mM) 

M urea. The molar concentrations of the a and (3 subunits were 
based on specific absorption coefficients (0. I%, 1 cm) of 1.2 
and 0.65, and molecular weights of 42 000 and 37 000, re- 
spectively (Gunsalus-Miguel et al., 1972). 

Luciferase Assays. Two assay methods were used. The 
standard assay was essentially identical with that described 
by Hastings et al. (1965). One milliliter of 5 X M 
FMNH2 (catalytically reduced by bubbling H2 through a 
F M N  solution containing platinized asbestos) was injected into 
1 .O ml of 0.05 M phosphate, pH 7.0, containing 0.2% bovine 
serum albumin, 0.01 ml of a 0.2% (v/v) suspension of dode- 
canal in 0.1% (v/v) Triton X-100, and enzyme. 

The second assay system, referred to as the dithionite assay, 
was identical with that described by Meighen and MacKenzie 
(1973) and was specifically used for samples containing hy- 
droxylamine. In the presence of hydroxylamine, the aldehyde 
concentration in the assay must be increased to get maximum 
activity. Since high concentrations of aldehyde inhibit the 
standard assay but not the dithionite assay, the latter assay 
system was used in these cases. Light emission in both assays 
was measured with the photometer described by Mitchell and 
Hastings (1971) and was recorded graphically on a high-speed 
recorder (Esterline-Angus, Model S-601 -S). 

Ethoxyformylation of Luciferase. Luciferase was incubated 
at  0 "C (in ice) in 0.1 M phosphate, pH 6.1, with 
M ethoxyformic anhydride. Aliquots were withdrawn with 
time and assayed directly by the standard assay. The reaction 
was stopped a t  the desired extent of inactivation by the addition 
of 50% by volume of 0.3 M histidine, 0.5 M phosphate, pH 7.0, 
1 0-4 M dithiothreitol. 

In  some experiments the reaction was stopped by gel fil- 
tration of the sample on a Bio-Gel P-IO column (0.9 X 55 cm) 
preequilibrated with 0.1 M phosphate, pH 6.7, and eluted with 
the same buffer. The ethoxyformylluciferase was well resolved 
from any unreacted reagent and low-molecular-weight prod- 
ucts arising from the hydrolysis of the reagent. 

The specific activity and specific radioactivity of the eth- 
oxyformylluciferase were determined either after dialysis or 
gel filtration. N o  change in specific activity was observed 
during either of these procedures. The number of moles of 
ethoxyformyl residues per mole of luciferase was based on a 
specific radioactivity of 0.101 Ci per mole of ethoxyformyl 
residues and a molecular weight of 79 000 for bacterial lucif- 
erase (Hastings et al., 1969). The relative activity of the eth- 
oxyformylluciferase was obtained by dividing the specific ac- 
tivity of the modified enzyme by that for the native enzyme. 

to 

Sodium DodecyI Sulfate Gel Electrophoresis of [ I  4C] - 
Ethoxyformylluciferase. Sodium dodecyl sulfate gels were 
prepared according to the procedure of Weber and Osborn 
( 1  969). Samples of ['4C]ethoxyformylluciferase in 0.5% so- 
dium dodecyl sulfate-0.2 M mercaptoethanol were applied to 
each gel and electrophoresis conducted a t  8 mA per tube for 
6 to 7 h. The gels were fixed and stained overnight with 0.025% 
Coomassie brilliant blue in 25% 2-propanol-l0% acetic acid. 
The gels were rapidly destained with 10% acetic acid-10% 
2-propanol (4 to 5 h). The stained luciferase bands ( a  and (3) 
were excised and then dissolved by incubation a t  54 OC over- 
night with 6 drops of 30% H202 in sealed glass vials. After the 
addition of 10 ml of Aquasol to each vial the samples were 
counted for I4C in a Packard liquid scintillation counter. The 
samples were routinely checked for quenching by the addition 
of an internal standard. Between 80 and 90% of the radioac- 
tivity applied to these gels was recovered in the a and p sub- 
units. In some experiments, a number of gels (two to five) were 
sliced and the bands corresponding to each subunit pooled prior 
to elucidation of the amount of radioactivity in each sub- 
uni t  

Results 
Inactioution of' Luciferase with Ethoxyformic Anhydride. 

The reaction of bacterial luciferase with ethoxyformic anhy- 
dride results in the loss of its enzymic activity in the biolumi- 
nescent reaction. The rate of inactivation follows first-order 
kinetics over a relatively wide range providing that a sufficient 
molar excess of reagent is added to the enzyme (Figure 2). As 
would be expected, the pseudo-first-order rate constant is in- 
dependent of the enzyme concentration (1-20 X M) but 
dependent on the reagent concentration giving a second-order 
rate constant of 146 M-' min-' for inactivation of luciferase. 
These results are consistent with a simple bimolecular reaction 
between ethoxyformic anhydride and luciferase resulting in 
inactivation. 

Substrute Protection. The inactivation of luciferase by 
chemical modification with ethoxyformic anhydride does not 
directly imply that a specific residue is being modified nor that 
such a residue is present a t  the active site (Cohen, 1970). 
However. protection of an enzyme by substrate or substrate 
analogues against inactivation would suggest that the amino 
acid residues that are protected from modification are a t  or 
near the active site. Both substrates, FMNH2 and a long chain 
aliphatic aldehyde, protect luciferase against inactivation with 
ethoxyformic anhydride. Dodecanal decreases the rate of in- 
activation with ethoxyformic anhydride by fivefold (Figure 
3), whereas FMN and F M N H ?  decrease the rate of inactiva- 
tion by four- and sevenfold, respectively (Figure 4). The greater 
protection of luciferase by FMNH2 than F M N  is not under- 
stood since FMNH2 is chemically oxidized to F M N  within a 
few minutes under the conditions of this experiment (Nicoli 
et al., 1974). However, similar results have been reported for 
the flavin protection of luciferase against inactivation with 
#-ethylmaleimide (Nicoli et a].,  1974). 

Identification of Histidine us the Modified Amino Acid. 
Although the reaction of ethoxyformic anhydride with proteins 
is relatively specific a t  pH 6. I for histidyl residues (Muhlrad 
et al., 1967; Pradel and Kassab, 1968), other residues may also 
be modified in neutral or weakly alkaline media (Larrouqdre, 
1964; Muhlrad et al., 1967; Melchior and Fahrney, 1970; 
Burstein et al., 1974). Consequently, the identification of the 
amino acid residue(s) in luciferase, whose modification results 
in the loss of activity, was investigated by (a) following changes 
in absorbance a t  240 and 280 nm of the enzyme upon modifi- 
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F I G U R E  3: Aldehyde protection against inactivation of luciferase with 
ethoxyformic anhydride. Dcdecanal (0.025 ml of 0.2% (v/v) in 0.1% (v/v) 
Triton X-100) was mixed with luciferase in 1.0 ml of 0.1 M phosphate, 
pH 6.1 at 0 OC; within 1 min, I O  pl of 0.3 M ethoxyformic anhydride was 
added (A) .  Aliquots were taken at various times and assayed by the 
standard assay. A control experiment in which no aldehyde was added is 
also shown (A). 

0 5 10 15 e0 

TIME (min) 

Flavin protection of luciferase against ethoxyformic anhydride 
inactivation. Precooled solutions (0.5 ml) i f  5.2 X M FMN ( 0 )  or 
5.2 X M FMNH2 (0) at 0 "C were rapidly injected into 0.5 ml of 
luciferase in 0.2 M phosphate, pH 6.1, at 0 OC; within 1 min, I O  11.1 of 0.3 
M ethoxyformic anhydride was added. An experiment in which HrO was 
injected instead of flavin is also shown (A). All experimental points were 
compared with controls in which no reagent had been added. The activities 
of the controls either remained constant or decreased less than 10% during 
the course of the experiments. 

cation, (b) treatment of the inactivated enzyme with hydrox- 
ylamine, and (c) investigating the effect of pH on the rate of 
inactivation. 

The reaction of proteins with ethoxyformic anhydride will 
result in an increase in absorbance a t  240 nm if histidyl residues 
are modified (Ovadi et al., 1967) and a decrease in absorbance 
a t  280 nm if tyrosyl residues are modified (Muhlrad et  al., 
1967). The dependence of the absorbance of luciferase a t  240 
and 280 nm upon inactivation with ethoxyformic anhydride 
(Figure 5) indicates that histidyl residues are modified whereas 
tyrosyl residues are not modified. About 1.7 histidyl residues 
are modified with ethoxyformic anhydride after 50% inacti- 
vation of luciferase (tip = 5.3 min). 

Treatment of ethoxyformylluciferase with NH20H results 
in restoration of the original activity (Table I). Very little 
reactivation was observed in the absence of NH20H. Since 
NH20H cleaves the ethoxyformyl-histidyl bond but does not 
cleave the more stable ethoxyformyl-lysyl bond (Melchior and 
Fahrney, 1970), the inactivation of luciferase by ethoxyformic 
anhydride appears to be due to the modification of one or more 

0 3 6 9 12 
TIME ( m i n  ) 

DeDendence of absorbance at 240 nm (0) and 280 nm ( 0 )  
\ - I  

on the extent df inactivation of luciferase ( 1 . 1  X IO-; M) with ethoxy- 
formic anhydride (9 X M). The reaction was followed with time in 
a Cary 15 spectrophotometer in 0.1 M phosphate, pH 6 .  I ,  maintained at 
0 O C  by circulation of cold 30% glycerol around the cell compartment. The 
number of modified histidines (0) was based on a molar extinction coef- 
ficient of 3600 M-I cm-I for ethoxyformylhistidine at 240 nm (Holbrmk 
and Ingram, 1973). At various times, aliquots were withdrawn and assayed 
directly for activity (insert). 

TABLE I: Reactivation of Ethoxyformylluciferase by NH20H.O 

Time (h) Act. (%) 

0 27 
1 64 
2 77 
4 82 

22 100 

Luciferase was inactivated with ethoxyformic anhydride and the 
reaction stopped with 27% activity remaining (see Experimental 
Procedure). The modified luciferase was then diluted (2:3) into a final 
concentration of 0.014 M mercaptoethanol, 0.1 M phosphate, 0.60 
M NHzOH, pH 7.4, and incubated at  room temperature. Activity was 
followed with time using the dithionite assay and is given as the per- 
centage of activity in a control of the native enzyme treated in an 
identical manner. The control remained constant over the first 4 h of 
the experiment but decreased by 50% by 22 h. 

histidyl residues. Gel filtration of the reactivated enzyme 
showed that between 75 and 90% of the ethoxyformyl groups 
( I4C-labeled) were released from the modified luciferase after 
NHzOH treatment for 150 min, in agreement with the 80% 
recovery of activity in this period. 

Further evidence for the modification of a histidyl residue(s) 
with ethoxyformic anhydride comes from the study of the rate 
of inactivation as a function of pH. If a histidyl residue is re- 
quired for the binding of substrate or for catalysis, the rate of 
inactivation of the enzyme will depend on the degree of pro- 
tonation of the histidine if the unprotonated histidine is mod- 
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I I G U R E  6: The pH dependence of inactivation of luciferase with eth- 
oxyformic anhydride. All reactions were conducted at 0 "C in 0.037 M 
sodium pyrophosphate-0.5 M NaC1, adjusted to the desired pH with citric 
acid. The second-order rate constant, k2(abed) .  for each pH, was obtained 
from the pseudo-first-order rate constant for inactivation of luciferase and 
the concentration of ethoxyformic anhydride and plotted as I /k? (ob \d)  vs. 
[H+I.  

ified at  a substantially faster rate than the protonated histidine, 
as shown in the scheme below: 

K.5 
E-HIS-H+ 2 E-HIS + E-HIS-X 

+ x  
H +  

The observed second-order rate constant for inactivation 

(1) 

(k2(obsd)) will thus be given by the equation below: 

where k z  is the second-order rate constant for modification of 
the unprotonated histidine and K ,  is the apparent dissociation 
constant of the acidic form of histidine. Equation 2 can be re- 
written as: 

(3) 

A plot of 1 /kl(&,sd) vs. [H+] should thus give a straight h e  
with an intercept of l / kz  and slope equal to l / ( k l K , )  (Figure 
6). From the intercept and slope, k2 was calculated to be 720 
M-' min-' and the apparent pK, of the histidyl residue(s) was 
found to be 6.8. Similar values for the pK, of histidyl residues 
have been obtained by modification of histidyl residues in other 
enzymes (Dickenson and Dickinson, 1975; Holbrook and In- 
gram, 1973). It should be pointed out that the straight line was 
only drawn through the points a t  neutral or acidic p H  (<7.3) 
since curvature downwards can clearly be observed a t  alkaline 
pH (pH >7.5) reflecting the modification of other essential 
amino acids in luciferase. The modification of amino acid 
residues other than histidine above pH 7 with ethoxyformic 
anhydride has also been observed in other enzymes (Larrou- 
qukre, 1964; Holbrook and Ingram, 1973; Muhlrad et al., 
1967; Ovadi and Keleti, 1969; Elodi, 1972) and emphasizes 

T A B L E  I I :  Stability of Ethoxyformylluciferase." 

Time (h )  Radioact. (%) Act. (%) 

0 IO0 3 2  
4 6 26 
7 2 29 

22 0,9 1 29 
26 0.98 21 
30 0.93 28 

(' Luciferase was inactivated with ['4C]ethoxyformic anhydride 
(0 O C ,  pH 6.1) and the reaction stopped with 32% activity remaining 
(see Experimental Procedure). The reaction mixture was then dialyzed 
against 0.05 M p h ~ s p h a t e - l O - ~  M dithiothreitol, pH 7.0. The per- 
centage of radioactivity remaining in the dialysis bag and the activity 
of the ethoxyformylluciferase were measured with time. 

the importance of carrying out the modification of histidine 
in enzymes a t  pH values below 7. 

Stoichiometry of the Reaction. The number of moles of 
reagent required for inactivation of luciferase was elucidated 
by measuring the amount of ethoxyformic anhydride incor- 
porated into the protein as a function of the extent of inacti- 
vation. In this experiment, luciferase was inactivated to dif- 
ferent extents with [I4CC]ethoxyformic anhydride and the ra- 
dioactivity not incorporated into the protein removed by gel 
filtration or dialysis (Table 11). Dialysis of the reaction mixture 
for periods of 20 h or longer removed no further radioactivity 
and had little effect on activity (Table 11) showing that the 
ethoxyformyl-histidyl bonds were relatively stable under these 
conditions (4 OC, pH 7.0). The percentage of enzyme activity 
remaining was then plotted as a function of the moles of ra- 
dioactive label incorporated into the enzyme (Figure 7). As- 
suming that a linear extrapolation can be made to zero activity 
using only the data for low degrees of modification, the results 
indicate that it is only necessary to modify three or less histidyl 
residues with ethoxyformic anhydride to inactivate luciferase. 
The number of modified histidines based on the change in 
absorbance at  240 nm exactly follows the moles of radioactive 
label introduced into luciferase (Figure 7). This result strongly 
suggests that only histidyl residues are being modified in lu- 
ciferase during the course of inactivation with ethoxyformic 
anhydride. 

Since bacterial luciferase contains two nonidentical subunits, 
CY and p (Hastings et al., 1969; Gunsalus-Miguel et al., 1972), 
which can be separated in the presence of denaturants, the 
moles of reagent incorporated into each subunit can therefore 
be determined. DEAE-Sephadex chromatography of eth- 
oxyformylluciferase (2.1 ethoxyformyl groups per molecule 
of luciferase) in 5 M urea resulted in the elution of three peaks 
of radioactivity (Figure 8). The two major peaks, containing 
60 and 30% of the applied radioactivity, correspond to the 
absorbance peaks for the f l  and (Y subunits of luciferase, re- 
spectively. The small initial peak of radioactivity, containing 
10% of the appplied radioactivity, is believed to arise from 
hydrolysis of ethoxyformyl-histidyl bonds during the course 
of the experiment. This conclusion is supported by its position 
of elution in the dead volume, the absence of absorbance at  this 
position, the capability of this material to pass through dialysis 
membranes, and the known lability of the ethoxyformyl-his- 
tidy1 bond (Melchior and Fahrney, 1970). If it is assumed that 
no preferential loss of label had occurred from either subunit, 
then 33% of the ethoxyformyl residues originally incorporated 
into luciferase must have been present on the (Y subunit and 
67% on the p subunit. 
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MOLES I4C / MOLE OF ENZYME 
F I G U R E  7: The percentage of activity remaining as a function of moles 
of [ ''C]ethoxyformic anhydride incorporated into luciferase. Luciferase 
( 1  -2 X M) were mixed 
in 0.1 M phosphate, pH 6.1, at 0 OC, the reaction was stopped at different 
times, and excess reagent was removed by dialysis ( 0 )  or gel filtration (0) 
(see Experimental Procedure). A straight line with the minimum standard 
deviation has been drawn through the points at low degrees of modification 
(<2.5 mol incorporated per mol of enzyme). The number of histidyl 
residues modified per molecule of luciferase based on the change in ab- 
sorbance at 240 nm (see Figure 5) has also been plotted as a function of 
inactivation of luciferase (X). 

M) and ethoxyformic anhydride (3-6 X 

This conclusion was also reached for luciferase molecules 
modified to different extents with ethoxyformic anhydride by 
separation of the modified a and p polypeptides by sodium 
dodecyl sulfate gel electrophoresis and measurement of the 
distribution of radioactivity in the two subunits. Although this 
approach is not as accurate as DEAE-Sephadex chromatog- 
raphy in urea due to the lower amount of material that can be 
analyzed, it does provide a more rapid method for determining 
the distribution of radioactivity in a large number of samples. 
The results in Figure 9 show that, within the range of 0.5 to 3.7 
ethoxyformyl residues per molecule of luciferase, 40% of the 
recovered radioactive label is present in the CY subunit and 60% 
in the p subunit. As the lability of the ethoxyformyl-histidyl 
bonds should be similar in the unfolded a and /3 polypeptide 
chains and 80 to 90% of the applied radioactivity was recovered 
in the two subunits in these experiments, it can be concluded, 
without introduction of a large error, that the distribution of 
radioactivity between the subunits is essentially the same be- 
fore and after electrophoresis. 

Since previous experiments (see Figure 7) indicated that less 
than 3.3 histidyl residues modified by ethoxyformic anhydride 
are involved in the inactivation of luciferase, 1.1 to 1.3 histidyl 
residues (33 to 40% of 3.3 residues) should be modified on the 
a subunit and 2.0 to 2.2 histidyl residues modified on the p 
subunit. Consequently, it would appear that approximately 
three histidyl residues (two on @, one on a) in luciferase a re  
modified a t  similar rates with ethoxyformic anhydride and that 
modification of a t  least one of these residues results in inacti- 
vation. 

Complementation Studies. The determination of whether 
the histidyl residues on the a or p subunit a re  essential for ac- 
tivity can be deduced by complementation of the inactive 

0 20 40 60 80 1W 

FRACTION 

F I G U R E  8: Separation of the a and /3 subunits in ethoxyformylluciferase 
by DEAE-Sephadex chromatography in urea. Luciferase was inactivated 
with ['4C]ethoxyformic anhydride (0 OC, pH 6.1) to about 40%activity, 
the reaction stopped, and the modified luciferase precipitated by dialysis 
at 4 "C against 75% saturated ammonium sulfate, 0.1 M phosphate, pH 
7.0. The precipitate was collected by centrifugation and the pellet redis- 
solved by dialysis against 0.05 M pho~phate- lO-~ M dithiothreitol, pH 
7.0. Luciferase was then dissociated by the addition of urea to give a final 
solution of enzyme in 5 M urea, M EDTA, 
0.05 M phosphate, pH 7.0. The sample was applied to a 0.9 X 45 cm 
DEAE-Sephadex A-50 column, preequilibrated with 5 M urea, M 
dithiothreitol, M EDTA, 0.05 M phosphate, pH 7.0, and eluted at 
4 OC with a 145-ml linear gradient of 0.05 to 0.12 M phosphate, pH 7.0, 
containing 5 M urea, M dithiothreitol, M EDTA. Fractions 
of 1.4 ml were collected and the radioactivity (A) and absorbance at 280 
nm (0) measured across the column. 

M dithiothreitol, 

t 
3 0 L  I 1 I 

0 1.0 2.0 3.0 4.0 

TOTAL I4c IN LUCIFERASE (mole/mole) 

F I G U R E  9: Distribution of radioactivity in the two subunits of luciferase 
as a function of the extent of modification with [14C]ethoxyformic an- 
hydride. Luciferase was reacted with [14C]ethoxyformic anhydride to 
different extents, the reaction stopped, the sample dialyzed against 0.05 
M sodium phosphate, pH 7.0, and the number of moles of reagent cova- 
lently incorporated into luciferase was determined. Sodium dodecyl sulfate 
was added to give a final concentration of 0.5%, and the subunits were 
separated by gel electrophoresis in sodium dodecyl sulfate as described 
in  the Experimental Procedure. The data are given as the percentage of 
the total recovered radioactivity in the a subunit. 

modified luciferase with native subunits. If one of the native 
subunits (CY or p) is mixed in urea with the modified luciferase 
(ampm) and the urea removed, then the corresponding hybrid, 
abm, can be produced (e.g., ampm + a - CY&). After cor- 
rection of the resulting activity for recombination of am and 
om (i.e., 25% of p, in amom will complement with am if a/am 
= 3), the specific activity of the hybrid was then calculated 
based on the maximum number of moles of a&, or amp that 
could be formed (moles of am or Pm added). Complementation 
of am@, with an excess of p subunit gives a specific activity for 
the hybrid, amp, of only 80 LU/mg (Figure lOA), which is 
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Molar Excess p Molar Excess OC Molar Excess amp,,, 
I I ( ; U K P  10: Complementation of ethoxyformylluciferase, e,& (10% activity; 4.2 mol of [14C]ethoxjforniic anhjdride incorporated). A fixed ainount 
of u,@, (2.2 X mol i n  0.1 to 0.3 ml of 5 M urea) or 3 subunit (3 .2-9 .0  X 

mol in 0.06 to 0.18 ml of 5 M urea) were mixed in 1.0 ml of 0.1 M phosphate, 0.001 M EDTA. 0.01 M dithiothreitol. 0.2% bovine seruiii albumin. 
pH 7.0, and reconstituted by dialysis for 4 h at 6 'C against 0.1 M phosphate, 0.01 M EDTA, 0.01 4 M mercaptoethanol. pH 7 . 0  The activit) was measured 
and plotted as a function of the molar excess of f l  (A;  0) or CY (B; A )  over a,,&. The specific activity was calculated based on the moles of  CY^,,^^,, added. 
No  significant activity was contributed by the addition of the LY or p subunits. The control experiments in  which a fixed amount of C Y  subunit \*:IS titrated 
w i t h  an excess of /3 subunit (A; 0 )  and vice versa (B: A) give a maximum specific activity of 525 LU/mg for reconstituted luciferase. The specific activities 
were determined from the amount of luciferase that could be formed based on the amount of the subunit present in limiting quantities. I n  the reverse 
experiments (C), a constant amount of a (1.9 X mol in 40 pI of 5 M urea; 0 )  and varling 
amounts of a,,,@,,, (6.3-14.5 X mol in 0.2 to 0.46 mi of 5 M urea) were reconstituted as described above. The experimental data were corrected 
for background activity of reconstituted CY&',,,, 

mol in 70 111 of 5 M urea) and varying amounts of a (3.2--9.6 X 

mol in 60 p1 of 5 M urea; H) or $subunit  (2 .2  X 

identical with the specific activity for reconstituted a,&, (76 
LU/mg). In contrast, complementation of CU,,!~,,, with an excess 
of a subunit gives a specific activity for the hybrid, a&,,, of 290 
LU/mg (Figure 10B). The calculated specific activities for the 
hybrids are clearly minimum values since all of the modified 
subunit would not be complemented with the corresponding 
native subunit a t  the relatively low molar excess of native to 
modified subunits used in the present experiments. However, 
higher molar excess of native subunits could not be used since 
a lower recovery of activity resulted. 

The complementation experiments can also be conducted 
in the reversed manner by titration of a fixed amount of the 
native subunit ( a  or 0) with a molar excess of cy,&. The spe- 
cific activity, in this case, is based on the moles of cy or /3 subunit 
originally added and is also corrected for background activity 
resulting from complementation of am and Pm to form ampnl. 
Complementation of the /3 subunit with an excess of am&,, gives 
a specific activity for amp of only 80 LU/mg in agreement with 
the previous results in Figure 10A, whereas the complemen- 
tation of the a subunit with an excess of amom gives a specific 
activity for cvPm of 390 LU/mg (Figure 1OC). The control 
experiments in which a fixed amount of p subunit is titrated 
with excess a subunit (Figure 10A) or vice versa (Figure 10B) 
both give a specific activity for reconstituted native luciferase 
(cup) of 525 LU/mg. Both sets of complementation experi- 
ments indicate that a luciferase molecule containing ethoxy- 
formyl-histidyl residues only in the a subunit (a,,@) has es- 
sentially the same specific activity (80 LU/mg) as ampm (76 
LU/mg),  whereas a luciferase molecule with ethoxyform.yl- 
histidyl residues on the ,R subunit (a&,,) has a specific activity 
(290 to 390 LU/mg) closer to that of the native enzyme (525 
LU/mg).  It should be noted, however, that the specific ac- 
tivities for the hybrids are minimum values since it was as- 
sumed in the calculation of these specific activities that the 
maximum amount of hybrid was formed, whereas it is clear 
that complementation must be incomplete (e.g., only 75% of 
/3,, in anl,Bm will be complemented with a a t  a / a ,  = 3). If the 

maximum specific activities observed experimentally for the 
hybrids are corrected for incomplete complementation, then 
values of 1 I O  LU/mg for a,,,/j and 400 to 500 LU/mg for a&,, 
would be obtained. Consequently, it would appear that modi- 
fication of the histidyl residues on the a subunit rather than 
the p subunit results in inactivation of luciferase. Since the 
results given previously indicate that a maximum of 1.3 histidyl 
residues on the cy subunit modified with ethoxyformic anhy- 
dride are involved in the inactivation of luciferase, the results 
provide evidence for a single essential histidyl residue located 
on the cy subunit. 

Discussion 
The reaction of proteins with most chemical reagents can 

generally lead to the modification of a wide variety of amino 
acid side chains. Although ethoxyformic anhydride can react 
with the side chains of histidine, lysine, tyrosine, cysteine, 
serine, and arginine as well as the a-amino group of amino 
acids (Melchior and Fahrney, 1970; Muhlrad et al., 1967), the 
side chain of histidine can be specifically modified at a pH near 
6 with a relatively low ethoxyformic anhydride concentration. 
This conclusion is based on a wide body of evidence that has 
accumulated over the last 10 years showing that tyrosine side 
chains may react at  pH 7 but not at lower pH values (Muhlrad 
et al., 1967; Burstein et al., 1974); cysteinyl residues have not 
been modified at  pH 6 in a variety of proteins (Pradel and 
Kassab, 1968; Dann and Britton, 1974; Grillo, 1971; Tudball 
et al., 1972; Huc  et al., 197 1; Miles and Kumagai, 1974; Ku- 
magai et al., 1975), although modification of model sulfhydryl 
compounds has been observed (Larrouqukre, 1965; Muhlrad 
et al., 1967); arginine modification has only been reported in 
model compounds (Muhlrad et ai., 1967); serine modification 
appears to occur only at  the active site serine of chymotrypsin 
to form a highly unstable derivative (Melchior and Fahrney, 
1970); and amino groups will generally not react a t  low pH 
values (Muhlrad et al., 1967; Dann and Britton, 1974). Al- 
though amino groups can, in some cases, be modified with 
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ethoxyformic anhydride a t  p H  values below 7 (Melchior and 
Fahrney, 1970; Wells, 1973; Burstein et al., 1974), the sec- 
ond-order rate constant a t  pH 6.0 and 25 "C for modification 
of a highly reactive lysyl residue in phospholipase A2 (Wells, 
1973) is relatively low (15 M-I min-l) compared with the rate 
of modification of the imidazole ring in model compounds 
( N 150 to 200 M-I min-I) a t  this p H  and temperature (Hol- 
brook and Ingram, 1973; Elodi, 1972; Dickenson and Dick- 
inson, 1975). In addition, the inactivation of proteins by 
modification of histidyl residues with ethoxyformic anhydride 
has generally resulted in a second-order rate constant for in- 
activation greater than 10 M-' min-' a t  pH 6, ranging from 
about 10 M-l min-I a t  pH 6.2,25 OC, for the inactivation of 
thermolysin (Burstein et al., 1974) to 1800 M-' min-] a t  p H  
6 and 20 to 25 O C  for the modification of the hyperreactive 
hist idyl residues in pig heart lactate dehydrogenase (Holbrook 
and Ingram, 1973) and yeast alcohol dehydrogenase (Dick- 
enson and Dickinson, 1975). If the rate constant for inactiva- 
tion with ethoxyformic anhydride at  pH 6 is sufficiently high, 
it may be reasonable to conclude that modification of a histidyl 
residue is responsible. 

In the present experiments, luciferase was inactivated in 0.1 
M phosphate, pH 6.1, at  0 O C  with ethoxyformic anhydride. 
The specificity of this reaction for histidyl residues was sup- 
ported by (a) comparison of the absorbance of the native and 
modified enzyme a t  240 and 280 nm, (b) the reversal of inac- 
tivation by N H 2 0 H ,  (c) the dependence of the reaction rate 
on a residue with a pK, equal to 6.8, in agreement with the pK 
values reported for histidyl residues modified with ethoxy- 
formic anhydride in other proteins (Holbrook and Ingram 
1973; Dickenson and Dickinson, 1975), (d) the direct rela- 
tionship between moles of 14C incorporated and the moles of 
histidine modified based on changes in the absorbance a t  240 
nm, and (e) a relatively high second-order rate constant for 
inactivation of 146 M-I min-' at  0 O C  and pH 6.1, a rate that 
is as large as that observed for model imidazole compounds a t  
higher temperatures (25 "C) and this pH. In addition, prior 
modification of the sulfhydryl residues had no effect on the 
modification of luciferase with ethoxyformic anhydride 
(Cousineau and Meighen, manuscript in preparation). These 
results would indicate that only histidyl residues were modified 
in the present experinlents and this modification resulted in 
inactivation. 

An advantage of conducting the reaction for short times a t  
pH 6.1 and 0 'C in phosphate buffer is that a significant per- 
centage of the reagent is not hydrolyzed during the course of 
the reaction and consequently first-order kinetics are observed 
for inactivation of luciferase if a sufficient molar excess of 
reagent is added. Although the half times for decomposition 
of ethoxyformic anhydride a t  pH 7 and 20 to 25 O C  are re- 
ported to be between 8 and 25 min (Berger, 1975; LarrouquZre, 
1964; Melchior and Fahrney, 1970), the rate of breakdown of 
ethoxyformic anhydride in aqueous media is strongly depen- 
dent on buffer composition, pH, and temperature (Berger, 
1975). Both at  lower p H  and lower temperature the rate of 
decomposition is significantly decreased (Berger, 1975). 

The proposal that inactivation of luciferase arises from 
modification of a single histidyl residue on the a subunit was 
based on measurement of the moles of reagent incorporated 
into each subunit ( a  or /3) and the regeneration of activity by 
complementation of the modified enzyme with the a subunit 
but not the /3 subunit. Since the results indicate that modifi- 
cation of a single histidyl residue on the a subunit results in 
inactivation, and both substrates, FMNH2 and aldehyde, 
protect against this inactivation, it can be suggested that the 

inactivation of luciferase with ethoxyformic anhydride is due 
to the modification of an essential histidyl residue located a t  
the active site of luciferase on the a subunit. The results are 
consistent with a positively charged histidine being involved 
in the binding of reduced flavin a t  the active site (Nicoli et al., 
1974). 

However, an alternative possibility cannot yet be eliminated, 
in particular, that the essential histidyl residue is not directly 
a t  the active site. If flavin binding, as recently proposed by 
Nicoli et  al. (1976), results in a conformational change in lu- 
ciferase, then it is possible that the rate of inactivation of lu- 
ciferase by ethoxyformic anhydride could be decreased even 
if an essential histidyl residue was not directly at  the active site. 
Chemical modification of this essential histidyl residue would 
then cause inactivation either by interfering with the confor- 
mational change induced by substrate, thus decreasing the 
binding affinity of the substrates or preventing the correct 
alignment of the catalytic residues, or possibly by causing a 
conformational change itself. Only by further investigation of 
the active site and the mechanism of the reaction can such 
possibilities be eliminated or perhaps proven. 

Acknowledgments 
We thank Dr. Miriam Nicoli and Dr. Tom Baldwin for their 

valued advice during the preparation of this manuscript. W e  
are also grateful to Irene Bogacki for her assistance in purifying 
bacterial luciferase. 

References 
Baldwin, T. 0. (1974a), Biochem. Biophys. Res. Commun. 57, 

1000. 
Baldwin, T. 0. (1974b), Fed. Proc., Fed. Am. SOC. Exp. Biol. 

33, 1441. 
Baldwin, T. O., Currie, M. S., Nicoli, M .  Z . ,  and Cline, T. W. 

(1975c), Fed. Proc., Fed. Am. SOC. Exp. Biol. 34, 2629. 
Baldwin, T. O., Nicoli, M .  Z . ,  Becvar, J.  E., and Hastings, J .  

W. (1975a), J. Biol. Chem. 250, 2763. 
Baldwin, T. O., Nicoli, M .  Z . ,  Powers, D. A,, and Hastings, 

J .  W. (1975b), Biophys. J .  15, 55a. 
Becvar, J. E., and Hastings, J. W. (1975), Proc. Natl. Acad. 

Sci. U.S.A. 72, 3374. 
Berger, S .  L. (1975), Anal. Biochem. 67, 428. 
Burstein, Y., Walsh, K. A., and Neurath, H. (1974), Bio- 

Cline, T. W., and Hastings, J.  W. (1972), Biochemistry 2 2 ,  

Cline, T. W., and Hastings, J. W. (1 974), J .  Biol. Chem. 249, 

Cohen, L. A. (1970), Enzymes, 3rd. Ed. 1, 148. 
Cormier, M. J., and Strehler, B. L. (1953), J .  Am. Chem. SOC. 

Cuatrecasas, P. (1970), J. Biol. Chem. 245, 3059. 
D a m ,  L. G., and Britton, H. G. (1974), Biochem. J .  137, 

Dickenson, C.  J.,  and Dickinson, F. M .  (1975), Eur. J .  Bio- 

Dum,  D. K., Michaliszyn, G. A., Bogacki, I. G., and Meighen, 

Elodi, P. (1972), Acta Biochim. Biophys. Acad. Sci. Hung. 7 ,  

Friedland, J., and Hastings, J .  W. (1967a), Proc. Natl. Acad. 

Friedland, J . ,  and Hastings, J. W .  (1967b), Biochemistry 6, 

chemistry 13, 205. 

3359. 

4668. 

75,  4864. 

405. 

chem. 52, 595. 

E. A. (1973), Biochemistry 12, 4911. 

241. 

Sci. U.S.A. 58, 2336. 

2893. 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 3 ,  1 9 7 6  4999 



C O U S I N E A U  A N D  M E I G H E N  

Grillo, M. A. (1971), Enzymologia 40, 265. 
Gunsalus-Miguel, A., Meighen, E. A., Nicoli, M. Z., Nealson, 

K.  H., and Hastings, J .  W.  (1972), J .  Biol. Chem. 247, 
398. 

Hastings, J .  W., and Balny, C. (1975), J .  Biol. Chem. 250, 
7288. 

Hastings, J .  W., Balny, C., LePeuch, C., and Douzou, P. 
(1973), Proc. Natl. Acad. Sci. U.S.A. 70, 3468. 

Hastings, J .  W., Riley, W. H.,  and Massa, J .  (1969 ,  J .  Biol. 
Chem. 240, 1473. 

Hastings, J .  W., Weber, K., Friedland, J . ,  Eberhard, A., 
Mitchell, G. W., and Gunsalus, A. (1969), Biochemistry 8, 
4681. 

Holbrook, J .  J., and Ingram, V. A. (1973), Biochem. J. 131, 
729. 

Huc, C., Olomucki, A., LC-Thi-Lan, Pho, D. B., and Van 
Thoai, N.  (1971), Eur. J .  Biochem. 21, 161. 

Hucho, F., Markau, U., and Sund, H. (1973), Eur. J .  Biochem. 
32, 69. 

Kumagai, H., Utagawa, T., and Yamada, H .  (1979 ,  J .  Biol. 
Chem. 250, 166 1. 

Larrouqdre,  J .  (1964), Bull. SOC. Chim. Fr., 1543. 
Larrouquhe, J. (1965), Bull. Sot .  Chim. Fr., 382. 
Lee, J .  (1972), Biochemistry 11 ,  3350. 
Lee, J . ,  and Murphy, C. L. (1975), Biochemistry 14, 2259. 
Loening, V.  E. (1967), Biochem. J .  102, 251. 
Mangold, A., and Langerman, N .  (1 975), Arch. Biochem. 

McCapra, F., and Hysert, D. W.  (1973), Biochem. Biophys. 

McElroy, W. D., and Green, A. A. (1959 ,  Arch. Biochem. 

Meighen, E. A., and Hastings, J .  W. (1971), J .  Biol. Chem. 

Meighen, E. A., and MacKenzie, R. E. (1973), Biochemistry 

Meighen, E. A., Nicoli, M.  Z., and Hastings, J .  W. (1971a), 

Meighen, E. A., Nicoli, M. Z . ,  and Hastings, J. W. (1971 b), 

Meighen, E. A., Smillie, L. B., and Hastings, J. W.  (1970), 

Melchior, W. B., and Fahrney, D. (1970), Biochemistry 9, 

Biophys. 169, 126. 

Res. Commun. 52, 298. 

Biophys. 56, 240. 

246, 7666. 

12, 1482. 

Biochemistry I O ,  4062. 

Biochemistry 10, 4069. 

Biochemistry 9, 4949. 

251. 

Miles, E. W., and Kumagai, H. (1974), J .  Biol. Chem. 249, 
2843. 

Mitchell, G.  W., and Hastings, J .  W. (1971), Anal. Biochem. 
39, 243. 

Muhlrad, A., Hegyi, G., and Toth, G .  (1 967), Acta Biochim. 
Biophys. Acad. Sci. Hung. , 19. 

Nicoli, M. Z . ,  Baldwin, T. O., Becvar, J .  E., and Hastings, J .  
W. (1976), in Flavins and Flavoproteins, Fifth International 
Symposium, Singer, T. P., Ed., Amsterdam, Associated 
Scientific Publishing Co., p 87. 

Nicoli, M.  Z . ,  and Hastings, J. W. (1974), J .  Biol. Chem. 249, 
2393. 

Nicoli, M. Z., Meighen, E. A,, and Hastings, J .  W. ( 1  974), J .  
Biol. Chem. 249, 2385. 

Njus, D., Baldwin, T. O., and Hastings, J. W. (1974), Anal. 
Biochem. 61, 280. 

Ovadi, J., and Keleti, T. (1969), Acta Biochim. Biophys. Acad. 
Sci. Hung. 4, 365. 

Ovadi, J.,  Libor, S., and Elodi, P. (1967), Acta Biochim. 
Biophys. Acad. Sci. Hung. 2, 455. 

Pradel, L. A., and Kassab, R. (1968), Biochim. Biophys. Acta 
167, 317. 

Reichelt, J .  L.. and Baumann, P. (1973), Arch. Mikrobiol. 94, 
283. 

Shimomura, O., Johnson, F. H.,  and Kohama, Y. (1972), Proc. 
Natl. Acad. Sci. U.S.A. 69, 2086. 

Steemkamp, D. J., Schabort, J. C., Holzapfel, C. W., and 
Ferrie, N. P. (1974), Biochim. Biophys. Acta 358, 126. 

Strehler, B. L., Harvey, E. N. ,  Chang, J .  J.,  and Cormier, M. 
J.  (1954), Proc. Natl. Acad. Sci. U.S.A. 40, 10. 

Thomi-Bau, F., LC-Thi-Lan, Olomucki, A, ,  and Van Thoai, 
N. (1971), Eur. J .  Biochem. 19 ,  270. 

Tudball, N . ,  Bailey-Wood, R., and Thomas, P.  (1972), Bio- 
chem. J .  129, 419. 

Vignp, A,, and Michelson, A. M. (1974), Biochimie 56, 
171. 

Watanabe, T., and Nakamura, T. (1972), J .  Biochem. 
(Tokyo)  72, 647. 

Watanabe, T., Tomita, O., and Nakamura, T. (1974), J .  
Biochem. (Tokyo)  75, 1249. 

Weber, K.,  and Osborn, M. (1969), J .  Biol. Chem. 244, 
4406. 

Wells, M.  A. (1973), Biochemistry 12, 1086. 
Whitby, L. G .  (1954), Biochem. J .  54, 437. 

5000 B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 3 ,  1 9 7 6  


