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Photoexcited Bacterial Luminescence. Spectral 
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Flavine-Like Prosthetic Group Associated with 
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ABSTRACT: A prosthetic group, designated B, has been iso- 
lated from bacterial photoexcitable luciferase and found to 
possess spectral and photochemical properties characteristic 
of substituted reduced flavines. Its fluorescence when bound 
to luciferase has an excitation maximum at 375 nm, corre- 
lating well with the absorption spectrum, and an emission 
peaking at 495 nm. However, free B is nonfluorescent in 
aqueous solution at  ambient temperature. Both free and lu- 
ciferase-bound B show similar negative circular dichroism 
in the region 330-475 nm with troughs at 375 and 380 nm, 
respectively. In the luciferase reaction initiated by FMNH2, 

E x t r a c t s  of luminous bacteria have been shown to con- 
tain two protein species capable of light emission. One is 
bacterial luciferase (L)' which catalyzes the bioluminescent 
mixed function oxidation of FMNH2 and long chain alde- 
hyde. The second is photoexcitable luciferase (PL), shown 
to be a luciferase molecule modified by a noncovalently 
bound flavine-like chromophore designated B (Mitchell and 
Hastings, 1970; Tu et al., 1975). In the present work, isola- 
tion and spectral characterization of B are described. It has 
been found that the chemical nature of B closely resembles 
substituted reduced flavines, and a reaction mechanism for 
photoexcited bioluminescence is proposed. 

Experimental Procedures 
Most of the materials and methods were the same as de- 

scribed previously (Tu et al., 1975). Florisil (100-200 
mesh) was obtained from Fisher, washed once with 30% 
pyridine in water followed by extensive washing with water, 
and air dried. Sodium hydrosulfite (dithionite) and silica 
gel thin-layer chromatogram sheets (No. 6061) were from 
Mallinckrodt and Eastman, respectively. In addition to the 
standard (FMNH2 initiated) luciferase assay, the method 
using dithionite as a reductant (Meighen and MacKenzie, 
1973) was also used. Absorption spectra were measured 
with a Cary 15 and circular dichroism (CD) with a Jasco 
(5-20). Fluorescence measurements were made with an 
Aminco-Bowman spectrophotofluorometer equipped with 
1200 lines/in. gratings with slit arrangement No. 2 and 
were plotted uncorrected. 

NAD(P)H:FMN oxidoreductase (flavine reductase) was 
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B is an inhibitor competitive with FMNH2. Irradiation of 
photoexcitable luciferase converts B to FMN, the latter 
identified spectrally, enzymatically, and chromatographi- 
cally. These findings lead to the suggestion that B is a sub- 
stituted FMNH2. The luciferase-bound B resembles but is 
not identical with the normal flavine intermediate obtain- 
able by reacting luciferase with reduced flavine mononu- 
cleotide and oxygen. It is hypothesized that B is a false in- 
termediate of the bacterial bioluminescence reaction, and a 
mechanism for the photoexcited bioluminescence reaction is 
suggested. 

purified from Beneckea harveyi by Dr. J. E. Becvar fol- 
lowing a modification of the previous method (Gunsalus- 
Miguel et al., 1972). For the detection of flavine, a 25-pl al- 
iquot of sample solution was added to l ml of 0.1 M phos- 
phate (pH 7) containing 0.3-unit of flavine reductase and 
2.6 m M  NADH, and the activity was measured by fol- 
lowing the decrease in absorbance at 340 nm. One unit of 
activity is defined as the oxidation of 1 pmol of NADH/ 
min at  23'. Apoprotein of pyridoxine (pyridoxamine) 5'- 
phosphate oxidase was purified by M. N .  Kazarinoff and 
used to assay FMN as previously described (Kazarinoff and 
McCormick, 1974). FMN was also assayed using bacterial 
luciferase itself, employing the dithionite assay described 
above. 

Results 
The isolation of B was carried out by denaturing the PL 

in urea followed by gel filtration to separate it from protein, 
and chromatography on Florisil to resolve the flavines. PL 
(500 mg) in 5 ml of 0.02 M phosphate (pH 7) containing 5 
M urea was applied to a Sephadex G-50 column (2 .5  X 25 
cm) preequilibrated in 5 M urea, and eluted (-0.6 ml/min) 
with 5 M urea in water at  23O. Fractions containing B ac- 
tivity were pooled and chromatographed on a Florisil col- 
umn (Figure 1).  

Peak I was shown to be FMN both by its fluorescence ex- 
citation and emission spectra, and by its activity with bacte- 
rial luciferase using dithionite as a reductant. Examined by 
thin-layer chromatography (TLC) in 1-butanol-acetic acid- 
water (2:l:l;  volume ratios), its migration corresponded to 
that of FMN; a trace amount of riboflavine was also detect- 
ed. This flavine was well separated from the major B activi- 
ty (111) and partially resolved from 11. Fractions in 111 were 
pooled, lyophilized, redissolved in 1.5 ml of H20, and cen- 
trifuged to remove insoluble material. This is referred to as 
B stock solution. By ascending TLC in 1-butanol-acetic 
acid-water (2:1:1), the isolated B moves as a single nonflu- 
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F I G U R E  I :  Isolation of B by Florisil chromatography. Approximately 
50 ml of a solution 5 M i n  urea containing B activity and contaminat- 
ing flavines obtained from 500 mg of PL was applied to a Florisil col- 
umn ( 1  X 17 cm) preequilibrated with H20. The column was eluted, at  
2 3 O ,  with 50 ml of HzO to remove urea followed by a gradient of 150 
ml of Hz0-I50 mi of 30% pyridine in H 2 0  with a flow rate of 0.15 
ml/min, collecting 2.5-ml fractions. Fluorescence (0) was measured in 
arbitrary units at  525 nm using 380-nm excitation light. For determi- 
nations of B (0) and reduced flavine (FH2;X) activities, 20-pi aliquots 
of selected fractions were each added to 30 pg of luciferase in 2 ml of 
0.02 M phosphate (pH 7) and 1 ml of the same buffer containing 0.025 
M 2-mercaptoethanol, respectively. After 1 min at  2 3 O .  photoexcited 
luminescence and FH2-initiated luminescence activities were measured 
by the flash assay and the dithionite assay, respectively. 

orescent but iodine-stainable spot above a weakly fluo- 
rescent spot identified as a trace amount of FMN. Material 
from I1 contained much higher levels of oxidized flavines, 
and was not used for the present studies. 

Upon titration of luciferase with increasing amounts of 
B, increasing amounts of photoexcited bioluminescence ac- 
tivity are generated, with a concomitant loss of luciferase 
activity. For the reconstituted LB samples, the degree of 
saturation of L with B is defined as the percent inhibition of 
the initial L activity. In similar experiments, it was pre- 
viously noted that the binding of B to L did not restore the 
original PL  fluorescence emission, A,,, near 490 nm 
(Mitchell and Hastings, 1970). Instead, an emission maxi- 
mum near 525 nm was observed. This can now be attrib- 
uted to contamination by small amounts of F M N  arising, it 
is believed, from the photochemical conversion of B to 
FMN. The FMN fluorescence, being much greater than 
that of LB, masks that of the latter. Although our B stock 
solution contained only trace amounts of FMN,  it was nec- 
essary to remove this strongly absorbing and fluorescent 
flavine in order to obtain accurate spectral measurements of 
enzyme-bound and free B. To do this, B was added to PL- 
free L to form LB which was then dialyzed in the dark a t  
0-4O, over 2 days against four changes (500 ml each) of 
0.02 M phosphate (pH 7) containing 2 M NaCI, and then 
over a period of 1 day against another four changes (500 ml 
each) of the same buffer without NaC1. This dialysis suc- 
cessfully removes F M N  but does not cause any decrease in 
photoexcited bioluminescence activity. All PL preparations 
were similarly dialyzed to eliminate any possible F M N  con- 
tamination. Spectral measurements of luciferase-bound B 
were obtained with LB and f or PL  so prepared while those 
of free B were determined with dialyzed LB samples imme- 
diately after the addition of 5 M urea. 

As shown in Figure 2, PL  and LB have the same fluores- 

1976 B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  9 ,  1 9 7 5  

i ' 5  \ 

495 525 

0, lO 

0.08 

Wavelength (nm) 
FIGURE 2: Absorption spectrum of luciferase-bound B and fluores- 
cence spectra of PL and LB. Luciferase obtained from aldehyde-re- 
quiring mutant was complexed with B (26% saturation). Both the re- 
constituted LB (1 .1  mg of protein/ml) and PL samples ( 1  mg of pro- 
tein/ml) were thoroughly dialyzed as described in the text. Absorption 
spectrum of the luciferase-bound B (- . -) was taken with the LB sam- 
ple using the same concentration of L in the reference cell. Excitation 
and emission spectra of LB (-) and PL (- - -) were measured with flu- 
orescence monitored at  495 nm for the former measurements and using 
375-nm excitation light for the latter. Fluorescence emission spectrum 
of F M N  (. . e )  i n  the same buffer is included for comparison. 

cence excitation and emission spectra, with A,,, at 375 and 
495 nm, respectively. Free B is nonfluorescent a t  room tem- 
perature (Figure 1); this has also been found with B ob- 
tained from LB treated with 5 A4 urea. The dissociated B 
has been found to be nonfluorescent, with excitation rang- 
ing from 350 to 480 nm. This is in contrast to FMN which 
is itself highly fluorescent in aqueous solution (Amax a t  525 
nm) but is nonfluorescent when bound to luciferase (Bal- 
dwin et al., 1975). The lack of oxidized flavine fluorescence 
of LB in 5 M urea clearly demonstrates that the dialysis 
treatment described above selectively and completely re- 
moved F M N  from the LB sample. The absorption spectrum 
of luciferase-bound B is also shown in Figure 2, with the 
maximum a t  375 nm correlating with the fluorescence exci- 
tation maximum. No significant changes in its absorption 
spectrum were detected after the addition of 5 A4 urea. 

The specific activity of reconstituted light induced biolu- 
minescence (LB) was determined to be about 4 X 10" 
quanta (9) sec-I mg-I with decanal a t  23O, or about three- 
fold higher than the activity of the best preparation of na- 
tive PL (1.4 X lo1 '  q sec-l mg-I). This is reasonable, since 
the purity of PL  had been estimated to be 30-50% (Tu et 
al., 1975). To obtain the LB, purified B (Figure 1) was 
added to PL-free luciferase (-lo-' M )  to the point of 
>99% inhibition, where all of the L was assumed to be i n  
the LB form. Subjected to the flash assay in 0.02 M phos- 
phate buffer (pH 7 )  values of 3.9 and 4.3 X 10" q sec-' 
mg-' were obtained in two experiments. Using the same 
samples, the FMNH2 initiated luciferase activities in the 
same buffer and otherwise identical conditions were 4.6 and 
5.1 X l o i3  q sec-' mg-I respectively. Under optimal assay 
conditions, a value of 1 X I O i 4  q sec-I mg-I was obtained 
for the FMNHyinitiated activity, but the lower value ob- 
tained in the phosphate buffer alone is probably better to 
use for comparison. The optimal assay mixture contains bo- 
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FIGURE 3: Circular dichroism spectra of free and luciferase-bound B. 
A reconstituted LB sample was subjected to dialysis treatment as de- 
scribed in the text. The final sample had a protein concentration of 22 
mg/ml and an absorbance of 0.175 at 375 nm. C D  spectra were taken 
using 1-cm light path, in the presence (e  e )  and absence (-) of 5 M 
urea for free and luciferase-bound B, respectively. The observed sig- 
nals, in degrees, were normalized to that of a sample with a unit ab- 
sorbance at  375 nm. Since the molar extinction coefficients of free and 
luciferase-bound B are not known, molar ellipticities were not calculat- 
ed. 

vine serum albumin which was not used in the flash assay 
due to its absorption of light. Flash initiation thus gives a 
yield of about 1% compared to FMNH2. This can be attrib- 
uted in part to the fact that the intensity of the flash is lim- 
iting; not all B molecules are converted to F M N  in a single 
flash (Figure 6). 

CD spectra of B, free and luciferase-bound, are shown in 
Figure 3. The LB sample shows a negative CD peak near 
380 nm, in good agreement with the absorption maximum. 
The dissociation of B from LB, by the addition of urea to 5 
M ,  blue shifts the CD trough to 375 nm with little reduc- 
tion in the CD intensity. 

As described before, the binding of B to L results in a loss 
of luciferase activity. Luciferase activity has been deter- 
mined in the absence and presence of B at different 
FMNH2 concentrations. From the double reciprocal plots, 
shown in Figure 4, it is clear that B inhibits the reaction, 
being competitive with FMNH2, and indicating that B re- 
versibly binds to the FMNH2-binding site of luciferase. Al- 
dehyde does not reverse or otherwise affect the inhibition by 
B, indicating that the aldehyde binding site is distinct from 
the site for B. 

Photoexcited and FMNHpinduced bioluminescence 
reactions are qualitatively similar in many respects but are 
different in the mode of reaction initiation. Thus, it was 
particularly important to examine further the chemical na- 
ture and consequences of the photoexcitation of luciferase- 
bound B. As shown in  Figure 5 ,  a fresh dialyzed LB sample 
is nearly nonfluorescent in 450-nm excitation light but 
emits fluorescence, A,,, at 495 nm, upon excitation by 
380-nm light. When LB is repeatedly irradiated in the ab- 
sence of aldehyde, a red shift of the emission maximum to 
525 nm and progressive increases in fluorescence intensity 
were observed. Since free B is nonfluorescent a t  23', the 
observed changes in fluorescence intensity and emission 
spectrum of flash-irradiated LB cannot simply be due to 
dissociation of B from luciferase. It seems most likely that 
the changes are the result of photochemical modification of 
B to form a product (or products) having a higher fluores- 
cence intensity and an altered fluorescence emission spec- 

FIGURE 4: Substrate (FMNH2) competitive inhibition of bacterial lu- 
ciferase by B. The initial light intensities ( l o ) ,  using 6 p g  of luciferase/ 
assay, were measured by the dithionite assay over a range of 0.1-1 p M  
FMNH2 in the absence (0)  and presence of 0.4 p1 (G) or 0.8 p1 (X) of 
B stock solution/ml. Data, in double reciprocal plots, were fitted by 
least-squares analysis. 
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FIGURE 5: Fluorescence emission spectra of LB before and after flash 
irradiations. Luciferase from aldehyde-requiring mutant was com- 
plexed with B to 99% saturation, and subjected to dialysis treatment as  
described in the text. A 2-mi 0.02 M phosphate solution (pH 7) con- 
taining 0.55 mg of LB was flash irradiated repeatedly. Emission spec- 
tra were determined after each flash using excitation light a t  either 380 
nm (- - -) or 450 nm (-). For simplification, only the spectra of sam- 
ples irradiated once and six times are shown and compared with those 
of the starting LB sample. The number of flashes is indicated above 
each spectrum. 

trum. The product spectrum closely resembles that of an 
oxidized flavine such as FMN. Furthermore, when the total 
fluorescence quantum output of a LB sample with excita- 
tion light at 450 nm is compared with that using 380-nm 
excitation light, where both luciferase-bound B and its pho- 
tochemically derived product(s) absorb light, the ratio in- 
creases following each consecutive flash (Figure 5 ) .  This in- 
dicates that B is progressively converted to its product(s) by 
each photoexcitation treatment. As shown in Figure 6, suc- 
cessive flashes result in decreases in the remaining B activi- 
ty in the LB sample accompanied by parallel increases in 
fluorescence at  525 nm (using 450-nm excitation light), re- 
flecting the amount of product generated. 

The identity of the product has been determined enzyma- 
tically and chromatographically. A LB sample was flashed 
six times at  23' as in Figure 5.  Approximately 1 ml of the 
sample solution was then heated at 100' in the dark for 3 
min, and the denatured protein was removed by centrifuga- 
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FIGURE 6: Correlation of the decrease in  B activity and increase in 
fluorescence at 525 nm of a LB sample subjected to repeated flashing. 
The LB sample was the same as that described in Figure 5. Fluores- 
cence intensities at 525 nm were measured using 450-nm excitation 
light. For the determination of the remaining quantity of B after each 
consecutive flash, 10 ~l of sample solution was added to 1.2 rnl of 0.02 
M phosphate (pH 7 )  containing 0.15 mg of pure PL-free luciferase. 
and incubated at 2 3 O  for 3 min. The photoexcited bioluminescence ac- 
tivity of each sample, which reflects the remaining quantity of B. was 
subsequently assayed. 

tion. A fresh LB sample, not flashed with light, was treated 
the same way and was taken as the control. Flavine (FMN) 
was found to be present in the flash-treated sample, but not 
in the control, determined by assays with flavine reductase, 
pyridoxine 5'-phosphate apooxidase, and bacterial lucif- 
erase as described in Experimental Procedures. Although 
flavine reductase is not completely specific for FMN 
(Duane and Hastings, I975), both bacterial luciferase 
(Mitchell and Hastings, 1969: Meighen and MacKenzie, 
1973) and pyridoxine 5'-phosphate apooxidase (Kazarinoff 
and McCormick, 1974) are. A quantitative estimation of 
the photochemical yield of FMN from LB gives a value of 
one FMN for every 3.2 luciferase molecules present in the 
original mixture, based on the assumption that the L used 
to make the LB was 100% pure, and that all B was convert- 
ed to FMN. The luciferase used for this experiment was es- 
timated to be 70% pure (based on its specific activity) and 
about 60% of the B was converted (Figure 6). After correct- 
ing for these, a ratio of 1 FMN per 1.3 luciferases is indi- 
cated. not too far, perhaps, from the expected 1:l ratio. 

For TLC chromatography the control and flash-treated 
LB samples were used directly without the above described 
heat treatment. Small aliquots, 50 MI,  were applied to thin- 
layer chromatogram sheets and air dried. Ascending chro- 
matography was carried out a t  23' in darkness using sol- 
vent systems of 1-butanol-2 N NH40H-ethanol (3 : l : l ;  vol- 
ume ratios) and 1-butanol-pyridine-water (5:3:2; volume 
ratios). In both systems, only a single fluorescent spot was 
observed with the flash-treated sample under ultraviolet 
light. This was identified as FMN by comparison with fla- 
vine standards. N o  fluorescent compound was detected with 
the control. 

Referring back to Figure 1, along with the experiments of 
Figures 5 and 6, it might be concluded that the F M N  in 
Figure 1 occurs not as an adventitious contaminant, but 
arises via photochemical conversion from PL or free B. If 
so, it should be present only as a minor component: this ap- 
pears to be so. The amount of FMN in peak I has been de- 
termined to be about 10% of the amount of B in peak 111. 
This determination was based on binding and activity mea- 

L-(4a-R-FMN) 
I 

i 
FMN + H202 L+ FMN + HzOz [*] + RCOOH + Hz0' 

1- 
L + FMN + h v  

FIGURE 7: Hypothetical scheme depicting the pathways and interme- 
diates in the luciferase-catalyzed (FMNHZ-initiated) and the photoex- 
cited bioluminescence reactions. The structure of the chromophore B 
associated with the photoexcitable luciferase is proposed to be as 4a- 
R-FMN. 

surements of FMN and B to luciferase, assuming that one 
B is bound per luciferase as is known for both FMNH2 and 
F M N  (Meighen and Hastings, 1971; Baldwin et al., 1975). 

It has been previously reported that luciferase with B 
bound is inactive in the FMNH2 initiated bioluminescence 
reaction, but that the activity can be recovered by removal 
of B, as for example by gel filtration in the presence of 5 M 
guanidine hydrochloride (Mitchell and Hastings, 1970). 
From the experiments of Figures 5 and 6, it might thus be 
expected that the photochemical reaction in which B is con- 
verted to F M N  would involve the concomitant release of 
free luciferase. However, no increase in luciferase activity 
was observed upon flash irradiation. Flash irradiation was 
found to inactivate free luciferase, and thus might similarly 
destroy the L component of LB. 

Discussion 
A mechanism for photoexcitable bioluminescence can be 

proposed (Figure 7) based on the reaction sequence for bac- 
terial luciferase first postulated by Hastings and Gibson 
(1963). B is postulated to be a substituted reduced F M N  
bound to luciferase in the FMNH2 site, but incapable of 
reacting further via the normal pathway. Photochemically, 
however, the chromophore B can be converted to FMNH2 
so that the reaction can proceed via the conventional path- 
way and result in bioluminescence. This mechanism is con- 
sistent with the fact that light-induced bioluminescence is 
similar to FMNH2-initiated bioluminescence in all respects 
except for the requirement for flavine and the mode of initi- 
ation (Gibson et al., 1965). It is also consistent with the fact 
that oxygen is not required during photoexcitation, but 0 2  

must be added immediately thereafter, within a half-time of 
less than 1 sec (Hastings and Gibson, 1967). The loss of ac- 
tivity, under anaerobic conditions, of the photochemically 
generated intermediate (I)  requires explanation, since 
chemically formed luciferase-FMNH2 is stable in the ab- 
sence of oxygen. Since the concentration of the photochemi- 
cally generated intermediate in the experiments of Hastings 
and Gibson (1967) was well below the K D  for the binding of 
FMNH2 to luciferase (-2 X t M ) ,  the half-time of 
about 1 sec may be a measure of the off constant for the 
dissociation of FMNH2 from luciferase. Base on a second- 
order rate constant of lo7 M-' sec-' (Gibson et al., 1966) 
and a K D  of 2 X M (Nicoli et al., 1974), the expected 
first-order rate constant for the dissociation of the 
FMNHz-luciferase complex would be 2 sec-', in reason- 
able agreement with the value of 0.9 sec-' in the experi- 
ment of Hastings and Gibson (1967). 

Intermediates formed in several flavoprotein-catalyzed 
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reactions have been shown or suggested to be substituted re- 
duced flavines (Spector and Massey, 1972a,b; Strickland 
and Massey, 1973; Porter et al., 1973; Hastings et al., 
1973). The spectral and photochemical properties of the 
chromophore B also resemble those of reduced flavines, and 
those of 4a-substituted FMNH2 in particular. The experi- 

CH2-(CHOH)3-CH2-OPO; 
I 

R 
B 

mental findings which suggest this can be summarized as 
follows. (1) The luciferase-bound B shows a single absorp- 
tion maximum at 375 nm in the near-ultraviolet to visible 
region. This is in accord with the absorption spectra of re- 
duced flavine model compounds, both free and enzyme- 
bound, known to have substitutions at position 4a (Hem- 
merich et al., 1971; Ghisla et al., 1973, 1974). The 5-substi- 
tuted flavines exhibit absorption optima in the region 300- 
345 nm (Hemmerich et al., 1967; Muller and Massey, 
1969; Hemmerich et al., 1971; Hevesi and Bruice, 1973; 
Porter et al., 1973). An absorption optimum close to 445 
nm has been predicted by P . 3 .  Song for the 10a oxygen ad- 
duct of flavine based on molecular orbital calculations 
(Strickland and Massey, 1973). In  fact, a loa-methoxy- 
1,3,7,8,1O-pentamethyl- 1,5-dihydroisoalloxazine has been 
shown to exhibit an absorption maximum at  422 nm and a 
fluorescence emission maximum at 550 nm (Muller, 1971). 
Spectra for both 5 and 10a are thus quite different from 
those of 4a-substituted flavines. (2) Recently Ghisla et al. 
(1974) reported that reduced flavines with substitutions at 
the 5 and/or 4a positions do not fluoresce at room tempera- 
ture but are fluorescent, A,,, in the region 476-520 nm, ei- 
ther at 77’K in rigid media or enzyme-bound at room tem- 
perature. In the present case, B bound to luciferase is fluo- 
rescent (Amax em 495 nm) whereas it is nonfluorescent in the 
dissociated state in aqueous solutions at 23’. (3) Hemmer- 
ich et al. (1967) have reported that oxidized flavines can be 
formed from 5-substituted reduced flavines by autooxida- 
tion at acidic condition, and from 4a-substituted reduced 
flavines by illumination in the presence of oxygen. With lu- 
ciferase-bound B we have demonstrated that FMN is 
formed by flash irradiation under aerobic conditions. (4) 
The 4a- and 5-substituted reduced flavines have been isolat- 
ed in the presence of dithionite as an antioxidant (Hemmer- 
ich et al., 1967). The fact that the addition of dithionite to 
B in the presence of luciferase and decanal does not initiate 
any FMNHz-dependent bioluminescence activity (cf. Fig- 
ure 1) is consistent with the suggestion that B is a substitut- 
ed reduced flavine. (5) Luciferase-bound FMNH2 exhibits 
a single negative CD optimum near 371 nm, while free 
FMNH2 exhibits much weaker CD signal2 due to the high 
degree of overall electronic symmetry associated with the 
flavine ring structure. The CD spectrum of the luciferase-B 
complex was found to closely resemble that of the lucif- 
erase-bound FMNH2. Free B, however, exhibits a CD spec- 
trum with structure and intensity similar to that of the luci- 

J. E. Becvar and J .  W.  Hastings, unpublished results. 

ferase-bound species (cf. Figure 3). The attachment of an 
additional group to the flavine isoalloxazine may conceiv- 
ably perturb the ring electronic symmetry and thus result in 
an enhancement in  the Cd intensity. 

Although the properties of B appear to resemble those of 
4a-substituted reduced flavine, its exact molecular structure 
cannot yet be specified. The luciferase intermediate in the 
normal reaction, designated as I1 (Figure 7), has recently 
been isolated by gel filtration at  low temperature (-20 to 
-30°), and shown to possess a bound modified flavine hav- 
ing spectral properties which also resemble those of a 4a- 
substituted reduced flavine (Hastings et al., 1973). This in- 
termediate has therefore been postulated to be the la-per- 
oxy-FMN anion bound to luciferase, But I1 cannot be iden- 
tical with PL or LB, since I1 rapidly breaks down in the 
dark at  20’ to give FMN, H202, and free luciferase, or 
with’aldehyde present, to give bioluminescence, FMN, free 
luciferase, but no H202 (Hastings and Balny, 1975). 

Aldehyde-requiring *mutants which are nonluminescent 
contain normal amounts of luciferase but no PL (Mitchell 
and Hastings, 1970). They thus differ in that the final light 
emitting steps (Figure 7, right) are blocked for want of the 
“natural” aldehyde (Shimomura et al., 1974). However, PL 
activity was found in the mutant if the in vivo biolumines- 
cence was stimulated by the addition of aldehyde to the cul- 
ture during growth. These findings indicate that the genera- 
tion of B is not explicable as an artifact of the isolation pro- 
cedures. They also make unlikely the possibility that B is 
synthesized as a 4a-substituted flavine product of other fla- 
voprotein systems and is subsequently trapped by binding to 
luciferase. Instead, B can be best considered as a false inter- 
mediate of the bacterial bioluminescence reaction whose 
synthesis appears to be a direct consequence of the lucif- 
erase-catalyzed bioluminescence reaction, most likely 
formed in vivo by some side reaction(s), possibly with en- 
dogenous aldehyde. 
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Regulation of Escherichia coli Glutamine Synthetase. 
Evidence for the Action of Some Feedback Modifiers at the 
Active Site of the Unadenylylated Enzyme? 

F. W. Dahlquist* and D. L. Purich 

ABSTRACT: The interaction of unadenylylated form of 
Escherichia coli glutamine synthetase with several sub- 
strates and effectors has been examined by magnetic reso- 
nance techniques. These studies show that two manganese 
ions bind per enzyme subunit. From the dramatic line 
broadening observed in the alanine spectra in  the presence 
of manganese and enzyme, it is concluded that the binding 
of alanine occurs at  a site nearer one of the two manganese 
sites. Electron spin resonance (ESR) titration experiments 
suggest apparent dissociation constants of 20 and 120 p M  
for manganese to these sites in  the presence of 1.0 m M  
magnesium ion. The manganese concentration dependence 
of the broadening of alanine suggests an affinity of 30 p M  
for the manganese closest to the alanine binding site. This 
suggests that alanine binds closer to the more tightly bound 
manganese ion. Glutamate appears to displace the alanine 

T h e  structure and regulation of the catalytic activity of 
the enzyme glutamine synthetase isolated from Escherichia 
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and also appears to bind close to the strongly bound manga- 
nese ion. It is proposed that alanine and glutamine bind 
competitively and in the same site. The binding of alanine 
and ATP is shown to thermodynamically interact such that 
the presence of one ligand increases the affinity of the en- 
zyme for the other ligand. The presence of ATP dramatical- 
ly sharpens the alanine line width when manganese and glu- 
tamine synthetase are present. Addition of ADP or phos- 
phate alone has little effect on the alanine line width but the 
addition of both ADP and phosphate shows the same dra- 
matic sharpening as the addition of ATP alone, suggesting 
an induced fit conformational change in the enzyme in -  
duced by ATP or by both ADP and phosphate. A binding 
scheme is proposed in which all feedback inhibitors of the 
enzyme bind in a competitive fashion with substrates. 

coli have been studied rather extensively in recent years 
(Stadtman and Ginsburg, 1974). The enzyme has been 
shown to consist of 12 polypeptide chains of identical or 
nearly identical primary sequence (Woolfolk et al., 1966), 
which are apparently arranged in two hexagonal rings (Val- 
entine et al., 1968). Each polypeptide chain can exist in ei- 
ther of two chemically distinct forms depending upon the 
specific covalent modification of a single tyrosine residue by 
reaction with ATP to form 0-adenylyltyrosine. Interesting- 
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