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Procedures and conditions have been established such that the unstable enzyme-bound flavin intermediate 
produced in the bacterial luciferase reacti~ can be isolated as approximately 70% of the flavin product, the 
remaining being the final product, FMN. The structure of the intermediate is proposed to be that of a 
luciferase-bound 4a,5-dihydroflavin-4a-hydroxide. The intermediate has a half-life of 33 min at 2° C and 
decays spontaneously to give H 20 and luciferase-bound FMN with an activation enthalpy of about 120 
kJ Imo!. It has an absorption spectrum (A max = 360 nm) that is consistent with the proposed structure, and a 
fluorescence emission (A max =485 nm) that matches the bioluminescence emission closely. 

Introduction	 required. In a previous communication we have 
reported the occurrence of a further intermediate 

The luciferase in bioluminescent bacteria is a having a similar fluoresence, which occurs subse
flavinmonooxygenase which, in the course of quent to light emission in spent reaction mixtures 
activating molecular oxygen and oxidizing a long [5]. Its chromophore was proposed to be the 
chain aldehyde, emits light (A max = 490 nm) [1]. luciferase bound flavin-4a-hydroxide, and its 

~1though flavoprotein monooxygenases include a excited state was postulated to be the flavin emitter 
variety of specificities, the emission of light makes in the bacterial bioluminescent reaction, at least in 
luciferase unique. The identity of the excited those cases in which no further specific emitter 
species and of the emitting chromophore(s) is of proteins [6,7] are present. In the present study we 
key importance for the understanding of the bio have extended the earlier work by establishing 
luminescent process. In the pure system the struc conditions such that subsequent to light emission 
ture of the intermediate luciferase-bound flavin this fluorescent chromophore could be isolated as 
4a-hydroperoxide has been specified [2,3]. Al the principal flavin component. Its spectral and 
though its fluorescence closely matches the bio kinetic properties are described and compared to 
luminescence spectrally [4], the peroxide cannot be those of other flavin intermediates in the bacterial 
the emitter, since it occurs prior to the reaction bioluminescent reaction. 
with aldehyde, the step which provides the energy 

Materials and Methods 

Correspondence: S. Ghisla, Universitiit Konstanz, Postfach Luciferase was isolated from the luminous 
5560, D-7750 Konstanz, F.R.G. bacterium Vibrio harueyi, mutant strain M-17 [8] 
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and purified by the method of Hastings et al. [9]. 
The enzyme concentration was determined by 
absorption measurements using an £280 value of 
74 mM - 1 . cm -1 [10]. The purity of the luciferase 
used was greater than 95%, as determined by slab 
sodium dodeclsuflate polyacrylamide gel electro
phoresis [11]. 

FMN was obtained from Sigma and decanal 
from Aldrich. The equilibration buffer was pre
pared by mixing 100 III of decanal solution (10 III 
decanal in 90 III ethanol) with 100 ml of 0.1 M 
phosphate buffer at the indicated pH, sonicating 
for 2 min, cooling to 5° C and filtering just prior 
to use. All other reagents were of analytical grade. 
Absorption spectra were measured with an 
UVIKON 820 (Kontron) spectrophotometer. Flu
orescence spectra were recorded with a Perkin
Elmer MFP-44 spectrofluorimeter. and are pre
sented without applying corrections for lamp pro
file. phototube sensitivity or monochromator ef
ficiency. Such corrections would shift the peaks to 
the blue by several nm. 

The putative luciferase-bound flavin-4a-hydrox
ide was prepared by running the reaction on a 
molecular sieve column at 5°C and collecting the 
protein fraction of the spent reaction mixtures in 
the eluate just after the void volume, as follows: a 
mixture containing 100 III luciferase (4.6· 10- 4 

M), 25 III FMN (4.5.10- 3 m) and 175 III equi
libration buffer was chemically reduced with a 
minimal amount of solid sodium dithionite and 
promptly applied to a Sephadex 0-25 column 
(void volume 5 ml), equilibrated with the aldehyde 
(decanal)-containing buffer. After about 10 s of 
elution, a bright band of bioluminescence could be 
observed in the upper part of the column, indicat
ing the reaction of the flavin-4a-hydroperoxide 
wi th decanal. Bioluminescence disappeared well 
prior to the elution (15 min) of the protein frac
tion (0.5 ml), which was collected and transferred 
to a cuvette for measurements of fluorescence 
and/ or absorbance spectra. From these fractions 
we could detect neither residual luciferase bound 
flavin hydroperoxide activity (by injecting aliquots 
of the fractions into a freshly prepared decanal 
solution) nor the formation of H 20 2 . The mea
surement of H 20 2 was performed using peroxidase 
(Merck) and 2,2'-azinodi(3-ethyl)benzthiazolin 
sulfonic acid (ABTS, Boehringer) as electron donor 

as described by others [12]. Amounts of H 20 2 in 
the range of 0.5-1 nmol could be satisfactorily 
detected using the corresponding amounts of 
luciferase-bound flavin-4a-hydroperoxide pre
pared as described earlier [2] or commercial H 20 2 . 

The determination of 1-10 nmol of authentic H 20 2 

was not impaired by the presence of 75 IlM 
luciferase; the sensitivity of the method would 
have allowed us to detect 5 . 10- 7 M H 20 2 in 1 ml 
samples, i.e., about 5% of the H 20 2 which would 
have formed if all of the intermediate was flavin
4a-hydroperoxide. The flavin content of a typical 
preparation of intermediate was 10 IlM. 

Results 

Formation and fluorescence of the intermediate 
In previous attempts to obtain the intermediate 

only 10-20% of the total flavin consisted of the 
oesired flavin-4a-hydroxide chromophore. the 
major component being oxidized FMN (partially) 
bound to luciferase [5]. In this study we succeeded 
in substantially increasing the yield of flavin-4a
hydroxide by carrying out the reaction on a Seph
adex 0-25 column at 0-4 ° C in the presence of 
excess long-chain aldehyde, at pH 8.5, and in 0.1 
M phosphate buffer. These conditions resulted in 
a favourable compromise between rates of forma
tion and of decay of the flavin-4a-hydroxide. As 
compared to pH 7 the rate of decay of the flavin
4a-hydroxide is reduced by about 3.5-fold, while 
the rate of light emission decay, corresponding to 
formation of the 4a-hydroxide. is lowered only 
about 2-fold. The flow of the column was adjusted 
so as to ensure that no flavin-4a-hydroperoxide 
was present in the eluate: light emission had ceased 
at the point in time when the protein was col
lected. 

As shown in Fig. 1, this procedure results in 
preparations containing predominantly flavin-4a
hydroxide as the chromophore. The amount of 
oxidized FMN present in this preparation is about 
30%, as estimated from its absorption spectrum 
(Fig. 2). When the fluorescence emission spectrum 
(trace 1) is corrected for this amount of FMN 
emission (based on the fluroescence of trace 6), 
the spectrum of trace (a) (Fig. 1) results. which 
has a maximum at about 485 nm. 

The conversion of the intermediate to oxidized 
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Fig. 1. Fluorescence emission spectrum of the luciferase-bound flavin intermediate immediately subsequent to the light-emitting 
reaction at pH 8.5 and its decay with time at 12 ° C to oxidized flavin. With excitation at 380 nm, the fluorescence emission spectrum 
of the preparation was recorded within 1 min after its elution from the aldehyde-equilibrated Sephadex column (trace 1). The next 
four traces were recorded after 2, 4, 8 and 12 min. Trace 6 shows the final spectrum taken at 12 ° C after having warmed the sample 
to 25 ° C. Trace (a) was obtained by subtracting the fluorescence emission of FMN (about 30% of trace 6) from trace 1. The inset 
shows the kinetics of the decrease in fluorescence emission at 480 nm (/1/2 = 210 s; k = 3.3 ·10- 3 s -1 ). 
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Fig. 2. Absorption spectra of the protein fraction of a spent 
reaction mixture before (A) and after (B) decay at 2°C and pH 
8,5. and (C) the calculated absorption spectrum of the inter
mediate, the luciferase-bound flavin-4a-hydroxide. Immediate
ly after elution of the protein fraction from an aldehyde-equi
librated Sephadex column, its fluorescence spectrum was mea-

FMN is accompanied by a decrease in fluores
cence emission at 480 nm, which is pseudo-first
order over nearly two orders of magnitue (Fig. 1, 
inset). The fluorescence of the FMN in trace 1 
cannot be resolved, partly due to the fact that the 
envelope of the fluorescence from the flavin-4a
hydroxide obscures it, and partly because the fluo
rescence of luciferase-bound FMN is highly 
quenched [10]. The fluorescence of the flavin-4a

sured (trace not shown). An absorption spectrum was then 
recorded (trace A) and the absorbance changes at 2 ° C were 
monitored with time at 440 nm (corresponding to a peak of 
oxidized flavin); the kinetics of this decay are shown in the 
inset. The final absorption spectrum (after 3 h) is given in trace 
B. The absorption spectrum of the flavin itnermediate 
(luciferase flavin-4a-hydroxide) was calculated by subtraction 
of 30% of trace B from trace A. 
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hydroxide is characterized by a shoulder on the 
blue side, which is also present in the fluorescence 
of the flavin-4a-hydroperoxide [4]. 

Absorbance properties of the intermediate 
The absorption spectrum of a similar prepara

tion of flavin-4a-hydroxide is shown in Fig. 2. 
Trace A was acquired about 18 min after begin
ning the experiment, about 1 min after elution 
from the G-25 column. In the conversion of this 
species to luciferase-bound oxidized FMN the ab
sorbance changes occur essentially isosbestically; 
trace B was acquired after conversion was com
plete. The corrected spectrum of the intermediate 
(trace C) was determined by subtracting 30% of 
trace B from trace A. The decay is pseudo-first
order and monophasic (Fig. 2, inset). The amount 
of FMN observed in trace A corresponds reasona
bly well with the amount expected from the reac
tion during the period of elution, based on a t 1/2 

for the decay of about 33 min and assuming that 
most of the flavin-4a-hydroxide is formed in the 
first few minutes after application to the colum. 
This also indicates that most of the flavin-4a-hy
droperoxide being formed is converted to lucifer
ase-bound flavin-4a-hydroxide, and that side-reac
tions do not play a major role. The absorption 
spectrum of the flavin-4a-hydroxide is shifted 
hypsochromically by about 10 nm as compared to 
that of the flavin-4a-hydroperoxide [13]. This 
compares very well with a blue shift of 5-10 nm 
observed by Entsch et al. [14] for the correspond
ing species bound to p-hydroxybenzoate hydroxyl
ase and also for phenol hydroxylase [15]. The 
absorption spectrum is also characterized by a 
shoulder at about 430 nm which is also present in 
that of the flavin-4a-hydroperoxide [2]. The fluo
rescence excitation (not shown) and emission 
spectra (Fig. 1) match respectively the absorption 
spectrum (Fig. 2) and the bioluminescence emis
sion spectrum satisfactorily. 

Structure and stability of the intermediate 
The observations reported here are consistent 

with a minimal scheme in which the flavin-4a-hy
droxide decays in an irreversible, rate-limiting step 
to form H 20 and luciferase-bound FMN (L
FMN). 

L-FMNH-4a-OH ~ L-FMN+H 20 ~ L+FMN 

This step is dependent on pH, and slowest at 
pH > 8.5. In 100 mM phosphate buffer the pH 
dependence of the rate of decay reflects an ap
parent pK of about 7, as shown in Fig. 3. This 
dependence is likely to reflect (also) the con
centration ratio of HPol- /H 2P04-, since the 
stability of luciferase intermediates is known to be 
dependent on the nature and concentration of the 
electrolyte [18]. However, keeping the concentra
tion of N aCl high and constant at 400 mM, a 
comparable pH dependence was observed (Fig. 3), 
indicating that the stability of the intermediate is 
influenced by several interdependent factors. For 
the purpose of preparation of the intermediate, 
Fig. 3 shows clearly that the best conditions are 
found at pH"" 8.5. The bound FMN resulting 
from the decay of the intermediate is in equi
librium with free FMN and luciferase, consistent 
with the strong quenching of the FMN fluores
cence due to binding to the enzyme [10]. 

As with the luciferase-bound flavin-4a-hydro
peroxide [2] and the FMN semiquinone [16], the 
rate of decay of the flavin-4a-hydroxide is highly 
dependent on the temperature (Fig. 4). The en
thalpy of activation at 0-12 0 C (at both pH 8.5 
and pH 7) is the same as for the decay of the 
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Fig. 3. pH-Dependence of stability of the luciferase-bound 
flavin intermediate at 12 0 C. preparations of the intermediate 
were carried out on the aldehyde-equilibrated Sephadex G-25 
column at the different pH values shown as described in the 
experimental section. The spent reaction mixtures containing 
the intermediate were collected in the eluates, curve 
0--0 shows the yield as estimated from its fluorescence 
emission intensity (hex = 380 nm, hem = 480 nm) measured 
immediately after elution. Curve .--. shows the decay 
rates in 100 mM phosphate buffer, and curve 0--0 the 
decay rates in 10 mM phosphate buffer + 400 mM NaCI mea
sured by following the decay of the fluorescence emission at 
480 nm (hex = 380 nm). 
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Fig. 4. Arrhenius plots showing the temperature dependence of 
the decay of the luciferase bound flavin-4a-hydroxide inter
mediate at pH 7 (c) and 8.5 (d). The temperature dependencies 
for the decay of the flavin-4a-hydroperoxide (b; from Ref. 17) 
and the bioluminescence (a) are also shown for comparison. 
The decay of the flavin-4a-hydroxide in 0.35 M phosphate 
buffer at pH 7 (D) and 8.5) (*) in the presence of 0.01 % (v jv) 

decanal was determined at different temperatures by decrease 
of fluorescence emission at 480 nm. Unlike the Arrhenius plots 
of the overall reaction and the decay of the flavin-4a-hydroper
oxide the luciferase bound flavin-4a-hydroxide appears to have 
a break at about 12° C in its activation enthalpy. The activa
tion enthalpies are about 60 kJjmol for (a), about 114 kJjmol 
for (b), and about 50 kJ jmol at T > 12° C and about 118 
kJjmol at T<12°C for (c) and (d). respectively. 

flavin-4a-hydroperoxide [17]. This is consistent 
with the assumption that the basic mechanism of 
stabilization of the 4a-substituent is the same for 
the flavin-4a-hydroxide and the 4a-hydroperoxide. 
As discussed earlier, this might involve a strong 
hydrogen bridge towards N(5) [16]. The enthalpies 
of activation are higher, however, than for the 
bioluminescence reaction. While the enthalpies of 
activation for the decay of the flavin-4a-hydroper
oxide and flavin-4a-hydroxide are about the same, 
there appear to be differences in their entropies of 
activation, and also between pH 7 and 8.5, which 
may be attributable to a change in protein confor
mation. In contrast to the flavin-4a-hydroperoxide 
decay, and to the bioluminescence reaction, for 
which single straight lines characterize the rela
tionship in the Arrhenius plots, the temperature

dependence of the flavin-4a-hydroxide decay 
shows a break at about 12 0 C. The reason for this 
is not obvious, although it would be reasonable to 
assume that the flavin-4a-hydroxide and flavin
4a-hydroperoxide differ slightly in their interac
tions with luciferase. 

A major factor that might contribute to the 
stability, and thus to the feasibility of the isolation 
of the luciferase bound flavin-4a-hydroxide inter
mediate, is the presence of decanaL The possible 
effect of this molecule or the stability of the 
flavin-4a-hydroxide is, however, very difficult to 
demonstrate, since such a study would require 
purification of the latter from decanal. 

Discussion 

A major point with respect to the isolated 
intermediates revolves around the differentiation 
btween a 4a-OOH and a 4a-OH flavin structure. 
The reaction of luciferase-bound flavin-4a-hydro
peroxide with a long-chain aldehyde is postulated 
to give the flavin-4a-hydroxide plus light and 
long-chain acid. 

L-FMNH-OOH+R-CHO --> L-FMNH-OH+R-COOH +hv 

The absorption spectra of flavin-4a-hydroxides 
are not sufficiently different from those of flavin
4a-hydroperoxides to allow an unequivocal differ
entiation [13]. The 4a-hydroxide is the logical 
product to be expected from an oxidation reaction 
such as that shown, provided no structural re
arrangements occur. The occurrence of a mixture 
of flavin-4a-hydroxide and 4a-hydroperoxide is 
also a possibility to be assessed. 

However, the accurate measurement of total 
light and of the other product, decanoic acid, 
would be very difficult under the conditions used 
for the preparation of the flavin-4a-hydroxide. 
The lack of light production upon subsequent 
addition of aldehyde to the isolated intermediate 
is consistent with the absence of a hydroperoxide 
function in the intermediate, but it does not ex
clude it, since a lack of light emission might result 
from 'inactive' hydroperoxide. In view of this, the 
demonstration of the absence of peroxide in the 
flavin-4a-hydroxide preparation was considered of 
utmost importance. This was carried out with two 
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tests, relying on two different systems. The results 
(see Materials and Methods for details) were simi
lar. With the more sensitive peroxidase test [12], 
we are confident that we would have detected an 
amount of HzOz (formed from decay of the 
flavin-4a-hydroperoxide) corresponding to 5% of• the total flavin (about 10 nmol) present in the 
preparation. 

The fluorescence emission spectrum of the 
luciferase-bound flavin intermediate that is pre
sent immediately after the emission of light 
matches the bioluminescent emission spectrum 
very closely. It is thus postulated (Scheme I) that 
this intermediate is formed in the bioluminescence 
reaction from the proposed intermediate flavin
4a-peroxihemiacetal, and that it is identical with 
the ground state of the emitter. The chemical 
structure proposed for this intermediate is thus 
that of a flavin-4a-hydroxide. This follows from 
its mode of formation, from the fluorescence emis
sion and excitation spectra, from the ultraviolet
visible absorption spectra, and from the absence 
of formation of hydrogen peroxide from its decay. 

A matter of considerable current interest is the 

I R-CHO� 
v:NhY o \\�o N NH V::f'(JH° H° ° I/H 

R/c'OH 

e j 
I ~ 

'I JrNhrO 
hv I 

)Q N NH ~ v:NhYOo NHNH° H°H° H° .R-COOH 
Scheme I. Scheme proposed to represent the part of the 
luminescent reaction of bacterial luciferase, which involves 
generation of the excited emitter. Aldehyde is shown to bind 
reversibly to the luciferase-flavin-4a-hydroperoxide and to form 
a peroxyhemiacetal. This might occur via a Michaelis complex 
(not shown). The occurrence of the peroxyhemiacetal is pos
tulated for chemical reasons. this species not having been 
detected yet. It undergoes decomposition to form the excited 
emitter. the luciferase-flavin-4a-hydroxide. The mechanism of 
this process has not yet been elucidated, and it might involve ' 
further (excited) intermediates. After light emission, or relaxa
tion by different pathways. the flavin-4a-hydroxide eliminates 
water to reform oxidized FMN and free luciferase (not shown). 

nature of the excited chromophore that emits light 
[1,18-20]. The flavin-4a-hydroxide fulfills this role 
in those cases where no other light emitting chro
mophore is present, e.g., for purified luciferase 
systel!1s such as from Vibrio harveyi. In some cases 
there may be a further chromophore present 
(bound to a secod protein) which is involved in 
light emission, e.g., in vibrio fischeri, strain Y-l, 
with a yellow fluorescent protein [7] and in Photo
bacterium phosphoreum, with a blue fluorescent 
protein [6,21]. In these cases the luciferase-bound 
flavin-4a-hydroxide may not be the (sole) emitter, 
and not necessarily the primary excited state. Pos
sible pathways leading to the generation of excited 
states from such different chromophores in the 
bacterial system have been proposed [1,19], based 
on the so called chemically induced electron ex
change luminescence (CIEEL) mechanism [22]. In 
our proposal the dual role of activator and emitter 
may be assumed either by the flavin-4a-hydroxide 
itself or by a second chromophore, the latter in 
adventitious association with the catalytic com
plex. Such mechanisms are consistent with the 
formation of ground-state flavin-4a-hydroxide, 
irrespective of the excited state and/ or emitter. 
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