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We propose here a verifiable mechanism for the bacterial bioluminescence
reaction involving a dioxirane intermediate. Participation of the dioxirane predicts
either formation of an excited carbonyl, rather than the flavin, as the primary excited
state in the reaction, or, through a CIEEL mechanism, the C4a hydroxyflavin or the
chromophore of a secondary emitter protein could become excited. We propose
energy transfer from the primary excited state to the C4a hydroxyflavin in the absence
of the lumazine protein or the yellow fluorescence protein, while in the presence of
either of the secondary emitter proteins, excitation energy would be transferred to the
second protein-bound chromophore. The mechanism is similar to other currently
discussed mechanisms, except in the final steps leading to the primary excited state.
The mechanism is consistent with the known details of the reactions of dioxiranes and
of flavins and with recent studies of the secondary emitter proteins and bacterial
|Ucifel'ases. @ 1989 Academic Press, Inc.

Bacterial luciferase catalyzes the reaction of FMNH2, Oz and a long-chain aliphatic
aldehyde to yield FMN, the carboxylic acid and blue-green light (Amax ~ 490 nm; 1). The en-

FMNH2 + O2 + RCHO — FMN + RCOOH + H20 + hv

zyme is formally a flavin monooxygenase, splitting Oz to form a hydroxylated substrate and
water. Bacterial luciferase is unique within the flavin monooxygenases, in that during the
course of the reaction, an electronically excited intermediate is formed which is capable of
emission of a photon of light. If other flavin monooxygenases emit light, they do so at an
exceedingly low quantum yield, immediately suggesting a unique contribution from the
enzyme in either the formation of the excited state or protection of the excited state from
quenching.

It has been widely accepted for many years that in the Vibrio harveyi system, light
emission comes from an enzyme-bound flavin (1-3). Mitchell and Hastings showed that the
spectrum of the emission from reactions involving certain flavin analogs was altered, and
Cline and Hastings showed with the V. harveyi system that mutations could lead to specific
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lesions in the protein causing an altered spectral distribution. The mutant AK-6, which is
o113Asp—Asn (4), has a bicluminescence emission spectrum that is red-shifted by ca. 12
nm both in vitro and in vive. These two observations demonstrate that the spectrum of the
emitted light is a property of both the flavin and the luciferase, suggesting that emission is
from an enzyme-bound flavin (1). The finding that the emission spectrum of AK-6 is red-
shifted in vivo suggested that, at least in V. harveyi, light emission comes from a luciferase-
bound flavin.

The situation with V. fischeri, P. phosphoreum and P. leiognathi appears to be different, in
that the emission spectrum in vivo is usually significantly blue-shifted compared with the
emission spectrum from the purified luciferase, except for the V. fischeri strain Y1, which
emits yellow light due to the yellow-flourescence protein (5-7). Lee and his colleagues,
working primarily with the luminescence systems of V. fischeri and Photobacterium
phosphoreum, have demonstrated the existence in certain strains of a secondary emitter
protein which can interact with the luciferase, accepting excitation energy from a luciferase-
bound intermediate, to emit light at a different wavelength (8-10). The lumazine protein,
which was purified and characterized by Lee, causes an apparent blue-shift in the emission
maximum of the light emitted from reactions to which it is added, suggesting that emission in
vivo is not from a luciferase-bound flavin, but rather from the secondary emitter, the lumazine
protein.

The lumazine protein-mediated blue shift caused some concern, due to the apparently
unfavorable transfer of energy from a lower to a higher energy state, and led to the
suggestion that the primary excited state in the reaction might be something other than the
flavin, such as a carbonyl, which could transfer to either the flavin or to the lumazine protein
(1). Since that time, other authors have agreed with the possibility, but no verifiable
mechanism has been suggested which incorporates the apparent necessity to form a more
energetic primary excited state, prior to formation of the singlet excited state of the flavin.

Intermediates in the Luciferase Reaction. The various intermediates in the
reaction that have been detected and described are presented in Fig. 1, together with several
possible intermediates that have not been clearly delineated. In the normal assay, the
enzyme is incubated in a buffer containing aldehyde and dissolved Oa. The reaction is
initiated by rapid injection of FMNH2. The pathway that is usually discussed is given in the
top line of Fig. 1, in which the first step is the equilibrium binding of FMNH2 to the enzyme to
form Intermediate | (11, 12). Intermediate | then reacts rapidly with O to form intermediate |I,
the C4a peroxydihydroflavin intermediate that is the long-lived intermediate in the reaction
(12, 13). Intermediate Il can decay in a nonluminescent reaction to yield FMN and H205, or it
can bind aldehyde to form Intermediate lIA. The lower series of reactions in Fig. 1 depict two
possible intermediates resulting from binding of aldehyde to the free enzyme and to
Intermediate 1, to form Intermediate A (enzyme-aldehyde) and Intermediate 1A (ternary
complex of enzyme-aldehyde-FMNH2). While these species have not been demonstrated,
neither have they been ruled out, or even seriously discussed in the luciferase literature, and
therefore should be considered as possible participants.
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[Intermediate I] +0o [Intermediate IT]

Enzyme + FMNH> — E<FMNH> - E-FMNHOOH
4 +RCHO | +RCHO 1 +RCHO
E'RCHO + FMNH2 - E*FMNH2:RCHO — E-FMNHOOH-RCHO
[Intermediate A] {Intermediate 1A] +0,  [Intermediate ITA]
{
{

luminescence + chemical products

Figure 1. Reaction pathway of the bacterial luciferase-catalyzed bioluminescent flavin-mediated
monooxygenation of an aliphatic aldehyde. This pathway depicts both well-documented
intermediates (Intermediates |, {l, and IlA) and possible intermediates (A and IA) which deserve
further consideration.

Proposed Mechanism. iIn our mechanism, the first step involves reaction of diatomic
oxygen with reduced FMN to form the C4a peroxydihydroflavin. In Scheme 1, N-1 of the
luciferase-bound reduced FMN is the anion in accord with the findings of Vervoort et al. (14).

The second step involves reaction of the peroxide with the carbonyl carbon of the aldehyde
substrate to form the tetrahedral intermediate. These first two steps do not differ from other
currently discussed mechanisms. In the third step, however, rather than removing the «
proton from the tetrahedral intermediate to initiate a Baeyer-Villager rearrangement, we
propose that the aldehydic oxygen attacks the peroxide linkage resulting in cleavage of the
oxygen-oxygen bond to yield the flavin C4a hydroxide and the dioxirane (Scheme 2). The
formation of the dioxirane is central to our proposal and there appears to be good chemical
precedent for this alternative to the Baeyer-Villager rearrangement which leads directly to the
carboxylic acid. Adam et al. have discussed a mechanism which is formally analogous to
ours for the formation of a dioxirane intermediate during the ketone-catalyzed degradation of
caroate (KHSOs; 15).

There appear to be two potential chemiluminescent pathways for the breakdown of the
dioxirane, both sufficiently energetic to populate an excited state yielding a photon in the
blue. Adam and his coworkers suggest that the dioxirane could undergo homolytic cleavage
of the oxygen-oxygen bond to yield the diradical, which should rearrange to form the
carboxylic acid in either the triplet or singlet state (Scheme 3). This proposal has clear
similarities to the degradation of dioxetanes (16). Even the triplet state should have sufficient
energy for detection by means of enhanced chemiluminescence in the presence of a suitable
fluorophore (15). The postulated C4a hydroxyflavin is such a fluorophore which could

Intermediate | Intermediate 1l
CHS‘ :(j[ \r
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H |
O-
Scheme 1
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become excited by interaction with either the triplet or singlet product of the decay of the
dioxirane. If the primary excited state in the reaction were the carboxylic acid, then the most
likely emitter in the reaction catalyzed by pure luciferase would be the flavin. Addition of
either the lumazine protein or the yellow fluorescence protein would supply an alternative
fluorophore.

An alternative path to generation of an electronically excited fluorophore is the chemically
induced electron exchange luminescence (CIEEL; 17) process in which the dioxirane
receives an electron from a donor/fluorophore to yield a radical ion pair. Conversion of the
dioxirane radical anion to the carboxy! radical and electron back transfer would yield the
electronically excited fluorophore (Scheme 4). In the case of luciferase, we propose that the
flavin hydroxide could play the role of the electron donor/fluorophore. In the presence of the
lumazine protein or the yellow fluorescent protein, direct protein:protein interaction between
the luciferase and the secondary emitter protein could result in participation of the
chromophore of the secondary emitter protein in the CIEEL process with the luciferase-bound
dioxirane.

This proposed mechanism incorporates a clear solution to the long-standing uncertainty
regarding the apparent blue-shift in bioluminescence mediated through the lumazine protein
{1). In fact, it was this enigma that lead to the proposal nearly ten years age that the flavin
might not be the primary excited state, but that there might be some other higher energy state
that could excite either the flavin or the lumazine protein. Both the lumazine protein (10) and
the yellow fluorescence protein (18) appear to interact directly with the luciferase and to
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cause an acceleration in the luciferase-catalyzed reaction. This observation does not allow
us to descriminate between the CIEEL mechanism and the direct transfer mechanism, since
in the former, the secondary emitter protein would supply an alternative donor and therefore
would be expected to effect a kinetic change, and in the latter, the direct protein:protein
interaction could well contribute to the observed kinetic alterations. Furthermore, both
mechanisms involve a comparable shift of an H- atom, such that distinguishing on the basis
of isotope effects would be difficult. It is interesting to note that the expected isotope effect by
either mechanism would be small, and indeed, we find a small effect of substitution of
deuterium on the o carbon of the aldehyde on the rate of the bioluminescence reaction
(Wilson Franscisco, unpublished). Finally, we have generated mutant luciferases by site
directed mutagenesis that produce carboxylic acid product but with production of only very
low levels of light (19, 20). These mutants could be explained on the basis of a mechanistic
shift from formation of the dioxirane to degradation of the tetrahedral intermediate by the
Baeyer-Villager reaction, a side reaction that one would expect for the wild-type enzyme as
well. In the direct transfer mechanism, the chemical products are formed in the excited state
prior to participation of the fluorophore. This fact argues, but not compellingly, for the direct
transfer mechanism, if the dioxirane is formed during the nonluminescent reaction catalyzed
by our mutant enzymes.

Summary. We propose here that the bacterial bioluminescence reaction proceeds
through the tetrahedral intermediate to the formation of a dioxirane. The dioxirane could
break down to form the carboxylic acid in an electronically excited state, or it could participate
in a CIEEL reaction with either the luciferase-bound flavin or one of the secondary emitter
proteins. Either pathway would be expected to yield luminescence, and the participation of
the dioxirane would explain the failure to find luminescence from reactions catalyzed by other
flavin monooxygenases.

Acknowledgments. We thank Wilson Francisco, Dr. Husam Abu-Soud and Dr. Miriam
Ziegler for their assistance in preparation of the manuscript and for stimulating and
informative discussions. The collaboration of the authors is supported by a grant from the
National Institutes of Health (GM33894). Additional support for luciferase studies in the
laboratory of TOB comes from the National Science Foundation (NSF DMB 85-10784) and
from the Robert A. Welch Foundation (A-0865).

References

1. Ziegler, M. M. and Baldwin, T. O. (1981) Curr. Top. Bioenerg. 12, 65-113.
2. Mitchell, G. W. and Hastings, J. W. (1969) J. Biol. Chem. 244, 2572-2576.

1141



hw

Vol. 164, No. 3, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Cline, T. W. and Hastings, J. W. (1974) J. Biol. Chem. 249, 4668-46689.
Baldwin, T. O., Lin, J.-W., Chen, L. H., Chlumsky, L. J., and Ziegler, M. M. (1987) In Analylical

Applications
of Bioluminescence and Chemiluminescence, eds. J. Schdlmerich, R. Andreesen, A. Kapp, M. Ernst and
W. G. Woods (John Wiley & Sons) pp. 351-360.

Daubner, S. C., Astorga, A. M., Leisman, G. B. and Baldwin, T. O. (1987) Proc. Natl. Acad. Sci. U. S. A. 84,
8912-8916.

Macheroux, P., Schmidt, K. U., Steinerstauch, P., Ghisla, S., Colepicolo, P., Buntic, R. and Hastings, J. W.
(1987) Biochem. Biophys. Res. Commun. 146, 101-106.

Daubner, S. C. and Baldwin, T. O. (1989) Biochem. Biophys. Res. Commun. 161, 1191-1198.

Small, E. D., Koka, P. and Lee, J. (1980) J. Biol. Chem. 255, 8804-8810.

Gast, R. and Lee, J. (1978) Proc. Natl. Acad. Sci. U. S. A. 75, 833-837.

O'Kane, D. J., Karle, V. A. and Lee, J. (1985) Biochemistry 24, 1461-1467.

Hastings, J. W. and Gibson, Q. H. (1967) J. Biol. Chem. 242, 720-726.

Eberhard, A. and Hastings, J. W. (1972) Biochem. Biophys. Res. Commun. 47, 348-353.

Vervoort, J., Miiller, F., Lee, J., van den Berg, W. A. M. and Moonen, C. T. W. (1986) Biochemistry 25,
8062-8067.

Vervoort, J., Miiller, F., O'Kane, D., Lee, J. and Bacher, A. (1986) Biochemistry 25, 8067-8075.

Adam, W. Curci, R. and Edwards, J. O. (1989) Acc. Chem. Res. 22, 205-211.

Richardson, W. H., Montgomery, F. C., Yelvington, M. B. and O'Neal, H. E. (1974) J. Am. Chem. Soc. 96,
7525-7532.

Schuster, G. B. (1979) Acc. Chem. Res. 12, 366.

Daubner, S. C. and Baldwin, T. O. (1988) J. Cell Biology 107, 622A.

Chen, L. H. (1989) Ph. D. Dissertation, Texas A&M University, College Station, TX. 77802.

Chen, L. H. and Baldwin, T. O. (1989) Biochemistry 28, 2684-2689.

1142



