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Model Reactions for Bacterial Bioluminescence

By Frank McCapra and PAuL LEESON
(School of Molecular Sciences, University of Sussex, Brighton BN1 9Q7J)

Summary Acid-catalysed addition of hydrogen peroxide to
n-butyl vinyl ether gave a separable mixture of the hydro-
peroxides (1)-—(4); peroxides (1)—(3) undergo chemilu-
minescent reactions in acetonitrile with 1,3,10-trimethyl-
isoalloxazinium perchlorate in the presence of triethyl-
amine, and the flavin analogue catalyses the decom-
position of the peroxides.

AN enzyme-bound peroxide of reduced flavin mononucleo-
tide (intermediate II, Scheme) has been established as an

(Enzyme + FMNH,) — Enzyme-FMNH,-O,
) (II)
(II) 4+ R-CHO — Enzyme—FMNH-OOH-RCHO
(11a)
(ITa)—>Enzyme-E* + R-CO,H + H,O

SCHEME

intermediate in the bioluminescent oxidation of long-chain
aldehyde to fatty acid by bacterial luciferase.! The events
which lead to light emission are not known, nor are the
structures of intermediate (II) and the light-emitting
molecule E. Reaction at the 4a or 10a positions of the flavin
with aldehyde or with oxygen to form the corresponding
peroxides has been suggested by several investigators.?
Recently a lumiflavin 4a-hydroperoxide has been prepared
and shown to have a similar u.v. spectrum to that of inter-
mediate (II), and to give a chemiluminescent reaction with
aldehydes.? However, the light-emitting species could not be
identified nor was a quantum yield reported. We have now
demonstrated that analogues of 10a-dihydroflavin peroxides,
alternative models for intermediate (ITa), also give chemilu-
minescent reactions. The preliminary results are reported
here, including tentative identification of the light-emitting
chromophore and the quantum yields.

Treatment* of n-butyl vinyl ether (0-0125 mol) with
hydrogen peroxide (35M, 0-019 mol) and sulphuric acid
(0-019 mol) at 0 °C gave a mixture of the hydroperoxides
(1)—(4). Separation was achieved by use of short-column
chromatography® using silica gel (Merck GF 254) with
chloroform as eluent. The structures were determined by
n.m.r. spectroscopy, and the data obtained agree well with
those of similar systems.®
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When a mixture of (1) and 1,3,10-trimethylisoalloxazi-
nium perchlorate (6) in pure dry acetonitrile was treated
with triethylamine, chemiluminescence was observed, easily

visible to the non-dark-adapted eye. The emission had
Amax 530 nm with a spectrum corresponding to that of the
fluorescence of the adduct? (8, R = MeO) and presumably
that of (8, R = OH). The compound (8, R = OH) is thus
assumed to be the emitting species. The u.v. and fluores-
cence spectra and previous work on adducts of compound
(6)” all strongly suggest addition of the peroxides to position
10a. Maximum intensity was reached in much less than a

TaBLE. Reaction of the peroxides (1)—(5) with (6) in
MeCN-Et,N
Hydroperoxide $2 PEP k/s™1c
(1) 2-1 x 10-3 1.9 x 10* 32 x 102
(2) 05 x 10-° 0-45 x 10— 6:0 x 10~
(3) 1.7 x 10— 1.5 x 10— 6-8 x 102
(4) <20 X 10-" <20 x 10-* —_
(5) 0 0 —

a Corrected for photomultiplier response, luminol as standard.
b Population of excited state taking ¢(fluorescence) for (8, R =
MeO) as 0-11 and assuming yield of emitter is quantitative. ¢ [(6)]
58 x 10~*m; [Et;N] 1-4 X 10-2 M at 22-4 °C.

second, decaying to zero in a few minutes. The decay was
first order. I,y was found to be proportional to [(6)] and
[Et,N], whereas the rate constant, 2, was dependent upon
[Et;N] only. Variation of [(1)] had no effect as long as
[(1)]/[(6)] > 1. Thereaction was unaffected by the presence
of O,. The peroxides (2) and (3) behaved similarly but (4)
and (5) were virtually inactive (Table). The product in all
cases was the spirohydantoin (7).8 Decomposition of the
adduct formed from H,0, also gave (7) in a dark reaction.
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Adducts of (6) with MeOH and n-butyl hydroperoxide”»?1?
reacted very slowly with the peroxides (1)—(3) and with a
lower quantum yield owing to the competing decomposition®
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of the peroxides by Et;N. The n-butylperoxy adduct (8,
R = Bun-0O-0O-) reacted more quickly than the methoxy
adduct (8, R = MeO) suggesting, in agreement with the
other evidence, that the chemiluminescent reaction involved
decomposition of adducts formed from the peroxides (1)—
(3) at the free 10a position of (6). The changing u.v. spectra
also supported this interpretation.”® There are several
competing routes to the spirohydantoin?»1! and the structure
of the peroxides used to form the adducts may affect the
relative participation of light and dark pathways.t

A variety of positions for attachment of oxygen in flavin-
catalysed oxidation has been proposed?»®,1%:12 and although
addition at the 10a position?s1! is most likely in the present
case, we do not exclude the involvement of the 4a position
in vivo. Indeed, the reaction appears to be capable of
extension to other simpler model systems. On the addition
of the peroxides (1)—(3) to 1-methyl-2,3-diphenylquinoxa-
linium fluorosulphonate (9) and treatment with Et,N as
before, light was emitted with a much greater quantum yield
(¢ ca. 16 x 107%). The product was the corresponding
y-base (10, R = OH). The fluorescence spectra of (9) and
(10, R = OH) both resemble the chemiluminescence spectrum
(Amax 515 nm) and the synthesis of other model compounds
is required before we can unambiguously identify the emitter
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in this class of compounds. This reaction produces a very
bright light, and since neither reaction conditions nor the
fluorescence yields of potential emitters have been optimised,
this series seems likely to number among the more efficient
chemiluminescent reactions.!®

We suggest that the flavin nucleus enhances the rate of
O-0 bond cleavage in these reactions and in flavin-catalysed
oxygenations generally by formation of a quasi-per-
epoxidel4 (11). The possibility is indicated by differences in
the u.v. spectra and particularly in the fluorescence spectra
of (8, R = MeO) and (8, R = Bum~0O-0-). Specificinteraction
of the peroxide with the chromophore is apparent in this
comparison.

Much work remains to be done before a decision between
the various possible mechanisms can be made, but it is
already clear that these models and the bacterial system
itself cannot be easily related to other better understood
bioluminescent reactions.’® We are investigating a variety
of similar reactions in order to identify the underlying
mechanism of chemiluminescence.
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t 1,4-Bishydroperoxy-1,4-dihydro-2,3-benzodioxin and (6) react with ¢z = 4'4 X 10-3, similar in efficiency to models for the

luciferins (ref. 15).

1 J. W. Hastings, C. Balny, C. LePeuch, and P. Douzou, Proc. Nat. Acad. Sci. U.S.A., 1973, 70, 3468.
2 A. Eberhard and J. W. Hastings, Biochem. Biophys. Res. Comm., 1972, 47, 348; F. McCapra and D. W. Hysert, ibid., 1973, 52, 298;
G. A. Hamilton in ‘Progress in Bio-Organic Chemistry,’ eds. E. T. Kaiser and F. J. Kezdy, Wiley-Interscience, New York, vol. 1, 1971,

p. 83.

3 C. Kemal and T. C. Bruice, Proc. Nat. Acad. Sci. U.S.A., 1976, 73, 995.
4 N. A. Milas, R. L. Peeler, and O. L. Mageli, J. Amer. Chem. Soc., 1954, 76, 2322.

5 B. J. Hunt and W. Rigby, Chem. and Ind., 1967, 1868.

6 W. P. Keaveney, M. G. Berger, and J. J. Pappas, J. Org. Chem., 1967, 32, 15317.
7 F. Miiller in ‘Flavins and Flavoproteins’, ed. H. Kamin, University Park Press, Baltimore, 1971, p. 363.

8 J. W. Clark-Lewis, J. Chem. Soc., 1957, 422.

9 F. Miller, T. Jarbandhan, R. Gast, and H. J. Grande in ‘Reactivity of Flavins,” ed. K. Yagi, University of Toronto Press, 1975,

p. 71

10 P, Hemmerich and F. Miller, Ann. N.Y. Acad. Sci., 1973, 211, 13.
11 H. I. X. Mager and W. Berends, Tetrahedron Letters, 1973, 4051.
12 F, Miiller, V. Hartmann, and P. Hemmerich, Z. physiol. Chem., 1973, 354, 215.

138 F. McCapra, Progr. Org. Chem., 1973, 8, 231.

14 Per-epoxides have been implicated as oxidants of ketones (A. P. Schaap and G. R. Faler, J. Amer. Chem. Soc., 1973, 95, 3381)
and in reactions involving neighbouring group participation of hydroperoxides (K. R. Kopecky and J. J. Van de Sande, Canad. j.

Chem., 1972, 50, 4034).
15 F, McCapra, Accounts Chem. Res., 1976, 9, 201; M., J. Cormier, J. Wampler, and K. Hori, Fortschy. Chem. org. Natuystoffe, 1973, 30, 1.





