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Bioluminescence is one of the most attractive natural phenom-
ena, displayed by various different types of organisms from
bacteria to fishesRecently, considerable attention has been given
to bioluminescence reactions for use as highly sensitive, nonde-
structive analytical tools, particularly in monitoring gene expres-
sions and studying proteirprotein interactions by luminescence
energy transfet Coelenterazinel@) is well-known to be involved
in the luminescence reactions of various organisms, such as
jellyfishes? sea pansies,and deep-sea shrimpdt is widely
distributed among both bioluminescent and nonbioluminescent
marine organism&The oxidation of coelenterazine results in light
emission either in the presence or absence of a protein factor,
providing a commonly used distinction between bioluminescence
and chemiluminescence. The quantum yield is much greater in
the bioluminescence that involves an enzyme than in the chemi-
luminescencé The luminescence reaction is an oxidation process
that takes place at the C-2 and C-3 positions of coelenterazine,
and it appears to involve several key peroxy intermediates or
transition states3—4)"8 (Figure 1).

Among the bioluminescence systems of coelenteraRaailla
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Figure 1. Bioluminescence reaction of coelenterazirie)(and its

possible intermediates and transition stag&<} and 3-enoyl sulfate of
coelenterazines).
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Figure 2. Stable deazacoelenterazine analogbleafd its transition-
state analogues(8).

lography*®!! Model studies on the peroxy intermediates of
coelenterazine analogues showed that peroxides decompose with

luciferase has attracted much attention recently because of itslight emission at-50 °C and above, with lower efficiencies than

simplicity in the components required for luminescence reaction
and of usefulness as a reporter proteinThe structure of
coelenterazine peroxid&d) in aequorin was found to haves2
configuration by '3C NMR experiments and X-ray crystal-
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those found in bioluminescené&None of the peroxy intermedi-
ates or transition states of luciferase reactions have been
characterized, except for'#D-labeling study of the luminescence
reaction of a shrimp luciferas@The inhibitory effects of several
coelenterazine analogues were investigated by Cormier &t al.,
revealing that the 3-enoyl sulfate of coelenterazifgwas a
strong inhibitor K; = 9.1 x 10°° M). To investigate the enzymatic
reaction of coelenterazine bioluminescence that involves a highly
efficient chemical excitation step, we designed some inhibitors
that are stable and not altered by luciferasesg) (Figure 2).

The transition-state analogues synthesized inhibited the lumi-
nescence reaction of recombin&enillaluciferase’'* apparently
reflecting the differences in the chirality of these inhibitors. The
results suggested for the first time that the mechanism-based
inhibitors of bioluminescence might be useful as the tools for
investigating the chiral environment of the active sites of enzyme
where the excited species is formed at a high efficiency.

(10) A photoprotein from a jellyfish contains a peroxide moiety and the
luminescence is triggered by calcium ion to emit blue light of 465 nm with
a high quantum efficiency of 0.23.

(11) (a) Musicki, B.; Kishi, Y.; Shimomura, QJ. Chem. Soc., Chem.
Commun1986 1566. (b) Head, J. F.; Inouye, S.; Teranishi, K.; Shimomura,
O. Nature 200Q 405, 372—-376.

(12) (a) Teranishi, K.; Ueda, K.; Nakao, H.; Hisamatsu, M.; Yamada, T.
Tetrahedron Lett1994 35, 8181-8184. (b) Usami, K.; Isobe, Mletrahedron
Lett. 1995 36, 8613-8617,Chem. Lett.1996 215-216, andTetrahedron
1996 52, 12061-12090. (c) Teranishi, K.; Hidamatsu, M.; Yamada, T.
Tetrahedron Lett1997 38, 2689-2692.

(13) Matthews, J. C.; Hori, K.; Cormier, M. Biochemistry1977, 16,
5217-5220.

(14) Lorenz, W. W.; MaCann, R. O.; Longiaru, M.; Cormier, MPJoc.
Natl. Acad. Sci. U.S.AL991, 88, 4438-4442.

10.1021/ja005663v CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/25/2001



1524 J. Am. Chem. Soc., Vol. 123, No. 7, 2001 Communications to the Editor

Scheme 1 Table 1. Inhibitory Effects of the Transition-State Analogues on
the Bioluminescence Reaction of RecombinBehilla Luciferase
and Benzylcoelenterazinélf)

cmpd Ki/M cmpd Ki/M
deaza ) 1.3x 1077 benzylcoelenteramid®f) 2.3 x 1078
STS-1(7-S 4.0x 108 RTS-1(-R) 5.0x 1078
STS-28-9 21x107 RTS-2@-R) 9.3x 107°

aData from ref 13.

stronger inhibitory effects than the %sgnalogue, however with
little difference between the two in the extents of inhibition. The
results suggest that the-hydroxybenzyl group of the bound
enantiomers might be located at a similar position in the active
site of the enzyme, in resemblance to the finding in the
acetylcholine esterase inhibitiéhTo examine the effect of the
peroxide moiety which might enhance selective binding, a
o o e e hydroxymethyl group was introduced at position 2 by an aldol
ﬁgnféﬁghhy’d%i/;é(?g eé:g l#]‘i'r'];T ?Q)E E)ﬁenfl(l:ége; 455?1;3;;)':{0% 2 reaction. The enantiomers (TS-Z) were sepqrated with a chiral
steps; (d) DIBAL,—78°C, CH.Cl,, 90%.; () PEP—CHCOOBN, benzene, colgmn, and their copﬂguranons were determined by comparing
80°C, 1 h, 95%; (f) H, Pd/C, EtOH-EtOAc, 23C, 36 h, 94%: (g) SOGI their CD spectra with those of model compour®¥:?* An
80°C, 3 h; (h) TiCk, CH,Cl,, 12 h, 0°C to 5°C, 50% for 2 steps; (i) enantiomer §-R) with an R-configuration gave the strongest
4-methoxybenzaldehyde, 2.5 M NaOH, EtOH,’24 20 h, 74%; (j) BBs inhibition with a large enantioselectivity (about 22) (Table 1).
, —78°C to rt, 24 h, 52%; (K) Pt@ H, EtOH, 23°C, 48 h, 70%; () The mechanism of imidazopyrazinone bioluminescence in-
BBrs, —78°C to rt, 48 h, 50%; (m) NaOH, HCHO, THRH;0, 23°C, volves several transition states and intermediates, despite the
2 h, 60%. apparent simplicity of the reaction system that requires only
luciferin and luciferase in addition to oxygen. Although the 3D
50 1 structures of imidazopyrazinone luciferases are still unknown
except for the photoprotein aequorin, it seems most likely that
the luciferases serve to stabilize the structure of coelenterazine
substrate while catalyzing the oxidation reaction that results in a
highly efficient luminescence. The structure of the enantiomer
(R)-TS-2 B-R) might represent the structure of one of the
transition states involved in the luminescence reaction. Interest-
ingly, opposite enantioselectivity was observed in the inhibition
of aequorin regeneration with benzylcoelenterazitt® &nd the

a(a) 4-MeO-GH4B(OH),, 2 M N&CQ;, Pd(PPh)4, benzene-MeOH,

V™' (s quanta 'x107'")
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-
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o 0 1 2 3 enantiomer $-TS-2 8-S).

[Benzylcoelenterazine] ™' (M™'x10) In summary, we have established a novel and effective route
Figure 3. LineweaverBurk plot of the results oRenillaluciferase inhi- to synthesize stable, chiral analogues of coelenterazine for
bition assay for the synthesized inhibitors, deazacoelenterazine analoguestudying transition states and unstable intermediates involved in
(6, #) and the transition-state analoguBsTS-1 (*), STS-1 @), R TS-2 the bioluminescence of coelenterazine. Among the analogues
(@), andSTS-2 (O) at a concentration of 1.% 1077 M. The initial rate studied, the hydroxymethyl model of the hydroperoxide structure,
of luminescence of a substrate, benzylcoelenteradibeX = H), with (R)-TS-2, showed the most potent inhibition of recombinant
the recombinant enzyme (Q8/mL) was measured in 25 mM Tris buffer  Renillaluciferase. Efforts to elucidate the key structure required
pH 7.5 containing 0.1 M NaCl at 23C with or without inhibitors (J). for efficient luminescence and the identification of catalytic site

are in progress.
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form the olefin (4) with an E-exo configuration. After depro-  4ndR[CD (EtOH) 270 (e —7.4), 330 (0}, and 350 nmH(1.1)] of 7 were
tection, a stable deazacoelenterazine analogueith an isomeric eluted from an OC column (4.6 250 mm) at 20 and 24 min, respectively,
double bond was obtained. The compound showed a moderateVith a2 mobile phase of hexanethanol (2:1, 0.5 mL/min).
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