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A 5,5-d2-luciferin was prepared to measure isotope effects on
reactions of two intermediates in firefly bioluminescence: emis-
sion by oxyluciferin and elimination of a putative luciferyl ade-
nylate hydroperoxide to dehydroluciferin. A negligible isotope
effect on bioluminescence provides further support for the
belief that the emitting species is the keto-phenolate of oxylu-
ciferin and rules out its excited-state tautomerization, one po-
tential contribution to a bioluminescence quantum yield less
than unity. A small isotope effect on dehydroluciferin forma-
tion supports a single-electron-transfer mechanism for reaction
of the luciferyl adenylate enolate with oxygen to form the hy-
droperoxide or dehydroluciferin. Partitioning between the di-
oxetanone intermediate (en route to oxyluciferin) and dehy-
droluciferin is determined, not by the fate of the hydroperox-
ide, but by that of the radical formed from luciferyl adenylate,
and the kinetic isotope effect (KIE) reflects H-atom abstraction
by superoxide.

The reaction pathway of firefly bioluminescence is well estab-
lished (Scheme 1).[1] The stoichiometric substrate luciferin (1) is
converted to acyl adenylate (2) that reacts with oxygen to
form presumably the hydroperoxy-adenylate (3),[2, 3] an inter-
mediate that has never been directly observed. Two paths can
be envisioned for 3. The first involves conversion via the dioxe-
tanone to carbon dioxide and the excited state of oxyluciferin
(4), which emits. A side reaction diverts some of 3 to hydrogen
peroxide plus dehydroluciferin adenylate (5), which hydrolyzes
to dehydroluciferin (7). Past studies have determined a 6/7
ratio of 4:1.[4]

Many mechanistic details of this process have been worked
out previously. Deep investigations of 4 strongly suggest that,

despite a large number of possible ionic states and tautomeric
forms, the emitting species is the keto-phenolate shown.[5] For
many years, luciferase had been considered to be highly effi-
cient, but careful modern measurements have shown instead a
quantum yield (F) of 0.42.[6] The basis of this quantum yield of
less than unity is not understood, but possibilities for non-radi-
ative loss of the chemically generated excited state 4 include
internal conversion or a reaction such as excited-state ioniza-
tion or tautomerization.[7] The oxyluciferin product 6 had been
believed to be highly unstable, but recent work showed it
simply requires careful handling.[8] Isotopically labeled luciferins
have been used to show the expected primary a-deuterium ki-
netic isotope effect of approximately 2 on formation of the
enolate of 2 for oxygenation.[9]

We became interested in the b-deuterium isotope effect (b-
related to the reaction site at C4 of the thiazoline ring) on the
firefly luciferase reaction, because of its potential to yield in-
sight into multiple features of this classical mechanism. Once
the b-deuterated luciferin enters into this reaction sequence, it
can exert primary isotope effects on two consecutive mecha-
nistic steps. It could also show a b-secondary isotope effect on
the formation of 3, but its magnitude would be small com-
pared to the two primary isotope effects. They are worthy of
study, because they could impact bioluminescent efficiency
and provide a deeper understanding of mechanism.

For example, the strong similarity between the biolumines-
cence spectrum with the native substrate luciferin and a syn-
thetic substrate analog, 5,5-dimethylluciferin, provides experi-
mental evidence that the keto form is the only emitter.[10] As
5,5-dimethylluciferin gives an oxyluciferin excited state that

Scheme 1. Accepted pathway of firefly bioluminescence.
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cannot tautomerize, there is no possibility of an enol contribu-
ting to its emission. A weakness of that study is the necessity
to pre-synthesize the adenylate of 5,5-dimethylluciferin, be-
cause its adenylate cannot be generated by luciferase. Howev-
er, firefly luciferase accepts the adenylate as a substrate. Di-
deuteration of luciferin in lieu of dimethylation should impede
tautomerization in d2-4, but, unlike 5,5-dimethylluciferin, both
half-reactions of bioluminescence can be studied with d2-1. A
change in bioluminescence with this dideuterated substrate
would signal something other than the keto form being in-
volved in the photochemistry of 4. Kinetic isotope effects on
simple ketone enolizations are 4–6,[11] and enzyme-catalyzed
enolizations have values of similar magnitude.[12] Tautomeriza-
tion of a ketone triplet excited state via tunneling has a very
large isotope effect of 700,[13] but the excited singlet is the spe-
cies that is relevant to bioluminescence.

Another reason to examine the isotope effect with d2-lucifer-
in is the dehydroluciferin side products. Both 5 and 7 are in-
hibitors of firefly luciferase bioluminescence,[14] with inhibition
constant (KI) values of approximately 5 nm and 0.15 mm, re-
spectively; the former being a multi-substrate adduct inhibi-
tor.[15] These compare to a 0.5 mm KI for oxyluciferin[12, 16] and a
low mm Michaelis constant (KM) for luciferin. As the dehydrolu-
ciferins are produced to the extent of 20 % in each turnover,
their formation contributes substantially to the loss of free,
active enzyme. Their production formally entails b-elimination
of hydrogen peroxide from 3, as proposed by White et al.[2a]

This process could exhibit a substantial isotope effect that
would affect the 4/5 partitioning. Reducing the amount of 3
diverted to 5 and 7 would affect the bioluminescence efficien-
cy and could affect enzyme activity during turnover. Although
we could identify no good precedents for hydrogen peroxide
b-eliminations, conventional b-eliminations often exhibit near-
maximal deuterium isotope effects of approximately 7. Reduc-
ing the formation of dehydroluciferin should increase the unin-
hibited enzyme following each turnover, which should result in
greater integrated bioluminescence and a gentler slope of its
decay. For example, if the isotope effect on dehydroluciferin
formation were 4, d2-1 would cut its production per turnover
from 20 % to 6 % and double the amount of active enzyme re-
maining after five turnovers.

The d-d2-luciferin required for this study was prepared as
shown in Scheme 2. Commercial d2-cysteine was deracemized
by chiral conversion using the method of Shiraiwa et al.[17] This
process converts Cys to the thiazolidine with acetone. The sali-

caldehyde catalyst forms a Schiff base with the cyclic amine, la-
bilizing the a-hydrogen and establishing a racemizing equilibri-
um. Tartaric acid forms an insoluble salt with one enantiomer,
removing it from the equilibrium. The salt is hydrolyzed to
give d-(�)-d2-cysteine, which has [a]D �6.58 (c 4.00, 5 n HCl)
([a]D + 6.58 (c 4.00, 5 n HCl) for l-cysteine). The conventional
luciferin synthesis was then applied to provide d2-1.

Isotope effects on enzymatic reactions are well known and
heavily studied.[18] They are more complex to consider than
those involved in elementary chemical processes. How they
are measured determines whether they are catalytic rate con-
stant (kcat) isotope effects or kcat/KM isotope effects and what
mechanistic information they provide. However, for both steps
in the bioluminescence mechanism that could be affected by
5,5-d2-luciferin, tautomerization of 4 and formation of 5, the
isotope effect influences the partitioning of an intermediate
between competing pathways, so kH/kD (kinetic isotope effect)
can be considered on this basis.

The first question addressed with d2-luciferin was the iso-
tope effect on bioluminescence. Under identical incubation
conditions with recombinant wild-type P. pyralis luciferase, we
were unable to detect any difference between 1 and d2-1 in
the bioluminescence emission spectrum or intensity.

A second study examined the isotope effect on dehydroluci-
ferin production. The formation of 6 and 7 was determined in
end-point assays. The HPLC analytical method of Silva and co-
workers[4] was used to measure the absolute amounts of oxylu-
ciferin and dehydroluciferin formed from 1 and d2-1, calibrated
with an authentic sample of dehydroluciferin, and their ratio
was used to calculate the isotope effect. Results are summar-
ized in Table 1. From these data, the isotope effect based on
the organic products is 2.13�0.14.

A third study was also related to dehydroluciferin produc-
tion, but analyzed the other product. A fluorescence method
based on Amplex Red and horseradish peroxidase[19] was used
to measure hydrogen peroxide formation in triplicate reactions
using 1 or d2-1. The kinetic isotope effect (KIE) determined
from hydrogen peroxide formation is 1.12�0.02, which here is
a kcat isotope effect. Reasons for the divergence between this
value and that determined by using dehydroluciferin are not
obvious. However, the data in Table 1 are based on a ratio of
products in the same reaction, which should be more reliable.
The isotope effect on hydrogen peroxide arises from separate
reactions, where consistency between trials is more difficult to
attain.

A final study examined the effect of d2-1 on the time course
of bioluminescence; deuteration was expected to enhance itsScheme 2. Synthesis of d2-luciferin.

Table 1. Production of 6 and 7 from 1 and d2-1.

1 d2-1

6[a] 45.06�0.15 38.97�0.49
7[a] 11.26�0.04 4.57�0.30
6/7 4.002�0.01 8.53�0.56

[a] [nmol] .
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persistence by reducing the formation of two powerful inhibi-
tors. However, the low magnitude of the isotope effect mutes
the effect compared to the potential benefits earlier discussed.
As shown in Figure 1, there is but a slight advantage for d2-1

in bioluminescence decay at long reaction times. Although the
reasons are unclear for the difference in isotope effects on de-
hydroluciferin formation measured via the two reaction prod-
ucts, the conclusion is apparent that the effect is small ; this
fact affects mechanistic possibilities for dehydroluciferin
formation.

The lack of an isotope effect on oxyluciferin biolumines-
cence emission agrees with earlier beliefs that its keto form is
the emitting species, further dispels outmoded notions that
color modulation of the emission is based on keto-enol tauto-
merism,[20] and shows that CH ionization or tautomerization
are not responsible for its excitation loss.

The small isotope effect on dehydroluciferin formation is dif-
ficult to reconcile with the idea that it is formed by b-elimina-
tion from 3, as isotope effects on such reactions can be sub-
stantial. We, therefore, consider a modified mechanism for the
reaction of 2 with oxygen, exemplified in Scheme 3 with the
deuterated substrate. As proposed in 1981 by Kosower as well
as more recently[2b, 3, 21] and then supported experimentally,[22]

the enolate of the adenylate (9) transfers an electron to
oxygen to form radical 10 and superoxide. Their recombination
would produce hydroperoxy d2-3 that cyclizes to the dioxeta-
none. The proportion of bioluminescence and dehydroluciferin
formation could be accounted for by the partitioning of 10 be-
tween recombination with superoxide (which should have only
a very small b-secondary isotope effect) and H/D abstraction
by superoxide. We postulate that the measured isotope effect
reflects the latter reaction, a prototype of which is shown with
a simple ethyl radical 11. We have been unable to locate any
precedent for such a process, and therefore have no frame of
reference for its KIE. Other H-abstractions by superoxide are
known,[23] but their KIEs are not. The idea that dehydroluciferin
arises from elimination of 3 is thus supplanted—instead, it
comes essentially from the direct, step-wise, radical-based oxi-
dation of the enolate of 2 by oxygen. Other mechanisms may

also be conceived that are consistent with the small isotope
effect on this step.

This view parallels work in bacterial bioluminescent systems,
where a primary kinetic isotope effect of approximately 1.5
was interpreted to show rate-limiting electron transfer to the
carbonyl of its bioluminescent substrate, a long-chain alde-
hyde.[24]
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COMMUNICATIONS
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b-Deuterium Isotope Effects on Firefly
Luciferase Bioluminescence

Product inhibition: Firefly flashing can
be attributed to inhibitory products of
the luciferase enzyme. A small isotope
effect on the formation of one impor-
tant product, dehydroluciferin, has
mechanistic implications for biolumines-
cence production.
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