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Structural Identification and Synthesis of Luciferin
from the Bioluminescent Earthworm, Diplocardia longa*

Hiroko Ohtsuka, Noel G. Rudie, and John E. Wampler*

ABSTRACT: For the first time, luciferin from a biolumines-
cent earthworm has been purified, identified, and synthe-
sized. This luciferin from the North American species, Di-
plocardia longa, is a simple aldehyde compound, N-iso-
valeryl-3-aminopropanal, with an amide functional group.
It is a clear, odorless oil at room temperature. It is nonvola-
tile and has no near-uv-visible absorption or fluorescence.
Derivatives of this compound were made to facilitate its
identification: the luciferin 2,4-dinitrophenylhydrazone (mp

Bioluminescent earthworm species (Oligochaete) are
found woridwide but few detailed studies of their lumines-
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174 °C), a yellow crystalline solid; and the luciferin alcohol,
a clear oil. Synthesis of Diplocardia luciferin yielded an oil
of identical spectroscopic (proton nuclear magnetic reso-
nance (NMR), 13C NMR, mass, and ir), chemical (dinitro-
phenylhydrazone and alcohol derivatives, bioluminescence
activity), and physical (thin-layer chromatography, volatili-
ty) properties to those of the purified native Diplocardia lu-
ciferin.

cence system have been carried out. Harvey (1952) has re-
viewed the published work on earthworm bioluminescence
and since that time only a few additional studies have been
performed (Johnson et al., 1966; Cormier et al., 1966; Belli-
sario et al., 1972). In general these reports have indicated
that earthworm luminescence originates from exuded coe-
lomic fluid and that it involves a classical luciferin-lucifer-
ase reaction. More recently the work on the North Ameri-
can species, Diplocardia longa, has indicated that, at least
in the case of this worm, the luminescence system requires
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FIGURE 1: Carbon-13 nuclear magnetic resonance spectrum of Diplo-
cardia luciferin. Approximately 15 mg of native luciferin was taken up
in CDCl; and added to a microtube along with the internal standard
(tetramethylsilane, 0 ppm). The spectrum is a scan average from sever-
al hours of scanning.

hydrogen peroxide as the primary oxidant, not molecular
oxygen. The oxygen requirement of the in vivo reaction of
other worms (Johnson et al., 1966; Gilchrist, 1919; Harvey,
1926) may be explained, as in the case of Diplocardia (Bel-
lisario and Cormier, 1971), by the presence of a peroxide
generating system in vivo.

With Diplocardia Bellisario et al. (1972) have shown
that the in vitro light reaction requires only purified lucifer-
ase, luciferin, and hydrogen peroxide. Diplocardia lucifer-
ase is a large protein (300 000 mol wt.) containing copper
and made up of several subunits (Bellisario and Cormier,
1971 Bellisario et al., 1972). Diplocardia luciferin has re-
cently been isolated and purified in our laboratory (Rudie
et al., 1976). The first step toward a more detailed under-
standing of the light reaction of this and other earthworms
is the identification of the luciferin molecule. 1dentification
of Diplocardia luciferin as N-isovaleryl-3-amino-1-propan-
al and its synthesis is reported here.

Materials and Methods

Materials. Spectrograde solvents were used throughout
the synthesis and purification procedures. The organic and
inorganic chemicals used were reagent grade or better.
Chromatographic media were obtained from the following
suppliers: DEAE-cellulose (Whatman), silica gel 90-200
mesh for chromatography (Gallard Schlessinger), silica gel
10-40 u grain size for thin-layer chromatography (Merck),
LLH-20 (Pharmacia), and alumina (Merck).

Diplocardia longa were collected between May and Sep-
tember 1974 at the University of Georgia Range Grazing
Project. Coelomic cells were collected using electrical stim-
ulation of the worms in small batches as previously de-
scribed (Rudie et al., 1976). The cells were washed and fro-
zen until needed.

Luciferase solutions for the in vitro reaction were pre-
pared according to the method of Bellisario et al. (1972).
For this reaction, 0.5 ml of 0.1 M potassium phosphate
buffer (pH 7.5), 0.1 ml of luciferase solution, and 0.02 ml
of luciferin solution were mixed at room temperature; the
light reaction was initiated by injection of 0.2 ml of 0.022
M H>03; and the flash of luminescence was recorded using
a photometer circuit of our own design. The flash peak was
used as a measure of activity with intensity calibrated in
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quanta per second using the luminol standard (Lee et al.,
1966).

Diplocardia luciferin was purified by the procedure of
Rudie et al. (1976). In this procedure an organic extract of
luciferin is purified by silica gel and Sephadex LH,q chro-
matography until it is judged pure by the absence of fluo-
rescence, the lack of near-uv and visible absorption, and mi-
gration as a single spot on thin-layer chromatography in a
variety of solvents. This highly purified luciferin is a clear
oil.

Characterization of the Compounds. Thin-layer chroma-
tography was done on glass slides coated with silica gel.
Spots were located with uv lamps and I, staining. Absolute
bioluminescence emission spectra were determined using an
on-line spectrofluorimeter system (Wampler and DeSa,
1971). Infrared spectra were obtained on a Perkin-Elmer
IR-10 spectrophotometer; low resolution mass spectral data
on a Bell and Howell 21-490 at various temperatures; and
high resolution mass spectra were obtained by Dr. C. Cone
of the University of Texas at Austin. Proton nuclear mag-
netic resonance (NMR) spectra were taken with a Varian
Associates HA-100 and '3C NMR on a Joel PFT-100 spec-
trometer with the EC-100 data system. For '"H NMR and
13C NMR samples were dissolved in CDClj; containing tet-
ramethylsilane as an internal standard. Melting points, de-
termined using a Fisher-Johns melting point apparatus, are
given uncorrected.

Reduction of Native Luciferin. Diplocardia luciferin (5
mg) in 95% ethanol (4 ml) was treated with sodium borohy-
dride (10 mg). After stirring for 1 h, the reaction mixture
was acidified with acetic acid and evaporated to dryness.
The residue was suspended in methy! acetate (2 ml) and fil-
tered through a short alumina column which was washed
with methyl acetate (15 ml). The effluents were combined
and evaporated to give a colorless oil (3.2 mg) which had no
activity in the in vitro Diplocardia reaction. Ir:
rmax(CHCl3) 3480, 3035, 2990, 2905, 1650, 1527, 1470,
and 1375 cm™".

2,4-Dinitrophenylhydrazone of Native Luciferin. The di-
nitrophenylhydrazone of luciferin was prepared as de-
scribed previously (Rudie et al, 1976). Yellow crystalline
solid (mp 174 °C): ir vmax(KBr) 3308, 3100, 2960, 1642,
1620, 1596, 1555, 1520, 1426, 1330, 1220. 1136, and 1077
cm™!; mass m/e 337, 260, 236, 145, 139, 129, 111, 98, 97,
85, 83, 69, 57, and 55.

Synthesis of Luciferin. A solution of isovaleryl chloride
(1.2 g) in 5 ml of benzene was added dropwise to a mixture
of 3-amino-1-propanol (2.7 g) and potassium carbonate
(0.7 g) in 45 ml of acetonitrile at —20 °C. The reaction
mixture was stirred for 30 min at —20 °C and 30 min at
room temperature, filtered, and evaporated to dryness. The
remaining oily residue was dissolved in chloroform and
washed with 1 N HCI, 10% potassium carbonate. and
water. The chloroform solution was then dried for 3 h over
sodium sulfate, filtered, and evaporated to dryness yielding
N-isovaleryl-3-amino-1-propanol as an oil (1.31 g, 95%).

Ir spectra of this alcohol were identical with those of the
reduction product of native luciferin. Mass: nife 159, 142,
117,102, 100, 89, 87. 85,84, 57, NMR 6 0.95(d. 6 H, J =
7 Hz), 1.69 (m, 2 H), 207 (m, 2 H). 337 (.2 H.J =6
Hz),3.63 (t, 2 H, J = 6 Hz), 4.14 (s, 1 H).7.06 (s, 1 H).

The amino alcohol was oxidized without further purifica-
tion by adding it (936 mg in 10 ml of methylene chloride) to
a solution of chromium trioxide (3 g)-pyridine (3.1 ml) in
methylene chloride (45 ml). The solution was stirred for 90
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Table I: Mass Spectral Data for Diplocardia Luciferin.

At 50°C At 100 °C
Peak Empirical Peak Empirical
mfe Assignment Formula mje Assignment Formula4
157 M C,H,,NO, 296 M’ C,6H,N,0,
131 ? 278 M' - H,0 C,.H;N,0,
128 M — CHO C,H,,NO 254 M’ — CH,=CH—CH, C,,H,,N,0,
115 M - CH,=CH—CH, C,H,NO, 239 M’ = CH. C,,H,,N,0,
100 M - CH,—CH,CHO C,H,,NO CH—CH,
or 194 CH.
CH c W - CH,
M- CHCH,  CH=(C=—
cn” C,HNO, o _CH—CH=(=0 C,H,N,0
87 M — CO + CH,=CH-CH, C,H,NO ' o
CH._ e . i CH,
85 _CH—CH~—C C,H,0 183b M’ ~ CH,=N—C~—CH,—CH C,H,.NO,
CH. CH;
72 (NH—CH,CH,CHO)*- C,H,NO 157 M C,H,NO,
-
CH,
~
57 ( /CH—CH.J> C.H,
CH,
or
(CH,CH,CHO)*- C,H,0

2Empirical formulas determined from high resolution mass spectra. dProduct of allylic cleavage with hydrogen rearrangement.

min at room temperature, then filtered through a silica gel
column (6 X 14 cm). The residue was washed twice with 30
ml of methylene chloride and each wash filtered through
the silica gel column. The column was washed with 30%
ethanol in hexane. All effluents were combined and evapo-
rated to dryness yielding a brown viscous oil. This oil was
purified by two passes through a silica gel column (2 X 50
cm) eluted with 2.5% methanol in chloroform to give N-iso-
valeryl-3-aminopropanol as an oil (562 mg, 60.7%): ir
vmax(CHCl3) 3448, 3000, 2960, 2870, 2725, 1727, 1653,
and 1520 ecm~!; '"H NMR § 0.95 (d, 6 H, J = 7 Hz), 2.0
(m,3H),272(dt,2H,J =1and 6 Hz),3.54 (q,2 H,J =
6 Hz), 6.68 (s, 1 H), 9.75 (1, 1 H, J = 1 Hz); mass m/e 157,
128, 115, 100, 87, 85, 72, 57.

Synthetic luciferin (53 mg) when treated with 2,4-dini-
trophenylhydrazine (80 mg) in ethanol following the same
procedure as that used for native luciferin gave a hydrazone
(62 mg), mp 172~174 °C, with an identical ir spectrum.
The mixture melting point test (172~174 °C) showed no
depression.

Results

Diplocardia luciferin is fairly stable at room temperature
in many solvents and is nonvolatile up to 40 °C under vacu-
um. However, it is subject to slow air oxidation and concen-
trated solutions or the neat oil will turn slightly yellow if
precautions are not taken to prevent oxidation. The pure
compound is a colorless oil with no fluorescence or uv-visi-
ble absorption. It is soluble in polar solvents {methanol, eth-
anol, acetone, and methyl acetate) but insoluble in nonpolar
solvents like hexane and carbon tetrachloride.

The assignment of luciferin as N-isovaleryl-3-aminopro-
panal (1) is based on a variety of consistent spectroscopic

CH, O 0
~ / /
CH—CH,—C CH,—CH,—C
CHS/ \T/ 2 2 \H
H
1

analysis. To the authors’ knowledge this compound has not
been previously reported. Its ir spectrum reveals the alde-
hyde (2725 and 1727 cm™') and amide groups (3448, 1653,
and 1520 cm~!) and the presence of both of these function-
al groups is supported by '3C NMR. The '3C NMR spec-
trum (Figure 1) shows seven different carbon signals. Those
at 301.4 (doublet) and 172.5 ppm (singlet) are easily as-
signed to the aldehyde and amide carbons, respectively, by
virtue of their chemical shifts. The other five signals are as-
signed to saturated carbon atoms: one or two methyl groups
(22.4 ppm, q), three methylene (32.8, t; 44.0, t; 46.0, t,
ppm), and one methyne carbon (26.1 ppm, d). This assign-
ment is supported by proton NMR and off resonance de-
coupling techniques. The proton NMR spectrum also re-
veals the aldehyde and amide functional groups (6 9.75 and
6.68, respectively). Deuterium oxide causes an 'H NMR
quartet at 3.54 ppm (methylene) to change to a triplet while
the amide peak (6.68 ppm) disappears, and irradiation of
the aldehyde peak (9.75 ppm) and the 3.54-ppm peak each
cause changes in the 2.72 ppm double-triplet (another
methylene; change to clear triplet, J = 6 Hz, and doublet, J
= 1 Hz, respectively). All of these data support an ami-
nopropanal amide as part of the luciferin structure.

A multiplet at 2.0 ppm representing three protons on in-
tegration is assigned to overlapping bands of a methyne and
a methylene carbon. Irradiation of this peak causes the
0.95-ppm peak (six protons on integration, two methyl
groups) to change from a doublet to a singlet. Since the rel-
ative intensity of the 22.4 ppm peak from '3C NMR is con-
sistent with two identical methyl groups and since only
seven different carbons are seen, the isovaleryl moiety is
also supported by the spectroscopic data.

Structure 1 is also supported by the mass spectral data.
Low resolution spectra at 50 °C show fragmentation lead-
ing to major loss from structure 1 of the aldehyde group (M
~ CHO, m/e 128), the isovaleryl chain (M — (CH3),CH-
CH,, m/e 100), and the aminopropanal moiety (M —
NHCH,CH,CHO, m/e 85). Table I shows the assignments
of the mass spectrum as fragments of structure 1.
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Table I1: Chemical and Physical Properties of Synthetic and
Native Diplocardia Luciferin.

Synthetic Native

Nonvolatile colorless oil
301.4, 172.5, 46.0,

Description: Nonvolatile colorless oil
BC NMR: 301.4, 172.5, 46.0, 44.0, 32.8,

22.4,26.1 44.0, 32.8, 22.4, 26.1
Miss spectrum, apparent molecular ion
(mfe)
50°C: 157 157
100 °C: 296 296
Alcohol derivative
Mass (m/e): 159 159

Dinitrophenylhydrazone
Description: Yellow crystalline solid Yellow, crystalline solid
Mass (m/e): 337 337

Bioluminescence activity

(light units per mg); 10.7 = 1.2 10.4 = 0.4
Emission spectrum, in vitro reaction

Peak, nm 490 490

Half-width, nm: 76 74

As the temperature is increased, a new molecular ion
peak appears at m/e 296 with major fragments at 278, 254,
239, 194, 183, 157, 115, and a base peak at m/e 57. High
resolution mass spectra give the empirical formulas for the
major fragments listed in Table I. These spectra are consis-
tent with the formation at higher temperatures of a lucifer-
in dimer 2, by aldol condensation of 1 followed by dehydra-
tion.

0
CHy I [ _CH,
_CHCH,C N CH,C==CHCH,NCCH,CH
CH, CH,
n
O H
2

Fragmentation of this dimer 2 can result in the peaks above
m/e 157 shown in Table I.

The luciferin alcohol (3) gave a molecular ion in mass
spectra at m/e 159. In contrast to the luciferin data, this
spectrum was not temperature variant. Reaction of luciferin
with 2 4-dinitrophenylhydrazine gave the molecular ion m/e
337 expected for the luciferin phenylhydrazone.

0
CH,_ |
_CH—CH,—C—N—CH,~—CH,—CH,0H
CH
H
3

Confirmation of the structure of luciferin as N-isoval-
eryl-3-aminopropanal (1) was obtained by synthesis of the
active compound following the procedure outlined under
Materials and Methods. When isovaleryl chloride was
treated with 3-amino-1-propanol, the luciferin alcohol (V-
isovaleryl-3-amino-1-propanol, 3) was produced quantita-
tively. Its identity was varified by ir and mass spectra. The
subsequent oxidation of luciferin alcohol with chromium
trioxide-pyridine complex gave luciferin (1) in 60% yield.
The spectroscopic data (ir, NMR, and mass spectra) of this
product were identical with those of native luciferin. The
mass spectrum showed the same temperature dependence,
the in vitro bioluminescence emission spectra were identical
(Table [1), and the specific activity of the synthesized com-
pound (10.7 light units/mg) in a standard assay system was
the same as that of native luciferin (10.4 light units/mg).
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Discussion

From the data presented, Diplocardia luciferin is N-iso-
valeryl-3-aminopropanal (1), a clear, nonvolatile, odorless
oil. Synthetic luciferin is identical with the purified lucifer-
in by all of the analytical criteria and in its bioluminescence
activity (Table I1). Since synthetic luciferin gives the same
mass spectrum temperature dependence as the native com-
pound, and since both native and synthetic luciferin give the
expected phenylhydrazone and corresponding alcohol deriv-
atives, the 296 peak in the mass spectra at high tempera-
tures is considered to be an artifact created on heating the
sample in the spectrometer.

Earthworm bioluminescence has been a difficult process
to study for several reasons. It is “catalyzed’ by a large pro-
tein which, in vitro at least, does not turn over, but is in-
stead inactivated in a rapid side reaction with the oxidant,
hydrogen peroxide (Bellisario et al., 1972). The emission
spectrum is on the red side of known bioluminescence spec-
tra, suggesting an emitter which absorbs in the visible re-
gion. As yet we have no evidence for visible absorption
bands or fluorescence chromophores associated with lucifer-
ase; certainly neither luciferin (1) nor any of its common
analogues should absorb or emit that far out in the green.
However, with the structure of luciferin now known, we are
now investigating both the chemical mechanism and the na-
ture of the emitter. Synthesis of a variety of analogues of lu-
ciferin is currently in progress in our laboratory to aid in
these studies.
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