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The Ca®-.activated photoprotein, aequorin, contains six tryptophan residues and has a bioluminescence emission maximum at 465 nm. On

converting the six tryptophan residues to phenylalanine, the mutant aequorins exhibited varied luminescence activities and spectra, but one mutant,

with tryptophan-86 replaced by phenylalanine, gave a bimodal emission spectrum, with maxima at 455 nm and 400 nm, This result suggests that
tryptophan-86 may be importantly involved in the generation of the product exciled state during aequorin bioluminescence,

Photoprotein; Ca*"-binding protein; Coelenterazine; Coelenterumide; Emission spectrum; Exciled state

1. INTRODUCTION

Aequorin is a Ca*-binding photoprotein found in
the jellyfish, Aequorea victoria, which emits light by an
intramolecular reaction in the presence of Ca®* [1-3].
The protein consists of a complex of apoaequorin (apo-
protein), coelenterazine (organic substrate, M.W, 423),
and molecular oxygen. Apoaequorin is made up of 189
amino-acid residues in a single polypeptide chain (M,
21,400) with three EF-hand structures (Ca*-binding
sites) [4,5]. The binding of Ca** converts the protein to
a Iuciferase, which then catalyzes ihe oxidation of coe-
lenterazine by the bound oxygen. The products of the
reaction are light (4,,,=470 nm), CO,, and coelenter-
amide (the oxidized product of coelenterazine). The ex-
cited state coelenteramide bound to apoaequorin is the
emitter in the reaction [6]. Aequorin may be regenerated
from apoaequorin by incubation with coelenterazine,
dissolved oxygen, EDTA, and 2-mercaptoethanol {7].

As a Ca*-binding protein, the primary structure of
aequorin is unusual in that it contains the amino-acid
residues tryptophan, cysteine, and histidine, which are
not commonly found in Ca*-binding proteins [5]. A
previous study has shown that the cysteine residues may
be involved in the regeneration of aecquorin from apoae-
quorin [8], but the function of the other two residues is
unknown, In this study, the six tryptophan residues
were replaced by the close analogue phenylalanine,
yielding mutant aequorins AQWI2F, AQW79F,
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AQWSE6F, AQWI08F, AQWI29F, and AQWI173F.
One of the mutants, AQWB86F, showed a striking
change with a shift towards 400 nm in its biolumines-
cence emission maximum. This observation suggests
that tryptophan-86 may play an important role in gen-
erating the product excited state in aequorin biolumi-
nescence.

2. MATERIAL AND METHODS

2.1, Enzymes and chemicals

Restriction ¢nzymes, Eschericitia coli T4 DNA ligase and Tag
polymerase were oblained from Takara Shuzo (Kyoto, Japan). Radi-
olabeled compounds were purchased from Amersham and DEAE-
Cellulofine A500 was from Chisso Corp. (Yokohama, Japan). Ol-
igonucleotides were synthesized by the phosphoramidite methed [9]
using an Applied Biosystems (Foster City, CA) Model 380A DNA
synthesizer, Coelenterazine and coelenteramide analogues were chem-
ically synthesized [10], All other chemicals were of the highest grade
commercially available.

2.2, Bucterial strain and plasmid

The bacterial strain was E. colf D1210 and the plasmid was the
previously described piP-HE fused 1o the ompA secretion peptide
coding sequence under the control of the /pp promoter and /ac opera-
tor [11].

2.3, Modification of tryptophan residues

Tryptophan residues were replaced with phenylalanine residues by
site directed mutagenesis using the polymerase chain reaction (PCR)
[12,13] in which specific base substitutions were introduced as a mis-
match between a PCR primer and the target sequence. Besides wild-
type (piP-HE) apoaequorin (apoAQ), six mutant apoaequorins were
prepared: apoAQWI2F, apoAQW79F, apoAQWS6F,
apoAQW 108F, apoAQWI129F, and apoAQW173F. Each cDNA was
sequenced Lo coniirm Lhe presence of ihie muiation by using 2 modified
dideoxynucleic acid sequencing method [14). Other molecular biology
procedures were according to Sambrook et al. [15).
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2.4, Growth of bacteria and purification of recombinant apoaequorin

Transformed E, coli D1210 was grown overnight at 30°C in 3 mi
of LB medium, containing 50 gg/ml of ampicillin. The overnight
culture was transferred to 25 ml of fresh LB medium, containing 50
ug/ml ol ampicillin and the culture was incubated at 30°C with shak-
ing for 3 h. The culture was finally transferred to 1000 m{ of fresh
M9CA medium containing 50 zg/ml of ampicillin and incubated at
37°C with shaking for 15 h. The secreted recombinant apoagquorin
was purified from the culture medium by acid precipitaiion and col-
umn chromatography using DEAE-Cellulofine AS00 [11]. The puri-
fied apoaequorin gave a single band on SDS-PAGE (12.5%) under
reducing conditions and the yield was 0.5-30 mg of »>95% pure apouc-
quorin per liter of culture medium.

2.5. Regeneration of aequorin and assay for activity

The purified aposequorin was dissolved in 30 mM Tris-HCI, pH
7.60/10 mM EDTA al a concentration of 200 ng/ml. 200 ! of this
solution was mixed with 2 ug of coelenlerazine or coelenterazine
analogue (1 #g/ul in absolute methanol) and 2 4l of 2-mercaptoethanol
[11]. After standing in an ice-bath for 6 h, 50 ul of the incubation
mixture was transferred to a glass reaction cell and injected with 1.5
ml of 30 mM CaCly30 mM Tris-HCI, pH 7.60. The initial maximal
light intensity was read with a Labo Science (Tokyo) Model TD-8000
photometer, calibrated with a carbon-14 light standard [16). The initial
maximal light intensity was converted to quanta per second Lo serve
as 1 measure of activity. Bioluminescence emission specira were meas-
ured with & Mode! I-MCPD muliichannel photo-detection system
(Otsuka Electronics, Osaka, Japan) under conditions described in the
figure legend. The spectra were taken at the peak height of light
emission.

2.6. CD spectra of upoaeguorin

CD spectra were measured with a Jasco (Tokyo) Model 1-600 spee-
tropolarimeter using a cell with a path length of 0.1 cm. The protein
concentration was 0,10 mg/ml in 30 mM Tris-HCl/10 mM EDTA, pH
7.6, estimated from the extinction coefficient at 280 nm, £,4, oon= 18.0
[17). All measurcimcnts were made at 4°C and each spectrum repre-
sents the average of at least three scans.

3. RESULTS AND DISCUSSION

Fig. I shows the chemical structures of coelenterazine
and three analogues used to regenerate apoAQ,
apoAQWI12F, apoAQW79F, apoAQWSE6F,
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apoAQWI108F, apoAQWI29F, and apoAQWI173F
into their respective aequorins. Table I lists the biolumi-
nescence activities and emission maxima of the regener-
ated aequorins. All of the mutant aequorins, except
AQW79F, had lower activities than wild-type (piP-HE)
aequorin (AQ). The activities ranged from a high of
124.4 for AQW79F to lows of <0.] for AQW108F and
AQW173F. The flash patterns of the Ca®'-triggered ae-
quorin emissions were nearly the same. Using coelen-
terazine as a substrate, the one-half rise time for AQ was
0.07 compared to values of 0.05 s to 0.12 s for the
others, whereas the one-half decay time was 0.47 s for
AQ and varied from 0.17 s for AQW173F to 0.81 s for
AQWE6F. Using coelenterazine as substrate, AQ,
AQWI2F, AQWI0O8F, AQWI129F, and AQWI173F
gave emission maxima of 465 nm, whercas AQW79F
had a maximum at 460 nm and AQWS6F had a maxi-
mum at 455 nm with a shoulder at 400 nm (Table I and
Fig. 2A). The bioluminescence emission spectra for AQ
and AQWB6F regenerated with coelenterazine are
shown in Fig. 2A and those for AQ and AQWS86GF
regenerated with Compound b are shown in Fig. 2B. All
AQWS86Fs produced by regenerating with coelen-
terazine and the three analogues gave emission maxima
that were shifted towards 400 nm.

The CD spectra of the apoaequorins following tryp-
tophan modification were also measured to detect
changes in secondary structure (Fig. 3). In each panel,
the dashed line represents the CD spectrum of apoAQ
and the solid line that of the mutant apoaequorin. The
CD spectrum of AQ shows a typical protein secondary
structure of a-helix and S-sheet. The CD spectrum of
apoAQWI12F indicates decreasing a-helix and possibly
increasing random coil or p-sheet. The CD of
apoAQWT9F (Fig. 3B) shows a light change in second-
ary structure accompanied by a significant increase in
bioluminescence activity (Table I). The CD of
apoAQWSE6F (Fig. 3F), on the other hand, shows a
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Fig. 1. Chemical structures of coelenlerazine analogues and various ionized states of coelenteramide.

small increase in a-helix content. The CD spectrum of
apoAQW 108F suggests increase in S-sheet content and
those of apoAQWI29F and apoAQWI173F indicate
more complex changes, all leading to large losses in
activity. Thus, tryptophan modification results in sec-
ondary structure changes that are largely associated
with losses in bioluminescence activity. However, there
is no complete loss of activity and this rules out the
possibility that iryptophan may be involved in oxygen
binding in the protein.

It is interesting that, with coelenterazine as substrate,
AQ emits at 465 nm and AQWEGF at 455 nm and 400
nm (Table I and Fig. 2A), whereas with Compound b
as substrate, AQ emits at 455 nm and 400 nm, and
AQWSGF at 400 nm (Table I and Fig. 2B). Such emis-
sions have been noted previously for Compound b with
native apoaequorin [18,19]. Thus, depending on
whether coelenterazine or Compound b is used, AQ can
have a single emission maximum at 465 nm or two
maxima at 455 nm and 400 nm. Similarly, AQW8EF can
have a maximum at 455 nm and a shoulder at 400 nm,
or a single maximum at 400 nm. Since the recombinant
DNA technique allows for the production of only one

apoAQWS86F must be identical except for the presence
of either a tryptophan or phenylalanine residue at posi-
tion 86 in the primary structure and a small change in
secondary structure for apoAQW86F. The emissions at
455 nm and 400 nm by AQWS8G6F, therefore, must be
due to two different excited states of coelenteramide
generated by the same apoaequorin molecule and not
to the presence of two isoforms of apoaequorin. The
tryptophan residue must lie in the active center of the
molecule.

A series of studies on the chemiluminescence of coe-
lenterazine and Varguia luciferin analogues in hydro-
phobic media have shown that the emission of coelen-
teramide at 465 nm is due to a monoanion (Fig. I,
Compound {), that at 400 nm is produced by a neutral
molecule (Compound e), and that at 530 nm by a dian-
ion (Compound h) [20-23]. For emission at 465 nm, ~6!
kcal/mol (257 kJ-M™") of energy is required, whereas for
the emission at 400 nm, ~71 kecal/mol (299 kJ-M™) is
required, derived from the cleavage of the dioxetanone
ring. According to these studies, the bimodal emissions
of AQ and AQWSG6F at 465 nm and 400 nm would be
due to two light-emitting species in which first an ex-

molecular species of apoaequorin, apoAQ and cited state monoanion (Fig. 1, Compound f) would be
Table |
Bioluminescence activities and emission maxima of regenerated aequorins

Compound AQ WI2F W79F WE6F WI08F WI129F WI73F

a, Luminescence activity* (%) 100 13.2 86.0 17.7 3.2 24.6 0.6
Apmags OIN® 465 465 460 455 465 465 465

b. Luminescence activity (%) 100 44 124 4 45.6 0.2 1.9 0.3
Amuxs DM 455 400 440 400 N.D. 450 N.D.

c. Luminescence activity (%) 100 7.6 97.6 9.2 <0.1 6.7 <0.1
Agas DT 465 465 465 460 N.D. 465 465

d. Luminescence activity (%) 100 15,2 63.3 34.3 <0.1 20.6 95
Amaxs DT 465 469 455 450 N.D. 465 465

“fuminescence activity wus cuiculaled us the ratio of the initial maximai light intensity refative to AQ.
b Composition of regeneration mixture: 0.1 mg apoaequorin, 10 ug coelenterazine (1 ug/u, dissolved in absolute methyl alcohol), and 5 ul of
2-mercaptoethanol in 1.0 ml of 30 mM Tris-HC, pH 7.6/10 mM EDTA. After 6 h of incubaticn in an ice-bath, a 100-u] aliquot was injested with

1.5 ml of 30 mM CaCly/30 mM Tris-FCl, pH 7.6. The spectrum was mea:

sured as described in section 2.
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Fig. 2. Emission spectra of aequorin (dashed line) and AQW&6F (solid
line). (A) The incubation mixture contained 0.1 mg of apoA(; or 0.1
mg of apoAQWS6F plus coelenterazine (5 ug) or 0.1 mg of
apoAQWSGF plus coelenterazine (5 ug) and 2-mercaptoethanol (10
4l in a total volume of 1.0 ml of 30 mM Tris-HCI, pH 7.6/10 mM
EDTA. The mixture was allowed to incubate in an ice bath for 6 h and
then a 100-u1 aliquot was injected with 1.5 ml of 30 mM CaCl./30 mM
Tris-HCI], pH 7.6. The spectra were measured as described in section
2. (B) The conditions were the same as in A, except that Compound
b (5 2g) was used in place of coelenterazine,

produced, which would then be rapidly protonated to
form the excited state neutral molecule (Fig. 1, Com-
pound e). The protonation would occur within the life-
time of the singlet excited state, 1077 to 10~ s, and the
neutral molecule would be raised to an energy level of
71 keal/mol, provided by the binding energy of the pro-
ton. This interpretation was supported by a deuterium
isotope effect observed when the chemi-luminescence
reaction was carried out in D.O at pH 5.6 [22]. How-
ever, we have observed that the p-methoxy phenyl (posi-
tion 6) derivative of coelenterazine was virtually inac-
tive when it was used to regenerate apoAQ and
apoAQBRGSF into aequorin, whereas subsequent addition
of coelenterazine to the incubation mixture resulted in
full regeneration of AQ and AQW8G6F activity. Further,
Shimomura et al. [18) have reported a similar loss of
activity when the same position was occupied by a p-
amino phenyl group. Thus, a p-hydroxyl phenyl group
at position 6 in coelenterazine is essential for full biolu-
minescence activity and it is possible that the excited
state of Compound g, with the negatively charged oxv-
gen atom hydrogen bonded to the NH of the indole of
tryptophan-86 or bonded to a positively charged nitro-
gen, is the emitter (465 nm) in the reaction. In our
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Fig. 3. CD spectra of apoAQ (dashed line) and (a) apoAQWI2F, (b)

apoAQW79F, () apoAQWSE6F, (d) apoAQWIO08F, ()

apoAQWI129F, and (f) apcAQW173F (solid line). Experimental con-
ditions are described in seciion 2.

experiments, the fluorescence of coelenteramide was
hardly noticeable in Tris-HCI buffer, pH 7.6, but on
incubation with apoAQ, a characteristic peak appeared
at 460 nm, suggesting that the excited state of Com-
pound g is the emitter in the reaction. Therefore, the
excited state emitter at 465 nm is either Compound f or
g and the excited state emitter at 400 nm is Compound
e (Fig. 1). It is noteworthy that the marine fish, Porich-
thys notatus, also produces a bimodal emission spec-
trum, with emissions at 485 nm and 507 nm, using as
substrate a closely related analogue of coelenterazine,
Vargula luciferin [24].
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