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ABSTRACT

Upon binding their metal ion cofactors, Ca2+-regulated pho-
toproteins display a rapid increase of light signal, which
reaches its peak within milliseconds. In the present study, we
investigate bioluminescence kinetics of the entire photopro-
tein family. All five recombinant hydromedusan Ca2+-regu-
lated photoproteins—aequorin from Aequorea victoria, clytin
from Clytia gregaria, mitrocomin from Mitrocoma cellularia
and obelins from Obelia longissima and Obelia geniculata—
demonstrate the same bioluminescent kinetics pattern. Based
on these findings, for the first time we propose a unanimous
kinetic model describing the bioluminescence mechanism of
Ca2+-regulated photoproteins.

INTRODUCTION
Bioluminescence of a great number of marine organisms, mostly
coelenterates, is due to the presence of Ca2+-regulated photopro-
teins, members of the EF-hand Ca2+-binding protein superfamily.
Ca2+-regulated photoproteins are composed of a single polypep-
tide chain (~22 kDa) to which the oxygenated coelenterazine,
2-hydroperoxycoelenterazine, is tightly bound (1–3). The light-
emitting reaction of these photoproteins is triggered by calcium
binding to Ca2+-binding loops that initiates oxidative decarboxy-
lation of the 2-hydroperoxycoelenterazine leading to the forma-
tion of a product, coelenteramide, in excited state which
transition to ground state is accompanied by photon emission.
The bioluminescence spectra of the emitted light are broad
with maxima around 465–495 nm depending on the type of
photoprotein (4).

Despite the fact that Ca2+-regulated photoproteins have been
found in many (>25) marine coelenterates (5), cloning and
sequence analysis have been carried out only for several aequor-
ins from different species of Aequorea (6–10), two clytins
(11–14) and two obelins (15–17) from different species of Clytia
and Obelia, respectively, mitrocomins from jellyfish Mitrocoma
cellularia (18,19) and three light-sensitive Ca2+-regulated

photoproteins of ctenophores (20–23), which are functionally
identical but reveal no identity of amino acid sequences to
hydromedusan photoproteins. Recombinant apophotoprotein can
be converted into active photoprotein by incubating with synthetic
coelenterazine under Ca2+-free conditions in the presence of O2

and reducing agents (24). Of note is that apophotoprotein binds
coelenterazine on millisecond timescale (25), whereas subsequent
conversion of coelenterazine into 2-hydroperoxy adduct is much
slower (26).

Although Ca2+-regulated photoproteins represent a unique
class of protein biochemistry, in essence, an interest to these pro-
teins is due to their broad analytical potential. The main analyti-
cal applications of photoproteins originate from their ability to
emit light upon Ca2+ binding. Aequorin was the first indicator
protein that allowed the quantitative detection of calcium tran-
sients in living cells (27). The cDNA cloning of photoprotein
genes (28) opened new avenues for their use: Recombinant
apophotoprotein is expressed intracellularly, and then coelenter-
azine added externally diffuses into the cell forming an active
photoprotein (29). This approach is highly valuable, because it
does not require laborious procedures like microinjection or lipo-
some-mediated transfer of photoprotein into cells. Although
Ca2+-regulated photoproteins, mostly aequorin, are still indicators
of choice for many applications (30), they are experiencing high
competition from fluorescent tetracarboxylate calcium probes
(31) and genetically encoded calcium indicators based on green
fluorescent protein (32,33).

In the past decade owing to determination of spatial structures
of ligand-dependent conformational photoprotein states (2,3,34–
36), spatial structures of photoprotein variants (37–39) and com-
prehensive mutagenesis studies (40–43), significant progress has
been attained in understanding the function of certain active site
residues in oxidative decarboxylation of 2-hydroperoxycoelenter-
azine and emitter formation. At the same time, the reason why
hydromedusan photoproteins revealing a high degree of sequence
and structural identity display different bioluminescent kinetics
and sensitivity to calcium (44) still remains an enigma.

Several reaction schemes and models for photoprotein biolu-
minescence response to Ca2+ addition and dependence of biolu-
minescence on Ca2+ concentration were proposed (44–49).
According to the kinetic scheme originally suggested for
aequorin from Aequorea victoria (45), the bioluminescence reac-
tion starts with fast binding of calcium (Scheme 1). With
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calcium concentration at its effective maximum, putative interme-
diate X is formed. This step is controlled by rate constant k2,
which characterizes the decay phase of photoprotein light signal
and represents all chemical transformations of the substrate
including 2,3-dioxetanone generation and its subsequent break-
down. Next, intermediate X transforms into an excited singlet
state Y*, and this step is independent of calcium and controlled
by k3, which corresponds to the rate constant characterizing the
rise phase of photoprotein light signal. Since lifetimes of excited
singlet states are typically in the nanoseconds time frame, the
value for k4 is much higher than for the other rate constants.

Photoprotein reaction schemes proposed later were more
focused on the relations between light emission and calcium con-
centration for aequorin and included different numbers of cal-
cium-binding sites which must be occupied to produce
bioluminescence (46,47). A simplified but more complete scheme
of photoprotein bioluminescence reaction (Scheme 2) was pro-
posed later on the basis of kinetic studies of obelin as well as of
stoichiometric observations (48). This scheme accommodated
interactions between obelin and various ions such as Ca2+, Mg2+,
H+, K+ and Na+.

The next major study of calcium dependence of aequorin bio-
luminescence made an attempt to correlate the variations of pho-
toprotein decay rates with calcium concentration and the light
intensity (49). A parallel model was proposed postulating that
the fast and slow light-emitting states coexist and their ratio
depends on calcium concentration (Scheme 3). However, the
given kinetic scheme does not explain the observed relations
between these “fast” and “slow” rate constants and calcium con-
centration. It was clearly shown that when calcium concentration
increased, the “slow” rate constant was decreasing and the “fast”
rate constant remained more or less unaffected. One plausible
explanation offered was that one of the rate constants on the
“slow” reaction pathway depends on the number of calcium ions
bound (49).

None of the reaction models of aequorin and obelin biolumi-
nescence proposed so far has been extended to the entire family
of Ca2+-regulated photoproteins. Overall, the kinetic model must
describe the rise phase of the photoprotein bioluminescence sig-
nal and take into account the fact that for most photoproteins,
the decay kinetics can be satisfactory described only by two-

exponential function. In this study, we present a kinetic model
which properly describes full bioluminescence traces of five
hydromedusan Ca2+-regulated photoproteins—aequorin from
A. victoria, clytin from Clytia gregaria, mitrocomin from Mitro-
coma cellularia and obelins from Obelia longissima and Obelia
geniculata.

MATERIALS AND METHODS

Protein expression and purification. Recombinant apophotoproteins were
purified from inclusion bodies and activated with coelenterazine to
produce active photoproteins as previously reported (17,50). The
coelenterazine concentration was determined using e435 nm = 9800
cm�1

M
�1 as molar absorption coefficient (5).

Stopped-flow measurements. Stopped-flow experiments were
performed with EDTA-free solutions of photoproteins. EDTA was
removed from the purified proteins by gel filtration on a 1.5 9 6.5 cm
D-Salt Dextran Desalting column (Pierce). The column was equilibrated
and the protein was eluted with 150 mM KCl, 5 mM piperazine-1,4-bis
(2-ethanesulfonic acid) (PIPES), pH 7.0 previously passed (twice) through
freshly washed beds of Chelex 100 chelating resin (Sigma) to remove trace
amounts of Ca2+. The fractions containing photoproteins were identified by
bioluminescence assay. To avoid possible contamination with EDTA, only
the first few protein fractions to come off the column were used for rapid-
mixing measurements. Protein concentrations were determined using the
molar absorption coefficient for 2-hydroperoxycoelenterazine bound within
the aequorin (e460 nm = 1815 cm�1

M
�1 (5)).

The light response kinetics after sudden exposure to a saturating Ca2+

concentration was examined with an SX20 stopped-flow machine (cell
volume 20 lL, dead time 1.1 ms) (Applied Photophysics, UK). The tem-
perature was controlled with a circulating water bath and was set at 20°C
in all experiments. The Ca2+ syringe contained 40 mM Ca2+, 30 mM KCl,
5 mM PIPES buffer, pH 7.0. 2 lM of photoprotein was dissolved in a
Ca2+-free solution of the same ionic strength: 150 mM KCl, 5 mM PIPES,
pH 7.0. Both syringes were prewashed with the EDTA solution and then,
thoroughly, with deionized water. The solutions were mixed in equal vol-
umes. Thus, the final concentrations of Ca2+ and photoprotein in the reac-
tion mixture were 20 mM and 1 lM, respectively.

Kinetic analysis. Simulations were performed with the application
made in SciLab environment supplied with built-in function ode for
integration of differential equation systems. Nonlinear least squares fitting
using Nelder–Mead optimization method built in the SciLab 5.4.1 was
applied for finding the best solution. MSE (mean square error) and
MAPE (mean absolute percentage errors) were used as a measure of the
differences between values predicted by a model and the values observed
in the experiments.

RESULTS AND DISCUSSION
Ca2+-regulated photoproteins from different organisms demon-
strate the same bioluminescence kinetic pattern. After rapid mix-
ing with Ca2+ ions, photoproteins display a prompt increase of
light signal, which reaches its peak within milliseconds. A flash
in bioluminescence intensity is followed by a slow decay of theScheme 1. Proposed reaction scheme for aequorin bioluminescence (45).

Scheme 2. Reaction scheme for obelin bioluminescence (48).
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light emission, lasting seconds. The decay rate is shown to
increase with Ca2+ concentration, whereas the total light emitted
(light integral) remains relatively constant (45,51). However, the
rates of rise of light intensity and decay of bioluminescence sig-
nal significantly vary among Ca2+-regulated photoproteins (44)
and also depend on whether native coelenterazine or its various
analogues are used for the activation of photoprotein (52). In
addition, photoprotein bioluminescence kinetics might be
affected by substitution of certain residues situated within sub-
strate-binding cavity (37,38). For instance, the replacement of
Trp92 to Phe which is located within hydrogen bond distance to
the 6-(p-hydroxy)-phenyl group in obelin increases the rate of
rise of light signal more than two times as compared to wild-type
obelin (37).

In order to propose a general kinetic scheme describing biolu-
minescence signals of photoproteins from different organisms,
several models were tested. The appropriate model was selected
from comparison of simulated traces with experimental kinetic
data.

Foremost, we examined kinetic schemes suggested for aequorin
and obelin (see Supporting information for details). Simulation with
the simple consecutive model based on Scheme 1 suggested for

aequorin (45) was found to give an unsatisfactory fit to the experi-
mental kinetic curves (MAPE = 20.79%; Fig. S1).

The kinetic model suggested for obelin bioluminescence
(Scheme 2) (48), in effect, is an extended consecutive model
suggested earlier for aequorin (45,47). This model additionally
takes into account the ability of photoproteins to emit light in the
absence of calcium ions and admits the light emission from
photoprotein intermediates with occupied one, two and three
Ca2+-binding sites (48). This assumption is consistent with
experimental results obtained for obelin mutants with disabled
Ca2+-binding sites (53). Simulation using this model also does
not provide a satisfactory fit to the experimental kinetic curves
(MAPE = 15.4%; Fig. S2).

Another model tested (Scheme 3) was recently suggested for
aequorin bioluminescence (49). It was speculated that there are
at least two fractions of photoproteins present, which can yield
subsequent intermediates with different rate constants after cal-
cium binding. The very possibility that each of the sites to which
calcium binds has two states was suggested long ago (46). How-
ever, in contrast to the so-called dark state proposed in Allen
et al. (46), both photoprotein states from Scheme 3 yield the
“light-effective” intermediates and might be considered to be
“fast” and “slow” components of the reaction due to their kinet-
ics properties. Aside from two photoprotein forms, the model
also admits the triggering light emission by binding of only one
and two calcium ions to the photoprotein molecule (Scheme 3)
similar to the model proposed for obelin (Scheme 2). The simu-
lation traces became only slightly better fitted with experimental
data when “fast” and “slow” photoprotein states (Scheme 3)
were added into consideration (MAPE = 20.58%; Fig. S3).

All Ca2+-regulated photoproteins have the same compact glob-
ular structure consisting of two sets of four helices comprising
helix-turn-helix motifs known as EF-hands forming N- and
C-terminal protein domains. Thus, the overall structure of photo-
protein is seen as two “cups” joined at their rims (Fig. 1a). The
2-hydroperoxycoelenterazine molecule is situated in an internal
cavity formed by residues located in all helices. In EF-hand
proteins, the EF-hand motif almost always occurs in pairs. In the
N-terminal domain, the EF-hand motif I is paired with EF-hand
motif II, which displays the characteristic structural features of
an EF-hand motif but has no canonical sequence in the loop for

Scheme 3. Kinetic scheme for aequorin bioluminescence with “fast” and
“slow” photoprotein forms (49).

Figure 1. Spatial structure of Ca2+-discharged obelin (PDB code 2F8P) (a) and interaction between EF-hand motifs III and IV Ca2+-binding loops (b).
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calcium binding and consequently does not bind Ca2+ (54). The
C-terminal domain is formed by EF-hand motifs III and IV. The
Ca2+-binding loops of these motifs having canonical 12-residue

sequences interact with each other through hydrogen bonds
(Fig. 1b). Frequently, the paired EF-hand motifs are capable of
binding calcium ions with positive cooperativity, that is Ca2+

Scheme 4. Kinetic scheme of photoprotein bioluminescence with
addition of Ca2+-cooperativity effect.

Scheme 5. Kinetic scheme of photoprotein bioluminescence with
addition of Ca2+-cooperativity effect without reverse rate constants.

Figure 2. Stopped-flow records of luminescence signal for aequorin (a), clytin (b), mitrocomin (c) and obelins from Obelia longissima (d) and Obelia
geniculata (e). Experimental traces are shown as black dots; traces modeled with Scheme 5—as black line, intermediate Z1—as blue line, intermediate
Z2—as green line, intermediate Z3—as cyan line and intermediate Z4—as red line.
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binding with one of the Ca2+-binding sites increases affinity of
another Ca2+-binding site (55). Thus, a small change in calcium
concentration might initiate structural and functional response of
Ca2+-binding proteins. Since spatial organization of EF-hand
motifs in the C-terminal domain of photoproteins completely cor-
responds to that in other Ca2+-binding proteins which display
positive cooperativity, we can reasonably assume that at least the
Ca2+-binding sites situated in the C-terminal domain of Ca2+-
regulated photoproteins are also capable of binding calcium with
positive cooperativity. Of note is that in case of photoproteins,
small changes in calcium concentration stimulate high changes in
bioluminescence intensity; the increase of [Ca2+] from 10�8 to
10�3

M leads to gain of light intensity by 7–8 orders of magni-
tude. Hence, we believe that the “positive cooperativity” must be
introduced into photoprotein reaction scheme.

Since none of the considered models gave a satisfactory
matching of simulated traces to experimental data (Figs S1–S3),
we propose another kinetic model for the photoprotein biolumi-
nescence reaction (Scheme 4).

To begin with, in this kinetic scheme, we added the “positive
cooperativity” effect between Ca2+-binding sites of the C-term-
inal domain (state S23 leading to the intermediate Z4). We also
admit that an excited state Y* could be formed as the result of
binding of only one calcium ion to any of the Ca2+-binding sites,
which gives us intermediates Z1, Z2 and Z3. In addition, in this
scheme we neglected the Ca2+-independent luminescence from

S0 due to the extremely low emission level compared to the
Ca2+-induced bioluminescence (46). Moreover, since in our
experimental setup all five photoproteins were tested under satu-
rating calcium concentration, it is reasonable to simplify the
kinetic scheme by neglecting the reverse rate constants for all
calcium-binding steps (Scheme 5).

The system of differential equation for Scheme 5:

S0 ¼ �k�1CS0 � k2CS0 � k3CS0 � k0S0
S1 ¼ k1CS0 � k4S1
S2 ¼ k2CS0 � k23CS2 � k5S2
S3 ¼ k3CS0 � k32CS3 � k6S3
S23 ¼ k23CS2 þ k32CS3 � k7S23
Z1 ¼ k0S0 þ k4S1 � k8Z1

Z2 ¼ k5S2 � k9Z2

Z3 ¼ k6S3 � k9Z3

Z4 ¼ k7S23 � k10Z4

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

Simulations showed that usage of Scheme 5 as a photoprotein
reaction model gives a good fit to the experimental data for all
five photoproteins (Fig. 2); MAPE values are less than 5% which
is much better than those of original models (48,49) (see Sup-
porting information section). Rate constants obtained from the
fits of experimental kinetic curves to the model presented in

Table 1. Bioluminescence rate constants of Ca2+-regulated photoproteins from the raw kinetic curves.

Aequorin Clytin Mitrocomin Obelin-l Obelin-g

k1, 9 104 M
�1 s�1 0.685 0.83 17.2 2.37 0.638

k2, 9 105 M
�1 s�1 0.05 5.77 1.0 0.63 0.33

k3, 9 105 M
�1 s�1 0.05 4.25 1.0 0.63 0.33

k23, 9 104 M
�1 s�1 2.15 0.46 0.69 5.0 5.0

k32, 9 104 M
�1 s�1 2.15 0.68 0.69 5.0 5.0

k4, s
�1 0.605 65.2 1.41 40.1 34.2

k5, s
�1 0.5 0.97 1.02 0.15 0.05

k6, s
�1 0.5 1.08 1.0 0.15 0.05

k7, s
�1 0.283 0.85 0.78 4.62 4.60

k8, s
�1 118 109 226 229 1100

k9, s
�1 433 288 66.6 201 599

k10, s
�1 107 137 164 1140 468

MSE, 9 10�4 4.08 7.46 4.37 2.9 6.7
MAPE, % 3.89 2.94 1.7 4.4 4.54

Figure 3. Multiple sequence alignment of Ca2+-binding sites among different Ca2+-regulated photoproteins: aequorin from Aequorea victoria, clytin
from Clytia gregaria, mitrocomin from Mitrocoma cellularia and obelins from Obelia longissima and Obelia geniculata. Calcium-binding loops I, III
and IV are shown as gray underbars. The calcium-binding consensus sequences within the loops are marked in yellow.
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Scheme 5 are summarized in Table 1. The kinetic characteristics
of the bioluminescence reactions of five photoproteins show con-
siderable differences in rate constants. For example, according to
Scheme 5, binding of calcium ions to the N-terminal Ca2+-bind-
ing site (S1) governed by k1 is considerably faster in case of
mitrocomin and equals to 17.2 9 104 M

�1 s�1. As for the C-
terminal Ca2+-binding sites (S2 and S3), corresponding rate con-
stants k2 and k3 are the same for each photoprotein because we
cannot distinguish these two sites in the model and therefore
consider them as equivalent binding sites. Clytin displays the
highest values of second-order rate constants k2 and k3,
while aequorin shows the lowest rate of calcium binding to the
C-terminal Ca2+-binding sites—4.25–5.77 9 105 M

�1 s�1 and
0.05 9 105 M

�1 s�1, respectively. Ca2+-binding sites III and IV
contain polar Ser and Thr residues in all photoproteins (Fig. 3),
which might be linked to the fast binding of calcium, while only
aequorin has less polar amino acid residues such as Ala and Gln
as well as Glu in the corresponding Ca2+-binding sites. Formation
of the photoprotein state with two calcium ions bound with coop-
erative effect (S23) is governed by k23 and k32 which rate constants
are also undistinguishable in our model. As for the values of k23
and k32, all photoproteins used in our experiments can be divided
into two groups: clytin and mitrocomin having the lowest rates of
S23 formation—around 0.46–0.69 9 104 M

�1 s�1—and aequorin
and both obelins with k23 and k32 around 2–5 9 M

�1 s�1. Mitro-
comin and clytin Ca2+-binding sites III contain Ser instead of Ala
and Thr, and in the Ca2+-binding site IV, they have Lys residues
instead of Gln, Asp and Glu found at the same positions in the
sequence of aequorin and obelins, respectively (Fig. 3). This
might be the reason for the decreased positive cooperativity effect
we observe in case of mitrocomin and clytin.

In Scheme 5, there are four intermediate states of photopro-
teins depending on the number and order of calcium ions bound
—Z1 (one calcium ion in N-terminal binding site), Z2 and Z3

(one calcium ion bound to one of the C-terminal Ca2+-binding
sites), and Z4 (two calcium ions occupied in both C-terminal
Ca2+-binding sites). Separate kinetic traces for generation of these
four intermediates are shown in Fig. 2 as color lines (see legend).
All photoproteins can be divided into two groups according to the
rate of Z1 formation (Table 1). Clytin and two obelins represent a
“fast” group with first-order rate constant k4 in range 34.2–
65.2 s�1, and aequorin and mitrocomin are in a “slow” group
where k4 equals to 0.605 s�1 and 1.41 s�1, respectively. The
observed difference can be explained by the fact that both obelins
and clytin have Thr, whereas aequorin—Ser and mitrocomin—
Asn in Ca2+-binding site I (Fig. 3). The rate of Z2 and Z3

formation is similar in case of aequorin, clytin and mitrocomin—
0.5–1.08 s�1, but considerably different in case of obelins—
almost 10 times lower (0.05 s�1 for obelin-g and 0.15 s�1 for
obelin-l). However, both obelins display the highest rates of Z4

formation—4.60 s�1, which are 5–15 times faster than those of
the other photoproteins. This is probably because the C-terminal
Ca2+-binding sites of obelins are characterized with higher posi-
tive cooperativity than those of clytin and mitrocomin, 0.85 s�1

and 0.78 s�1, respectively, let alone aequorin—0.283 s�1.
As for the excited state Y* formation, there are also consider-

able differences in the rate constants for all five photoproteins
depending on the type of intermediate Z it is formed from
(Table 1). The biggest difference is between k8 values for slow
photoproteins (aequorin and clytin) and obelin-g, which is one
order of magnitude—118 s�1, 109 s�1 and 1100 s�1, respectively.

CONCLUSION
In the present work, we propose a unanimous kinetic model
describing the bioluminescence reaction of Ca2+-regulated photo-
proteins based on rapid-mixing kinetic studies of five photopro-
teins: aequorin from A. victoria, clytin from C. gregaria,
mitrocomin from M. cellularia and obelins from O. longissima
and O. geniculata. The reaction scheme suggested includes a
“positive cooperativity” effect between Ca2+-binding sites of the
C-terminal domain and takes into account the fact that an excited
state Y* could be formed as the result of binding of only one
calcium ion to any of the Ca2+-binding sites. The kinetic model
proposed in the present study provides a very good fit to the
experimental rapid-mixing curves for all five photoproteins tested
under saturating calcium concentration and provides a solid basis
for the further study on details of emitters’ formation.
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version of this article:

Figure S1 Aequorin kinetic curve (black dots) fitted to
Scheme 1 (red line).

Figure S2 Obelin-g kinetic curve (black dots) fitted to
Scheme 2 (red line).

Figure S3 Aequorin kinetic curve (black dots) fitted to
Scheme 3 (red line).
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