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VARIATION OF SPECTRAL CHARACTERISTICS OF 

COELENTERAMIDE-CONTAINING FLUORESCENT PROTEIN 

FROM OBELIA LONGISSIMA EXPOSED TO DIMETHYL 

SULFOXIDE 

A. S. Petrova,1,3 R. R. Alieva,1 N. V. Belogurova,1 UDC 577.345, 577.34 
L. S. Tirranen1,3, and N. S. Kudryasheva1,2 

Effect of dimethyl sulfoxide (DMSO), a widespread biomedical agent, on spectral-luminescent characteristics 
of coelenteramide-containing fluorescent protein – discharged obelin – is investigated. Contributions of violet 
and blue-green spectral components to fluorescence of discharged obelin are elucidated and characterized at 
different photoexcitation energies. Dependences of these contributions on the DMSO concentration are 
presented. Spectral changes are related to the destructive effect of DMSO on fluorescent protein and 
decreasing efficiency of proton transfer to electronically excited states of fluorophore. 

Keywords: fluorescent coelenteramide-containing fluorescent proteins, discharged obelin, proton transfer, 
dimethyl sulfoxide. 

INTRODUCTION 

Fluorescent proteins are modern and very promising tools for biological and medical investigations. These 
proteins are synthesized within cells and can be used as biological fluorescent markers for monitoring of intracellular 
processes. Fluorescent protein is polypeptide comprising aromatic fluorophore. The most famous fluorescent protein is 
green fluorescent protein (GFP) [1, 2]. In addition, coelenteramide-containing proteins also belong to the group of 
fluorescent proteins. Their fluorophore is the coelenteramide molecule (Fig. 1) non-covalently bonded with protein 
inside its hydrophobic cavity. Unlike GFPs, coelenteramide-containing fluorescent proteins are not so widespread in 
biomedical investigations and their potential as color biomarkers is currently underestimated. 

Fluorophore of discharged photoproteins – coelenteramide – is chemically active in excited state and capable of 
producing a recoil proton with the formation of various fluorescent forms [3] that differ by the energy of fluorescent 
states and hence fluorescence color. Figure 1 shows schematically the energy level diagram of the excited states of 
protonated and partially protonated coelenteramide forms that are responsible for violet and blue-green components of 
the fluorescence spectra of coelenteramide and coelenteramide-containing proteins. The energy of the state S1*  is 
determined by the effective position of the proton of the coelenteramide phenolic group with respect to the proton-
acceptor fragment of the histidine amino acid residue (His22) (Fig. 1) in the protein surrounding. Wherein the 
relationship between the violet and blue-green components is determined by the deprotonation of the coelenteramide 
phenolic group in the excited state S1* that, in its turn, is determined by the microsurrounding of coelenteramide in 
proteins or solvents [4–10]. 
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a 0.02 M Tris-HCL buffer solution (pH = 7.0) and 0.005 M EDTA. The obelin concentration in the examined solution 
was 10–5 M. DMSO was added to the obelin solution after the bioluminescent reaction immediately before the 
registration of the spectra. The DMSO concentration was varied from 0.002 to 2.65 M (from 0.016 to 18.9 vol.%). The 
fluorescent spectra were registered with the use of PerkinElmer LS55 fluorescence spectrometer (USA). The 
temperature of the cell was 20°C. The parameters of registration of the spectra were the following: the wavelength 
range was 300–750 nm and the photoexcitation wavelengths were 280 and 350 nm. 

The complex fluorescence spectra of discharged obelin were deconvolved into components using Gaussian 
distribution. Mathematical processing was performed with the software packages Origin 8.5.1 and Matlab 8.0. To 
determine the number and position of maxima of the spectral components, the second derivative method was used. The 
spectra were deconvolved into individual Gaussian components in the coordinates: fluorescence intensity – 
wavelength [28, 29]. The deviation d of the calculated spectrum from the experimental one was evaluated as follows: 

 
exp comp

exp

100%
S S

d
S


  ,  (1) 

where Sexp is the area of the experimental spectrum and Scomp is the area of the individual spectral component. The value 
of d did not exceed 0.5%. 

In the short-wavelength range (<380 and <300 nm for photoexcitatioin wavelengths of 350 and 280 nm, 
respectively), the spectra were complemented using the Gaussian distribution. Contribution W of the spectral 
components to the overall photoluminescence spectrum was calculated using the following formula: 

 
comp

comp

S
W

S



.  (2) 

The effect of DMSO on the fluorescence intensity of discharged obelin was estimated using the empirical fluorescence 
quenching constant K: 

 0
KCI Ι e  ,  (3) 

where I and I0 are the fluorescence intensities in the presence and absence of DMSO, respectively, and C is the DMSO 
concentration, in M. 

RESULTS AND DISCUSSION 

Fluorescent characteristics of discharged obelin in DMSO solutions were investigated. Figure 2 shows the 
normalized fluorescence spectra of discharged obelin at photoexcitation wavelengths of 280 and 350 nm, corresponding 
to its absorption maxima. It can be seen that the obelin fluorescence is characterized by the maximum at 503 nm upon 
photoexcitation by 350 nm and includes an additional band in the near-ultraviolet range with the maximum at 346 nm 
upon photoexcitation by 280 nm. 

Figure 3 shows dependences of the fluorescence intensities of discharged obelin on the DMSO concentration at 
two photoexcitation energies – 280 and 350 nm. It can be seen that increasing DMSO concentration leads to decreasing 
maximum intensity in the visible spectral range in both cases (503 nm, curves 1 and 3). Wherein the intensity of the 
ultraviolet maximum (346 nm, curve 2) increases with DMSO concentration. 

The fluorescence quenching constants K were calculated from Eq. (3) using three dependences shown in Fig. 3. 
Values of these constants differed by approximately two orders of magnitude in the intervals of low and high DMSO 
concentrations. For example, the K values for curve 3 (Fig. 3) were equal to 42 and 0.32 M–1, respectively. Such 
differences in the constants can testify to different mechanisms of fluorescence quenching at low and high DMSO 
concentrations related, probably, to the protein destruction. 



m
2
r

F

 

All o
fluorescence s
spectrum at 35
maxima at 42
280 nm photo
range (Fig. 2b)
components I–

The c
data [3, 30, 31
Fluorescence e
Component II 
amino acidic 

obtained spect
spectra of disc
50 nm photoex
0, 503, and 56

oexcitation inc
). It should be 
–IV, but caused
omponents we
]. Componen
emission of the
was assigned 
coelenteramid

Fig. 2. Fluo
(I–IV) at C

Fig. 3. Dep
concentrati
λmax = 346 

tra were deco
charged obelin
citation is the 
65 (±1) nm (co
cludes addition
noted that vari
d a change in th
ere assigned to
nt I was assi
e amide anion w
to the comple

de surrounding

orescence spec
CDMSO = 0.4 M: 

pendence of the
ion C, in M. H
nm (λexc = 280

onvolved into
n and their com
superposition o

omponents I, II
nal componen
iation in DMSO
heir contributio
o different fluo
igned to the 
was not detect
ex with partial
g, whereas co

ctra of dischar
λexc = 350 (a) 

e intensity of t
Here curve 1 is 
0 nm), and curv

o Gauss comp
mponents at C
of three Gauss
I, and III, resp
nt IV with ma
O concentratio
ons. 
orescent forms

protonated 
ted, which is in
l proton transf
mponent III w

  

rged obelin (bo
and 280 nm (b

the discharged 
for λmax = 503

ve 3 is for λmax

ponents. Figu
CDMSO = 0.4 M.
ian component
pectively, in F
aximum at 34

on had no effec

s of coelentera
coelenteramid

n agreement wi
fer (Fig. 1) to t
with maximum

old curves) an
b). 

obelin fluores
 nm (λexc = 280
= 503 nm (λex

ure 2, as an e
. It can be see
ts in the visible

Fig. 2a). The e
45 nm in the 
ct on the wavel

amide on the b
de form (see 
ith the data of 
the proton-acc

m at 565 nm w

nd their compo

 

scence on the D
0 nm), curve 2

xc = 350 nm). 

xample, show
en that the em
e spectral rang
mission spectr
ultraviolet sp

length of maxim

basis of the lite
Fig. 1) [30, 3

Hirano et al. [4
ceptor group H
was assigned 

onents 

DMSO 
2 is for 

565

ws the 
mission 
ge with 
rum at 
pectral 
ma for 

erature 
2, 33]. 
4, 32]. 

His2 of 
to the 



p

m

D
p
H

b

p

m

i

 566

pyrazine anion
fragments wit
contributions 
molecule. 

The c
calculated for
fluorescence. I
component I t
decrease, and 
concentration i

The g
DMSO concen
protein, which
His22 (Fig. 1) 

An inc
from Fig. 4b. T
by the DMSO 

CONCLUSIO

Disch
stability and n
processes in v
obelin are subj
microsurround
coelenteramide
discharged obe

In the
obelin depend 
intensity of th
contribution o
caused by the 

F
o

n (that is, the
th a low degr
of aromatic fr

contributions o
r different DM
It can be seen
to increase, th

the contribut
increases to its

growth of the 
ntration indica
h probably is 
due to the part
crease in the c
This result test
effect. 

ONS 

harged obelin is
non-toxicity, it 
various biomed
jected to chang

ding of coelent
e group in the 
elin. 

e present work,
d on the DMSO
he ultraviolet 

of the violet co
decrease in the

Fig. 4. Contrib
obelin versus t

e resonance s
ree of conjuga
ragments of am

of the individ
MSO concentra
n that an increa
he contribution
tion of proton
s maximum (2.

contribution o
ates a decrease

caused by th
tial protein den

contributions o
tifies also to th

s a representati
is a promising

dical investigat
ges under the 
teramide in pro
excited state S

, we have estab
O concentration

spectral com
omponent and 
e efficiency of

butions of com
the DMSO con

structure of th
ation in the p
mino acid res

dual compone
ations. Figure
ase of the DM
n of the comp
nated violet c
.65 M). 
of the protona

e in the probab
he increase in 
naturation. 
f ultraviolet co
he structural ch

ive of the grou
g tool for appli
tions. As show
effect of vario
otein and are d
S1* (Fig. 1). Th

blished that th
n. The fluores

mponent increa
the decrease 

f proton transfe

mponents I, II, I
ncentrations. H

he phenolate 
protein–coelent
sidues of prote

ents to the flu
 4a shows co

MSO concentrat
plex with parti
component I to

ated coelentera
bility of proton
the distance 

omponent IV w
hange of coele

up of coelenter
ication as a flu
wn by previous
ous physicoche
determined by t
his factor determ

e intensity and
scence intensity
ases with risin
in the contrib

er in the excite

  

III, and IV to t
Here λexc = 350

anion). Comp
teramide comp
ein as well as

uorescence sp
ontributions of
tion causes the
ial proton tran
o increase alm

amide form (v
n transfer in th
between the p

with increasing
enteramide-con

ramide-contain
uorescent mark
s studies, the f

emical factors [
the effective p
mines the colo

d shape of the 
y in the visible
ng DMSO co

bution of the b
ed coelenteram

the emission s
(a) and 280 nm

ponent IV corr
plex. It can i
 fragments of

ectrum of dis
f components 
e contribution 
nsfer (blue-gree
most threefold

violet compone
he excited coe
phenol coelen

g DMSO conce
ntaining fluore

ning fluorescen
ker for visualiza
fluorescence sp
[25–27]. These

position of the 
or characteristic

fluorescence s
e spectral rang

oncentration. T
blue-green spe

mide state upon 

spectra of disch
m (b). 

responds to is
include fluores
f the coelenter

scharged obel
I–III to the v
of protonated 

en component
d when the D

ent) with incr
elenteramide st
nteramide grou

entration can b
escent protein c

nt proteins. Due
ation of bioche
pectra of disch
e changes depe
proton of the p
cs of fluoresce

spectra of disch
ge increases, a
The increase 
ectral compone

exposure to D

harged 

solated 
scence 
ramide 

in are 
visible 
violet 

t II) to 
DMSO 

reasing 
tate in 

up and 

be seen 
caused 

e to its 
emical 
harged 
end on 
phenol 
ence of 

harged 
and the 
in the 

ent are 
DMSO. 

 



 567

The efficiency of the process decreases due to the change of interatomic distances in amino acid coelenteramide 
surrounding in protein under the destructive effect of DMSO. The increase in the contribution of the ultraviolet 
component also testifies to the structural change of coelenteramide-containing fluorescent protein exposed to DMSO. 
The contributions of various groups of this protein to the ultraviolet luminescence will be elucidated in subsequent 
investigations including time-resolved experiments. 
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