
RSC Advances

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

01
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

3:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Department of Chemical Sciences, Indian In

(IISER)-Kolkata, Mohanpur Campus, W

prasunchem@iiserkol.ac.in

† Electronic supplementary informa
10.1039/c3ra44034f

Cite this: RSC Adv., 2013, 3, 24021

Received 31st July 2013
Accepted 10th October 2013

DOI: 10.1039/c3ra44034f

www.rsc.org/advances

This journal is ª The Royal Society of
Chemical tweaking of a non-fluorescent GFP
chromophore to a highly fluorescent coumarinic
fluorophore: application towards photo-uncaging and
stem cell imaging†
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and Prasun K. Mandal*
Three step chemical tweaking of nonfluorescent parent GFP chro-

mophore has yielded a three hundred times as bright coumarinic

fluorophore. A fluorogenic compound has been prepared which

after photo-uncaging yields the same highly bright fluorophore that

could be used for live stem cell imaging.
The quest to enhance the uorescence quantum yield of
nonuorescent GFP (green uorescent protein)1,2 chromo-
phores (p-HBDI, see Scheme 1) has engaged many researchers
from biology and chemistry for more than a decade. Strong
deviation of uorescence quantum yield (f) of p-HBDI (f <
0.001) from that of wild type GFP (f � 0.8) has been noted in
solution.3,4 Different mechanisms have been put forward as
plausible reasons for the low uorescence quantum yield of GFP
chromophore.5,6 Several successful attempts7,8 to increase f of
GFP chromophore by restricting the torsional motion include
mimicking GFP barrel encapsulation in human serum albumin,
in octaacid cavitand, and using truncated or split GFP tech-
nique, and selective complexation with RNA aptamers,
complexation with metal salts (such as Zn2+) or BF2 moiety.
However, concerns have been raised regarding their usage due
to lability of metal–BF2 complexes in solution.9 Different
chemical modications/substitutions in benzene and imidazole
ring of p-HBDI have been tried but so far a maximum of only
�10% uorescence quantum yield could be achieved in GFP
chromophore analogues.10 Thus, the quest for chemically
modied GFP chromophore analogue with enhanced uores-
cence quantum yield is still very much active.

Photoactivation process provides spatial and temporal
control over the release of desired chemical11 and thus photo-
activable compounds and uorescent proteins are quite
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important towards bioimaging.12 There are quite a few number
of photoactivable compounds, however, there is only one report
so far where a photoactivable compound has been made with
GFP chromophore analogue.13

In this manuscript we describe how three step chemical
tweaking of non-uorescent parent GFP chromophore (p-HBDI)
could lead to a highly uorescent coumarinic uorophore
(Scheme 1). Three modications that has been incorporated are
(i) p-hydroxy has been replaced by o-hydroxy, (ii) N,N-diethyl-
amino group has been introduced at the p-position, and (iii) sp3

nitrogen in imidazole ring has been replaced by oxygen. In this
direction we have made four compounds: 4-(2-hydroxy-4-N,
N-diethylamino-benzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-
one (OHIM), 4-(2-methoxy-4-N,N-diethylamino-benzylidene)-1,
Scheme 1 (a) Three step chemical tweaking (in red) of p-HBDI. (b) Chemical
structure and synthesis of all four dyes. (c) Possible pathway for conversion of
OHBO to cOHBO.
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Table 1 Photophysical properties of OHIM and cOHBO

Dye Solvent lmax
a (nm) 3 (M�1 cm�1) f s

OHIM Toluene 484(448) 29 075 2.2 � 10�3 0.76, 32.8 ps
Methanol 505(451) 30 580 1.4 � 10�3 0.73, 13.9 ps

cOHBO Toluene 444(377) 19 030 0.90 3.27 ns
Methanol 485(392) 19 000 0.70 3.88 ns

a Emission maximum, absorption maximum (nm) in parentheses.
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2-dimethyl-1H-imidazol-5(4H)-one (OMIM) and two of their
respective point atom mutation analogues (OHBO and OMBO
respectively) where the nitrogen atom at 1-position have been
replaced by oxygen atom (see Scheme 1b) (for synthesis and
characterisation see ESI†). Absorption and emission spectra of
OHIM and OHBO in different solvents are shown in ESI† and
the photophysical parameters are depicted in Table 1.
(For OMIM and OMBO see ESI†).

Surprisingly, we have noticed that f as well as the uores-
cence lifetime (s) of OHBO are drastically different from that of
OHIM (or other two derivatives). To the best of our knowledge
this is the rst example of chemical modication of GFP chro-
mophore leading to a highly bright uorescent dye with near
unity uorescence quantum yield, i.e. more than 300 fold
uorescence enhancement from the GFP chromophore in
solution. It was observed that the uorescence lifetime of
OHIM, OMIM, and OMBO are in femtosecond or picosecond
time scale, whereas uorescence lifetime of OHBO is in
nanosecond time scale. Thus an enhancement of 100 to 4000
times of s is noted for OHBO.

Such an enhancement of uorescence quantum yield and
uorescence lifetime made us rethink what could be the
possible reason and hence we had to look deeper into the
spectroscopic characterisation. Based on careful analysis we
propose here that although OHBO is produced (previous
literature reports suggest that hydrolysis of methoxy group with
BBr3 yields hydroxy group)10b in the reaction but it undergoes an
intramolecular rearrangement and hence formation of a
coumarinic structure is a possibility (Scheme 1c). So, OHBO
plausibly remains not in hydroxyl derivative state but in
coumarinic structure (cOHBO). This proposition has been
supported by IR, and NMR spectroscopic results. For
Fig. 1 Molecular structure of cOHBO and ONBYOHBO. Thermal ellipsoids were
drawn at the 50% probability level.

24022 | RSC Adv., 2013, 3, 24021–24024
rearrangement, presence of –OH group at ortho position and
oxygen in oxazole ring are necessary conditions. For OHIM,
OMIM or OMBO these conditions are not fullled and thus no
intramolecular rearrangement is possible. Thus, uorescence
properties of OHIM, OMIM, and OMBO are similar to each
other but quite different from that of cOHBO. Absorption
maximum of cOHBO matches with that of many other
coumarinic probes that absorb at around 375–400 nm.14 The
best proof in support of coumarinic structure stems from the
single crystal X-ray structure of cOHBO (see Fig. 1). (For lattice
parameters etc. see ESI†).

It is quite interesting to note that at room temperature
intramolecular rearrangement (Scheme 1c) is spontaneous
(i.e. not externally photoinduced or thermo-induced). Thus, it is
evident that three step tweaking especially the last step of point
atom mutation in OHIM (N being replaced by O) followed by
rearrangement and thus forming cOHBO is responsible for the
much improved uorescence properties. Most of the bright dyes
available are either coumarin, rhodamine based. Hereby we
have converted nonuorescent GFP chromophore to uorescent
coumarinic dye. This methodology can be used for making
many other nonuorescent uorescent protein chromophore to
a bright uorescent one. Work in this direction is currently
underway.

Photoactivable uorophores and uorescent proteins11,12 are
quite important towards understanding the cellular processes
using different imaging techniques. Exploiting the idea of
spontaneous rearrangement of OHBO leading to cOHBO
(see Scheme 1c) and hence highly bright uorescence; we have
introduced an o-nitrobenzoyl group (see Scheme 2) in OHBO.
Details of synthesis, and characterization of ONBYOHBO is
given in ESI.† This photoactivable compound could be cleaved
by light (at �370 nm) leading to formation of highly uorescent
cOHBO.

The fact that indeed cOHBO is formed because of photo-
cleavage of ONBYOHBO (see Fig. 1) is conrmed by uorescence
spectroscopy. Steady state emission spectrum of cOHBO
matches quite well with that of the photo-irradiated product
(see ESI†). A better proof is shown in Fig. 2. Fluorescence decay
curve and the decay parameters of cOHBO (see ESI†) and that of
the photoirradiated product match quite well.

This conclusively proves that cOHBO is formed from
ONBYOHBO. The decay pattern of cOHBO is clearly different
from photoactivable ONBYOHBO, thus, the former could be
spectroscopically distinguished easily from the latter. Earlier
Scheme 2 Synthesis of ONBYOHBO and its photocleavage to cOHBO.
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Fig. 2 Fluorescence decay of ONBYOHBO, irradiated photoproduct, and cOHBO
in DMF. lex ¼ 377 nm.
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reports of introduction of o-nitrobenzoyl group to GFP chro-
mophore yielded nonuorescent product aer photocleavage.13

Our approach has yielded more than 300 times brighter uo-
rescent product (cOHBO) than that in the reported literature.

Imaging of live cancerous cells like HeLa, U2OS with uo-
rescent dyes is quite common. However, non-invasive in vivo
stem cell imaging15 is more modern and quite important
towards regenerative medicinal therapy towards curing incur-
able diseases like cancer, Alzheimer disease, Parkinson disease
etc. Fluorescence imaging of stem cells have so far been done
using uorescent proteins, quantum dots etc. Application of
uorescent dyes for live stem cell imaging is at its nascent stage.
Thus we thought of using cOHBO for this purpose. To our
delightful surprise we could image live stem cells using cOHBO
(Fig. 3). (Details of imaging can be found in ESI†). We strongly
believe that it is an important step towards using uorescent
dyes for stem cell imaging. In recent future many more dyes will
be tried to improve the applicability of uorescent dyes towards
stem cell imaging.

To conclude, we have shown that by three point chemical
tweaking parent GFP chromophore can be converted to
coumarinic uorophore with more than three hundred times
enhanced uorescence quantum yield and lifetime. This
coumarinic probe could be successfully employed in live cell
imaging. Employing this idea a photocleavable compound has
been made which aer photocleavage yields same coumarinic
uorophore. Employing our methodology many more nonu-
orescent protein chromophores can be converted to highly
uorescent uorophores. Moreover, using the photoactivation
strategy highly bright uorophores emitting at different wave-
length ranging from blue to red can be prepared.
Fig. 3 Live stem cell imaging with cOHBO. Left one is fluorescence, middle one is
DIC and the right one is the merged image.
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