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A synthetic green fluorescent protein analogue showed Zn?*-
induced fluorescence in organic solvents (@ = 0.07 at r.t. and
up to 0.3 at low temperature). The experimental observations
and theoretical calculations suggest that Zn?* binding in-
hibits the free rotation of an aryl-alkene bond, which allows

excited molecules to relax through the emission pathway in-
stead of the thermodynamic pathway. The solvent influenced
the fluorescence intensities and wavelengths by direct or in-
direct interactions with the molecules.

Introduction

Zinc is the second-most abundant metal ion in the hu-
man body. Cellular Zn?* varies from the nanomolar range
to about 0.3 mm.I'-? It plays diverse roles in multiple bio-
logical processes.> 8l A disorder of the Zn>* metabolism is
closely associated with many severe neurological dis-
eases.[>10]

Unlike other biological transition metal ions, Zn>" does
not give any spectroscopic or magnetic signals due to its
3d"%4s° electronic configuration.!'-*!"1 Fluorescence stands
out as a suitable method for real-time and real-space im-
aging of Zn>* without cell damage. Although many fluores-
cent indicators for Zn>* have been designed and synthe-
sized, none can perfectly satisfy all the requirements (see
refs.[!:2] for the requirements for Zn?* indicators). Thus, ef-
forts to design new Zn>* probes should be encouraged.['>!3]

Green fluorescent protein (GFP) has been widely applied
to living cell labeling.['*!3] The advanced fluorescent prop-
erties of its chromophore have enabled researchers to de-
velop cation sensors.['% Synthetic GFP analogues are valu-
able as they can be applied in various environments, which
include those that will unfold the protein.'”2% In recent
decades, great efforts have been devoted to developing cat-
ion sensors based on GFP analogues but the desired prod-
ucts are yet to be achieved.
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The natural GFP chromophore is formed by the cycliza-
tion of a Ser-Tyr-Gly tripeptide in a deeply buried environ-
ment.?!1 The n-conjugated system of the fluorescent chro-
mophore consists of a phenol group and an imidazole ring
that are linked by an aryl-alkene bond.[*>?3 The isolated
chromophores, and most synthetic analogues, possess very
weak fluorescence due to the free rotation about the aryl-
alkene bond.?*231 In GFPs, this free rotation is inhibited by
the tightly packed protein structure. For isolated molecules,
chemical modification has been used to fix the configura-
tion of the molecule.l' We have previously shown that a
hydrogen bond is sufficient to prohibit free rotation of the
bond.? Similarly, ionic bonds formed by Zn?* and two
ligands located on the two rings are capable of inhibiting
the free rotation about the aryl-alkene bond, which allows

the molecule to emit in the presence of Zn?>* in solu-
tion.[27-2]

Results and Discussion

Zn>**-Related Fluorescence

To mimic the chromophore of GFP, we synthesized
4-[(5Z)-{5-0x0-2-phenyloxazol-4(5 H)-ylidene } methyl]-1 H-
imidazole-1-carboxylate (OPMIC) (Figure 1) and investi-
gated its Zn?*-dependent properties. The synthetic process
was initiated from Boc-protected imidazole-4-carboxal-
dehyde, which reacted with hippuric acid at 75 °C to give
Boc-protected OPMIC (Boc-OPMIC). The Boc-group was
removed in the presence of trifluoroacetic acid (TFA). The
Zn”*-binding ability of the molecules was confirmed by
UV/Vis and NMR spectroscopic studies (see Figures S1
and S2 in the Supporting Information).
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Figure 1. The fluorescence emission spectra of ca. 20 pum solutions
of OPMIC (A) and Boc-OPMIC (@) with (dashed lines) and with-
out (solid lines) Zn?* (1 mm) in acetone. Inset: OPMIC and its
predicted binding mode to Zn?*.

As predicted, both OPMIC and Boc-OPMIC interact
with Zn* and exhibit Zn>*-related fluorescence (Figures 1,
and Figures S3-S4). In addition to Zn>*, only Fe** induced
strong fluorescence (Figure 2), whereas other cations did
not cause obvious emissions. Further competition experi-
ments showed that transition metal cations, especially Cu?*,
Co?*, Cr’**, and La®", greatly suppressed Zn?*-induced
fluorescence (Figure S5), which suggests that these cations
also interacted with the molecules. Thus, the different fluo-
rescent behavior of these metal ions is due to other mecha-
nisms, possibly involving the quenching effects of these
heavy metal cations. The competition of Fe3* with Zn?* did
not reduce the fluorescence because both Fe3* and Zn?*
induced the molecules to emit.
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Figure 2. The fluorescence signals of OPMIC (A) and Boc-OPMIC
(@) as a function of Zn?" in dixoane. The lines were generated by
fitting the data with Hill’s equation.®! Inset: histogram showing
flourescence intensity of Boc-OPMIC with added cations (from left
to right: Zn?*, Pb?*, Mn?*, Fe?*, Fe3*, Hg?*, Cd**, Mg”>*, K*,
Ca®*, AI¥*, Cu?*, Co?*, Cr**, and La3*. The bar at the far right is
Boc-OPMIC without the addition of any cations).

Without the addition of Zn?*, the quantum yields of the
two molecules are smaller than 0.002 (using quinine sulf-
atel®” as the standard at r.t. in most of the tested solvents
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except ethanol). The addition of a saturated solution of
Zn”* (1 mM) resulted in greatly enhanced quantum yields
of 0.04 for OPMIC and 0.07 for Boc-OPMIC in acetone
(Figure 1). The emission maximum of Zn’>*-loaded OPMIC
was at 441 nm and that of Boc-OPMIC was at 432 nm
(Table 1). Similar results were observed in other organic sol-
vents including acetonitrile, tetrahydrofuran (THF), and di-
oxane (Figure S3). Zn**-loaded OPMIC showed the highest
quantum yield of 0.055 in THF. Conversely, the quantum
yield is only 0.012 in acetonitrile, a quarter of that in THF.
For Zn?*-loaded Boc-OPMIC, quantum yields of around
0.07 were observed in all the solvents.

Table 1. The excitation (Agy), emission (4g,), and absorbance wave-
lengths (Aaps) [nm] of OPMIC and Boc-OPMIC with (+) and with-
out (-) Zn>*.

Solvent  Zn*" g g™ AapdY

OPMIC acetone -

+ 364 441
THF -

384 (*), 398 (s)
358 (%), 374 (s)
259, 386 (%), 397
(s)

256, 361 (%), 375
(s)

259, 382 (*), 396
(s)

259, 370 (*), 383
(s)

308, 377 (*), 395
(s)

258, 370 (*)
261, 384 (%), 403
258, 361 (%), 380
(s)

369 (*), 388 (s)
360 (*), 375 (s)
261, 371 (%), 388
(s)

259, 366 (*)
263, 369 (*), 388
(s)

263, 362 (*), 380

+ 364 442
CH,.CN -
+ 391 458

ethanol - 368 433

+ 365 434
dioxane  —

+ 362 434

Boc- acetone -
OPMIC + 355 431

THF -
+ 356 432
CH;CN -

+ 356 430

s)
264, 367 (*), 385
(s)
264, 367 (*), 385
(s)
261, 371 (*), 392

ethanol - 369 431
+ 363 431

dioxane -

(s)
260, 364 (*), 386

+ 357 425
(s)

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Data at room temp. The values for Zn>*-free solutions were less
reliable and are not shown here, except those in ethanol. [b] *: the
highest peak; s: shoulder peak.

The Zn>* binding to both molecules was reversible. The
enhancement of fluorescence of OPMIC and Boc-OPMIC
as a function of Zn?* in dioxane fitted well with Hill’s equa-
tion with Hill coefficients of 0.9 and 1.3 for OPMIC and
Boc-OPMIC, respectively, which suggests that both mole-
cules bind to Zn?* in a 1:1 ratio.®!l The resulting dissoci-
ation constants are 10 = 1 um for OPMIC and 60 = 5 um for
Boc-OPMIC. In more volatile organic solvents, estimated
Zn?* binding affinities from titrations were similar to those
obtained in dioxane (Figure S4).
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The results suggested that the Boc-group did not alter
the Zn>* binding mode significantly but influenced the
fluorescence in three ways: (1) it shifted the emission max-
ima of the molecules. The Boc group blueshifted the emis-
sion by about 10 nm in acetone and THF and by about
28 nm in acetonitrile (Table 1). The methyl groups in Boc
might contribute to this shift by providing a more hydro-
phobic environment for the chromophore; (2) the Boc
group enhanced the quantum yields of the Zn>*-loaded mo-
lecule. In acetonitrile, the fluorescence intensity of Boc-
OPMIC was more than five times that of OPMIC; (3) the
Boc group lowered the Zn?* binding affinity.

Relationship between Fluorescence and Bond Rotation

To reveal the mechanism of Zn?*-induced fluorescence,
the structure of Boc-OPMIC was investigated by X-ray
crystallography and theoretical calculations. The crystal
structure of Zn>*-free Boc-OPMIC (Figure 3) contains two
forms, with the donor atoms in cis and trans configurations.
This explains the controversial effects of the Boc-group on
the Zn?>*-binding affinity and fluorescence intensity. First,
a conformation transition is necessary to convert the mole-
cule from the Zn>*-free to the Zn>*-loaded state as shown
inset in Figure 1. The steric hindrance introduced by the
Boc group produces a higher energy barrier for this transi-
tion, which leads to a lower Zn>*-binding affinity. On the
other hand, once the molecule is in the Zn>*-loaded state,
this energy barrier also prevents the aryl-alkene bond rota-
tion in Zn>*-loaded molecules. As the prevention of this
aryl-alkene bond rotation is key for the emission, the pres-
ence of the Boc group resulted in enhanced fluorescence.

DFT and time-dependent (TD)-DFT calculations?3%33
agreed with the crystallographic study that the configura-
tion with two ligand nitrogen atoms on opposite sides pos-
sessed a lower energy level for Zn?*-free OPMIC. In ad-
dition, the enhanced oscillator strength indicated increased
fluorescence with Zn>* binding (Table 2).

The fluorescence of the molecules was measured at low
temperature. Because of the different melting temperatures
(-114, -95, 108, and 45 °C for ethanol, acetone, THF,

Table 2. The TD-DFT predicted emission wavelengths of OPMIC
in acetone, acetonitrile, and ethanol with (+) and without (=) Zn>".

Solvent Zn**  Ag,  Excitation energy ! Weight of L—-H
[nm] [eV] transition

Acetone - 4414 2.81 1.12 0.7

+ 428.6 2.89 1.15 0.7
Ethanol - 442.3 2.80 1.13 0.7

+ 429.5 2.89 1.16 0.7
Acetonitrile - 443.6 2.79 1.13 0.7

+ 430.9 2.88 1.16 0.7

[a] Oscillator strength.

and acetonitrile, respectively), low-temperature fluorescence
in different solvents cannot be quantitatively compared but
it is helpful to understand the fluorescence mechanism
qualitatively. At low temperature, the fluorescence emission
was greatly enhanced both with and without Zn?* in all
solvents compared to that at r.t. In acetone and THF, quan-
tum yields close to 0.3 were obtained for Zn**-free OPMIC,
which is two orders of magnitude higher than that at r.t.
For Zn?**-loaded OPMIC, depending on the solvent, the
quantum yields were enhanced several fold to 0.25-0.3.
These results show that the inhibition of the bond rotation,
in other words, prevention of the radiationless relaxation of
the excited molecules through thermodynamic pathways, is
the key for fluorescence.

In addition, fine structure was observed in each spectrum
at low temperature. Two major peaks with several shoulders
were observed for Zn?*-free OPMIC (Figure 4). The major
peaks suggested that multiple configurations coexist, which
agree with the crystallographic and theoretical studies. The
emission wavelengths at ca. 442 nm match the predictions
from TD-DFT calculations. The shoulders likely arose from
different orbital vibrations. Similar results were obtained
for Zn?*-loaded OPMIC (the broad peak obtained in acet-
one and THF is likely to be the combination of two close
emissions). The results suggest that Zn>*-OPMIC also pos-
sesses more than one configuration but the detailed struc-
tures are yet to be revealed. For Boc-OPMIC, one more
major peak was observed both with and without Zn?*,
which indicates that the Boc group also has more than one
configuration in the molecule.

Figure 3. The crystal structure of Boc-OPMIC. The crystal was a red needle, which was formed from an ethyl acetate/petroleum ether

(4:1) solution of Boc-OPMIC at r.t.
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Figure 4. The emissions of OPMIC (20 um) at low temperature in
acetone with (solid) and without (dashed) Zn>* compared to Zn>*-
loaded OPMIC at r.t.

Solvent Effects

The DFT and TD-DFT calculations suggested that the
Zn*" binding would blueshift the emission wavelengths of
the molecules (Table 2). Consistent with this, Zn>* binding
slightly blueshifted the emission of OPMIC in acetone and
THF by 3-4 nm. However, it is noteworthy that significant
redshifts (15 and 23 nm for OPMIC and Boc-OPMIC,
respectively) were observed on addition of Zn>* in acetoni-
trile (Figure S6). This was due to direct interaction between
the solvent molecules and the fluorophore system, which
was not included in the calculation. Typically, a cation-in-
duced emission wavelength shift indicates a photo-induced
charge transfer between the ionophore and fluorophore for
normal sensors.l'! In OPMIC, the same groups functioned
as both ionophore and fluorophore. Therefore, we believe
that the Zn>*-induced redshift in acetonitrile indicates
intermolecular charge transfer.

The chelation of a Zn?* ion requires four ligand donor
atoms,* of which OPMIC provides two. The other two
donors are provided by the solvent. The nitrogen atom of
acetonitrile could function as an electron donor when it
chelates Zn>* together with OPMIC. As a result, an inter-
molecular charge transfer occurred through the bound Zn?*
when the molecule was excited. This indeed enlarged the m-
conjugated system that led to redshifts of the excitation and
emission wavelengths. Further theoretical simulation with
MO06-2X/6-31g* supported this hypothesis. When solvent
molecules were placed close to the Zn>*, the nitrogen atom
of the acetonitrile or the oxygen atom of the ethanol could
be involved in the Zn>* binding together with OPMIC (Fig-
ure 5). The predicted distances of 2.01 and 2.07 A are close
to the measured ethanol O-Zn* distances of 1.90 and
1.98 A in a Fe-ZnO nanoparticle that senses ethanol.l>”!

Furthermore, Zn>*-free OPMIC possesses more intense
fluorescence signals in ethanol than in other solvents.
Alcohols could form weak hydrogen bonds with aromatic
rings.?%) The TD-DFT calculation suggested that ethanol
molecules directly interact with OPMIC. Although this in-
teraction is not as powerful as that of Zn?* binding, the

Eur. J. Inorg. Chem. 2011, 5322-5327
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Figure 5. The TD-DFT predicted Zn?* binding mode of OPMIC
in ethanol. Two ethanol molecules chelate Zn>* together with
OPMIC. The distances of the ethanol oxygen atoms to the Zn>*
are 2.01 and 2.07 A, respectively. Red: oxygen; blue: nitrogen; gray:
carbon; purple: zinc; small balls: hydrogen.

steric hindrance it introduces enhances fluorescence. When
Zn>* was added, the ethanol molecule was replaced.

The UV/Vis absorbance of Zn>*-free OPMIC at 308 nm
in ethanol supported the results of the calculations. As ob-
served in other solvents, the absorbance for the benzene
ring in OPMIC was at 260 nm. The fact that this ab-
sorbance was missing suggested that the m-conjugated sys-
tem of the benzene ring was altered, which could be caused
by the interaction of ethanol with the ring. The Zn>* bind-
ing interrupted this interaction and shifted the absorbance
back to 260 nm.

Conclusions

In conclusion, a GFP-like fluorescent Zn?>* sensor
OPMIC was designed and synthesized. The molecule pre-
sented Zn?*-related fluorescence in organic solvents. The
binding of Zn?* to the imidazole and oxole rings in OPMIC
inhibited the free rotation of the aryl-alkene bond that links
the two rings, which led the excited molecules to relax
through the emission pathway instead of the thermo-
dynamic pathway. The experimental and theoretical results
showed that the solvents affected the emissions by direct or
indirect interaction with the molecules. The study demon-
strated that GFP-like chromophores have the potential to
be applied without the protein context.

Experimental Section

The synthesis of Boc-OPMIC and OPMIC was performed as
shown in Scheme 1.
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Scheme 1. The Synthesis of Boc-OPMIC and OPMIC.

Synthesis of Imidazole-4-carboxaldehyde: To a stirred mixture of
imidazole-4-carboxaldehyde (0.475 g, 5 mmol), 4-(dimethylamino)-
pyridine (0.06 g, 0.6 mmol) and acetonitrile (5 mL) was added an
acetonitrile solution (5mL) of di-tert-butyl dicarbonate (1.31 g)
dropwise. The resulting mixture was stirred at r.t. for 3 h. Colorless
crystals were obtained after removing the solvent under reduced
pressure, and the product was further purified by column
chromatography (diethyl ether/ethyl acetoacetate 3:1).

Synthesis of Boc-OPMIC: To a mixture of Boc-protected imid-
azole-4-carboxaldehyde (0.974 g, 4.97 mmol), 2-benzamidoacetic
acid (0.969 g, 5.36 mmol), and anhydrous sodium acetate (0.414 g,
5 mmol) was added acetic anhydride (4 mL). As the temperature
was increased, the solid gradually melted, and a color change to
deep yellow was observed. The mixture was stirred for a further
80 min at 75 °C. The mixture was concentrated in vacuo, and the
crude product purified by column chromatography (diethyl ether/
ethyl acetoacetate: 4:1) to give Boc-OPMIC.

Synthesis of OPMIC: Boc-OPMIC (0.2 g, 0.59 mmol) was dis-
solved in TFA (0.919 mL) at 0 °C and the solution was kept at r.t.
for 1 h (the yellow solution turned deep yellow in color). The TFA
was evaporated under reduced pressure and the residue was kept in
vacuo for 1 h to remove residual TFA. The residue was partitioned
between CH,Cl, and water, using NaOH (1 mm) to adjust the pH
to 10-11. The chloroform layer was dried and evaporated under
reduced pressure to leave a yellow powder.

Theoretical Calculations: Theoretical studies by DFT and TD-DFT
were performed to investigate the structure and fluorescent proper-
ties of OPMIC in three organic solvents (acetone, acetonitrile, and
ethanol) with the polarizable continuum model as the solvent
model. M06-2X/6-31g* and TD M06-2X/6-31g* methods were uti-
lized for geometry optimization of the molecules at ground and
excited states, respectively. On the basis of the geometric structures
of the excited states in the solvents, the corresponding emission
wavelengths were obtained. The emission wavelengths with the
largest oscillator strength were ascribed to the S1—S0 transition.
All emissions are assigned as having n—n* character arising from
S1, the highest occupied molecular orbital to the lowest unoccupied
molecular orbital transition. The other transitions are not included
here.

Fluorescence Measurements: The fluorescence spectra were col-
lected with dye concentrations of about 20 puM in various solvents
at r.t. and low temperature. The excitation wavelengths varied in
the different solvents [356, 363, 356, 355, and 357 nm for Boc-
OPMIC and 391, 365, 364, 364, and 362 nm for OPMIC in acetoni-
trile, ethanol, acetone, THF, and dioxane, respectively]. For ti-
tration in dioxane, the excitation wavelength was fixed at 357 nm
for Boc-OPMIC and 362 nm for OPMIC. The cation concentra-
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tions were all 1 mm for the selectivity study. For the titration, Zn>*
stock solutions of 2 and 20 mMm in the dye solution in dioxane were
used for the low and high Zn>* points, respectively. For low tem-
perature fluorescence spectra, the dyes in different solvents were
quickly frozen in dry ice/methanol. Then the samples were placed
at r.t. to melt. Data collection was initiated immediately after the
frozen samples had completely melted and was finished in 1-2 min
so that the emission spectra were obtained at temperatures close to
the melting points of the solvents used (114, -95, —108, and —45 °C
for ethanol, acetone, THF, and acetonitrile, respectively).

Supporting Information (see footnote on the first page of this arti-
cle): NMR, UV/Vis, and more fluorescence data at r.t. and low
temperature.
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