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ABSTRACT The jellyfish Aequorea victoria possesses in
the margin of its umbrella a green fluorescent protein (GFP,
27 kDa) that serves as the ultimate light emitter in the
bioluminescence reaction of the animal. The protein is made
up of 238 amino acid residues in a single polypeptide chain and
produces a greenish fluorescence (lmax 5 508 nm) when
irradiated with long ultraviolet light. The f luorescence is due
to the presence of a chromophore consisting of an imidazolone
ring, formed by a post-translational modification of the
tripeptide -Ser65-Tyr66-Gly67-. GFP has been used extensively
as a reporter protein for monitoring gene expression in
eukaryotic and prokaryotic cells, but relatively little is known
about the chemical mechanism by which fluorescence is
produced. To obtain a better understanding of this problem,
we studied a peptide fragment of GFP bearing the chro-
mophore and a synthetic model compound of the chro-
mophore. The results indicate that the GFP chromophore
consists of an imidazolone ring structure and that the light
emitter is the singlet excited state of the phenolate anion of the
chromophore. Further, the light emission is highly dependent
on the microenvironment around the chromophore and that
inhibition of isomerization of the exo-methylene double bond
of the chromophore accounts for its efficient light emission.

When stimulated electrically or mechanically, the biolumines-
cent jellyfish Aequorea victoria produces numerous spots of
bluish-green light along the margin of its umbrella (1). The
light is due to the presence of two closely associated proteins:
aequorin (21.4 kDa) (2–4) and a green fluorescent protein
(GFP, 27 kDa) (5–7). Aequorin is a monomeric Ca21-binding
protein with three Ca21-binding sites (EF-hand structures). It
is made up of apoaequorin (apoprotein), coelenterazine (im-
idazole compound, 423 Da), and molecular oxygen. On bind-
ing Ca21, an intramolecular reaction takes place in which
apoaequorin is converted to a luciferase (oxygenase), which
then catalyzes the oxidation of coelenterazine to coelenter-
amide by the bound oxygen to yield light (lmax5 470 nm), CO2
and a blue fluorescent protein (BFP). BFP consists of coelen-
teramide bound to apoaequorin and the excited state of
coelenteramide is the light emitter in the reaction (8, 9). In the
presence of GFP, however, there is a radiationless energy
transfer by resonance from the excited state of the coelenter-
amide to a chromophore in GFP, resulting in a blue-green light
emission (lmax 5 508 nm), which is identical to that observed
in the animal (5, 6, 10, 11).
The cDNA for GFP has been cloned and the amino acid

sequence has been deduced from the nucleotide sequence
(11–13). GFP is made up of 238 amino acid residues in a single
polypeptide chain and emits a greenish fluorescence when

irradiated with long ultraviolet light. The light is due to the
presence of a chromophore with an imidazolone ring structure,
formed by the post-translational cyclization of the tripeptide
-Ser65-Tyr66-Gly67- in the protein chain (14, 15). Extensive
digestion of GFP with papain has yielded a hexapeptide (from
Phe64 to Gln69), which contains the chromophore, but the
peptide has been found to be nonfluorescent. When native
GFP is denatured in acid or guanidine hydrochloride, the
protein loses its f luorescence and a new absorption spectrum
(lmax 5 380 nm) is obtained (16), similar to that of the
hexapeptide in acid (14, 15). When the absorption and fluo-
rescence spectra of native and renatured native GFP are
compared at neutral pH, the spectra are found to be identical,
indicating that the denaturation of GFP is reversible and that
the fluorescence is dependent on the protein environment
(16). However, a model compound of the chromophore has
been found to be nonfluorescent in a variety of solvents (17).
At the present time, GFP fluorescence is still not completely

understood. In this paper, we describe the results of a study on
the properties of a large chromophore-bearing fragment,
derived from GFP by lysyl endopeptidase digestion, and on a
synthetic model compound of the chromophore. The findings
indicate that (i) the chromophore has an imidazolone ring
structure, (ii) f luorescence is highly dependent on the chro-
mophore environment, (iii) the light emitter is a phenolate
anion of the chromophore, and (iv) inhibition of isomerization
of the exo-methylene double bond of 4-hydroxyphenylmeth-
ylidene group attached to the C-4 carbon of the imidazolone
ring is responsible for the highly efficient green light emission
of GFP.

MATERIALS AND METHODS

Materials. Acetamidine hydrochloride, ethyl bromoacetate,
4-hydroxybenzaldehyde, and tert-butyldimethylchlorosilane
were purchased from Tokyo Kasei (Tokyo) and a-cyano-4-
hydroxycinnamic acid was obtained from Aldrich. Lysyl en-
dopeptidase (Achromobacter protease I, sequencing grade),
proteinase K, dithiothreitol, guanidine hydrochloride, imida-
zole, acetonitrile (HPLC grade), trif luoroacetic acid (amino
acid analysis grade), C2HCl3 and tetramethylsilane were pur-
chased fromWako Pure Chemicals (Osaka). Chelating Sepha-
rose-Fast Flow gel was obtained from Pharmacia. All other
chemicals used were of reagent grade quality.
Synthesis of Model Compound 1. Compound 1, ethyl 4-(4-

hydroxyphenyl)methylidene-2-methyl-5-oxo-1-imidazolac-
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etate, was synthesized according to Scheme I shown below
(18–20). Acetamidine hydrochloride (1.01 g) was

added to anhydrous 1-propanol (25 ml) containing NaHCO3
(1.78 g) and refluxedwith heating underN2 for 15min.A solution
of ethyl bromoacetate (1.30 ml) and 4-tert-butyldimethylsiloxy-
benzaldehyde (p-TBDMSOC6H4CHO, 2.82 g) in anhydrous
1-propanol (25 ml) was added and the mixture refluxed with
heating for 4.5 hr. p-TBDMSOC6H4CHO was prepared from
4-hydroxybenzaldehyde by O-silyation with tert-butyldimethyl-
chlorosilane (21). After refluxing and cooling, the orange-
colored mixture was concentrated in vacuo and the residue was
dissolved in 60 ml of H2O. After extraction with toluene (43 60
ml), the organic layer was dried over Na2SO4, concentrated in
vacuo, and purified by silica gel chromatography using ethyl
acetateyCHCl3 (1:3, volyvol) as the developing solvent to give
4-(4-tert-butyldimethylsiloxyphenyl)methylidene-2-methylimida-
zol-5-one, compound 2 (269 mg, 8% yield) in the form of yellow
crystals: mp, 129–1328C; infra-red (IR) (KBr) nmax 3350–2750
(br), 1720, 1645, 1595, 1510, 1410, 1270, 1170 cm21; 1HNMR(270
MHz,C2HCl3) d 8.30 (br s, 1H,NH), 8.04 (d, J5 8.9Hz, 2H), 7.04
(s, 1H), 6.88 (d, J 5 8.4 Hz, 2H), 2.36 (s, 3H), 0.22 (s, 6H); MS
[electron inpact (EI), 70 eV]myz (relative intensity) 316 (M1, 68)
260 (34), 259 (100), 42 (21).
To a solution of compound 2 (70.6 mg, 0.223 mmol) in

anhydrous acetone (1.2 ml) containing K2CO3 (37.3 mg, 0.270
mmol), ethyl bromoacetate (29 ml, 0.26 mmol) was added and
the mixture was stirred at room temperature for 6 hr under N2.
After concentrating the mixture in vacuo, the residue was
dissolved in H2O (15 ml) and extracted with CHCl3 (4 3 15
ml). The organic layer was dried over Na2SO4, concentrated in
vacuo and purified by silica gel chromatography using ethyl
acetateyCHCl3 (1:3, volyvol) as the developing solvent, fol-
lowed by preparative thin-layer chromatography using the
same solvent. Recrystallization from ethyl ether gave com-
pound 1 (9.9 mg, 15% yield) in the form of yellow crystals: mp
164–1658C; IR (KBr) nmax 3700–2900 (br), 1735, 1715, 1640,
1600, 1445, 1370, 1275, 1220, 1170, 1145, 1020 cm21; 1H NMR
(500MHz, C2HCl3) d 8.08 (d, J5 8.8 Hz, 2H), 7.l0 (s, 1H), 6.89
(d, J5 8.8 Hz, 2H), 5.35 (s, 1H, OH), 4.38 (s, 2H), 4.24 (q, J5
7.2 Hz, 2H), 2.33 (s, 3H), 1.30 (t, J 5 7.0 Hz, 3H); MS (EI, 70
eV) myz (relative intensity) 288 (M1, 100), 146 (25), 100 (37),
55 (47), 54 (23); high-resolution mass spectrum (EI, 70 eV)
myz 288.1109, M1 calculated for C15H16N2O4 288.1111.
Spectroscopic Measurements. Ultraviolet-visible absorp-

tion spectra were measured with a Hitachi (Tokyo) model 320
spectrophotometer. Fluorescence emission spectra were mea-
sured with a Hitachi model F4010 spectrofluorimeter (exci-
tation band pass, 5 nm; emission band pass, 5 nm; scan speed,
60 nmymin). Fluorescence spectra were corrected according to
manufacturer’s instructions. Fluorescence spectra of com-
pound 1 and chromophore-containing lysyl endopeptidase
fragment (in digest of GFP) were measured at 77 K in an all
quartz tube (5 mm diameter) immersed in liquid N2 in an all
quartz Dewar. For obtaining 1H NMR spectra, a Varian Unity
(500 MHz) spectrometer and a JEOL GX270 (270 MHz)

FT-NMR spectrometer, both calibrated with tetramethylsilane
as an internal standard, were used. IR spectra were recorded
on a Jasco (Easton, MD) IR-810 spectrometer. Low- and
high-resolution EI mass spectra were obtained using a Hitachi
M-80B mass spectrometer.
Preparation of Recombinant GFP. The recombinant GFP

used was His-GFP, the histidine-tagged fusion protein of GFP,
which was overexpressed in Escherichia coli and purified by
nickel-chelate affinity chromatography, as described (11, 13).
The eluted GFP fraction was desalted and concentrated with
an Amicon Centricon 30 microconcentrator. The purity of the
GFP was estimated to be .95% by SDSyPAGE (12% gels),
using heat and a reducing agent (22).
Purification of Chromophore-Containing Peptide Frag-

ment. One milligram of GFP was dissolved in 50 ml of
denaturation buffer made up of deoxygenated 6 M guanidine
hydrochloridey1 mM dithiothreitol in 0.4 M ammonium bi-
carbonate (pH 8.0) and heated at 888C for 30 sec, after which
the mixture was cooled in an ice bath. The denatured protein
was suspended in 140 ml of H2O containing 10 mg of lysyl
endopeptidase [enzymeyGFP 5 1:100 (wtywt)] and incubated
at 378C for 16 hr. A portion of the GFP digest was removed to
measure absorption and fluorescence emission spectra. For
further digestion with proteinase K, 10 mg of the enzyme was
added and the incubation was continued for another 16 hr at
378C. The digest was then diluted with 5 vol of 0.1M acetic acid
and subjected to reversed-phase HPLC using a 0.39 3 15 cm
mBondasphere 5C4-300A column (Waters) and a linear gra-
dient of 15–55% acetonitrile in 0.1% trif luoroacetic acid over
a period of 80 min at a flow rate of 0.5 mlymin. The fractions
eluting from the column were monitored at 220 and 380 nm.
The lysyl endopeptidase fragment containing the chro-
mophore eluted as a major peak at 49% acetonitrile, while the
lysyl endopeptidase-proteinase K fragment eluted at 22%
acetonitrile (data not shown). These fractions were pooled,
lyophilized, and stored at 2208C until used.
Protein Analysis. Protein concentration was determined by

the dye-binding method of Bradford (23), using a Bio-Rad kit
and bovine serum albumin as a standard (Pierce). From the
GFP concentration, the molar extinction coefficient («) was
calculated to be 19,400M21zcm21 at 398 nm. N-terminal amino
acid sequence analysis was performed using an Applied Bio-
systems model 470A gas-phase protein sequencer connected to
an on-line model 120A phenylthiohydantoin analytical system
(Applied Biosystems).
Mass Spectroscopy of Peptide Fragment. Electrospray ion-

ization (ESI) mass spectra were obtained using a JEOL
HX110yHX110A tandem mass spectrometer, equipped with
an electrospray ion source (Analytica, Branford, CT). The
accelerating voltage was 7 kV and the ionization voltage was
approximately 2.5 kV. A solution (50 pmolyml) of the peptide
fragment dissolved in acetonitrileywater, 65:35 (volyvol), con-
taining 1% acetic acid, was introduced into the electrospray ion
source at a rate of 1.0 mlymin using a Harvard Apparatus
model 22 syringe pump. A Brüker (Bremen, Germany) reflex
time-of-f light (TOF) mass spectrometer was used to obtain
matrix-assisted laser desorptionyionization (MALDI) mass
spectra for determining molecular weight in a linear TOF
mode and for carrying out post-source decay (PSD) fragment
ion mass analysis. The nitrogen laser was set to deliver 337-nm
wavelength pulses (5 ns) to the sample. a-Cyano-4-
hydroxycinnamic acid was used as the matrix. On a sample
target, 0.5 ml of saturated matrix solution in acetonitriley0.1%
aqueous trif luoroacetic acid, 50:50 (volyvol), was mixed with
0.5 ml of the peptide fragment solution at 50 pmolyml in
acetonitrileywater, 65:35 (volyvol), containing acetic acid (1%,
volyvol). Cocrystals of the sample–matrix target were obtained
by drying the mixture at room temperature.

Scheme I
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RESULTS AND DISCUSSION

Fig. 1A shows the amino acid sequence of the N-terminal
region of GFP, including the amino acid residues involved in
the formation of the fluorescent chromophore (11, 13), while
Fig. 1B shows the proposed dehydration–dehydrogenation
mechanism of chromophore formation (14, 15). According to
this mechanism, the tripeptide -Ser65-Tyr66-Gly67- is cyclized in
a post-translational modification with the elimination of one
water molecule and two hydrogen atoms to give an imida-
zolone ring. The use of the expression vector, pHis-AGP, yields
the protein His-GFP, consisting of Gly-Gly-Ser-His-His-His-
His-His-His-Gly-Met-Ala-Ser-Met-Thr-Gly-Gly-Gln-Gln-
Met-Gly-Arg-Asp-Leu-Tyr-Asp-Asp-Asp-Asp-Lys-Asp-Arg-
Trp-Ile-Pro-Lys- fused to the N terminus of GFP (11, 13).
Amino acid sequencing showed the protein to lack a methione
at the N terminus. The fusion protein, however, has fluores-
cence properties identical to those of native GFP (11, 13). The
expressed GFP was purified by nickel-chelate affinity chro-
matography and digested with lysyl endopeptidase, and the
digest was subjected to reversed-phase HPLC. By monitoring
the HPLC column at 380 nm and 220 nm, a colored fraction
was isolated containing two peptide fragments. Amino acid
sequencing showed the main peptide fragment present to have
the sequence Phe-Ile-(Xaa)-Thr-Thr-Gly-Lys-Leu-Pro-Val-
Pro-Trp-Pro-Thr-Leu-Val-Thr-Thr-Phe-(Xaa)-(Xaa)-(Xaa)-
(Xaa)-(Xaa)-(Xaa)-, where (Xaa) denotes an undetectable
amino acid residue. The second peptide was present as a minor
contaminant, which had the beginning sequence Gly-Glu-Glu-
Leu-Phe- and was identified as the peptide from Gly4 to Lys26.
Thus, the chromophore-containing peptide isolated was Phe46
to Lys79, with a modification at Ser65 (13).
The colored HPLC fraction containing the chromophore

peptide gave ESI mass spectrum with peaks of the multiply
charged ions at myz 1301.0 and 976.0, corresponding to
[M13H]31 and [M14H]41, respectively (data not shown).
From this result, the molecular weight of the peptide in the
fraction was determined to be myz 3900.0, whereas the calcu-
lated mass for the peptide fragment from Phe46 to Lys79 is
3921.6 (average mass). The difference of 21.6 Da was attrib-
uted to the loss of one water molecule (18 Da) and four
hydrogen atoms (4 Da), of which 20 Da was assumed to be due
to the loss of one water molecule (18 Da) and two hydrogens
(2 Da) during chromophore formation (Fig. 1B). This frag-
ment is also seen to contain two cysteine residues, namely,

Cys48 and Cys70 (Fig. 1A). If an intramolecular disulfide bond
were to form in solution between the two, two more hydrogens
would be lost and the total decrease would be 22.0 Da. The
observed decrease of 21.6 Da is sufficiently close to this
theoretical value to suggest that the chromophore-containing
peptide originated from Phe46 to Lys79 by a modification of
-Ser65-Tyr66-Gly67- (Fig. 1B) in the primary structure. The ESI
mass spectrum also showed a clearly distinguishable peak with
a mass of 2429.0 (data not shown), which was assumed to be
due to the minor contaminating peptide Gly4 to Lys26, with a
calculated average mass of 2428.7. The close agreement be-
tween the observed and calculated values lends credence to the
accuracy of the mass measurements.
To establish the chemical structure of the chromophore, the

purified GFP was digested with lysyl endopeptidasey
proteinase K and a small peptide was isolated by reversed-
phase HPLC. In the linear TOF mode MALDI mass spectrum
(Fig. 2 Inset), this peptide gave a [M1H]1 ion at myz 781.3,
accompanied by a dehydrated [M1H-H2O]1 ion atmyz 763.8.
The observed mass was 20.6 Da smaller than the calculated
mass for the heptapeptide Thr63-Phe64-Ser65-Tyr66-Gly67-
Val68-Gln69, which has an average mass of 801.9. The differ-
ence of 20.6 Da was attributed to the loss of one water
molecule (18 Da) and two hydrogens (2 Da) during chro-
mophore formation (Fig. 1B). PSD fragment ions generated by
dissociation of the peptide bonds from the precursor ion myz
781.3 were observed at myz 515.0, 473.7, 368.8, 245.9, 220.9,
and 146.9 (Fig. 2). These results are consistent with the
degradation pattern and mass assignments shown for the
peptide in Fig. 2 and strongly support the dehydration–
dehydrogenation mechanism (Fig. 1B) (14, 15).
The spectroscopic evidence also shows that the chemical

structure of the GFP chromophore is similar to that of model
compound 1. The GFP fusion protein dissolved in 0.1 M
ammonium bicarbonate (pH 8.0) had an absorption maximum
at 398 nm, with a smaller maximum at 476 nm. Under acidic
conditions (0.1 M HCl), the GFP showed a single maximum at
382 nm, which shifted to 447 nm under alkaline conditions (0.1
M NaOH) (data not shown). This shift was reversible and the
isosbestic point was at 405 nm (data not shown), which is
similar to the shift previously reported for native GFP (24).
The lysyl endopeptidase fragment (in digest of GFP) also
showed the same spectral behavior, indicating that the cova-
lent structure of the chromophore was not altered by the
digestion and that the chromophore structure is similar to that
in GFP. That the chromophore structure in the lysyl endo-
peptidase fragment and compound 1 resemble each other is
further seen by the solvent-polarity dependency of the absorp-
tion spectra of compound 1 under neutral, acidic, and basic
conditions. The absorption spectra of compound 1 in dimethyl
sulfoxide (DMSO) (Fig. 3), 2-propanol, ethanol, and H2O
showed absorption maxima at 373 nm (« 5 29,000), 371 nm («
5 30,000), 372 nm (« 5 42,000), and 368 nm (« 5 31,000),
respectively. In the same solvents containing 1 M HCl, the
absorption spectra of compound 1 also showed a small solvent
dependency with maxima between 373 and 386 nm. In DMSO
(Fig. 3), 2-propanol, ethanol, and H2O containing 1 M NaOH,
compound 1 in the form of a phenolate anion species showed
strong absorption maxima at 462 nm (« 5 41,000), 443 nm («
5 41,000), 435 nm (« 5 55,000), and 425 nm (« 5 41,000),
respectively. The absorption spectra shifted to a shorter wave-
length with increasing solvent polarity, indicating that in a
polar solvent the ground state of the phenolate anion of
compound 1 is stabilized to a greater extent than in the singlet
excited state.
The similarity of the GFP chromophore structure with

compound 1 is further seen in the absorption spectra of
compound 1 dissolved in 2-propanoly1 M NaOH, 2.5% (voly
vol), and 2-propanoly1 MHCl, 2.5% (volyvol) (Fig. 4B), which
match closely those of the lysyl endopeptidase fragment (in

FIG. 1. Scheme for the formation of the chromophore in Aequorea
GFP. (A) Partial amino acid sequence of the N-terminal region of GFP
showing the amino acid residues involved (underlined) in chro-
mophore formation. (B) Dehydration–dehydrogenation mechanism
for the formation of the chromophore.
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GFP digest) dissolved in 0.1MNaOH and 0.1MHCl (Fig. 4A).
Aside from the absorbancy contributed by the aromatic amino
acid residues (in the digest) of GFP, the absorption maxima

and shapes of the curves for the peptide and compound 1 at
basic and acid pH values correspond very well, with maxima at

FIG. 2. Linear mode MALDI–TOF mass spectrum (Inset), MALDI–PSD fragment ion mass spectrum of the isolated lysyl endopeptidase
fragment of GFP and proposed fragmentation products of the chromophore with their assignedmasses. Details of themass spectroscopic procedures
are described in the text.

FIG. 3. UV–visible absorption spectra of compound 1 in DMSO.
Traces: a, compound 1 in DMSO (neutral); b, compound 1 in DMSO
containing 1 M HCl aqueous, 5% (volyvol) (acidic); c, compound 1 in
DMSO containing 1 M NaOH aqueous, 5% (volyvol) (basic). Con-
centration of compound 1 5 5.0 3 1025 M.

FIG. 4. UV–visible absorption spectra of lysyl endopeptidase digest
of GFP (A) and compound 1 (B). Traces: a, GFP digest in 0.1 M
NaOH; b, GFP digest in 0.1 M HCl; c, compound 1 in 2-propanol
containing 0.1 M NaOH aqueous solution, 2.5%, (volyvol); d, com-
pound 1 in 2-propanol containing 0.1 M HCl aqueous solution, 2.5%
(volyvol). Estimated original concentration of GFP 5 4.8 3 1026 M;
concentration of compound 1 5 5.0 3 1025 M.
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447 nm and 382 nm for the peptide and at 443 nm and 376 nm
for compound 1, which are also close to those (447 nm and 382
nm) of native GFP under the same conditions. The close
agreement in the observed curves suggests that the chemical
structures of the chromophore and compound 1 are similar, if
not identical, and that the microenvironment around the
chromophore in GFP is similar to that of compound 1 in
2-propanol, that is, nonpolar. Under basic conditions, com-
pound 1 has the resonance structure of a phenolate anion
shown in Fig. 4B. Under the same basic conditions, the
absorption spectra of the lysyl endopeptidase fragment (in the
GFP digest) and compound 1, as noted above, both have a
maximum that is not too far from the maximum (476 nm) of
the native GFP spectrum, which mirrors the fluorescence
spectrum.
On protease digestion or heat denaturation, the fluores-

cence of GFP was completely lost. The isolated lysyl endo-
peptidase fragment and lysyl endopeptidaseyproteinase K
fragment did not show any fluorescence in any of the organic
solventyaqueous mixtures examined. Similarly, solutions of
compound 1 in DMSO, ethanol, and H2O gave only a weak
fluorescence with quantum yields of less than 0.0001 and the
addition of HCl or NaOH did not cause a significant increase
in fluorescence intensity. However, when ethanol solutions of
the lysyl endopeptidase fragment (in digest of GFP) and
compound 1 were frozen as ethanol glass in liquid N2 (77 K),
the fragment and compound 1 became highly fluorescent. At
this temperature, the fluorescence emission maxima of com-
pound 1 in ethanol and in ethanol containing 1 M aqueous
HCl, 1% (volyvol), were 435 nm and 437 nm, respectively,
whereas in ethanol containing 1 M aqueous NaOH, 1%
(volyvol), the fluorescence of compound 1 was a bluish-green
with a maximum at around 490 nm (Fig. 5). Similarly, the lysyl
endopeptidase fragment (in GFP digest) in ethanol containing
1 M aqueous NaOH, 1% (volyvol), was strongly fluorescent at
77 K, with the fluorescence emission spectrum (lmax 5 '475

nm) coinciding almost exactly with that of compound 1 (Fig.
5). The agreement in spectra provides support for the belief
that the chemical structures of the GFP chromophore and
compound 1 are the same, that is, it consists of a 4-(4-
hydroxyphenyl)methylideneimidazol-5-one ring. Under basic
conditions, the low-temperature fluorescence maxima of the
lysyl endopeptidase fragment and compound 1 are also close
to that of native GFP at room temperature, suggesting that the
excited state phenolate anion of the 4-(4-hydroxyphenyl)-
methylideneimidazol-5-one ring is the greenish light emitter.
However, the sharp and structured shape of the fluorescence
spectrum of native GFP could not be reproduced under the
low-temperature conditions. The reason why compound 1 is
nonfluorescent at room temperature may be explained by
competition with the cis–trans photoisomerization of a
4-methylideneimidazol-5-one derivative, which gives a mixture
of cis–trans stereoisomers of an exo-methylene double bond
(20). In a liquid medium, the cis–trans photoisomerization of
the exo-methylene double bond may proceed as the main
deactivation process from the singlet excited state, whereas in
rigid glass at 77 K cis–trans isomerization is inhibited and
fluorescence emission becomes the primary process (25, 26).
The clear overlapping of the absorption spectra (Fig. 4) and

fluorescence emission spectra (Fig. 5) of compound 1 with
those of the lysyl endopeptidase fragment indicates that the
GFP chromophore consists of the 4-(4-hydroxyphenyl)meth-
ylideneimidazol-5-one ring. In particular, the evidence ob-
tained under basic conditions supports the excited state phe-
nolate anion of this ring as the greenish light emitter of GFP.
When GFP is in the electronically excited state, either by
exposure to ultraviolet irradiation at 390 nm or by resonance
energy transfer from the excited state of the Aequorea blue
fluorescent protein, the green light emission at 508 nm orig-
inates from the singlet excited state of the phenolate anion. A
recent study (27) on the excited-state dynamics of GFP also
appears to indicate the existence of a proton transfer process
in the generation of a singlet excited-state species of the GFP
chromophore, which emits the green light. This species may
correspond to the phenolate anion in our scheme. The non-
fluorescence and fluorescence of the lysyl endopeptidase
fragment at room temperature and 77 K, respectively, may also
be explained by a competition between the isomerization of
the exo-methylene double bond and fluorescence emission, as
in the case of compound 1. Thus, the characteristic greenish
fluorescence of GFP at room temperature may be considered
to be due to a restriction of the molecular motion of the
chromophore in the peptide environment, while the loss of
fluorescence on denaturation may be considered the result of
isomerization of the exo-methylene double bond in the singlet
excited state.
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