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Summary

Green Fluorescent Protein (GFP) and homologous proteins possess a unique pathway of
chromophore formation based on autocatalytic modification of their own amino acid residues. Green-
to-red photoconvertible fluorescent protein Kaede carries His-Tyr-Gly chromophore-forming triad.
Here we describe synthesis of Kaede red chromophore (2-[(1E)-2-(5-imidazolyl)ethenyl]-4-(p-
hydroxybenzylidene)-5-imidazolone) and its analogs that can be potentially formed by natural amino
acid residues. Chromophores corresponding to the following tripeptides were obtained: His-Tyr-Gly,
Trp-Tyr-Gly, Phe-Trp-Gly, Tyr-Trp-Gly, Asn-Tyr-Gly, Phe-Tyr-Gly, and Tyr-Tyr-Gly. In basic
conditions they fluoresced red with relatively high quantum yield (up to 0.017 for Trp-derived
compounds). The most red-shifted absorption peak at 595 nm was found for the chromophore Trp-
Tyr-Gly in basic DMSO. Surprisingly, in basic DMF non-aromatic Asn-derived chromophore Asn-
Tyr-Gly demonstrated the most red-shifted emission maximum at 642 nm. Thus, Asn residue may
be a promising substituent, which can potentially diversify posttranslational chemistry in GFP-like
proteins.
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1. Introduction

In contrast to all other known natural protein-based pigments, proteins of Green Fluorescent
Protein (GFP) family form their chromophores by autocatalytic modification of internal amino
acid residues [1]. This property makes GFP-like proteins a useful fluorescent marker for live
cell labeling [2]. Mechanisms of chromophore formation within GFP-like proteins and
properties of the chromophores are of undoubted basic interest.

Chromophore in GFP is formed by cyclization and further dehydration and oxidation of amino
acids at positions 65-67 (Ser-Tyr-Gly). These reactions result in 4-(p-hydroxybenzylidene)-5-
imidazolone, which includes a newly formed 5-membered heterocycle and Tyr66-derived
phenolic ring connected by a methylene bridge (Scheme 1). In all known natural GFP-like
proteins positions corresponding to the chromophore-forming Tyr66 and Gly67 are invariant,
while the first chromophore-forming residue 65 can vary (here and further the numbering is in
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accordance to GFP). Studies of last several years clearly demonstrated that 4-(p-
hydroxybenzylidene)-5-imidazolone chromophore core is common for all natural GFP-like
proteins. At the same time, red-shifted proteins can contain a modification of the protein
backbone at position 65 [1].

Two main types of red chromophores within GFP-like proteins are known. One type was first
described for DsRed [3]. DsRed-type chromophore consists of GFP chromophore core
extended with an acylimine group (Scheme 1) which is formed as a result of dehydrogenation
of Ca-N bond of the first chromophore-forming residue with molecular oxygen [3,4]. This
oxidation is catalyzed by nearby residues and occurs in the dark, although it can be greatly
facilitated by irradiation with light at about 400 nm [5]. In some proteins, DsRed-like
chromophore undergoes further chemical modifications of the acylimine group [6-9].

Second red chromophore type is characteristic for green-to-red photoconvertible fluorescent
proteins carrying His-Tyr-Gly chromophore-forming residues. The first protein of this type
named Kaede was cloned from stony coral Trachyphyllia geoffroyi in 2002 [10]. In the dark,
Kaede is a stable green fluorescent protein with a GFP-like chromophore. However, irradiation
with UV or violet light (at approximately 350-420 nm) efficiently converts Kaede into red
fluorescent state. Kaede red chromophore is formed by protein backbone break between N and
C, of His65 [11-13]. As a result, GFP-like chromophore core is brought into conjugation with
His65 heterocycle (Scheme 1). This reaction is hon-oxidative and requires no molecular
oxygen. A number of Kaede-like proteins were characterized and shown to be a useful tool to
study movements of cells, organelles and proteins [10,14-19], to perform ultra-high resolution
fluorescence imaging [20], and to visualize protein degradation in living cells [21].

Considering the role of His65 aromatic ring in Kaede-type chromophore red shift, it is tempting
to test other aromatic amino acids at this position. However, up to date all attempts to create
functional mutants of Kaede-like proteins carrying Phe, Tyr or Trp as well as any other residues
instead of chromophore-forming histidine failed [11,14]. Such mutants are either non-
fluorescent or have no ability of green-to-red conversion. This failure might be a result of
improper orientation of the bigger (compared to His) aromatic residues. It is known from crystal
structure of Kaede-like proteins that position and orientation of the chromophore-forming His
is almost unchanged during green-to-red photoconversion [12,13]. Thus, possibly the
chromophore environment catalyses formation of the red chromophore by stabilizing the
product-like transition state. If so, success in the histidine substitution might be a matter of
efforts to create a proper chromophore environment by mutating adjacent amino acid positions.
Another explanation is a direct participation of His65 imidazole ring in protonation-
deprotonation events during photoconversion [11,14]. In this case, Phe, Tyr or Trp residues
can notactas His. Anyhow, absence of corresponding mutants of Kaede-like proteins precludes
studying spectral properties of Kaede-like chromophore variants.

Chemical synthesis of natural compounds often provides useful information on their structure
and properties. Synthetic imidazolones related to GFP chromophore have been a subject of
extensive research [22—26]. However, up to date, a few compounds corresponding to natural
chromophores of red-shifted GFP-like proteins were synthesized. Model compounds that are
similar but not identical to DsRed chromophore were described [27]. We earlier synthesized
a chromophore of a non-fluorescent purple chromoprotein asFP595 [28]. Here we describe a
general synthetic approach to the chromophores of Kaede type. Synthesis of Kaede-like
chromophores with different groups corresponding to natural amino acids at positions 65 and
66 made it possible to evaluate their influence on spectral properties of the chromophore and
to find structures with the most red-shifted absorption and emission.
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2. Materials and methods

2.1. General

NMR spectra were recorded on a Bruker DRX-500 instrument; chemical shifts are expressed
in & scale downfield from tetramethylsilane and are referenced to residual protium in the NMR
solvent (CHCls3, 6 7.26; CHD,0D, 3.30; CD3S(O)CD,H, 5 2.50). Analytical and preparative
TLC was performed on precoated Silufol UV 254 silica or alumina plates impregnated with a
fluorescent indicator (254 nm). TLC plates were visualized by exposure to UV light or
treatment with saturated permanganate solution followed by washing with excess water, or
with phosphomolybdic acid with subsequent heating, or by specific color change of acidic
compounds in ammonia vapors. Column chromatography was performed on Merck Kieselgel
60 (70-230 mesh) silica or Aldrich CAMAG-A-1, (150 mesh, basic, Brockman activity 1)
alumina. ESI mass-spectra were obtained on Bruker Esquire6 Plus instrument.

2.2. Phosphonium salts

Phosphonium salts were prepared from corresponding bromides and triphenylphosphine by
refluxing in toluene until the bromide was consumed, except for (4-imidazolyl)
methyltriphenylphosphonium chloride (3a) [29]. N-Boc-3-(bromomethyl)indole (3e) was
prepared as described [30].

2.3. Aldehyde 2a

A suspension of imidazolone 1a (2.98 g, 13.9 mmol) and selenium dioxide (1.85 g, 16.7 mmol,
1.2 equiv) in anhydrous dioxane (140 mL) was stirred at reflux for 1 h and carefully decanted
from the red solid while hot. The solution was concentrated in vacuo, the crude product was
dissolved in dichloromethane (50 mL), treated sequentially with diisopropylethylamine (3.59
g, 27.8 mmol, 2.0 equiv) and tert-butyldimethylsilyl chloride (4.19 g, 27.8 mmol, 2.0 equiv).
After stirring for 2 h at room temperature, the volatiles were removed in vacuo and the residue
was purified by column chromatography (silica, 2% EtOH:CHCIs3) to afford the aldehyde 2a
as an orange-red solid (2.73 g, 57%). R¢ 0.46, silica, 2% EtOH:CHCl3; 1H NMR (500 MHz,
CDCl3) 6 9.68 (s, 1H), 8.28 (d, 2H, J = 8.4 Hz), 7.48 (s, 1H), 7.00 (d, 2H, J = 8.4 Hz), 3.32 (s,
3H), 0.96 (s, 9H), 0.27 (s, 6H).

2.4. Aldehyde 2b

A suspension of imidazolone 1b (707 mg, 2.95 mmol) and selenium dioxide (393 mg, 3.54
mmol, 1.2 equiv) in anhydrous dioxane (50 mL) was stirred at reflux for 1 h and carefully
decanted from the red solid while hot. The solvent was removed in vacuo and the residual red
oil was purified by column chromatography (basic alumina, 10% EtOH in CHCls) to afford
the aldehyde 3b as a fine red crystalline solid (549 mg, 73%). Rs 0.31, basic alumina, 10%
EtOH:CHCl3; IH NMR (500 MHz, DMSO-dg) 5 12.51 (br s, 1H), 9.69 (s, 1H), 8.53 (s, 1H),
8.07 (s, 1H), 7.53 (d, J = 7.8 Hz), 7.32-7.24 (m, 3H), 3.35 (s, 3H).

2.5. Chromophore HYG (Kaede chromophore)

To a solution of 480 mg (1.39 mmol, 2.1 equiv) of aldehyde 2a in dichloromethane (10 mL)
2M aqueous NaOH (10 mL) was added, and then solid phosphonium salt 3a (250 mg, 0.66
mmol) was added with vigorous stirring. The stirring was continued for 30 min and the organic
phase was separated. Dichloromethane was evaporated, the mixture was redissolved in 10 mL
THF and a solution of tetrabutylammonium fluoride trihydrate (438 mg, 1.39 mmol) in 5 mL
THF was added. The mixture was stirred for 1 min and then neutralized with glacial acetic acid
(0.12 mL, 2 mmol). The volatiles were removed in vacuo and the residue was redissolved in
ethanol (5 mL). The ethanolic solution (1 mL) was purified by preparative TLC (15%
EtOH:CHCI3). The combined target fractions from 5 runs were chromatographed again in the
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same manner, resulting in 10 mg (5%) of pure product as a red-orange solid. R; 0.30, silica,
15% EtOH:CHCl3; IH NMR (500 MHz, CD30D) 8.10 (d, J = 8.6 Hz, 2H), 7.95 (d, J = 15.6
Hz, 1H), 7.81 (s, 1H), 7.50 (s, 1H), 7,01 (s, 1H), 6.99 (d, J = 15.6 Hz, 1H), 6.84 (d, J = 8.6 Hz,
2H), 3.58 (s, 3H). MS (ESI-MS) calcd for C1gH15N40,™ [M+H*] 295.12, found 295.27.

2.6. Chromophore YYG

To asuspension of aldehyde 2a (500 mg, 1.45 mmol) and (4-(tert-butyldimethylsiloxy)benzyl)
triphenylphosponium bromide (3b) (817 mg, 1.45 mmol, 1.0 equiv) in dichloromethane (60
mL) was added 2M NaOH (40 mL). The orange organic layer turned instantly dark-red. The
resulting mixture was vigorously stirred for 30 min, and the layers were separated. The aqueous
layer was extracted with dichloromethane (2x30 mL). The combined organic extracts were
treated with tetrabutylammonium fluoride trihydrate (960 mg, 3.04 mmol, 2.1 equiv) to
produce a violet suspension which was neutralized with 30% aqueous CH3COOH. Solvents
were removed in vacuo and the crude product was purified by column chromatography (silica,
10% EtOH:CHCl3) and recrystallized from methanol to give the pure product as red-brown
crystals (108 mg, 23%). R 0.19, silica, 5% EtOH:CHCl3; IH NMR (500 MHz, DMSO-dg) &
10.13, (brs, 2H), 8.14 (d, J = 8.7 Hz, 2H), 7.95 (d, J = 15.7 Hz, 1H), 7.71 (d, J = 8.7 Hz, 2H),
6.99 (d, J =15.7 Hz, 1H), 6.93 (s, 1H), 6.87 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 3.26
(s, 3H); MS (ESI-MS) calcd for C1gH17N203" [M+H*] 321.12, found 321.18.

2.7. Chromophore FYG

Procedure is essentially the same as for the chromophore YWG; benzyltriphenylphosphonium
bromide (3c) was used. Yield 53%. R; 0.35, silica, 5% EtOH:CHCl3; 1H NMR (500 MHz,
DMSO-dg) 6 10.20, (br s, 1H), 8.20 (d, J = 8.7 Hz, 2H), 7.99 (d, J = 15.7 Hz, 1H), 7.84 (d, J
= 7.5 Hz, 2H), 7.47-7.40 (m, 3H), 7.22 (d, J = 15.7 Hz, 1H), 6.99 (s, 1H), 6.89 (d, J = 8.7 Hz,
2H), 3.29 (s, 3H); MS (ESI-MS) calcd for C1gH;7N0,* [M+H*] 305.13, found 305.25.

2.8. Chromophore NYG

Procedure is essentially the same as for the chromophore YWG; (carbamoylmethyl)
benzyltriphenylphosphonium bromide (3d) was used. Yield 49%. R¢ 0.26, silica, 10%
EtOH:CHCl3; IH NMR (500 MHz, DMSO-dg) 5 10.29, (br s, 1H), 8.15 (d, J = 7.8 Hz, 2H),
7.93 (s, 1H), 7. 45 (s, 1H), 7.28 (d, J = 12.8 Hz, 1H), 7.22 (d, J = 12.8 Hz, 1H), 7.08 (s, 1H),
6.85 (d, J = 7.8 Hz, 2H), 3.20 (s, 3H); MS (ESI-MS) calcd for C14H14N303" [M+H*] 272.10,
found 272.36.

2.9. Chromophore WYG

To a stirred suspension of aldehyde 2a (224 mg, 0.65 mmol) and ((N-Boc-3-indolyl)methyl)
triphenylphoshonium bromide (3e) (372 mg, 0.65 mmol, 1.0 equiv) in t-butyl alcohol (9 mL)
was added a solution of potassium t-butoxide (73 mg, 0.65 mmol, 1.0 equiv) in t-butyl alcohol
(3 mL). After 1 h of stirring, more potassium t-butoxide (37 mg, 0.33 mmol, 0.5 equiv) was
added and stirring was continued for 30 min. Solvent was removed in vacuo, the residue was
dissolved in dichloromethane (5 mL) and treated with tetrabutylammonium fluoride trihydrate
(215 mg, 0.68 mmol, 1.05 equiv) and stirred for 5 min. To the resulting deep purple solution
were added sequentially p-cresol (70 mg, 1.0 equiv) and trifluoroacetic acid (1 mL) and the
mixture was refluxed for 30 min, cooled down and neutralized with conc. ammonia (1.5 mL).
The resulting precipitate was filtered and recrystallized from methanol to yield the pure product
as a red crystalline solid (49 mg, 22%). R 0.21, silica, 5% EtOH:CHCl3; 1H NMR (500 MHz,
DMSO-dg) & 11.96, (br s, 1H), 10.16, (br s, 1H), 8.53 (s, 1H), 8.01 (d, J = 15.6 Hz, 1H), 7.99
(d, J=8.6 Hz, 2H), 7.97 (d, J = 7.8 Hz, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.18 (t, J = 7.8 Hz, 1H),
7.16 (t, J=7.8 Hz, 1H), 6.75 (d, J = 15.6 Hz, 1H), 6.70 (s, 1H), 6.24 (d, J = 8.6 Hz, 2H), 3.25
(s, 3H). MS (ESI-MS) calcd for Co1H1gN3O,* [M+H*] 344.14, found 344.17.
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2.10. Chromophore YWG

To a stirred suspension of aldehyde 2b (76 mg, 0.30 mmol) and (4-(tert-butyldimethylsiloxy)
benzyl)triphenylphosphonium bromide (3b) (169 mg, 0.30 mmol) in tert-butyl alcohol (4 mL)
was added a solution of potassium t-butoxide (33 mg, 0.20 mmol) in tert-butyl alcohol (2 mL).
The reaction mixture was stirred for 30 min, the solvent was removed in vacuo and the residue
was purified by column chromatography on alumina (CHCls) to afford the TBS-protected
chromophore. R¢ 0.32, silica, 5% EtOH-CHCI3. TBS-protected chromophore was dissolved
in CH,Cl, (5 mL) and treated with tetrabutylammonium fluoride trihydrate (100 mg, 0.32
mmol, 1.05 equiv). The resulting purple solution was neutralized with acetic acid (25 pL, 0.44
mmol) and the reaction mixture was concentrated in vacuo. The product crystallized on
treatment with 80% aqueous methanol (2 mL) to afford the title compound as a red-purple
crystalline solid (43 mg, 42%). R 0.23, silica, 5% EtOH:CHCl3; 1H NMR (500 MHz, DMSO-
dg) 8 11.93 (br s, 1H), 9.90 (br s, 1H), 8.54 (s, 1H), 8.22 (d, J = 7.9 Hz, 1H), 7.91 (d, J = 15.6
Hz, 1H), 7.68 (d, J =8.2 Hz, 2H), 7.49 (d, J = 7.9 Hz, 1H), 7.34 (s, 1H), 7.22 (t, J = 7.9 Hz,
1H), 7.20 (t, J = 7.9 Hz, 1H), 6.99 (d, J = 15.6 Hz, 1H), 6.86 (d, J = 7.5 Hz, 2H), 3.18 (s, 3H);
MS (ESI-MS) calcd for Co1H1gN3O,t [M+H*] 344.14, found 344.16.

2.11. Chromophore FWG

To a stirred suspension of aldehyde 2b (50 mg, 0.20 mmol) and benzyltriphenylphosphonium
bromide (3c) (85 mg, 0.20 mmol, 1.0 equiv) in tert-butyl alcohol (3 mL) was added a solution
of potassium tert-butoxide (33 mg, 0.30 mmol, 1.5 equiv) in tert-butyl alcohol (1 mL). Instant
color change from orange to dark-red was observed. The reaction mixture was stirred for 30
min, the solvent was removed in vacuo and the residue was purified by column chromatography
on silica (5% EtOH:CHCI5) to afford the product as fine red-brown crystalline solid (28 mg,
43%). R 0.38, silica, 5% EtOH-CHCl3; IH NMR (500 MHz) § 12.06 (br s, 1H), 8.26 (s, 1H),
8.07 (d, J=7.9 Hz, 1H), 7.94 (d, J = 7.8 Hz, 2H), 7.85 (d, J = 7.9 Hz, 1H), 7.64-7.36 (m, 3H),
7.24-7.15 (m, 2H), 7.12 (d, J = 13.4 Hz, 1H), 7.08 (t, J = 7.9 Hz, 1H), 6.48 (d, J = 13.4 Hz,
1H), 3.18 (s, 3H); MS (ESI-MS) calcd for Cy1H1gN30™ [M+H*] 328.14, found 328.17.

2.12. Optical spectral measurement

Absorption and excitation—emission spectra were recorded at room temperature using
Beckman DU520 UV/VIS spectrophotometer and Varian Cary Eclipse fluorescence
spectrophotometer, respectively. Emission spectra were corrected for photomultiplier
response. Fluorescence quantum yields of chromophores in basic DMF were determined by
using purified DsRed2 as a reference standard (quantum yield 0.55) [31].

3. Results and discussion

3.1. Synthesis

Kaede-like chromophores corresponding to the following tripeptides were obtained: His-Tyr-
Gly, Trp-Tyr-Gly, Phe-Trp-Gly, Tyr-Trp-Gly, Asn-Tyr-Gly, Phe-Tyr-Gly, and Tyr-Tyr-Gly.
They were designated according to the one-letter amino acid code as HYG, WYG, FWG,
YWG, NYG, FYG, and YYG, respectively (Fig. 1).

Oxidation of readily available 2-methylimidazolones 1 [31] with selenium dioxide in refluxing
dioxane provided aldehydes 2 (Scheme 2). In case of imidazolone 1a, the desired aldehyde

underwent decomposition to unidentified products on attempt of chromatographic purification.
The TBS-protected aldehyde 2a, synthesized by treatment of the crude product with TBSCI

and diisopropylethylamine, was stable to chromatography and was isolated in 57% combined
yield. However, it decomposes significantly in 1 month even if stored at —20°C. A number of
other methods to bring about such oxidation failed. O-protected substrates also did not produce
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the desired products with SeO, or other oxidants. Indolic imidazolone 1b gave the
corresponding aldehyde 2b in 73% yield. Target chromophores were obtained via Wittig
reaction of aldehydes 2a and 2b with appropriate phosphonium salts 3 (Table 1). In all cases,
the reaction proceeded stereoselectively to give trans-product (E:Z > 15:1), with characteristic
coupling constant of about 15 Hz. Low yield of the Kaede chromophore HYG is probably due
to a competing deprotonation of imidazole nitrogen in 3e and expulsion of PPh3 molecule,
producing the electrophilic diazafulvene intermediate 4 [29] rather than desired nucleophilic
phosphorous ylide 5 (Scheme 3). If sterically hindered potassium tert-butoxide is used as base,
this pathway seems to become major and no chromophore is formed. In this case, biphasic
mixture of aqueous NaOH and CH,Cl, was employed. For other chromophores, the results
obtained using either of these two bases were comparable.

3.2. Spectral properties

As expected, wild type Kaede chromophore HYG demonstrated clear pH dependence of
absorption spectrum. In water solutions, acidic form absorbed at 430 nm (Table 2). With an
increase of pH, this peak transformed into a peak at 490 nm with isosbestic point at 447 nm
and pKa 7.7 (Fig. 2A). We attributed this transition to deprotonation of phenolic oxygen that
is a common process for chromophores within other GFP-like proteins. No other spectral
transitions were observed in interval pH 3-14. Nature of solvent was found to have a minor
impact on absorption maximum and extinction coefficient of the acidic form of HYG (Fig.
2B). In contrast, in basic conditions HY G chromophore possessed clearly different absorption
spectra in different solvents. Strong absorption red shift was observed in the series water-
ethanol-isopropanol-DMF-DMSO (Fig. 2C, Table 2). Compared to HBMPI and HBMPDI
[27], absorption maxima are higher due to extension of conjugation to another aromatic ring
or electron-withdrawing substituent.

Other Kaede-like chromophores demonstrated similar dependences on pH and solvent with
some exceptions (Table 2 and Fig. 3). As expected, chromophore FWG showed no spectral
changes at interval pH 5-10 since this chromophore does not have acidic phenolic hydroxyl.
Instead, a spectral transition to a red-shifted form was observed with pK; 11.6 probably
associated with deprotonation of indole. At low pH Trp-containing chromophores (WYG,
FWG and YWG) demonstrated transition with pK, ~2.5-3.5 into spectral forms characterized
with considerably higher extinction coefficient and red-shifted absorption maxima compared
to corresponding absorption peaks at pH 47 (Table 3 and Fig. 3C). Most probably, this
transition can be attributed to appearance of positively charged chromophore state due to
protonation of N-3 of the imidazolone ring, which is stabilized by indole. Other Kaede-like
chromophores also possessed similar spectral transition but at considerably lower pH (pKj,
~1.5) as reported for GFP chromophore [23] and for HBMPI and HBMPDI [27] chromophores.
NYG chromophore had the most red-shifted absorption in DMF, not in DMSQO as others.

All Kaede-like chromophores in basic DMF and DMSO demonstrated a well-detectable red
fluorescence with a quantum yield well above that of HBMPI, HBMPDI [27], and GFP and
asFP595 chromophores [22,28] (Table 2 and Fig. 4). The highest fluorescence quantum yield
(about 0.017) was measured for Trp-derived chromophores WY G and YWG (for comparison,
we measured quantum yield of GFP chromophore in basic DMF to be 0.00005). Probably,
bulky Trp side chain prevents to some extent fast isomerization of the chromophore molecules
and thus decreases non-radiative decay of the excited state.

Emission spectra of HYG chromophore in DMF and DMSO had maxima at 582 and 598 nm,
respectively. Thus, DMF appears to be close to the chromophore environment within Kaede
protein, which has emission maximum at 582 nm [10]. Earlier, the same similarity between
spectra of synthetic chromophore in basic DMF and native protein was found for asFP595
[28]. In contrast to other Kaede-like chromophores as well as GFP and asFP595 chromophores,
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HY G emission spectrum contained a shoulder at 620-640 nm which is separated from the main
peak very clearly (Fig. 4A). This well-defined long wavelength shoulder or even minor peak
is characteristic for all Kaede-like proteins [10,14,17,33]. Thus, His residue appears to
determine this unusual shape of the emission curve.

All “non-natural” Kaede-like chromophores demonstrated considerably red-shifted emission
spectra compared to HY G chromophore (Table 2 and Fig. 4). Surprisingly, the most red-shifted
emission was detected for NYG chromophore. In basic DMF NYG possessed excitation and
emission maxima at 570 and 642 nm, respectively, demonstrating a large Stokes shift (Fig.
4E). In case of successful substitution H65N in a Kaede-like protein such mutant could
represent a new group of green-to-far-red photoconvertible fluorescent proteins.

The panel of Kaede-like chromophores allows for direct comparison of some substituents
(Table 2 and Table 3). “Symmetrical” compounds WYG and YWG indeed possess almost
identical absorption maxima in all solvents in positively charged and neutral states and in
almost all solvents in negatively charged states. Only basic DMF and DMSO provide red-
shifted absorption for WY G. As expected, p-hydroxyphenyl group gives red-shifted absorption
in comparison with phenyl group (compare YYG and FYG). FWG and FYG chromophores
demonstrate that neutral indole ensures stronger absorption red shift compared to neutral p-
hydroxyphenyl; however, in the negatively charged states their spectral behavior is very
similar.

Fluorescent proteins are chemically and optically complex molecules. The availability of
model compounds has in the past proven useful for advancing our understanding of their
behavior [22-24,34,35]. In particular, the chromophores described here might provide a useful
reference for prediction of the optical properties of GFP-related chromophores and proteins
using quantum chemical approaches.

To the best of our knowledge, the present study describes deprotonated indole-containing GFP-
like chromophore for the first time. We measured pK, 11.6 for deprotonation of the indole
group in WYG that is much lower than of indole itself (pK, 17 in water). We found that model
compound corresponding to chromophore within CFP (GFP-Y66W, structure 1b, Scheme 2)
also shows about 80-nm absorption red shift in a strong base (not shown). Apparently, this
state corresponds to deprotonated indole moiety. Potentially, introducing Arg and Lys residues
in the vicinity of chromophore-forming Trp66 into ECFP (or similar mutants) could result in
novel (and potentially useful) fluorescent protein variant where Trp-containing chromophore
exists in anionic state.

One of the most interesting results of the present work is that non-aromatic asparagines moiety
provides a strong red shift in NYG chromophore. In case of Asn65, Kaede-like chromophore
includes additional C=0 group in the system of conjugated double bonds. It was shown earlier
that C=0 group indeed ensures a very strong (about 100 nm) red shift for asFP595-like
chromophore compared to GFP chromophore [28]. Considering also a small size of Asn side
chain, this residue appeared to be a promising substituent, which can potentially diversify
posttranslational chemistry in GFP-like proteins. It is tempting to insert Asn not only at position
65 in a Kaede-like protein, but also at position 66 (instead of chromophore-forming Tyr) in a
green FP. In this case one would expect blue fluorescent mutant with a different (compared to
all other blue fluorescent variants) chromophore structure and photophysical behavior. These
mutagenesis projects are currently underway in our laboratory.
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Figure 1.

Structures of Kaede and Kaede-like chromophores synthesized.
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Figure 2.

Absorption spectra for HY G chromophore. (A) Absorption spectra for buffered water solutions
of HYG chromophore at different pH as designated on the graphs. (B and C) Absorption spectra
for HYG chromophore in different solvents at pH 3.5 (B) or pH 10.1 (C).
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Absorption spectra for Kaede-like chromophores. (A) Absorption spectra for Trp-containing
chromophores (WYG, FWG and YWG) in basic DMF. (B) Absorption spectra for
chromophores FYG, NYG and YYG in basic DMF. (C) Absorption spectra for buffered water
solutions of WY G chromophore (15 uM) at pH 2.1 (dotted line), 7.0 (dashed line), and 9.8

(solid line).
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Figure 4.
Fluorescence spectra for Kaede-like chromophores. (A-E) Excitation (dotted lines) and
emission (solid lines) spectrafor HYG, WYG, YYG, FYG, and NYG solutions in basic DMF.
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Scheme 1.
Origination of DsRed-type and Keade-type chromophores from GFP-type precursor in the
course of posttranslational modifications of fluorescent proteins.
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Synthesis of Kaede-type chromophores.
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Reaction pathways for phosphonium salt 3a.
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Table 1
Yields and conditions of Wittig reaction.
Aldehyde Phosphonium salt Product (yield, %)
2 PPhs*CI HYG (5[]
NN
L N
H
(3a)
2a 4-(TBSO)C4H,CH,PPh,Br (3b) vvG (23)lal
2a BnPPh,Br (3c) FYG (53)
2a H,NCOCH,PPh;Br (3d) NYG (49) .
,C
2 PPhs*Br WYG (18)[™]
cob
N
Boc
(3¢)
2b 4-(TBSO)C4H,CH,PPh;Br (3b) Ywa (42)[°]
2b BnPPh,Br (3c) FWG (44)[°]
[a]

2M aqueous NaOH / CH2Cl2.
[b]
[c]

t-BuOK / t-BuOH.

After Boc cleavage (see Experimental Section).
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