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Here we describe the synthesis and spectroscopic characterization of two compounds designed to model the chromophore in DsRed, a red
fluorescent protein. Comparison with model green fluorescent protein (GFP) chromophores indicates that the additional conjugation in the
DsRed models can account, in part, for the red-shifted absorption and emission properties of DsRed compared to those of GFP. In contrast
to the GFP models, the DsRed models are fluorescent with quantum yields of 0.002—0.01 in CHCls.

DsRed is a recently cloned bright red fluorescent protein from for the red-shifted spectroscopic properties of DsRed com-
coral (Discosomap.) with great potential as a complement pared to those of GFP® To study the role of the protein
to the widely utilizedAequoreavictoria green fluorescent
protein (GFPY due to its significantly red-shifted excitation
and emission maxima {4558 nm,lem 583 nm)? Although

DsRed and GFP share only 23% sequence identity, X-ray HO‘%O HO 0
crystallography reveals that DsRed also forms fhean N NJ?\ A
N

structural motif observed for GFP.In addition, like GFP, N N
the chromophore in DsRed is formed by the intramolecular HoN SN \%
reaction of three amino acid residues (Q66Y67G68). How- o P

ever, while both the DsRed and GFP chromophores share R™ 70

the same 4-hydroxybenzylideneimidazolinone core, the chro- DsRed chromophore  Compound 1, HEMP!

mophore in DsRed differs from that in GFP by the presence

of an acylimino group at the 2-position of the imidazolinone
ring (Figure 1). The acylimino group is formed by oxidation HO‘@MO
of t_he Q66_ G—N bond, and _the _resulting additional N N HO o
conjugation in the chromophore is believed to partly account \
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matrix in governing the spectral properties of the DsRed
chromophore, we have synthesized 4-hydroxybenzylidene-
1-methyl-2-propenyl-imidazolinone (1, HBMPI) and 4-hy-

Scheme 2. Synthesis of HBMPDR
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none (2, HBMPDI) (Figure 1) and performed an initial
characterization using absorption, fluorescence, and Ramary,

spectroscopies.

Due to the susceptibility of acylimines to nucleophilic
attack?-® we have initially focused on DsRed model com-
pounds containing olefinic substituents on the imidazolinone

ring. Two such compoundsl (and 2) were prepared via
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Erlenmeyer azlactone synthesis as shown in Schemes 1 and

2, respectively:10
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O
/\)J\ + H2N\)J\OH \/\n/

H o)
N
HO
Ac,O, NaOAc

J]\OH

pH=12

HO 0]
A Reflux
No N O
X
' 1¥ CHsNH,(2q)
B —————

HO%O Ethanol, ch03

N
HEDI T >

z

@Q

For compoundL, glycine was first acylated with crotonic
acid under alkaline conditiori$.Reaction ofN-crotonylg-

‘CH3NH2(aq), reflux 1O <:> \\/ (O
N

Ethanol, K,CO3

20% overall yield. 4-Hydroxybenzylidene-1,2-dimethyl-
imidazolinone (HBDI, Figure 1) was also isolated in high
yield from the synthesis of. Similarly, HBMPDI 2 was
synthesized using the same strategy with 2,4-hexadienoic acid
as the initial acylating group. However, the 2-methyl-
substituted byproduct, observed in the synthesi4,ofvas

not formed, presumably due to steric hindrance in the acetyl
exchange reaction. CompouBavas obtained in 25% overall
yield. The absorption spectra bfand2 are shown in Figures

2 and 3, respectively.

HBMPI, 1
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lycine with 4-hydroxybenzaldehyde and anhydrous sodium
acetate in acetic anhydride provided the corresponding
intermediate azlactori@together with a byproduct having a
methyl group in place of the crotonyl group at the imida-
zolinone C2 position. The formation of the byproduct is
postulated to result from replacement of terotonyl group
with an acetyl group derived from the solvent.

H NMR analysis indicated that the product from the first
step of the synthesis contained more than 60% of the desired
azlactone, and this was used for the next step of the reaction
without purification. Subsequent treatment dfwith me- 0]

ine i i T T T T
thylamine in the presence of,RO; afforded HBMPI1 in 300 350 400 450
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Figure 2. Absorption spectra for the cationi®#@®¢, 1 M HCI),
neutral (—¢—¢, 20 mM sodium acetate pH 5.5), and anionic (
—, 1 M KOH) forms of HBMPI 1.

Due to the extension of the conjugated system compared
to HBDI (Amax = 368 and 425 nm for neutral and anionic
forms, respectively), the absorption maxima of the neutral
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Figure 3. Absorption spectra for the cationi®@®, 1 M HCI),
neutral (—&—¢, 20 mM sodium acetate pH 5.5), and anionic (
—, 1 M KOH) forms of HBMPDI 2.

forms of 1 and 2 are red-shifted to 401 and 421 nm,
respectively (Table 1). Similarly, for the anionic forms, the
Amax Of 1 is shifted to 460 nm, while thénax of 2 is shifted I I I I I
to 482 nm. The observation thaf,.x of anionicl is red 1800 1600 1400 1200 1000 800 600
shifted 35 nm compared to that of anionic HBDI is in good Wavenumber (cm™)
agreement with the 34 nm red shift predicted on the basis Figure 4. Raman spectra of HBDI. HBMPL and HBMPDIZ in

of ZINDO cglculatlons by Gross et &ffor the addlthn of so%ium acetate buff%r (pH 5.5, 20 }nM) obtained using 100 mW of
one ethylenic group to the GFP chromophore. It is worth 755 nm |aser excitatiof®

noting that the anionic form aof has aima Similar to that
of alkaline-denatured DsRed{(;x452 nm). Gross et al. have
proposed that alkaline denaturation of DsRed results in of 0.0005—0.0008 in D, consistent with the studies by
hydrolyis of the acylimino group and cleavage of the peptide McCapra et al. on a related GFP model compotinbh
backboné. The product resulting from acylimine hydrolysis CHCls, the quantum yields rise to 0.002 and 0.01 for the
is expected to have a carbonyl substituent at the imidazoli- neutral forms of HBMPI and HBMPDI, respectively, similar
none C2 position, consistent with the observed similarity to the values observed for the model GFP chromophores

betweenmay for alkaline-denatured DsRed and the anionic bearing a phenyl substituent on the imidazolinone fihg.
form of 1. Most relevant for studies of DsRed is the anionic form of

compound?2, which has an excitation maximum at 482 nm

_ and an emission maximum at 565 nm. While the quantum

) yields for1 and2 are still significantly lower than observed
Table 1. Spectroscopic Data of HBMPL], HBMPDI (2), and . hsRed (0.7}, the similarity inem for the anionic form

DsRed of 2 and the DsRed protein {4583 nm) indicates that the
1 2 DsRed additional conjugation ir2 compared to that in the GFP
neutral anion neutral anion anion model HBDI can account for a large part of the red shift
solvent H,0 CHCl; H,0 H,0 CHCl; H,0  H;0 observed between GFP and DsRed. However, the Stokes shift
j:ma*(r(]rr‘n”;) Gor 4% 0 i e 8 in compound is 83 nm, whereas it is only 25 nm in the
e 0.0005 0.002 0.0006 0.0008 0.01 0.0008 0.7 protein. The smaller Stokes shift for the protein compared

to the models indicates that less energy is needed to
reorganize the environment to accommodate the excited-state
structure in the protein than in the solvent.

aQuantum yield (¢)2

. The r?eW|y synthe3|zed DSRe.d mOd(.el chrpmophores ha.ve (12) White, C. E.; Argauer, R. Fluorescence AnalysisA Practical

interesting fluorescence properties as listed in Table 1. While approach; Dekker: New York, 1970.

HBDI, the model GFP chromophore, is not detectably c (13) Mcl%ggr%g.:g?zavi, Z.; Neary, A. B. Chem. Soc., Chem.
ommun. , - .

fluorescent at room temperature, both HBMPI and HBMPDI (14) You, Y. .. He, Y. K.: Borrows, P. E.: Forrest, S. R.; Petasis, N.

have measurable fluorescence spectra with quantum yieldsA.; Thompson, M. EAdv. Mater.2000,12, 1678—1681.
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Raman spectroscopy has provided valuable information 1143 cnt! band in HBDI, which corresponds to an imida-
on the structure of the chromophore in GFP model com- zolinone C-C single-bond stretching mode, is shifted to 1148
pounds and protein§.18 To provide a basis for interpreting and 1156 cm! for 1 and 2, respectively, indicating the
the Raman spectra of wild-type and mutant DsRed proteins, strengthening of the single bonds in the conjugated system.
we have undertaken a Raman analysis of compotraisl In conclusion, chromophoregsand2 provide very useful
2. models for improving our understanding of the structure and

Figure 4 contains the Raman spectralaind 2 together  optical properties of the chromophore within DsRed. While
with that of HBDI, a GFP model compound that has been some differences are expected between model and protein
studied in detail using ab initio calculations and isotopic data due to the use of an ethylenic substituent, the results
labeling™® While there are many similarities in the spectra suggest that a significant portion of the red shift in absorption
of the three compounds, reflecting the 4-hydroxybenzylide- and emission properties between GFP and DsRed can be
neimidazolinone structure common to each molecule, two accounted for by the extended conjugation in the DsRed
important differences can be observed in the model com- chromophore. Like GFP, the DsRed protein matrix plays a
pound series. Specifically, the 1567 chband in neutral ~ major role in preventing nonradiative deactivation of the
HBDI is shifted to 1530 and 1515 crhin neutrall and2, chromophore’s excited state.
respectively. This band has been assigned in HBDI to a mode
delocalized over the imidazolinone ring and exocyclie C Acknowledgment. This work was supported in part by
C bond!® The decrease in wavenumber for this band is NIH Grants Al44639 and GM63121. In addition, this
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