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ABSTRACT: Autofluorescent proteins of the GFP family all share the same three-dimengiereai

fold; yet they exhibit widely different optical properties, arising either from chemical modification of
the chromophore itself or from specific interactions of the chromophore with the surrounding protein
moiety. Here we present a structural and spectroscopic characterization of the green fluorescent protein
cmFP512 fromCerianthus membranaceua nonbioluminescent, azooxanthellate cnidarian, which has
only ~22% sequence identity withequoreavictoria GFP. The X-ray structure, obtained by molecular
replacement at a resolution of 1. 35 A, shows the chromophore, formed from the tripeptide GIn-Tyr-Gly,
in a hydrogen-bonded cage in the center of an 11-strafideatrel, tightly restrained by adjacent residues

and structural water molecules. It exists in a neutral (A) and an anionic (B) species, with absorption/
emission maxima at 392/460 (pH 5) and 503/512 nm (pH 7). Their fractional populations and peak positions
depend sensitively on pH, reflecting protonation of groups adjacent to the chromophore. The pH dependence
of the spectra is explained by a protonation mechanism involving a hydrogen-bonded cluster of charged/
polar groups. Cryospectroscopy at 12 K was also performed to analyze the vibronic coupling of the
electronic transitions.

The discovery of an entire family of fluorescent proteins aromatic chromophore, 4-hydroxybenzylidene)-5-imida-
(FPS) and nonfluorescent chromoproteins (CPs) in anthozoa, zolinone, is synthesized autocatalytically from three consecu-
hydrozoa, and copepoda that are closely related to the greenive amino acids, the first of which is variable, but the second
fluorescent protein fromAequoreavictoria (avGFP) has  and third are always Tyr and Gly. In addition, there are two
opened up a wide array of fluorescent marker proteins for other conserved residues, Arg96 and Glu222 (in the avGFP
cell biology (1—3). They not only present alternatives for sequence notation), which have been suggested to play key
avGFP as genetically encoded probes forithe vo labeling roles in chromophore formatiod%, 36). These observations
of proteins, subcellular compartments, cells, or tissues butpoint at a general mechanism for chromophore formation in
also feature entirely new properties, for example, red-shifted GFP-like proteins, which involves backbone cyclization
fluorescence4—8) and photoactivatable green-to-red emis- petween the Cand N backbone atoms of the first and third
sion conversion9—14). To date, more than 100 of these amino acids of the chromogenic triad, thereby creating a five-
colorful prOteinS have been cloned, with emission wave- membered heterocyde; Subsequent oxidation and dehydro_

lengths ranging from cyan to dark reti«8, 10-32). genation conjugates the imidazolin-5-one and Tyr hydroxy-
The polypeptide chain of all GFP-like proteins hitherto phenyl rings in a planar, delocalizedsystem that fluoresces

known possesses the Characteriﬁican fold, i.e., an 11- in the green spectra| rang@?(—4]_)_ In some FPs, the

strandegB-barrel that wraps around a distorted centrdielix delocalizeds-electron system is further extended by ad-

(33, 34). Remarkably, the polypeptide chain acts as a ditional covalent modifications, which result in pronounced
nanoreactor in which covalent chemistry takes place: an req-shifts of the peak emission wavelength. Such modifica-
tions can occur in different ways, by an additional cyclization
T This work was financed by the Deutsche Forschungsgemeinschaftinvolving a Lys side chain, as observed in tAeanthus
(SFB 569 to G.U.N.), the Fonds der Chemischen Industrie (to G.U.N.), yellow fluorescent protein zFP538%), by an additional
and the Landesstiftung Baden-Wtemberg (Elite-Postdoc-Fderung dehydrogenation of the backbone-a. of the first amino

to JW.). ) ) 7 . . L .
* To whom correspondence should be addressed. E-mail: uli@ acid in the triad, creating an acylimine as in the red FPs
uiuc.edu. Tel: +49 731 502 3050. Fax:+49 731 502 3059. DsRed 6, 43, 44) and eqFP6115, 25, 26), or by formation
s ?ﬁgﬁétgiﬂl?é Eéon?ﬂﬁﬁ'éﬁ gg&‘éﬁ;s'ty of Uim. of anall-trans-alkenylene structure connecting an imidazole
I University of Rome “La Sapienza”. side chain to the system, as in the green-to-red photocon-
U Department of General Zoology and Endocrinology, University verting proteins EosFP1R—14, 45) and Kaede 10, 11).
of Ulm. While the former two modifications occur spontaneously,

#University of lllinois at UrbanaChampaign. . . .
L Abbreviations: GFP, green fluorescent protein; FP, fluorescent the latter one requires photoactivation%00 nm light. In

protein; ESPT, excited-state proton transfer. addition to these pronounced changes in the emission
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wavelength due to covalent modification, smaller shifts arise Tpe 1. Summary of Crystallographic Analysis of cmFP512
from interactions of the chromophore with the surrounding

protein moiety to which it is strongly coupled. Crystal Parameters and Data Collection Statistics
. . temperature (K) 100
FPs have proven to be powerful tools for the life sciences. space group P1
Still, further optimization by protein engineering is highly  cell dimensions (A, deg) a 54.00:b=60.11:c = 125.40
desirable to fully exploit the potential of FPs as fluorescent a = 83.80;b = 89.98;y = 73.85
markers and to broaden the range of possible applications.unit cell volume (R) 385739.59
. . PR solvent content (%) 30.7
Photophysical properties that demand optimization include . .- A) 135
photostability, brightness, and the reduction of photodynam- iotal no. of observations 159 486 (A); 1 474 732 (B);
ics (blinking). To this end, we require a detailed understand- ' _ 330026 (C)
ing of the interplay between the protein moiety and the no. of unique observations 300980
chromophore during and after its formation. Currently, mgﬁﬁlﬁg’y 11"14 (A);0.5(B); 0.5 (C)
studies of structuredyn_amics—function relgtionships of a  data completeness (%) 1 90.9 (80.4)
broad range of GFP-like proteins promise to yield new I/ 10.4
insights into the intricate interplay between the chromophore Rmerd 0.37 (0.63) (A); 0.05 (0.24) (B);
and protein matrix, which may eventually enable us to _ 0.06 (9'2_2) ©
rationally engineer FPs with optimized properties for par- v . Data Refinement Statistics
. LI non-hydrogen atoms
ticular applications. ' . o protein 13 783
Here, we present a biophysical characterization of the  chromophore 192
green FP cmFP512, which was cloned from tentacle tissue water 2453
of Cerianthus membranaceus nonbioluminescent, azoox- rRefSO'E“O” A s
anthellate cnidariard@). It differs markedly from other FPs et 0.24

in its primary sequence, which yields only 22%, 30%, 34%, rms deviations from ideality

and 35% amino acid identities with avGFP, asFP48B,( bond lengths (A) 0.13
eqFP611 25, 26), and DsRed§), respectively. The chro- Ra%’gghzz%'f;n(g%%) 2.67
mophore of CMFP512 is formed from the tripeptide Gl_n- most favored (%) 925
Tyr-Gly, as is the case for DsRed. In the latter protein,  allowed region (%) 6.2
however, the green chromophore is further processed to yield generously allowed region (%) 1.0
a red chromophore. We have performed room-temperature disa“owﬁe?d (%) 0.4
fluorescence and absorption spectroscopy of cmFP512 as aB'fg\fé?;S”( ) 20
function of pH to explore the coupling between the chro-  ayerage main chain 19
mophore and its environment. In addition, measurements average side chain 21
were also carried out at 12 K to investigate vibronic coupling __ average chromophore 19

of the electronic transition. X-ray structure analysis of  2The values in parentheses are for the highest resolution bin
cmFP512, performed at a very high resolution (1. 35 A), (approximate interval 0.15 A). A, B, C refer to the three data sets that
enables us to discuss the intriguing spectroscopic propertieci'e Scaled together with resolutions of 3.2, 1. 8 and 1.35ferge =

; . (I — DD/ (Ihk®)- © Reactor = Yl [Fol — Fel/3nuilFol for all data
of cmFP512 on the basis of its molecular structure. except for 5%, which was used for fréecalculation.

MATERIALS AND METHODS ) )
molecular replacement using MolRepl8], taking the

Protein Expression, Purification, and Crystallizatiothe structure of DsRed fror@iscosoma striatas a search model
protein was expressed Escherichia colistrain BL21/DE3) (6). The asymmetric unit was found to contain two tetramers
and purified using a TALON metal affinity resin (BD related by a noncrystallographic symmetry. Model building
Biosciences, Clontech, San Jose, CA). cmFP512 crystalswas done manually with QUANTA4©) and COOT £0).
were grown at 20C in 30% PEG 4000, 0.1 M Tris, pH 8. Multiple rounds of manual rebuilding and refinement were
5, 0.2 M magnesium chloride by using the hanging drop performed. 5% of the total reflections were flagged Rage
vapor diffusion technique, transferred to cryosolvent (26% cross-validation data refinement. The chromophore was built
glycerol, 30% PEG 4000, 0.1 M Tris, pH 8.5, 0.2 M in both the &, — F. (contoured to 1.0 and 1) and theF,
magnesium chloride) and flash-frozen in liquid nitrogen — F. (contoured to 3.®) electron density maps. Residues
immediately thereafter. 1-3 and 224-226 were not positioned; residues @ (5—

Structure DeterminatiorThree X-ray diffraction data sets  6) were built in 4 (6) of the eight monomers. Electron
were collected from two cmFP512 crystals at 100 K at the densities of the sulfur atom and the terminal methyl group
ELETTRA synchrotron using a marCCD detector, a low- Cy of Met59 were not clearly definable. Water molecules
resolution data set from a first crystal (denoted by A) at 3.2 were positioned in the electron density with COCB0)(

A, and both a low (B, 1.8 A) and a high (C, 1.35 A) Crystal parameters and data collection and refinement
resolution data set from a second crystal. High-resolution statistics are summarized in Table 1. Also included in the
diffraction was achieved only by using the dehydration table is a Ramachandran analysis of the final model using
annealing technique. The crystals belonged to space groupPROCHECK 48), revealing excellent stereochemistry. Bur-
P1, with unit cell parametera = 54.00 A,b = 60.11 A,c ied areas were calculated by ArealMdB]. Graphics were

= 125.40 A, o = 83.80, 8 = 89.98, andy = 73.85. produced with PyMol §1) and VMD (52). The atomic
Reflections were indexed, reduced, and scaled with the HKL coordinates and structure factors have been deposited in the
package48). The structure of cmFP512 was determined by Protein Data Bank (PDB ID code 2C9J).
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Ficure 1: Overall fold and chromophore structure of cmFP512. (a) Cartoon representation of a cmFP512 monomer, with amino acids
137—-139 (140-141) and 195208 and 202206 (199-201) displayed in magenta (gray). Red spheres represent water moleculds, (b) 2
— F. electron density maps of the cmFP512 chromophore contoured at 1.5

Optical SpectroscopyRoom-temperature absorption spec- 11-stranded3-barrel (Figure 1a)34). The central helix is
tra were recorded on a Cary 1 spectrophotometer (Varian,interrupted by the chromophore which forms from the
Darmstadt, Germany) with a resolution of 1 nm. Low- tripeptide GIn62-Tyr63-Gly64 (Figure 1b). With respect to
temperature absorption spectra were collected on an OLIS-avGFP, the average root-mean-square deviation (rmsd) of
modified Cary 14 spectrometer (On-Line Instrument Systems, the G atoms is 1.32 A; the largest structural variations are
Bogart, GA) at a resolution of 0.4 nm. Fluorescence observed for amino acids 13140 and the loop region
excitation and emission spectra were measured on a SPEXcontaining amino acids 193206 (Figure 1a). In this region,
Fluorolog Il spectrofluorometer (Spex Industries, Edison, NJ) the symmetric barrel structure is markedly distorted. A cleft
with the excitation line width set to 0.85 nm. Emission appears in the barrel surface that allows access of several
spectra were recorded with 2.2 nm resolution and correctedwater molecules. A close look at the structural model shows
for the wavelength dependence of the detector efficiency. that residues Glu139-Glu140-Pro141-Alal42/sstrand 7

For data collection at ambient temperature, a few micro- form a bulge. It appears to accommodate the moiety
liters of a concentrated cmFP512 stock solution was addedsurrounding the hydroxyphenyl oxygen of the chromophore,
to 100 mM buffer (pH< 4.5, sodium phosphate/citrate; pH as is also observed in EosFR3| and DsRed ). This
5—8.5, sodium phosphate; pH 8.5, sodium carbonate) to  structural feature is even more obvious in avGFP, where it
obtain a final concentration ef10 uM (absorption) and 1~ presumably creates the space for the two bulky side chains
uM (fluorescence), respectively. For cryospectroscopy, the of Tyr145 and His14833, 34). In cmFP512, an even more
stock solution was diluted in 75%/25% (vol/vol) glycerol/ pronounced bulge, shaped from amino acids -12@&1,
potassium phosphate/citrate buffer, pH 4.6 to obtain a pH 5 dislodges strand 10 from the neighboring strand 7. This
sample. The sample was sealed in a cuvette and attached téeature is also present in DsRe@) @nd EosFP 13). The
the cold finger of a closed-cycle helium cryostat (model 22, subsequent loop comprising residues 2@06 is shorter in
CTI Cryogenics, Mansfield, MA) equipped with a Lakeshore cmFP512 than in avGFP, where it extends away from the
Cryotronics (Westerville, OH) model 330 digital temperature body of the protein.

controller. The Tetrameric Interface3he tetrameric subunit arrange-
ment is held together by two types of interfaces, denoted as
EXPERIMENTAL RESULTS AND DISCUSSION antiparallel and perpendicular according to the relative

orientations of the symmetry axes of the cylindrical subunits.
The monomers in each tetramer have an average rmsd value
Overall Structure In their native states, all anthozoan FPs of their Co. atoms of 0.27 A. The interfaces between the
known to date are arranged in a tetrameric quaternary antiparallel cans A/B and C/D extend over two-thirds of the
structure, consisting of dimers of dimers. Despite the low long axis and contain both hydrophobic and hydrophilic
sequence identity between cmFP512 and avGFP, their overalcontacts (Table 2). Hydrophobic contacts exist between the
folds are essentially identical, featuring a slightly irregular, aliphatic pair Leu121-Leul21 and the stacked pair Trp119-

Protein Structure
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Table 2: Interface Contacts and Total Buried Areas of cmFP512

hydrophobic hydrophilic
A/B (antiparallel) A B A B
Leul2l Leul2l Glu22 Lys15
Trp119 Trp119 Trp119 Glu22
Asn102 Asn102
Asn90 Asn124 Asn20
Asn128 Asn150
total buried area 5771 & (33.0% of the total dimer area)
hydrophobic hydrophilic
A/C (perpendicular) A B A B
Phel89 Phel91 Pro141 Glu96 Lys149
Tyrl70 Vall54 Phel56 GIn220 Lys193
Pro158 Pro158
total buried area 42667X33.1% of the total dimer area)

a2 The total dimer surface area is defined as the sum of the surface areas of the monomers. The buried area is the interaction surface between the
monomers, calculated with the program ArealMol as implemented in the CCP4 48)ite (

Trpl19; Trpll9 is also hydrogen-bonded to Glu22 of the oxygen of the imidazolinone ring is hydrogen-bonded to the
facing monomer. An electrostatic interaction involves resi- guanidino moiety of Arg91. The hydroxyl group of Tyr63
dues Glu22 of one chain and Lys15 of the opposing chain, is engaged in two hydrogen bonds, one with a water molecule
although Aspl117 (on the same chain as Lys15) may renderand the other with the amino group of Lys159. The water
this interaction less efficient. Seven further hydrogen bonds molecule is stabilized by additional interactions with the
provide additional stabilization of the interface, the pair Glu140 backbone carbonyl and the Leu196 backbona#iN
Asn102-Asn102, Asn90 of one chain interacting with both group (Figure 2c). The Lys159 side chain nitrogen is within
Asn124 and Asn20 of the other chain, and Asn128 of one hydrogen-bonding distance (2. 7 A) to one of the Glu139
chain interacting with Asn150 of the other chain. side chain carboxyl oxygens. Both Glu139 carboxylic oxygen

The perpendicular interfaces A/C and B/D are also atoms are starting points of “water chains” (Figure 2a). We
stabilized by hydrophobic and hydrophilic interactions (Table also note that the GIn62 side chain is held in place by
2); the pair Phe189-Phe191 of one monomer packs againsfydrogen bonds of its nitrogen to the Phe38 backbone
Prol41 of the second monomer, although the backbonecarbonyl (2.7 A) and its oxygen to the GIn210 side chain
carbonyl of Prol41 may be detrimental for an efficient nitrogen (2.7 A).
interaction. Vall154 and Phel56 of one monomer create a Residues His194, Glul44, Arg66, and Glu212 constitute
small hydrophobic patch facing Tyrl70 on the opposite a network of polar interactions below the chromophore plane
monomer. The two Pro158 residues face each other in the(Figure 2b). The carboxyl group of Glul44 interacts with
center of the interface and induce the proximity of Phe156 Ne of His194. The N atom of the latter is in hydrogen-
to Tyrl70. A salt bridge is formed between Glu96 and bonding distance to an oxygen atom of the Glu212 carboxy!
Lys149 of opposite monomers. The C-terminal tail of one side chain, which again forms hydrogen bonds with both its
chain grasps around the opposing monomer, resulting in theoxygens to nitrogens on the Arg66 guanidino group. The
formation of another salt bridge between Lys193 and Asp220 Arg66 and Glul44 side chains are bridged by a water
on the C-terminus. molecule that is also hydrogen-bonded to Tyrl77. Similar

The Chromophore and Its Emonment.The chromophore networks of four hydrophilic ar_nino acids have also been
of cmFP512, 44-hydroxybenzylidene)-5-imidazolinone (Fig- found also in other FPs, including EosFE3f, DsRed 6),
ure 1b), is rigidly held in place by multiple hydrogen bonds @mFP48620), and zFP53842).
to charged or polar amino acids and structural water
molecules in the surroundings of the chromophore. Figure
2a displays the chromophore and its environment; hydrogen-  Ogpersziew. The optical absorption, excitation, and emission
bonding contacts are also indicated. To our surprise, ourspectra of cmFP512 at pH 5 and 9.5, taken at ambient
X-ray structure of cmFP512 clearly reveals that the chro- temperature, are presented in Figure 3; the peak wavelengths
mophore is significantly bent, with an angle-e0° between  are given in Table 3. Spectra at pH 7 are indistinguishable
the normals on the imidazolinone and phenyl rings (Figure within the experimental error from those at pH 9.5. The
1b). The dihedral angles that describe the rotation of the two excitation spectra were recorded with monitoring the emis-
ring systems around the double and single bonds of thesjon at 560 nm; the emission spectra were collected with
connecting bridge are = 13.25 and ¢ = —14.5T, the excitation wavelength set to 480 nm. To display the
respectively. These values are similar to the ones reporteddifferent spectra within the same plot and to compare their
for GFP mutant S65T at pH 8 (pdb code 1EMAT 17. 6, relative intensities, the absorption spectra were normalized
¢ = —13) (33). Most GFP-like proteins, however, have at 280 nm and the excitation spectra were scaled to the
dihedral angles around® @53). absorption spectra to equal peak heights of the bandsao

The Gly64 backbone carbonyl is seen to interact with the nm. The emission spectra were scaled so as to maintain the
Ne of Trp89 and two water molecules, and the carbonyl relative fluorescence intensities at different pH.

Spectroscopic Properties
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Ficure 2: Chromophore protein interactions in cmFP512. The chromophore and its environment are shown (a) above and (b) below the
chromophore plane. (c) Tetrameric coordination of the water molecule (Wat377 in monomer A) hydrogen-bonded to the chromophore
tyrosine. Chromophore color coding: greencarbon; red= oxygen; blue= nitrogen. Color coding for surrounding residues: black

carbon; red= oxygen; blue= nitrogen). The backbone structures are plotted as thin lines; the side chains are accentuated. Water molecules
are represented by red spheres, hydrogen bonds by dashed lines. Distances are given in A.

pH is typical of most anthozoan FPs. Apparently, the A and
B bands correspond to different protonation states of the
chromophore; they have been assigned to the neutral (phenol)
and anionic (phenolate) forms of the chromophore, respec-
tively (28, 55, 56). However, a few FPs display significant
A and B species at a fairly fixed ratio over a wide pH range;
among these are wild-type avGF5(57) and asFP499 from
Anemonia sulcatg31, 47).

T 550 500 The excitation spectra at pH 9.5 track the absorption
Wavelength (nm) spectrum between 330 and 550 nm. At 280 nm, however,
FIGURE 3: Room-temperature absorption and fluorescence spectratn® €xcitation peak is markedly smaller than the absorption
of cmFP512 at pH 5 (red) and 9.5 (black). Absorption spectra (bold peak, indicating that the efficiency of Fater transfer from
solid lines) were scaled to unity at 280 nm. Excitation spediga (  aromatic residues to the chromophore is less than 50%. At
= 568 nm dotktgd lines) were Ecaﬁ:ﬁtgothe absorption spectra top 5 the excitation spectrum matches the absorption
aixtf =t 4%ger?m,l né?)ﬂzltl)i/n%st) (\aNe?g scaledn?o' El?lfos I%na?nagfrgr?he spectrum only in the B band, but devia_te; in both the A and
relative fluorescence intensities at different pH. 280 nm bands. The occurrence of emission at 560 nm upon
excitation in the A band arises from a mechanism denoted
The UV absorption band at 280 nm is due to aromatic as excited-state proton transfer (ESPT), which is well-known
side chain resonances. From the number of tyrosine (12 Tyr)from photophysical studies of avGFB6( 58): Excitation
and tryptophan (2 Trp) residues, we have determined theof the neutral species yields the A* state that undergoes
extinction coefficient at 280 nm as 29 000 Mcm ™, excited-state deprotonation on the picosecond time scale to
according to the procedure reported by Pace ebd). {This form the anionic, intermediate I* form emitting at 504 nm,
method yields the extinction coefficient with an accuracy of which subsequently relaxes to the anionic B* species emitting
about +5%. In the visible range, the absorption spectra at 508 nm. In avGFP, both theor§g) and experimentg0)
exhibit a band at~500 nm at pH 5 and 9.5, with a have implicated Glu222 as the proton acceptor in ESPT. In
pronounced shoulder on the blue side, and a second band atmFP512, the corresponding residue Glu212 is part of a
~390 nm only at pH 5; they are referred to as B and A network of charged residues and, therefore, not likely to be
bands, respectively. The presence of an A band only at lowinvolved in ESPT (Figure 2b). The fact that the A band is
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Table 3
Amax (PH 5/pH 9.5) (nm) vo—o®cm~t (nm) viPemt (nm) vPem~t (nm) vemt (nm)
cmFP512
excitation A 392+ 23450 (426.5) 350 (420.2) 1700 (397.6)
excitation B 502.2/502.6 19800 (505.1) 85 (502.9) 880 (483.6) 1410 (471.5)
emission A 460) 340 (432.7) 1830 (462.5)
emission B 511.9/512.4 85 (507.2) 900 (528.5) 1470 (545.4)
avGFP
excitation A 23041 (434) 270 880 1710
excitation B 20964 (477) 222 775 1507
excitation | 20202 (495) 248
emission A 570 1440
emission B 220 765 1509
emission | 242 934 1683

a Data taken at room temperature (290 KY.hese data were collected on a pH 5 sample at 12 K. Values in parentheses are peak positions given
in nm. Peak positions have been determined with an errdt@b nm, which corresponds th30 cnt? for the transition frequencie$Data on
avGFP are taken from réf6. They were collected at 1.6 K.

less intense in the excitation spectrum than in the absorption (al)
spectrum indicates that a significant fraction of neutral
chromophores fluoresces at a different wavelength or does
not fluoresce at allfde infra).

The emission band of the anionic species peaks at 512
nm and has a shoulder at 548 nm (Figure 3); its shape is
independent of pH. Compared with avGFP, which peaks at
508 nm, the emission of cmFP512 is shifted to the red. We
note that the mutant Alal42Ser of cmFP512 has its emission
peak at 507 nm (data not shown). The X-ray structure of
wild-type cmFP512 suggests that the hydroxyl group of a
Ser in the place of Alal42 is in hydrogen-bonding distance
to the chromophore hydroxyl, with the distance between the
two oxygen atoms estimated as 2.5 A. Indeed, in a variety
of X-ray structures of GFP-like proteins, including DsRed
(6), amFP486 Z0), asFP499 47), and EosFP 13), the

Excitation

Emission

chromophore Tyr hydroxyl interacts with a Ser side chain 450 500 550 600
within a distance of 252.7 A. The additional hydrogen Wavelength (nm)
bond apparently stabilizes the charge on the hydroxyphenyl 1.0 © T e
moiety and thus the ground state of the anionic species. The S 0.8} ¢ B ®]
mutant contains essentially only the anionic species, which 7

does not convert to the neutral species at lower pH, as the £ 06f o ]
spectra are identical between pH 4 and 11. A similar “ o4l -
interaction pattern at the phenolate oxygen is observed for § A
DsRed, and likewise, its chromophore also exists solely in c02r o ]
the anionic form §). The blue shift of the emission spectrum 0.0 bl

of the Alal42Ser mutant by 5 nm implies that the excited 2 3 4 5 6
state is less stabilized or destabilized with respect to the pH

ground state by the additional hydrogen bond, as one wouldFicure 4: pH dependence of cmFP512 fluorescence at room
expect on electrostatic grounds from the fact that the electront_engggrﬁtmuges- (Z‘gt'f;‘%;ﬂ%’iﬁn :H42555 grr?c)i %”Cgcgb) S”&'SSQ?&%; e of
fjensity Sh.ifts from the phenol moiety toward the heterocycle the quantumpefficiency for eFr)nission at 455 aﬁd 512 nm upon
in the excited state6(—63). excitation in the A band at 390 nm.
Fluorescence from the Neutral Chromophole avGFP,
ESPT is very efficient, and direct A* emission is visible only normalized according to the absorption spectra so as to
as a very weak band at460 nm on the wing of the main  remove effects of varying concentrations. Between pH 3 and
508 nm emission36, 64—66). Recent time-resolved studies 6, the excitation band peaks at 390 nm and tracks the
have shown that the A* emission band is rather wide, with absorption after scaling, indicating that the observed changes
weak vibronic structure6®). Enhanced A* emission was  with pH are entirely due to variations in the absorbance and
observed by Remington and co-workers in EGFP mutants not in the quantum yield of emission from A*. At pH 2.5,
that were designed to interrupt the ESPT pathway betweenhowever, the amplitude is only about one-third of the value
chromophore and proton accepté#). expected from the absorption spectrum, and the peak
To examine the fluorescence properties of the neutral maximum is shifted by almost 20 to 370 nm.
cmFP512 chromophore, excitation spectra were measured We also collected emission spectra of the samples between
from 280 to 450 nm between pH 2.5 and 6, with the detection 395 and 700 nm, with the excitation wavelength set to 390
wavelength set to 455 nm (Figure 4a). The spectra werenm. These data are shown in Figure 4b, again scaled
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according to the absorption spectra to remove effects of
varying protein concentration. Besides the dominant emission
band from the unprotonated chromophore at 512 nm, they
also show a broad emission band from the neutral chro-
mophore peaking at460 nm. Its relative intensity increases
with decreasing pH. At pH 3, the relative spectral area is
maximal and amounts t&25% of the total.

In Figure 4c, we present the efficiency for emission in
the A (455 nm) and B (512 nm) bands, normalized to equal
probability for excitation at 390 nm. These data show that
the probability of B band emission increases with pH, with
a dependence consistent with a Henderddasselbalch
relation, (1+ 10PKa = PM)=1 with pKs &~ 4 (line). This
suggests that the efficiency of ESPT depends on deproto-
nation of a group with K, ~ 4. Accordingly, the efficiency
of A band emission deteriorates toward higher pH values,

Nienhaus et al.
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as expected for such a model. For avGFP, Glu222 has beerfiGURE 5: pH dependence of the cmFP512 absorption spectra

identified as the final proton accept&@9, 60). In cmFP512,
the corresponding residue Glu212 is part of a network of
charged residues that is not connected to the hydroxyl of
Tyr63 (Figure 2b) and, therefore, not likely to be not involved
in ESPT. A possible candidate is Glu139 in the close vicinity
of the Tyr63 hydroxyl. Further support is provided by the
analysis of the pH dependence of the absorption spagtia (
infra).

Below pH 3.5, the emission probability of A* deteriorates

drastically, suggesting that the protein denatures and, as a

consequence, the chromophore is no longer shielded from
the solvent and its fluorescence is quench&d 68). This
interpretation is also supported by the shift of the A band
excitation peak to~370 nm, which is similar to the
absorption peak of the neutral model chromophore HBMIA
(ethyl 4-hydroxybenzylidene-2-methyl-imidazolinone-3-
acetate) in water (368 nmj9, 70). Rapid internal conversion

has been identified as the mechanism of radiationless decay

(71—75). Its weak viscosity dependence suggests a volume-

conserving transition, and the associated reaction barrier is

low. It is still a conundrum how the protein moiety is able

between pH 1 and 12. (a) Absorption spectra of cmFP512 between
pH 2 and pH 8 (solid lines). The spectra of the acid (pH 1) and
base (pH 12) denatured forms are included as dotted and dashed
lines, respectively. (b) Filled circles: Normalized area of the B
band. Solid line: Fit with the two-site protonation model (Figure
6). Dotted line: HendersoerHasselbalch relation withif, = 4.5.

(c) Filled circles: Normalized shift of the B band. The solid line
through the data is identical to the one in panel b. Open circles:
Normalized line shift of the A band. The solid line is a sum of the
line from panel b, also given as a dashed line, and a Henderson
Hasselbalch transition g = 3.5,n = 3).

computed the peak molar extinction coefficient of the neutral
species as 21 000 Mcm™.

Figure 5b displays the fractional population in the B state
(circles) as a function of pH. For a simple protonation
equilibrium involving only the neutra{Y) and the anionic
(Y") chromophore species, we would expect a pH depen-
dence of the relative fraction of deprotonated species
according to the Hendersetidasselbalch relation,

1

1+ 1dq(pKa—pH) (l)

fy-(pH) =

to suppress such an efficient radiationless decay channelyjth n = 1; n > 1 indicates a cooperative transition that

Finally, we note that direct emission from A* is more

involves multiple protonating groups. This one-step function,

pronounced at cryogenic temperatures, where it amounts todepicted in Figure 5b fork, = 4.5 andn = 1 as the dotted

~50% of the overall fluorescence signal in a pH 5 sample
at 12 K (vide infra).

Absorption Spectra and Their Dependence on Proton
Concentration.To investigate the pH dependence of the A
and B forms of the chromophore in detail, we collected
absorption spectra from pH-1.2 (Figure 5a). At the extreme
values of pH, the protein is completely denatured, as inferred
from the typical bands of the acid (dotted line) and base
(dashed line) denatured species at 382 and 4474an6().

We have calculated their peak molar extinction coefficients
as 23 800 and 29 000 Mcm™?, respectively, by referencing
to the extinction coefficient of 29 000 M cm™t at 280 nm.

At pH 7, all chromophores are in the anionic B form, with
a peak molar extinction coefficient of 58 000 #cm*. The
determination of the extinction coefficient of the neutral A
species is a little bit more involved because acid denaturation
sets in below pH 3.5, where we still have a measurable
fraction of B chromophores. Therefore, we have measured
the A band absorption at pH 4.5 and rescaled it for the
fraction of chromophores still in the B band (59 1%).
Based on the 280 nm extinction coefficient, we have

line, obviously does not describe the pH dependence of the
B state population. The data rather suggest a two-step
behavior, which can be modeled by a more complex scheme
that involves (at least) one other protonating group, which
we shall denote by. This group resides in the vicinity of
the protonating chromophore groljso as to modulate its
proton affinity via electrostatic interactions. For symmetry
reasons) also influences the proton affinity of so that

we have to consider altogether four species, YH/XH, YH/
X, Y7/XH and Y-/X~, shown in the scheme in Figure 6.
Their relative populations are governed by four equilibrium
coefficientsKa—Kaz

_ Y XHIH] _ Y XTHT]
TOQYHXHD T T [y XH]
_[YHX]H'] _ Y XTHT
Ka3_ [YHXH] ' a4~ [YHX _] (2)

or, likewise, their correspondinu, values, withpK, = —log
Ka We also note that
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YH/XH
p% \PKaa

Y-/XH YH/X-

N

Y-/X-
FiGure 6: Two-site protonation model describing the pH depen-
dence of the population of the anionic species (Figure 5b).

®3)

The fractional populations of the four species as a function
of pH are calculated from

—_—
D .

pKal + pKaZ = pKaB + pKa4

fypxn (PH) = /(1 + 10° + 10°¢ + 100H9)
fy.xu(PH) = 10%(1 + 10“ + 10¢ + 100
frx (PH) = 10%(1 + 109 + 10° + 10%79)

fu. (PH) = 10°99/(1 4 10 + 10 + 10°P9) (4)

with x; = pH — pK4. The overall population of molecules
with an anionic chromophore is then given by

fy.(PH) = .y (PH) + . (pH) (%)

When fitting our data with this model, we realized that the
low-pH step is far too steep for a single protonation.
Therefore, we included a cooperativity parametdor the
low-pH equilibria 1 and 3, so that = n(pH — pK4) fori =

1, 3 (see Figure 6). The solid line in Figure 5b shows that
this model provides an excellent description of the data, with
fit parametersi = 2.1+ 0.1, Koy =4.0£ 0.1, Ks2= 4.8

+ 0.1, Kaz= 4.0+ 0.1, and [Kas = 4.8+ 0.1. According

to this model, the chromophore&pis 4.0 in the presence
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suggests that protonation of group X changes with pH in
exactly the same fashion as group Y, i.e., the chromophore
itself.

For the A band, a much larger shift occurs, from 382.9
nm at pH 1 to 394.0 nm at pH 6, which is also plotted in
Figure 5¢ normalized between 0 and 1 (open circles). Close
inspection again reveals a step witk;p= 4.8 and an
amplitude of 1.7 nm, similar in size as for the B band.
Therefore, we chose to model these data again with the pH
dependence of Figure 5b (dashed line). In addition, we fitted
the large-amplitude, low-pH step, with a cooperative transi-
tion, eq 1, which yielded a fractional amplitude of 0.68
0.05, Ko = 3.4+ 0.1, andn = 3.3 + 0.2. This low-pH
transition reflects cooperative unfolding of the protein
because the low-pH endpoint is at the position of the acid-
denatured species. Note that this behavior also coincides with
the observed collapse of the fluorescence emission from A*
at low pH (Figure 4c). Although the denaturation transition
overlaps partially with the shift at higher pH, the step with
pKa = 4.8 strongly suggests that the pH dependence depicted
in Figure 5b is also present in the A band.

The X-ray structure provides clues as to how to reconcile
the apparently contradictory findings from the fractional
population of the B band on the one hand and the shifts of
both A and B bands on the other. Clearly, groups in the close
vicinity of the hydroxyphenyl moiety of the chromophore
ought to be responsible for its protonation probability and
wavelength shifts with pH (Figure 2). The Tyr63 side chain
oxygen is 2.8 A away from the Lys159 side chaif, Mhich
in return resides within 2.7 A of one of the two Glu139
carboxyl oxygens. In addition, a water molecule is situated
close by (Figure 2c), forming hydrogen bonds to the Tyr63
hydroxylic oxygen, to the Leu196 backbone nitrogen, and
to the Glul40 backbone carbonyl. Charges on Glul39,
Lys159, Tyr63, and the water molecule will have significant
electrostatic interaction energies. We suggest that these four
groups form a tightly coupled hydrogen-bonded cluster that
behaves as a single protonating entity (Figure 7). Above pH
7, its net charge is-1 due to the negative Glu139 and Tyr63

and 4.8 in the absence of a proton on the neighboring groupand the positive Lys159. As the pH is lowered, the cluster

X. The K, difference of 0.8 unit corresponds to an
interaction free energy of 4.5 kJ/mol between groups X and
Y. From inspection of the parameters, we realize that both
protonating groups have identicaKp values within the

takes up a proton withKy, = 4.8 and thus becomes overall
neutral. In the X-ray structure at pH 8.5, the distance between
the water and the Glu139 carboxyl (4.3 A) is too long for a
hydrogen bond; it rather reflects mutual repulsion of the two

experimental error, which is a direct consequence of the factlone-pair orbitals. In the neutral cluster, however, this gap

that the step in the data in Figure 5b occurs~&0%
fractional protonation.

In addition to the change in the population ratio, we have
noticed distinct shifts in the positions of the A and B bands

can be bridged by the additional proton, and Glul39 can
rearrange so as to position its carboxylic oxygen in hydrogen-
bonding distance to the water molecule. In the two-site model
of Figure 6, the proton can reside only on either of two

in the same range of pH. These band shifts arise from agroups, and consequently, shifts in the B (A) band should
coupling of the delocalized-electron system of the chro- only reflect protonation of X (i.e., Glul39) for a (de-)-
mophore to changes in the electrostatic environment. The Bprotonated chromophore. In the neutral state of the cluster
band peaks at 500.8 nm at pH 3 and 2.0 nm higher at pH 9.in Figure 7, a proton can shuttle between Glu139 and the
In Figure 5c, the fractional shift (closed circles) is plotted water molecule when the chromophore is in the anionic B
together with the curve obtained from the fit of the fractional as well as the neutral A state. Therefore, band shifts reflecting
population in Figure 5b (solid line). It is evident that this the relative fractions of protons in both positions are
function fits the B band shift very well. This agreement poses observable in both bands. The fact that the two-site proto-
a serious puzzle, however: in the simple two-site protonation nation model yields identicalify, values connecting the two
model in Figure 6, shifts in the anionic B band can only neutral species with the two charged species lends further
arise from protonation of the other group X, and conse- credence to the cluster model, in which there is a single
quently, the shift should only reveal a single protonation neutral state comprising four rapidly interconverting proto-
transition of X with K, = 4.8. The B band shift, however, nation patterns with similar Gibbs free energies.
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FiGurRe 7: Schematic representation of the cluster of protonation sites in the vicinity of the phenolic oxygen of the chromophore. Depicted
are (from top to bottom) the doubly protonated, low-pH species, the four possible neutral species, and the negatively charged, high-pH
State.

The cooperativity parameter ~ 2 of the second proto-
nation step at low pH suggests that the neutral cluster picks
up two more protons in a cooperative transition. Indeed,
Figure 7 shows that a charge #f can be realized if both
Glu139 and Tyr63 are neutral, Lys159 is positively charged,
and a hydronium ion resides at the water position. Thus, the
immediate environment of the hydroxyphenyl side chain is
saturated with protons. As a consequence, excitation of the
neutral chromophore leads to direct emission of A* because
ESPT from the chromophore to another group in the

Excitation
uoIssiwg

environment is no longer feasible (Figure 4c).

Vibrational Coupling of Electronic Transition3.o study
the coupling between electronic and vibrational transitions,
we cooled a cmFP512 sample to 12 K, which leads to a
sharpening of the lines and thus to a better resolution of
vibronic side bands. In Figure 8, we compare the excitation
and emission spectra of a pH 5 sample measured at 290 and
12 K. At 290 K, B band excitation peaks at 502 nm upon
detection at 555 nm (Figure 8a). A small A excitation band
is also seen at-390 nm due to ESPT. Upon detection of
direct A* emission at 455 nm, we observe an even smaller

Excitation
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excitation ban(_j a§v390 nm. EXCi_t"’,‘tion with 480 nm light Ficure 8: Excitation and emission spectra of a pH 5 sample of
leads to B* emission at 512 nm; it is much stronger than the ¢cmrp512 at 290 and 12 K. Excitation (red soligy = 455 nm;
one observed with 390 nm light because the latter excitesblack solid, em = 555 nm) and emission (red dottetly. = 390

the A band population only. At 12 K, the A band area is nm; black dottedec = 480 nm) spectra of cmFP512 (pH 5) at

s mifi i ~at (a) 290 and (b) 12 K. (c) Second derivatives of the excitatiqp (
significantly larger than at room temperature, indicating that 555 nm) and emissioni. — 390 nm) spectra plotted in panel

the population has shifted to the species with lower enthalpy,
which is apparently the neutral chromophore species (Figure
8b). The excitation spectrum of the A band is still very broad, from the A band at 12 K. This mirror-symmetric arrangement
covering the range from 370 to 430 nm. The second of the excitation and emission bands allows us to locate the
derivative spectrum in Figure 8c indicates that it can be 0—O0 transition of the A band at 426.5 nm. The Stokes shift,
decomposed into two peaks at 420.2 and 397.6 nm and ai.e., the energetic separation between the first two peaks, is
weaker feature at380 nm, which appears only as a shoulder ~700 cn1?, and the vibrations most strongly coupled to the
on the blue side of the spectrum. The first two peaks are electronic transition are at350 and in the range 1760
also clearly seen in the emission spectrum with excitation 1800 cnt®. For the anionic chromophore, the B excitation
at 390 nm, which reveals a large fraction of direct emission band peaks at 502.9 nm, slightly blue-shifted from 503.9
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nm at pH 8 (data not shown). The emission maximum of
the anionic species is at 507.2 nm upon excitation at 480
nm, blue-shifted by 4.4t 0.3 nm with respect to ambient
temperature and less intense (Figure 8b). Side bands are well
resolved at 528.5 and 545.4 nm (Figure 8c). The00

transition of the B band is located at 505.1 nm, and the Stokes 6

shift is only ~170 cmi. The vibrations most strongly
coupled to the electronic transition are~a5, ~900,~1400
cm L. The 0-0 transitions and the sidebands are compiled
in Table 3, together with the data on avGFP from spectral
hole burning experiments at 1.6 K).

The lowest frequencies, 350 (A) and 85 (B) Ciare
likely an average over several modes and thus represent a
low-frequency bath. Remarkably, protonation of the chro-

mophore has such a strong influence on the low-frequency 9.

coupling. For avGFP, low-frequency vibrations were reported
at 220 (B) and 242 (1)16), and moreover, the high-frequency
vibrations were also in a range similar to our findings. The
latter correspond to local modes of the chromophore coupled
to the electronic transition. Frequencies at 900, 1400, and
1700 cmt have been observed by vibrational spectroscopy
on GFP and the model chromophore HBDI, but unambiguous
assignments cannot be made at preséat 17, 78). Only

the mode at-1700-1800 cmt in the A form of cmFP512
most likely arises from coupling to the=€D stretching
vibration of the imidazolinone7(7, 78).

CONCLUSIONS

The widespread interest in FPs is based on different
motivations. On the one hand, there is a strong impetus to
discover and/or design marker proteins with advanced or
entirely novel properties to serve as fluorescent markers in
cell biology applications. On the other hand, there is the basic
quest for a better understanding of GFP-like proteins at the
molecular level, especially the mechanism of chromophore
formation and the interactions between the chromophore and
the amino acid scaffold that are responsible for their peculiar
photophysical properties. Here we have studied the spectro-
scopic properties of cmFP512 in great detail. By focusing
on the intriguing pH dependence of its spectroscopic proper-
ties, interactions of the chromophore with the surrounding
protein moiety could be elucidated and interpreted on the
basis of the X-ray structure at very high resolution. Com-
parative studies of structurdunction relationships in a
variety of naturally occurring FPs will provide a picture of
how structural variations affect the function and thus give
guidance toward a rational approach of optimization of GFP-
like proteins, based on a solid knowledge of the physics and
chemistry of proteins.
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