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Characterization of the Photoconversion of Green Fluorescent 

Protein with FTIR spectroscopy 

J A S P E R J. V A N T H O R , A N T O N I O J. P I E R I K , I N G E N U G T E R E N - R O O D Z A N T , 

A I H U A X I E A N D K L A A S J. H E L L I N G W E R F 



Abstract 

Green Fluorescent Protein (GFP) is a bioluminescence protein from the 
jelly fish Aequorea victoria. It can exist in at least two spectroscopically dis
tinct states: GFP395 and GFP48o, with peak absorption at 395 and 480 nm, 
respectively, presumably resulting from a change in the protonation state of 
the phenolic ring of its chromophore. When GFP is formed upon heterolo
gous expression in Escherichia coli, its chromophore is mainly present as 
the neutral species. UV- and visible light convert (the chromophore of) GFP 
quantitatively from this neutral- into the anionic form. 

Based on X-ray diffraction, it was recently proposed (Brejc, K. et al. (1997) 
Proc. Natl. Acad. Sei. USA94: 2306-2311; Palm, G.J. etal. (1997) Nature Struct. 
Biol. 4: 361-365) that the carboxylic group of Glu222 functions as the proton 
acceptor of the chromophore of GFP, during the transition from the neutral 
form (i.e. GFP395) to the ionized form (GFP48o). However, X-ray 
crystallography cannot detect protons directly. The results of FTIR differ
ence spectroscopy, in contrast, are highly sensitive to changes in the 
protonation state between two conformations of a protein. 

Here we report the first characterization of GFP, and its photoconversion, 
with FTIR spectroscopy. Our results clearly show the change in protonation 
state of the chromophore upon photoconversion. However, they do not pro
vide indications for a change of the protonation state of a glutamate side 
chain between the states GFP395 and GFP48o, nor for an isomerization of the 
double bond that forms part of the link between the two rings of the 
chromophore. 
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Introduction 

Wild type Green Fluorescent Protein (GFP) from the jellyfish Aequorea victo
ria functions as the secondary emittor of (green) chemiluminescence from this 
organism (Morise et al, 1974). The free energy for this luminescence is obtained 
via radiationless energy transfer, originating from oxyluciferin. Luminescence is 
emitted from the 4-hydroxybenzylidene-imidazolinone chromophore of GFP, 
which is formed by the cyclisation of an internal Ser65-Tyr66-Gly67 tripeptide, 
followed by the 1,2- dehydrogenation of the tyrosine (for a review see Cubitt et 
al, 1995). 

GFP displays two major optical transitions in its visible absorption spectrum 
(Morise et al., 1974). Wild type GFP, formed upon heterologous expression in Es
cherichia coli, is mainly present with its chromophore in the neutral form (with a 
•̂max a t 395 n m ) ; only a small fraction is in the anionic form (Àmax = 480 nm; Heim 

et ai, 1994). Subsequent illumination, particularly with UV light (which was men
tioned to be more efficient than visible light; Cubitt et al., 1995), converts nearly 
all chromophore into the anionic form. The distribution over these two species is 
altered in a number of mutant forms of GFP, developed for optimization of its 
expression level and/or fluorescence characteristics; in these either the neutral-
or the anionic form of GFP may fully dominate the visible absorption spectrum 
(Heim et al, 1994; Delagraveef al., 1995). 

Since GFP can be (reversibly) photoconverted into distinct forms, it is a mem
ber of the family of photoactive proteins (e.g.Dickson et al, 1997; Hellingwerf et 
al, 1996). Cubitt et al (1995) refer to the photoconversion process as 
'photoisomerization', without giving details as to whether this refers to the 
chromophore of GFP, or to one or more of its amino acid side chains. Recently, it 
was proposed that the photoconversion of GFP has its molecular basis in an in
tramolecular proton transfer event, initiated by deprotonation of the phenolic 
chromophore, which in turn leads to rearrangement of the hydrogen bonding 
network in the protein, and eventually to protonation of the anionic Glu222 (Brejc 
et al, 1997; Palm et al, 1997). This proposal is based on a detailed analysis of the 
crystal structure of wild type GFP (in monomelic form) and its SeroßThr variant 
(Brejc et al, 1997), as well as a large number of genetically engineered variants of 
GFP (Palm et al, 1997). It was concluded that in crystals of wild-type GFP, a 6:1 
molar ratio of conformers with a neutral- and an anionic chromophore, respec-

|£ tively is present. In many of the mutant forms of GFP, one of these two conform-
i ers dominates, 
o 
a Photoactive proteins, like GFP and bacteriorhodopsin, have important scien-
5 tific and technological applications (Dickson et al, 1997; Birge, 1995). It is there-
£ fore necessary to precisely understand the structural basis of the transitions in 
g GFP, induced by illumination, and the pathway of the coupled proton transfer, 
o For that reason we have characterized the photoconversion of GFP with Fourier-
o transform infrared (FTIR) difference spectroscopy This is a highly sensitive 
a. technique to detect changes: (i) between different conformations of a protein, (ii) 
05 in the protonation- and isomerization state of its amino acid side chains and 

chromophore(s), and (iii) in its secondary structure. 
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Here we report the first FTIR spectroscopic study of GFE Our results unam
biguously show that the protonation state of Glu222 is the same in GFP395 and 
GFP 8o; most likely this residue is deprotonated in both forms. Because of a 
number of striking parallels between photocycle transitions in Photoactive Yel
low Protein (PYP, e.g. Hoff et al, 1994; Xie et al, 1996) and photoconversion in 
GFP, some of the results obtained with GFP are compared between these two 
photoactive proteins (see also Hellingwerf et al, 1998). 

Materials and Methods: 

OVERPRODUCTION AND PURIFICATION OF GREEN FLUORESCENT PROTEIN: 

The pGFPuv plasmid was obtained from Clontech (Palo Alto, CA, USA). This con
struct encodes the Aequorea victoria gfp gene, with the following 'cycle 3' point 
mutations: Pheg9Ser; Meti53Thr and Vali36Ala. These replacements affect the 
hydrophobicity of the surface of GFP and increase its (water) solubility In addi
tion, several silent mutations were introduced (Crameri et al, 1996). This GFP 
mutant is indistinguishable from the wild type with respect to its spectroscopic 
properties, but leads to higher expression levels in bacterial overexpression sys
tems. The gfpnv gene was inserted as a 793 bp Kpnl/Stul fragment into the KpnV 
Smal sites of the multiple cloning site of PQE31, an overexpression vector for N-
terminally poly-histidine tagged proteins (obtained from Qiagen, Hilden, Ger
many), in which GFP is expressed from a Ts-promoter. The resulting vector was 
transformed into E. coli M15. Overproduction of GFPUV was monitored by absorp
tion measurements at 395 nm in cell-free extracts, using an extinction coefficient 
of 30 mM'.cm"1 (Ward, 1997) and the product was purified on a 
Ni2+-nitrilotriacetic acid (NTA) column, with a gradient of 0-500 mM imidazole 
in 50 mM sodium phosphate buffer, 300 mM NaCl, pH 8.0. After purification, the 
imidazole was removed by dialysis against 50 mM sodium phosphate buffer, pH 
8.0. Purity of the sample was confirmed by SDS-PAGE analysis. The purity index 
of the final sample, i.e. the ratio of the 280 nm over the 395 nm absorbance of this 
preparation (measured at an OD395 of 0.1), was 1.0 (Ward et al, 1982). 

OVERPRODUCTION AND PURIFICATION OF PHOTOACTIVE YELLOW PROTEIN (PYP): 

Apo-PYP was expressed heterologously in Escherichia coli, reconstituted with p-

coumaric acid, and purified with Ni27NTA affinity chromatography, as described * 
in (Kroon et al, 1996). PYP was dissolved in 10 mMTris.HCl, pH 7.0 (at a cone, of 
appr. 1 mM) and was subsequently dialyzed against the same buffer, adjusted to 
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pH 5.0 with dilute HCl. A model compound, the methyl-ester of p-coumaric acid, | 
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Photoconversion of GFP, either in a 1 cm quartz cell or in the IR-cell (see below), c 

3 

was kindly provided by Drs. H. Fennema (see also Kroon et al, 1996). 

PHOTOCONVERSION OF GFP: 

was driven by illumination with a short-wavelength UV source [Universal UV 
lamp (Type TL-900) CAMAG, Muttenz, Switzerland; X ^ = 254 nm], with a dose of 
0.1 mj.cm 2.s"\ The conversion was followed spectroscopically from the inter- *o 
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conversion of the 395 nm- into the 480 nm absorption band (Cubitt et al, 1995, 
Brejc et al, 1997, Ward et al, 1982), using an Aminco DW2000 UV/Vis spectropho
tometer (SLM Instruments Inc., Urbana, IL, USA), with a spectral resolution of 3 nm. 

PYP was photo.converted, from the ground state pG into the intermediate pB 
(containing a protonated chromophore; Hoff et al, 1994), in the IR-spectrometer, 
using a 150 W Xenon lamp, fiber optics and a 440 nm interference filter (see also 
Kooter et al, 1997). 

FOURIER-TRANSFORM INFRARED SPECTROSCOPY: 

GFP samples were concentrated to about 2.5 mM, with a 30 kDa cut-off Millipore 
NMWL filter spin column, at room temperature, in 10 mMTris pH 8.0. Deuterated 
GFP was prepared by several subsequent concentration steps, each followed by 
dilution into 10 mMTris.HCl in D20 (pD 8.0), until the remaining amount of H20 
was below 5% (v/v). Samples were then incubated (in D20) for 12 hours at room 
temperature, followed by 15 hours at 4 °C. The residual amount of H20 was 
quantitated with the use of FTIR absolute absorption spectra. 

For FTIR measurements, GFP samples were sandwiched between two CaF2 

plates, using a 12 urn polyethylene spacer. FTIR spectra were measured using a 
BioRad FTS-60A infrared spectrophotometer (BioRad Analytical Instruments 
Group, Cambridge, MA, USA), containing a Mercury-Cadmium-Telluride detec
tor. Spectra were only corrected for instrument drift and H20 vapor, without fur
ther smoothing. Data manipulation was performed with software provided by the 
manufacturer. The spectral resolution obtained was 2 cm"1 (Kooter et al, 1997). 
Each spectrum was averaged over multiples of 381 scans (usually 1524). The 
noise level in the baseline of these spectra was appr. 0.05 mOD in the region of 
the intense water line at 1650 cm"1 and less than 0.02 mOD in the regions well 
separated from that line. 

ABSORPTION- AND FLUORESCENCE SPECTROSCOPY: 

UV/Vis absorption spectra were recorded with a model HP 8452A Hewlett-
Packard diode array spectrophotometer (Portland, OR, USA) and with an Aminco 
DW2000 dual beam spectrophotometer (SLM Instruments Inc., Urbana, IL, USA). 
Fluorescence excitation spectra were taken with an Aminco Bowman Series 2 
Luminescence Spectrometer (SLM-AMINCO, Rochester, NY, USA), and were cor
rected for the lamp output spectrum with a photodiode. 

Results and Discussion: 
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J GFP395 TO GFPmo PHOTOCONVERSION BY UV- AND VISIBLE LIGHT: 

o The visible absorption spectrum of heterologously expressed GFPUV (dissolved at 
o low ionic strength and relatively low protein concentration i.e. < 0.1 mg/ml, or: < 
o 3.5 uM) shows three maxima. Besides a band caused by the aromatic amino acids 
Q. (at 280 nm), a dominant absorption band is present at 395 nm, presumably due to 
o the neutral, i.e. phenolic, form of its 4-hydroxybenzylidene-imidazolinone 
« chromophore (see also below), as well as a second maximum in the visible part 



FIGURE 1. VISIBLE ABSORPTION SPECTRA 

OF GFP, BEFORE (BROKEN LINE) AND AFTER 

( C O N T I N U O U S L I N E ) , P H O T O C O N V E R S I O N 

WITH U V ILLUMINATION. 

Legend to Figure i : GFPui/ (as isolated) 

was concentrated to 2.5 mM in 10 mM 

Tris.HCl, pH 8.0. Absorbance spectra, 

corrected for the contributions of buffer 

and CaFs, were recorded in the IR-cell, 

with an optical path length of 12 urn, using 

a Hewlett-Packard diode array spectro

photometer. For UV illumination condi

tions: see Materials and Methods. 
300 350 400 450 

Wavelength (nm) 

of the spectrum, at 480 nm (due to the anionic, i.e. phenolate, form of the 
chromophore). The ratio of the absorbance at 395 over 480 nm in such samples 
equals approximately 3. Taking into account the higher extinction coefficient of 
the latter (anionic) species, the molar ratio of the neutral form of the 
chromophore, over the anionic form, in the protein as isolated, equals approxi
mately 6 (Chattoraj et al, 1996). 

By increasing the concentration of GFP, to levels suitable for IE spectroscopy, a 
light-independent conversion of GFP into the form with the neutral (i.e. protonated) 
chromophore, is initiated (Ward et al, 1982). When reaching a concentration of 2.5 
mM, this molar ratio (i.e. neutral/anionic) has increased to 13 (see Fig. 1), so that only 
a very small fraction of the anionic species remains in such samples. 

Upon illumination of GFP with TJV-light, largely independent of the GFP con
centration, a rapid photoconversion to the anionic species takes place, which can 
be driven almost to completion (see Fig. 1 for the sample in H20). From this Fig
ure it can be seen that the extinction coefficients of the neutral- and anionic 
forms of the chromophore of GFP show a similar approximate two-fold differ
ence, as the corresponding forms in tyrosine (Rava et al., 1985) and in the 
chromophore of Photoactive Yellow Protein (Hoff et al, 1994). For all these three 
compounds, deprotonation of the chromophore results in a red-shift of their 

TABLE 1 . U V - I N D U C E D P H O T O C O N V E R S I O N RATES TO T H E N E U T R A L - A N D A N I O N I C F O R M O F GFP, A N D RELAT IVE 

QUANTUM YIELDS OF FLUORESCENCE EMISSION, IN H J O A N D D^O. 

Legend to Table I: Rates of photoconversion, at 0.1 J.m 2.s"' UV light, are measured by the relative increase 

of absorbance at48onm during UV irradiation. Quantum yields (<|>) are presented relative to the emission 

at 395 nm excitation (neutral form), calculated from normalized excitation and absorption spectra. A = 

Anionic form; N = Neutral form. 

Rate (N -4 A) 

(s*) 

Rate (A -> N) 

(s') 

(j)'el Rate (N -4 A) 

(s*) 

Rate (A -> N) 

(s') Neutral form Anionic form UV abs. 

GFP-H 0 1.1.103 + / - 1 . 10 6 1 0.82 0.70 

GFP-D20 1.1.103 « 1.106 1 0.78 0.63 
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absorbance maximum of approximately 5,000 cm"1. This fully supports the pre
sumed deprotonation of the chromophore of GFP upon photoconversion. This 
result also shows that photoconversion of GFP, under the conditions specified, 
takes place without appreciable photobleaching (Chattoraj et al., 1996; but con
trast Cubitt era/., 1995). 

The rate of photoconversion, by the specific source of UV light used in this 
investigation, is given in Table 1. This rate, measured by following the optical 
spectra of the sample in time, in H20 as well as in D20, is essentially identical in 
the two solvents: approximately 1.1 * 10"3 s"1, independent of the protein concen
tration (data not shown). Return of the anionic species to the neutral form in the 
dark is extremely slow. An approximate rate in the H20 sample of 1 * 10"6 s"1 has 
been determined. 

We conclude that the conditions described above, in H20 as well as in D20, are 
optimal for the study of the photoconversion of GFP, from GFP395 to GFP48o, like 
with FTIR-difference spectroscopy. Precise information about the relative popu
lation of GFP in the neutral and anionic form is not yet available for wild-type 
GFP in the crystalline state, nor for any of its mutant forms. In view of the con
centration dependence of this distribution, noted above, it will be of interest to 
determine this ratio under those circumstances. 

GFP^—GFP^ FTIR DIFFERENCE SPECTRA: 

X-ray diffraction, although very powerful in the overall resolution of protein 
structure, does not allow one to directly observe the state of protonation of indi
vidual amino acid carboxylates. FTIR spectroscopy (particularly in the mode of 
difference spectra), in contrast, is very sensitive to such structural changes in 
proteins, including protonation and deprotonation, chromophore isomerization, 
and perturbation of hydrogen bonding. We have therefore employed FTIR 
spectroscopy to analyze the photoconversion of GFP from GFP395 to GFP4go, 
while in parallel ascertaining the photoconversion in the IR cell to be as com
plete as in the UV/Vis experiment (Fig. 1). Because this has been observed, and 
because the anionic state that is formed by UV illumination is stable on the 
timescale of hours (see Table 1), recording of a GFP FTIR spectrum before, and 
subsequent to, photoconverting illumination, allows one to obtain GFP48o-GFP395 

difference spectra. 
Figure 2 shows, for a comparison, the absolute spectrum of GFP in water, and the 

^ GFP48o-GFP395 difference spectra of GFP samples in H20 and D20, in the mid infra-
^ red region, from 1800 cm"1 to 1000 cm"1. The absolute spectrum shows the typical 

features of a protein with intense Amide I and H bands and less intense features in 
the fingerprint region, except for the intense band at appr. 1100 cm"1. The photo-

Ï conversion-induced FTIR-difference spectra are shown in the lower part of Fig.2, in 
« H,0 and D,0. The latter solvent was used to facilitate the interpretation of these 
^ spectra and to obtain higher sensitivity in the range around 1650 cm . 
o These difference spectra reveal the extent and nature of structural changes in 
5 GFP upon photoconversion, involving: COOH groups (1760 - 1710 cm"1), the pro-
,M tein backbone (Amide I: 1680 - 1620 cm"1; Amide II: 1550 - 1530 cm"1), and the 
« chromophore (including bands peaking at 1580, 1497 and 1147 cm"1). In the GFP 
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F I G U R E 2. A B S O L U T E (TIR S P E C T R U M O F G F P I N W A T E R ( U P P E R P A N E L ) A N D F T I R - D I F F E R E N C E S P E C T R A 

(LOWER PANEL) BETWEEN NEUTRALANDANIONICSPECIESOFGFP(/.f.GFP395-GFP;m()) IN H ;0 (MIDDLE) AND D20 

(BOTTOM), SHOWING THE CARBOXYL-, AMIDE I-, AMIDE II-AND FINGERPRINT REGION. 

Legend to Figure 2: First, an absolute spectrum (from 1800 to 1000 cm") was obtained of the neutral form of 

GFP. The IR cell was subsequently removed from the spectrophotometer, to photoconvert the majority of the 

GFP into the anionic form. This was completed in appr. 15 minutes, using the conditions as described in 

Materials and Methods, and a visible absorption spectrum was recorded to check the degree of photo-

conversion of the sample (compare Fig 1). Sample conditions were identical to those described in the leg

end to Fig. 1. The concentrated GFPuv solution (2.5 mM), either in H20 or in D20, was introduced into the 12 

urn IR cell. The OD of the sample in H20 was 0.093 (Fig i).For further details: see Materials and Methods. 

COOH Amide I Amide II Fingerprint 
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sample in H20, well-resolved bands with positive amplitude (i.e. arising in the 
anionic form of GFP) are observed at 1580,1538,1497,1342,1316 and 1147 cm"1. 
Of these, the vibrational modes at 1538,1342 and 1147 cm"1 shift slightly, to 1539, 
1343 and 1149 cm"1, respectively, upon deuteration. The features that characterize 
the neutral species in GFP are much less well-characterized. Bands at 1614 and 
1105 cm"1 appear to be specific for the sample in H20, whereas the D20 sample 
shows characteristic bands at 1628,1445 and 1253 cm"1. 

Because the UV-light induced changes in the visible spectra allow an exact 
quantification of the amount of GFP that is photoconverted, the difference-ex
tinction coefficients of these transitions can be calculated. For example, the 
larger features characteristic for the anionic species (at 1497 and 1147 cm"1) have 
infrared difference-extinction coefficients of 1.0 and 1.5 mM"1.cm"1, respectively 
Characteristic bands are also observable in the Amide I (1690 to 1620 cm"1) and 
the Amide II (~ 1530 cm"1) region of the difference spectra, both in H20 and in 
D20. Particularly the latter are well resolved in both solvents, which may indicate 
that changes in secondary structure accompany photoconversion. It must be kept 
in mind, however, that to the bands observed in the Amide II region, also the 
chromophore may contribute. 
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I D E N T I F I C A T I O N O F C H R O M O P H O R E V I B R A T I O N A L M O D E S : 

It has been extensively documented that the vibrational frequencies of a phe
nolic ring (like in tyrosine and in the anionic tyrosinate) are sensitive to ioniza
tion (i.e. deprotonation of the phenolate group): Vibrational modes for instance 
at 1518 and 1244 cm"1 of a protonated phenol ring are shifted to 1498 and 1270 
cm"1 upon ionization (e.g. Dollinger et al, 1996; Rothschild, 1986). A stack plot of 
FTTR difference data has therefore been constructed of: (1) GFP48o - GFP395 of 
GFP, (2) ionization of the methyl-ester of p-coumaric acid, (3) trans => cis 
photoisomerization of the methyl ester of p-coumaric acid, and (4) pB - pG in
termediates of PYP (Fig.3). These data allow us to assign the most intense posi
tive peaks from the fingerprint region of the difference spectra of GFP (at 1147 
cm"1) plus two additional positive bands (at 1580 and 1497 cm"1) tentatively to 
deprotonation of (the phenolate part) of its chromophore, because very similar 
strong absorbance can be observed in the ionization difference spectrum of the 
methyl ester of p-coumaric acid, which evidently also resemble those in the ab
solute spectrum of PYP and in difference spectra of its intermediates (Imamoto 
et al, 1997; and Xie et al., unpublished experiments; see also Fig. 3) and in 
deprotonation-induced difference spectra of tyrosine (e.g. Dollinger et al, 1996; 
Rothschild, 1986). This fully confirms the interpretation of the UV/Vis observa-

FIGURE3. 

C O M P A R I S O N O F F T I R - D I F F E R E N C E SPECTRA OF GFP A N D PYP, B E F O R E - A F T E R P H O T O C O N V E R S I O N , W I T H A 

MODEL C O M P O U N D ( M E T H Y L - P - C O U M A R A T E ) . 

tegend to Figure 3: For difference spectra of GFP (before-after illumination; spectrum 1) and PYP (pB-pG; 

spectrum 4): see legends of Figs. 2 and 4, respectively. Difference spectra of the model compound, the 

methyl-ester of p-coumaric acid, dissolved at approximately 1 mM in 10 mM Tris.HCl, pH 7.0, were obtained 

by measuring spectra before and after: (i) alkalization to pH = 9.5 (spectrum 2), and (ii) illumination with UV 

light (spectrum 3). 
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tions (Fig. ï) and forms the most direct proof for deprotonation of the phenolate 
part of the chromophore, as the molecular basis of photoconversion in GFP In 
agreement with this, a corresponding vibrational mode is also observed in the 
Raman spectra of wild type PYP (Kim et al, 1995), while these are not found in 
the cis - trans difference spectrum of the methyl ester of p-coumaric acid. The 
strong similarity between the GFP-data and the data obtained with the ionized 
chromophore model compound, further reveals that the ionized phenolic ring in 
GFP4g0 is not strongly strained. 

There is overall similarity between the difference spectra of the neutral-mi-
nus-anionic forms of GFP and PYP, in the spectral range from 1400 to 1000 cm"1 

(Fig. 3). Its dominant band (i.e. at 1147 cm"1 in GFP and at 1162 cm"1 in PYP) may 
be due to in-plane bending of the aromatic hydrogens of a phenolate 
chromophore and/or to the C8-C9 stretching mode. The in-plane bending modes 
of neutral phenolic hydrogens generally are very weak, but this is not so in the p-
coumaric acid model compounds. In the pB-pG difference spectra of PYP, not 
only protonation, but presumably also isomerization is involved (Kort et al., 
1996). Whether or not a similar isomerization also plays a role in 
photoconversion of GFP can not be excluded, nor claimed, yet. Such a 
chromophore photoisomerization, involving a ring flip around the double bond, 
could be hidden by the ionization signals, which are stronger than those of 
isomerization of neutral chromophore (see Fig. 3). We would expect that 
photoisomerization of the chromophore will strongly perturb the interaction 
between the chromophore and Arg96, and possibly also with Glnl83; modulations 
which have not been identified in the difference spectra. Such interactions 
would make these difference spectra sensitive to 15N labeling in the region be
tween 1700 - 1650 cm"1. 

The Amide I and II bands are spectral markers for protein conformational 
changes. In the GFP48o - GFP395 FTIR difference spectrum, both the Amide I and 
Amide II bands are rather small, indicating that there are only small changes in 
the protein conformation, with respect to secondary structure and tertiary fold, 
upon photoconversion of GFP It is therefore likely that only local structural 
changes are needed to stabilize the buried charge in GFP48o after 
photoconversion. 

Is GLU222 THE PROTON ACCEPTOR FOR CHROMOPHORE IONIZATION 

IN THE GFP395 TO GFP480 TRANSITION? *a 

FTIR-difference spectra, in the region between 1760 and 1710 cm"1, are uniquely ° 
contributed to by the C=0 stretching modes of COOH groups. Structural pertur- g 
bation of COOH groups will yield shifted peak positions and/or changes in spec- * 
tral bandwidths, resulting in a combination of positive and negative bands. » 

5 Protonation of a COO" group will lead to an entirely new band, since the COO-
stretching vibrations are beyond this region. The relatively flat spectrum in the 
COOH region of the GFP-difference spectra already suggests that there are no J, 
net changes in the protonation state of carboxylic groups in GFP during •? 
photoconversion. In contrast, a well-resolved COOH stretching band is observed ^ 
in the pG - pB FTIR difference spectrum of PYP due to the protonation of Glu46 S 



FIGURE 4. 

COMPARISON OF PHOTOCONVERSION-INDUCED DIFFERENCE SPECTRA OF GFP AND PYP IN THE CARBOXYL REGION. 

Legend to Figure 4: Comparison of the light-induced difference spectra from 1780 to 1700 cm "for (i) GFP -
GFfV> (upper spectrum) and (ii) pB-pG of Photoactive Yellow Protein (lower spectrum). The PYPdifference 

spectrum has been scaled to GFP, on the basis of the complete photoconversion of GFP (see Fig. 1) and a 

steady state accumulation of 30% pB, as calculated from parallel UV/Vis difference spectra of PYP. For the 

details of the photoconversion of the pG form of PYP into the pB form: see Materials and Methods. 
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in the latter protein (Xie et al, 1996). The amplitude of the features in the region 
of these spectra, where the carbonyl groups absorb in GFP and PYP, can now be 
mutually scaled on the basis of the features resulting from the (de) protonation of 
the phenolate parts of their chromophore (this scaling gives identical results as 
the scaling based on visible absorption spectra; data not shown). The resulting 
FTIR difference spectrum of the two proteins is displayed in the region from 
1800 to 1700 cm"1 in Fig. 4. Since in PYP a single glutamic acid residue is 
deprotonated in pB (Glu46; Xie etal, 1996), and assuming identical extinction 
coefficients for the C=0 band of Glu222 from GFP and Glu46 from PYP, this al
lows one to unambiguously conclude from these difference spectra (with the 
signal to noise ratio obtained), that less than 0.1 glutamate residues of GFP pro
tein change their state of protonation upon photoconversion. These results argue 
against the model proposed by Brejc et al (1997) and Palm et al. (1997), based on 
their X-ray analyses. 

Nevertheless, since the FTIR results clearly confirm the change in protonation 
state of the GFP chromophore, upon photoconversion, it is relevant to try to 
identify alternative proton acceptors in the vicinity of the chromophore. His148 is 
one of the candidates for this. The crystal structure of the SerósThr-mutant of 
GFP, containing the ionized form of the chromophore, shows that the imidazole 
group of His148 is hydrogen bonded to the phenolate oxygen of the chromophore, 
whereas in the neutral form of wild type GFP Brejc et al. (1997) assume it not to 



be. This is in contrast to the model of Palm et al. (1997) for wild type GFP, which 
supposes that both forms are in hydrogen-bonding contact with His148. Further 
work (e.g. with 15N labeling) will have to reveal the precise role (if any) of His148 

in photoconversion of GFP. 
It may also be that Glu222 (only) functions transiently as a proton acceptor. The 

crystal structure of the SerósThr mutant form of GFP shows that of the 16 Glu-
and 18 Asp-side chains in GFP, Glu222 is the only one that has its y-carboxylate 
group buried inside the hydrophobic core of the protein. However, a chain of 
water molecules (numbers 374, 395, 383 and 320 in the PDB file lEMA of 
Ser65Thr-GFP; Ormö et al, 1996) at approximate hydrogen-bonding mutual dis
tance (i.e. between 2.5 and 3.2 Â), form a hydrogen-bonding chain, starting from 
Glu222, and extending out into the direction of the bulk water. Our data therefore 
could also be interpreted by assuming that Glu222 is deprotonated in both the 
GFP - and the GFP48o-form, while the proton coming from the chromophore 
would only very transiently reside on Glu222, on its way to the bulk water. This is 
in line with the X-ray crystallographic structure of the GFP variants, as reported 
by Wachter et al. (1997) and the results of random mutagenesis studies as re
ported by Ehrig et al. (1995). 

Besides effects due to Glu222 protonation, also significant changes in the IR-
characteristics of Thr2°3 are expected upon photoconversion. According to the 
model of Brejc et al. (1997), the involvement of this amino acid in the hydrogen-
bonding network of the chromophore shifts from the backbone C=0, to its side-
chain-OH (hydrogen-bonded to the phenolate oxygen of the chromophore), in 
this transition. Also this rearrangement (expected at appr. 1050 cm"1 for the C-0 
stretch vibration) is not evident in the FTIR difference spectra. These results 
therefore lead to the conclusion that, under the assumption that GFPUV is suffi
ciently similar to wildtype GFP, published models for photoconversion of GFP 
fail to explain the structural data as recorded by FTIR. 

There is more data available from the literature that is not easily reconciled 
with the model of Brejc et al. (1997) and Palm et al. (1997). Thr203 for instance, 
can be exchanged for a Phe (or Tyr), which causes only a 15 to 20 nm red-shift 
of the anionic form (Ormö et al, 1996). On the other hand, Thr203lle and 
Ser205Phe mutant forms of GFP fully stabilize the neutral form (Heim et al., 
1994; Ehrig et al, 1995), as expected. More detailed analysis of difference spec
tra, in combination with assignment of the various bands, using isotope enrich
ment and site-directed mutagenesis, will be required to resolve the structural a: 

o 
changes accompanying photoconversion in GFP. In addition to that, it will be 2 
very instructive to study photoconversion of GFP in crystals, using X-ray dif- g 
fraction, preferably in combination with micro-spectrophotometry. Such stud
ies will also have to reveal whether or not in the photoconversion of GFP also * 
isomerization of the double bond (between the phenolate- and the 3 
dihydroimidazole ring of the chromophore) is involved. Particularly the mutual o 
orientation of the two rings and the position of the C=0 group of the en 
dihydroimidazole ring are important in this respect (Perman et al, 1998). Con- -o 
sidering the similarities between GFP and PYP, it is very interesting to resolve « 
this point. ^ 



F L U O R E S C E N C E Q U A N T U M Y I E L D S : 

More than two intermediates are involved in the photoconversion of GFP: 
Dickson et al. (1997) reported transitions of single molecules between three 
ground states, two of which are photoactive. Chattoraj etal. (1996) observed that, 
after excitation of the neutral form of GFP, a deprotonation into the anionic 
form takes place before significant 510 nm fluorescence is emitted. The fluores
cence lifetime of GFP is 3.3 ns (Perozzo et al, 1988), whereas the deprotonation 
occurs within the ps timescale (Chattoraj et ai, 1996). Comparison of fluores
cence excitation- and electronic absorption spectra shows that, both in H20 and 
in D20, the quantum yield of fluorescence of GFP395 is higher than the one of 
GFP48o (Table I).This indicates that separate excited states are populated, from 
both species, which recombine to their respective ground state with different 
rates. Photoconversion can proceed from the excited state of both forms of GFP. 
The fluorescence decay measured at 460 nm is slowed down significantly in 
deuterated samples, indicating that the proton on the chromophore can be ex
changed for a deuteron. This kinetic isotope effect is so large that one must as
sume that multiple H/D exchanges affect this transition (Chattoraj etal, 1996). 
The fluorescence lifetime of the excited state of the neutral form is no more than 
a few percent of the fluorescence lifetime of the 508 nm emission. Therefore, in 
deuterated samples, neither the quantum yield of fluorescence is expected to 
change, nor the rate of photoconversion, which is in agreement with our obser
vations (see Table 1). The fluorescence quantum yield of both forms of GFP is 
very high, while the quantum yield of photoconversion of GFP395 is very small. 
This suggests that the light-induced ionization of the chromophore is largely 
reversible (i.e. the excited state of GFP395 must return to the ground state rapidly) 
and only a small fraction is converted to the long-lived GFP48o state. This sug
gests that this latter structure must be different from the one of the short-lived 
(excited) red-shifted state. 

THE ROLE OF AROMATIC AMINO ACID RESIDUES IN THE PHOTOCONVERSION OF GFP: 

To analyze the contribution of its multiple absorbance bands to fluorescence 
emission, GFP was diluted into 10 mMTris pH 8.0, both in H20 and in D20, to a 
final OD395 of 0.08. The sample was partially photoconverted, in order to obtain 
an approximately 1:1 molar ratio of the neutral- and anionic species of the 
chromophore, as estimated from the absorption spectrum. Absorption and cor-

Jj- rected excitation spectra were then recorded, with the emission wavelength set at 
£ 508 nm, and used for the calculation of relative quantum yields of fluorescence. 
a Table 1 shows these for the 280 and 480 nm absorption maxima, relative to the 
o 

quantum yield of the neutral form, which is highest. The relatively high efficiency of fluorescence excitation at 280 nm is striking. 
GFPUV contains 12 Phe, 10 Tyr and 1 Trp residues, which are more or less ran-

Q: 
Ul 

o 
Q domly distributed over the surface and the inside of the GFP barrel, with a mini-
o mal distance to the chromophore of 6, 4.5 and 11 Â, for the three types of aro-
a. matic residue, respectively (OrmoetaL, 1996; Yang etal., 1996). The majority of 
00 the absorbance in the 280 nm region originates from the Trp-, Tyr- and Phe 
<-> residues, because chromophore-containing peptides do not appreciably absorb at 



this wavelength (Cody et al, 1993) and the total absorbance of GFP at this wave
length closely matches the sum of the contributions of the three aromatic amino 
acids (Mach et al, 1992). Because the quantum yield of fluorescence emission, 
upon 280 nm excitation, is appreciable (i.e. at least 0.65), this implies that excita
tion energy is transferred efficiently from the aromatic amino acids to the 
chromophore. Based on the lifetime and quantum yield of fluorescence, their 
spectral overlap and mutual distance, it can be calculated that this efficient reso
nance energy transfer should be possible with high efficiency (Förster, 1965). 
Surprisingly, replacement of Phe64, which is by far the closest aromatic side 
chain to the chromophore, by a leucine residue, did not have a detectable effect 
on the excitation spectrum of the protein (data not shown). 

Photoconversion of GFP can be driven by the absorption of photons of suffi
cient energy, including light of 395 and 480 nm (Cubitt et al, 1995). However, 
these latter wavelengths are much less efficient than short wavelength UV light. 
In contrast to the efficient photoconversion achieved with our UV source (see 
Materials and Methods), the use of a 250 Watt Xenon light source, in combination 
with a broad-band 400 nm interference filter, caused only minimal 
photoconversion within an hour of illumination (i.e. had a low quantum yield), 
whereas photobleaching of GFP was significant under these conditions and the 
extinction coefficient of GFP395 is comparable at 280 and 400 nm. The high 
quantum yield of fluorescence, emitted upon UV illumination, indicates that the 
aromatic amino acids form a connected system, from which resonance energy is 
transferred to the chromophore efficiently. This may lead to a vibrationally ex
cited protein, which is more ready for photoconversion than a form of GFP in 
which exclusively the chromophore is electronically excited. 
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