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Characterization of the Photoconversion of Green Fluorescent Protein with FTIR
Spectroscopy
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ABSTRACT. Green Fluorescent Protein (GFP) is a bioluminescence protein from the jelbAdighorea
victoria. It can exist in at least two spectroscopically distinct states: dgFhd GFRs, 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 heterologous expredssmmarichia

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. On the basis of X-ray
diffraction, it was recently proposed (Brejc, K. et al. (19%fpc. Natl. Acad. Sci. USA 92306-2311;

Palm, G. J. et al. (199Mlat. Struct. Biol. 4361-365) that the carboxylic group of Gi# functions as

the proton acceptor of the chromophore of GFP, during the transition from the neutral form (i.ess) GFP

to the ionized form (GFRy). However, X-ray crystallography cannot detect protons directly. The results

of FTIR difference 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 provide indications for a change of the protonation state of
a glutamate side chain between the statesdgfad GFRsgg, nor for an isomerization of the double bond

that forms part of the link between the two rings of the chromophore.

Wild-type green fluorescent protein (GHPfrom the
jellyfish Aequoreavictoria functions as the secondary emittor
of (green) chemiluminescence from this organidin (The

480 nm; ref3). Subsequent illumination, particularly with
UV light (which was mentioned to be more efficient than
visible light; ref 2), converts nearly all chromophore into

free energy for this luminescence is obtained via radiationlessthe anionic form. The distribution over these two species is
energy transfer, originating from oxyluciferin. Luminescence ajltered in a number of mutant forms of GFP, developed for
is emitted from the 4-hydroxybenzylidene-imidazolinone optimization of its expression level and/or fluorescence
chromophore of GFP, which is formed by the cyclization of characteristics; in these either the neutral or the anionic form

an internal S&p-Tyré6-Gly®” tripeptide, followed by the 1,2
dehydrogenation of the tyrosine (for a review, seeef
GFP displays two major optical transitions in its visible
absorption spectruml). Wild-type GFP, formed upon
heterologous expressiontischerichia coliis mainly present
with its chromophore in the neutral form (withla.xat 395
nm); only a small fraction is in the anionic formi(x =
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! Abbreviations: FTIR, Fourier transform infrared; GFP, green
fluorescent protein; GRgs and GFRsq, green fluorescent protein with
the chromophore in the neutral and anionic form, respectively;,FP
variant of wild-type GFP with identical spectroscopic, but improved
solubility characteristics; PYP, photoactive yellow protein; pG and pB,

of GFP may fully dominate the visible absorption spectrum
(3. 4.

Since GFP can be (reversibly) photoconverted into distinct
forms, it is a member of the family of photoactive proteins
(e.g., refss and6). Cubitt et al. R) refer to the photocon-
version 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 intramolecular 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 GIlé?? (7, 8). This proposal is based on a
detailed analysis of the crystal structure of wild-type GFP
(in monomeric form) and its Ser65Thr varian),(as well
as a large number of genetically engineered variants of GFP
(8). It was concluded that, in crystals of wild-type GFP, a

chromophore in the anionic and neutral form, respectively); mOD,
absorbance at wavelength specified times*1pCA, p-coumaric acid
(or 4-hydroxy-cinnamic acid).

chromophore, respectively, is present. In many of the mutant
forms of GFP, one of these two conformers dominates.
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Photoactive proteins, like GFP and bacteriorhodopsin, have Photocomersion. Photoconversion of GFP, either in a 1
important scientific and technological applicatioBs 9). It cm quartz cell or in the IR cell (see below), was driven by
is therefore necessary to precisely understand the structuralllumination with a short-wavelength UV source [Universal
basis of the transitions in GFP, induced by illumination, and UV lamp (Type TL-900) CAMAG, Muttenz, Switzerland;
the pathway of the coupled proton transfer. For that reasonimax = 254 nm], with a dose of 0.1 mJ cthst. The
we have characterized the photoconversion of GFP with conversion was followed spectroscopically from the inter-
Fourier transform infrared (FTIR) difference spectroscopy. conversion of the 395 nm absorption band into the 480 nm
This is a highly sensitive technique to detect changes (i) absorption band?, 7, 13, using an Aminco DW2000 UV/
between different conformations of a protein, (ii) in the Vis spectrophotometer (SLM Instruments Inc., Urbana, IL),
protonation and isomerization states of its amino acid side with a spectral resolution of 3 nm.
chains and chromophore(s), and (iii) in its secondary PYP was photoconverted from the ground-state pG into
structure. the intermediate pB (containing a protonated chromophore

Here we report the first FTIR spectroscopic study of GFP. (19)), in the IR spectrometer, using a 150 W xenon lamp,
Our results unambiguously show that the protonation statefiber optics and a 440 nm interference filter (see also ref
of Glu???is the same in GRgs and GFRgg most likely this 17).
residue is deprotonated in both forms. Because of a number Fourier Transform Infrared Spectroscopy¥zFP samples
of striking parallels between photocycle transitions in pho- were concentrated to about 2.5 mM, with a 30 kDa cutoff
toactive yellow protein (PYP, e.g., refs0 and 11) and Millipore NMWL filter spin column, at room temperature,
photoconversion in GFP, some of the results obtained with in 10 mM Tris, pH 8.0. Deuterated GFP was prepared by
GFP are compared between these two photoactive proteinseveral subsequent concentration steps, each followed by

(see also ref 2). dilution into 10 mM Tris/HCI in QO (pD 8.0), until the
remaining amount of D was below 5% (v/v). Samples
MATERIALS AND METHODS were then incubated (in4®) for 12 h at room temperature,

followed by 15 h at £#C. The residual amount of J&@ was
guantitated with the use of FTIR absolute absorption spectra.

For FTIR measurements, GFP samples were sandwiched

Overproduction and Purification of Green Fluorescent
Protein. The pGFR, plasmid was obtained from Clontech

(Palo Alto, CA). This construct encodes thAevictoria gfp .
: o . - between two Cafplates, using a 12m polyethylene spacer.
gene, with the following “cycle 3" point mutations: Phe99Ser, FTIR spectra were measured Using a BioRad FTS-60A

Met153Thr, and Vall36Ala. These replacements affect the .

hydrophobicity of the surface of GFP and increase its (water) gfraredcspe(t:)tr_?jphoﬁgeter (:3'.0 Rad Analytical (Ijns_truments
solubility. In addition, several silent mutations were intro- roup, Cambridge, MA), containing a mercugadmiurm-

duced (3). This GFP mutant is indistinguishable from the telluride detector. Spectra were only corrected for instrument

wild type with respect to its spectroscopic properties, but (rjnnf:]ianld tiH;Oanporr,f Vrvrlrt]h%u\fvimrth(?tr\/vsrloorth\llri](? .d tl:))atta
leads to higher expression levels in bacterial overexpression anipufation was performe software provided by the

systems. Thafp, gene was inserted as a 793 Kpni/ manufacturer. The spectral resolution obtained was 2cm

. : : : 17). Each spectrum was averaged over multiples of 381
Stu fragment into theKpnl/Sma sites of the multiple clonin ( . . .
site ofgpQE31, an ovperexpression vector forpN—termin%IIy scans (usually 1524).. The noise level |n_the baselme of these
poly-histidine-tagged proteins (obtained from Quiagen, Hilden, isnpteﬁtra \\/’Vvaf fl?ﬁrO)f['Tgé%ya%Og dTOD tlr? th Bzg:ﬁggfi;he
Germany), in which GFP is expressed from a T5-promoter. th ersei na ?/v ”_e a rated fr ?n theﬁin an®.
The resulting vector was transformed inko coli M15. € regions wefl-separated 1o atline.

Overproduction of GFR was monitored by absorption Absorption and Fluorescence SpectroscopyV/Vis
measurements at 395 nm in cell-free extracts, using anabsorption spectra were recorded with a model HP 8452A

extinction coefficient of 30 mMt cm 1 (14), and the product HeWIett-Pa_ckard dioqle array spectrophotometer (Portland,
was purified on a Ni-nitrilotriacetic acid (NTA) column, ~ OR) and with an Aminco DW2000 dual beam spectropho-
with a gradient of 8500 mM imidazole in 50 mM sodium ~ tometer (SLM Instruments Inc., Urbana, IL). Fluorescence

phosphate buffer, 300 mM NaCl, pH 8.0. After purification, exc?tation spectra were taken with an Aminco Bowman
the imidazole was removed by dialysis against 50 mM Series 2 luminescence spectrometer (SLM-AMINCO, Roch-

sodium phosphate buffer, pH 8.0. Purity of the sample was €Ster, NY) and were corrected for the lamp output spectrum
confirmed by SDSPAGE analysis. The purity index of ~With & photodiode.

the final sample, that is, the ratio of the 280 nm over the

395 nm absorbance of this preparation (measured at assOD RESULTS AND DISCUSSION

of 0.1), was 1.015). GFPsgs to GFPsgo Photoconersion by UV and Visible
Overproduction and Purification of Photoact Yellow Light. The visible absorption spectrum of heterologously
Protein (PYP). Apo-PYP was expressed heterologously in expressed GRR (dissolved at low ionic strength and
E. coli, reconstituted witlp-coumaric acid, and purified with  relatively low protein concentration, i.es0.1 mg/mL, or
Ni?*/NTA affinity chromatography, as described in 1. <3.5uM) shows three maxima. Besides a band caused by
PYP was dissolved in 10 mM Tris/HCI, pH 7.0 (at a the aromatic amino acids (at 280 nm), a dominant absorption
concentration of approximately 1 mM), and was subsequently band is present at 395 nm, presumably due to the neutral,
dialyzed against the same buffer, adjusted to pH 5.0 with that is, phenolic, form of its 4-hydroxybenzylidene-imida-
dilute HCI. A model compound, the methyl ester of zolinone chromophore (see also below), as well as a second
p-coumaric acid, was kindly provided by H. Fennema (see maximum in the visible part of the spectrum at 480 nm (due
also ref16). to the anionic, i.e., phenolate, form of the chromophore).
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015 Table 1: UV-Induced Photoconversion Rates to the Neutral and

Anionic Forms of GFP and Relative Quantum Yields of
GFPaso Fluorescence Emission in,8 and DO?

d)rel

010 | —
i (i'ipm rate (N— A) rate (A—N) neutral anionic UV
" o (s (s form form  abs

GFP-HO 1.1x 107 +1x 1078 1 0.82 0.70
GFP-D,O 1.1x 103 <1x 10 1 0.78 0.63

aRates of photoconversiont 4 J nT2 s UV light, are measured
by the relative change of absorbance at 480 nm during UV irradiation.
Quantum yields &) are presented relative to the emission at 395 nm
NEUPERALN excitation (neutral form), calculated from normalized excitation and
0,00 . . . . — absorption spectra: A= anionic form; N= neutral form.

250 300 350 400 450 500 550

Wavelength (nm) photoconversion of GFP, from GkRto GFRig, like with
Ficure 1: Visible absorption spectra of GFP, before (broken line) FTIR difference spectroscopy. Precise information about the
and after ((_:ontinuous line) photoconversion with U_V iIIuminatio_n. relative popu|ation of GFP in the neutral and anionic forms
B e o 10t yet avalabe for witktype GFP i the crysialne state
of buffer and Cak, were recorded in the IR cell, with an optical NOF for any of its mutant forms. In view of the concentration
path length of 10um, using a Hewlett-Packard diode array dependence of this distribution, noted above, it will be of
spectrophotometer. For UV illumination conditions, see Materials interest to determine this ratio under those circumstances.
and Methods. GFPsg0 — GFPsgs FTIR Difference SpectraX-ray dif-
The ratio of the absorbance at 395 over 480 nm in such fraction, although very powerful in the overall resolution of
samples equals approximately 3. Taking into account the protein structure, does not allow one to directly observe the
higher extinction coefficient of the latter (anionic) species, state of protonation of individual amino acid carboxylates.
the molar ratio of the neutral form of the chromophore, over FTIR spectroscopy (particularly in the mode of difference
the anionic form, in the protein as isolated, equals ap- spectra), in contrast, is very sensitive to such structural
proximately 6 (8). changes in proteins, including protonation and deprotonation,
By increasing the concentration of GFP to levels suitable chromophore isomerization, and perturbation of hydrogen
for IR spectroscopy, a light-independent conversion of GFP bonding. We have therefore employed FTIR spectroscopy
into the form with the neutral (i.e., protonated) chromophore to analyze the photoconversion of GFP from GdsRo
is initiated (L5). When reaching a concentration of 2.5 mM, GFPg0, While in parallel ascertaining the photoconversion
this molar ratio (i.e., neutral/anionic) has increased to 13 (seein the IR cell to be as complete as in the UV/Vis experiment
Figure 1), so that only a very small fraction of the anionic (Figure 1). Because this has been observed, and because
species remains in such samples. the anionic state that is formed by UV illumination is stable
Upon illumination of GFP with UV light, largely inde-  on the time scale of hours (see Table 1), recording of a GFP
pendent of the GFP concentration, a rapid photoconversionFTIR spectrum before, and after, photoconverting illumina-
to the anionic species takes place, which can be driven almostion allows one to obtain GRR — GFRsgs difference spectra.
to completion (see Figure 1 for the sample igCH. From Figure 2 shows, for a comparison, the absolute spectrum
this figure it can be seen that the extinction coefficients of of GFP in water and the GRR — GFPsgs difference spectra
the neutral and anionic form of the chromophore of GFP of GFP samples in 0 and DO, in the mid infrared region,
show a similar approximate 2-fold difference, as the corre- from 1800 to 1000 cm. The absolute spectrum shows the
sponding forms in tyrosinel@) and in the chromophore of  typical features of a protein with intense amide | and Il bands
photoactive yellow proteinl)). For these three compounds, and less intense features in the fingerprint region, except for
deprotonation of the chromophore results in a red shift of the intense band at approximately 1100 émThe photo-
their absorbance maximum of approximately 5000 tifrhis conversion-induced FTIR difference spectra are shown in
fully supports the presumed deprotonation of the chro- the lower part of Figure 2, in ¥0 and RQO. The latter
mophore of GFP upon photoconversion. This result also solvent was used to facilitate the interpretation of these
shows that photoconversion of GFP, under the conditions spectra and to obtain higher sensitivity in the range around
specified, takes place without appreciable photobleaching (ref1650 cnr?.
18; but contrast reP). These difference spectra reveal the extent and nature of
The rate of photoconversion, by the specific source of UV structural changes in GFP upon photoconversion, involving
light used in this investigation, is given in Table 1. This COOH groups (17601710 cn1?), the protein backbone
rate, measured by following the optical spectra of the sample (amide |, 1686-1620 cn1®; amide I, 1556-1530 cnt?),
in time, in H,O as well as in RO, is essentially identical in  and the chromophore (including bands peaking at 1580, 1497,
the two solvents: approximately 1:4103s™%, independent  and 1147 cm?). In the GFP sample in #, well-resolved
of the protein concentration (data not shown). The return bands with positive amplitude (i.e., arising in the anionic
of the anionic species to the neutral form in the dark is form of GFP) are observed at 1580, 1538, 1497, 1342, 1316,
extremely slow. An approximate rate in the®sample of and 1147 cm®. Of these, the vibrational modes at 1538,
1 x 10°%s! has been determined. 1342, and 1147 cni shift slightly, to 1539, 1343, and 1149
We conclude that the conditions described above @ H cm™, respectively, upon deuteration. The features that
as well as in DO, are optimal for the study of the characterize the neutral species in GFP are much less well-
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FIGUurRe 2: Absolute FTIR spectrum of GFP in water (upper panel)
and FTIR difference spectra (lower panel) between neutral and
anionic species of GFP (i.e., GkBP— GFPygg) in H,O (middle)

and D,O (bottom), showing the carboxyl, amide I, amide II, and
fingerprint regions. First, an absolute spectrum (from 1800 to 1000
cm~1) was obtained of the neutral form of GFP. The IR cell was

subsequently removed from the spectrophotometer, to photoconver

the majority of the GFP into the anionic form. This was completed
in approximately 15 min, using the conditions as described in

t

van Thor et al.

data allow us to assign the most intense positive peaks from
the fingerprint region of the difference spectra of GFP (at
1147 cm?) plus two additional positive bands (at 1580 and
1497 cm?) 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 gfcoumaric acid, which
evidently also resembles those in the absolute spectrum of
PYP, in the difference spectra of its intermediates @2f
and Xie et al., unpublished experiments; see also Figure 3),
and in the deprotonation-induced difference spectra of
tyrosine (e.g., ref20 and 21). This fully confirms the
interpretation of the UV/vis observations (Figure 1) and
forms the most direct proof for deprotonation of the phenolate
part of the chromophore as the molecular basis of photo-
conversion in GFP. In agreement with this, a corresponding
vibrational mode is also observed in the Raman spectra of
wild-type PYP @3), while these are not found in treas—
transdifference spectrum of the methyl estems€oumaric
acid. The strong similarity between the GFP data and the
data obtained with the ionized chromophore model com-
pound further reveals that the ionized phenolic ring in GFP
is not strongly strained.

There is overall similarity between the difference spectra
of the neutral-minus-anionic forms of GFP and PYP, in the
spectral range from 1400 to 1000 chn(Figure 3). Its

Materials and Methods, and a visible absorption spectrum was dominant band (i.e., at 1147 cin GFP and at 1162 cm
recorded to check the degree of photoconversion of the samplein PYP) may be due to in-plane bending of the aromatic

(compare Figure 1). Sample conditions were identical to those
described in the legend to Figure 1. The concentrated,&eRition

(2.5 mM), either in HO or in D,O, was introduced into the 12Zm

IR cell. The ODRgs of the sample in KO was 0.093 (Figure 1). For
further details, see Materials and Methods.

characterized. Bands at 1614 and 1105 tappear to be

specific for the sample in ¥, whereas the D sample

shows characteristic bands at 1628, 1445, and 1253.cm
Because the UV light-induced changes in the visible

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 thep-coumaric acid model compounds. In the pB

pG difference spectra of PYP, not only protonation but
presumably also isomerization is involvett. Whether a
similar isomerization also plays a role in photoconversion
of GFP cannot be excluded, nor claimed, yet. Such a
chromophore photoisomerization, involving a ring flip around

spectra allow an exact quantification of the amount of GFP the double bond, could be hidden by the ionization signals,
that is photoconverted, the difference extinction coefficients which are stronger than those of isomerization of neutral
of these transitions can be calculated. For example, the largerchromophore (see Figure 3). We would expect that pho-
features characteristic for the anionic species (at 1497 andtoisomerization of the chromophore will strongly perturb the
1147 cm?Y) have infrared difference extinction coefficients interaction between the chromophore and®Arand possibly
of 1.0 and 1.5 mM! cm™, respectively. Characteristic also with GIf®3 modulations which have not been identified
bands are also observable in the amide | (:69620 cn1?) in the difference spectra. Such interactions would make these
and the amide Il £1530 cm?) regions of the difference  difference spectra sensitive {6\ labeling in the region
spectra, both in kD and in BO. Particularly the latter are  between 1700 and 1650 cf
well-resolved in both solvents, which may indicate that The amide | and Il bands are spectral markers for protein
changes in secondary structure accompany photoconversionconformational changes. In the GfP— GFPygs FTIR
It must be kept in mind, however, that, to the bands observeddifference spectrum, both the amide | and amide Il bands
in the amide Il region, the chromophore may also contribute. are rather small, indicating that there are only small changes
Identification of Chromophore Vibrational Modeét has in the protein conformation, with respect to secondary
been extensively documented that the vibrational frequenciesstructure and tertiary fold, upon photoconversion of GFP. It
of a phenolic ring (like in tyrosine and in the anionic is therefore likely that only local structural changes are
tyrosinate) are sensitive to ionization (i.e., deprotonation of needed to stabilize the buried charge in GlPafter
the phenolate group). Vibrational modes, for instance, at photoconversion.
1518 and 1244 cnt of a protonated phenol ring are shifted Is Glu??2the Proton Acceptor for Chromophore lonization
to 1498 and 1270 cni upon ionization (e.g., ref20 and in the GFRgs to GFPyg Transition? FTIR difference
21). A stack plot of FTIR difference data has therefore been spectra, in the region between 1760 and 1710 'care

constructed of (1) GFgy — GFRsgs of GFP, (2) ionization
of the methyl ester op-coumaric acid, (3) trans— cis
photoisomerization of the methyl ester mtoumaric acid,
and (4) pB— pG intermediates of PYP (Figure 3). These

uniquely contributed to by the €0 stretching modes of

COOH groups. Structural perturbation of COOH groups will
yield shifted peak positions and/or changes in spectral
bandwidths, resulting in a combination of positive and
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Ficure 3: Comparison of FTIR difference spectra of GFP and PYP, before and after photoconversion, with a model compound (methyl-
p-coumarate). For difference spectra of GFP (before and after illumination; spectrum 1) and PYP (pB-pG; spectrum 4), see the legends of
Figures 2 and 4, respectively. Difference spectra of the model compound, the methy!| gsteuofiaric acid, dissolved at approximately

1 mM in 10 mM Tris/HCI, pH 7.0, were obtained by measuring spectra before and after (i) alkalization=tc®®p(spectrum 2), and (ii)
illumination with UV light (spectrum 3).

negative bands. Protonation of a CO@roup will lead to 0.0005
an entirely new band, since the CO@tretching vibrations GFPyg; - GFP3g5
are beyond this region. The relatively flat spectrum in the
COOH region of the GFP difference spectra already suggests
that there are no 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 GHIf in the latter protein 11). The
amplitude of the features in the region of these spectra, where
the carbonyl groups absorb in GFP and PYP, can now be -0.0015 [
mutually scaled on the basis of the features resulting from
the (de)protonation of the phenolate parts of their chro-
mophore (this scaling gives results identical to those of 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 ¢hin Figure Ficure 4: Comparison of photoconversion-induced difference
spectra of GFP and PYP in the carboxyl region. Comparison of

4. Sln_ce n PYP_ a single glutamic z.iCId. reSIQUe IS (_:lep_roto- the light-induced difference spectra from 1780 to 1700 Efor
nated in pB (Glef; ref 11), and assuming identical extinction iy GEPyes — GFPig, (Upper spectrum) and (i) pB-pG of photoactive
coefficients for the €O bands of Gl&r?from GFP and GIff yellow protein (lower spectrum). The PYP difference spectrum has
from PYP, this allows one to unambiguously conclude from been scaled to GFP, on the basis of the complete photoconversion

these difference spectra (with the signal-to-noise ratio o GFP (see Figure 1) and a steady state accumulatior of 0% pB,
- - - as calculated from parallel UV/vis difference spectra of PYP. For
obtained) that less than 0.1 glutamate residue of GFP prOtemthe details of the photoconversion of the pG form of PYP into the

changes its state of protonation upon photoconversion. Thesgg form, see Materials and Methods.

results argue against the model proposed by Brejc eThal. (

and Palm et al.g), based on their X-ray analyses. mophore, whereas in the neutral form of wild-type GFP Brejc
Nevertheless, since the FTIR results clearly confirm the et al. (7) assume it not to be. This is in contrast to the model

change in protonation state of the GFP chromophore uponof Palm et al. §) for wild-type GFP, which supposes that

photoconversion, it is relevant to try to identify alternative both forms are in hydrogen-bonding contact with ¥fis

proton acceptors in the vicinity of the chromophore. Mis  Further work (e.g., with®N labeling) will have to reveal

is one of the candidates for this. The crystal structure of the precise role (if any) of Hi4® in the photoconversion of

the Ser65Thr mutant of GFP, containing the ionized form GFP.

of the chromophore, shows that the imidazole group ofiis It may also be that GR3? (only) functions transiently as

is hydrogen bonded to the phenolate oxygen of the chro-a proton acceptor. The crystal structure of the Ser65Thr

0.0000

-0.0005 |

PYP pB-pG

-0.0010 |

Diff. Absorbance

-0.0020
1780 1760 1740 1720 1700

Frequency (cm™)
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mutant form of GFP shows that, of the 16 Glu and 18 Asp
side chains in GFP, GIé& 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 1IEMA of Ser65Thr-
GFP; ref 25 at approximate hydrogen-bonding mutual
distance (i.e., between 2.5 and 3.2 A) form a hydrogen-
bonding chain, starting from GI&? and extending out into
the direction of the bulk water. Our data therefore could
also be interpreted by assuming that @is deprotonated

in both the GFRys and the GFR, forms, while the proton
coming from the chromophore would only very transiently
reside on Gl& 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 &6)( and the results

of random mutagenesis studies, as reported by Ehrig et al.
(27).

Besides effects due to GHi protonation, significant
changes in the IR characteristics of THare also expected
upon photoconversion. According to the model of Brejc et
al. (7), the involvement of this amino acid in the hydrogen-
bonding network of the chromophore shifts from the
backbone €O to its side chain OH (hydrogen-bonded to
the phenolate oxygen of the chromophore) in this transition.
Also this rearrangement (expected at approximately 1050
cm! for the C-0O stretch vibration) is not evident in the
FTIR difference spectra. These results therefore lead to the
conclusion that, under the assumption that zHB suf-
ficiently similar to wild-type 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 models of Brejc et &) &nd Palm
et al. 8. Thr?% for instance, can be exchanged for a Phe
(or Tyr), which causes only a ¥20 nm red shift of the
anionic form @5). On the other hand, Thr203lle and
Ser205Phe mutant forms of GFP fully stabilize the neutral
form (3, 27), as expected. More detailed analysis of
difference spectra, in combination with the assignment of
the various bands, using isotope enrichment and site-directe
mutagenesis, will be required to resolve the structural change
accompanying photoconversion in GFP. In addition to that,
it will be very instructive to study photoconversion of GFP

van Thor et al.

Comparison of fluorescence excitation and electronic absorp-
tion spectra shows that, both in® and in BO, the quantum
yield of the fluorescence of GRR is higher than that of
GFPygo (Table 1). 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
significantly in deuterated samples, indicating that the proton
on the chromophore can be exchanged for a deuteron. This
kinetic isotope effect is so large that one must assume that
multiple H/D exchanges affect this transitio8f. 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 vyield of fluorescence nor the rate of
photoconversion is expected to change, which is in agreement
with our observations (see Table 1). The fluorescence
qguantum yield of both forms of GFP is very high, while the
guantum yield of photoconversion of GigPRis very small.
This suggests that the light-induced ionization of the chro-
mophore is largely reversible (i.e., the excited state of &P
must return to the ground state rapidly) and only a small
fraction is converted to the long-lived Gkgp state. This
suggests that this latter structure must be different from that
of the short-lived (excited) red-shifted state.

The Role of Aromatic Amino Acid Residues in the
Photoconersion of GFP. To analyze the contribution of
its multiple absorbance bands to fluorescence emission, GFP
was diluted into 10 mM Tris, pH 8.0, both inB and in
D,0, to a final OQys of 0.08. The sample was partially
photoconverted, 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
corrected excitation spectra were then recorded, with the
emission wavelength set at 508 nm, and used for the
calculation of relative quantum yields of fluorescence. Table
1 shows these for the 280 and 480 nm absorption maxima,
elative to the quantum yield of the neutral form, which is
ighest. The relatively high efficiency of fluorescence
excitation at 280 nm is striking.

GFR, contains 12 Phe, 10 Tyr, and 1 Trp residues, which

in crystals, using X-ray diffraction, preferably in combination are more or less randomly distributed over the surface and
with microspectrophotometry. Such studies will also have the inside of the GFP barrel, with a minimal distance to the
to reveal whether in the photoconversion of GFP isomer- chromophore of 6, 4.5, and 11 A for the three types of
ization of the double bond (between the phenolate and thearomatic residue, respective®4, 3. The majority of the
dihydroimidazole rings of the chromophore) is also involved. absorbance in the 280 nm region originates from the Trp,
Particularly the mutual orientation of the two rings and the Tyr, and Phe residues, because chromophore-containing
position of the G=0 group of the dihydroimidazole ring are  peptides do not appreciably absorb at this wavelength (
important in this respec2@). Considering the similarities  and the total absorbance of GFP at this wavelength closely
between GFP and PYP, it is very interesting to resolve this matches the sum of the contributions of the three aromatic
point. amino acids32). Because the quantum yield of fluorescence
Fluorescence Quantum Yield#lore than two intermedi-  emission, upon 280 nm excitation, is appreciable (i.e., at least
ates are involved in the photoconversion of GFP. Dickson 0.65), this implies that excitons are transferred efficiently
et al. ) reported transitions of single molecules between from the aromatic amino acids to the chromophore. On the
three ground states, two of which are photoactive. Chattorajbasis of the lifetime and quantum yields of fluorescence, the
et al. (18) observed that, after excitation of the neutral form spectral overlap, and mutual distance, it can be calculated
of GFP, a deprotonation into the anionic form takes place that this resonance energy transfer should be possible with
before significant 510 nm fluorescence is emitted. The high efficiency 83). Surprisingly, replacement of PHe
fluorescence lifetime of GFP is 3.3 n29), whereas the  which is by far the closest aromatic side chain to the
deprotonation occurs within the picosecond time sca8. ( chromophore, by a leucine residue, did not have a detectable
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effect on the excitation spectrum of the protein (data not

shown).

Photoconversion of GFP can be driven by the absorption

of photons of sufficient energy, including light of 395 and

480

nm @). 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 W 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 GP 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 excited protein,

which is more ready for photoconversion than a form of GFP

in which exclusively the chromophore is electronically
excited.
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