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Abstract: Green fluorescent protein and its mutants have become valuable tools in molecular biology.
They also provide systems rich in photophysical and photochemical phenomena of which an understanding
is important for the development of new and optimized variants of GFP. Surprisingly, not a single NMR
study has been reported on GFPs until now, possibly because of their high tendency to aggregate. Here,
we report the °F nuclear magnetic resonance (NMR) studies on mutants of the green fluorescent protein
(GFP) and cyan fluorescent protein (CFP) labeled with fluorinated tryptophans that enabled the detection
of slow molecular motions in these proteins. The concerted use of dynamic NMR and °F relaxation
measurements, supported by temperature, concentration- and folding-dependent experiments provides
direct evidence for the existence of a slow exchange process between two different conformational states
of CFP. °F NMR relaxation and line shape analysis indicate that the time scale of exchange between
these states is in the range of 1.2—1.4 ms. Thermodynamic analysis revealed a difference in enthalpy
AHo = (18.2 & 3.8) kd/mol and entropy TAS, = (19.6 + 1.2) kdJ/mol at T= 303 K for the two states involved
in the exchange process, indicating an entropy—enthalpy compensation. The free energy of activation was
estimated to be approximately 60 kd/mol. Exchange between two conformations, either of the chromophore
itself or more likely of the closely related histidine 148, is suggested to be the structural process underlying
the conformational mobility of GFPs. The possibility to generate a series of single-atom exchanges (“atomic
mutations”) like H — F in this study offers a useful approach for characterizing and quantifying dynamic
processes in proteins by NMR.

Introduction and switching behavior in single-molecule measureménts,
which cannot be easily explained on the basis of the canonical
three-state modéf

Until now, 18 high-resolution crystal structures of GFPs have
been available (http://www.rcbs.org). The overall structure of
GFP consists of an 11-strand@ebarrel with a central helix

that carries the chromophote!® The X-ray diffraction studies

Pioneered by Chalfie et algreen fluorescent proteins (GFPs)
are now ubiquitously used in molecular biology for monitoring
gene expression, protein movement, and protein interagtion.
The optical absorption, fluorescence, and ultrafast dynamic
fluorescence properties of GFP are commonly explained by a

, 6 i
three-state mod&l® that assumes that the chromophore exists and a variety of physicochemical methods highlight an apparent

either in a neutral (395 nm) or an anionic (475 nm) state; the . - . .
L ( ) . ( .) ' ... exceptional stability of the GFP fold in which the chromophore
latter state exists in a thermodynamically unstable intermediate .

form (493 nm) and a stable low-energy fofriThe model of lies rigidly insid(_e_the conforma_tionally inflexible GFP mol-
an intramolecular Fster-cycl&® rationalizes the fluorescence ecule:" The stability of GFP against denaturants and proteases

. C : .
dynamics. GFPs exhibit a variety of photochemical processesIS very high? the melting temperatures férequoreaRenilla
including photoconversidi?1°and complex or-off blinking
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and Phialidium GFP are 78, 70, and 69C, respectively?8 IH, 15N, and13C NMR spectra. In addition many proteins of
However, even the earliest absorption spectroscopy studies byknown structure, which are too largeM(> 30 kDa) for
Ward et al. indicated some conformational flexibility in the conventional multidimensional NMR studies, fall within the
chromophore binding sité.More recently, several fluorescence, range of molecular weights accessible!¥ NMR (M < 100
X-ray crystallographic, and computational studies tried to kDa)3®In addition it is usually assumed that fluorine substitution
address the contributions of various fast dynamic processes tohas negligible steric effects on the protein strucfrathough

the fluorescence spectra of GFPs. At room temperature, indications exist that it may influence catalytic beha¥iand
denatured GFP or model chromophores in solution show no cause subtle differences in side-chain and backbone conforma-
significant fluorescence. However, when frozen as ethanol glasstion 37 Fluorine NMR has been used for ligand bindihignd

at 77 K, such compounds become highly fluoreségatinside folding studied®4° and for probing conformation®4142and

the protein environment the chromophore is very sensitive 1o ight-induced structural changés.

mutations of surrounding residués™ Competition of radia- We present here the first quantitatit®& NMR characteriza-
tionless photmsome:nzatmn and quorescence emission has b‘_ee’fion of the conformational dynamics in the cyan fluorescent
suggested to provide an explanation for the differences in
guantum yield of fluorescence in various GFP mutaa#s.It

was proposed that any increase in the degrees of motional
freedom has to be avoided when designing new GFP vadéants.

protein (CFP), a GFP mutant in which tyrosine 66 is replaced
with a tryptophan. The incorporation of different fluorotryp-

tophans (i.e., 4-, 5-, and 6-fluoro-Trp) results in direct post-
. A 4 . translational integration of the indole moiety and concomitantly
For photoisomerization pathways the rotations around either of 19 nucleus into the CFP chromophore providing an almost ideal

the two bridging bonds betweer) the two rings of the chro .reporter of its dynamics. Using this approach we were able to
mophore and a so-called hula-twist have been suggested, but it . : . )

. . . . demonstrate that either CFP chromophore itself or residues in
was not possible to determine the time scales of conformational

changes quantitatively by molecular dynamics simulatiéiis. iFS vicinity intergqnvert between multiple cqnformations on the
In contrast to many speciroscopic techniques, nuclear mag_tlme sca}le of m_||||sec_onds. The_se slow motions should therefor(_e
netic resonance (NMR) spectroscopy provides a large frequencybe congldered in the interpretation of structural and spectroscopic
range for studying dynamical processes from picosecond-to-IDroloertleS of the ground states of GFPs.
second time scales and even longer at atomic resolutions. Fory,
example, motional and thermodynamical information for back-
bone amides in proteins can be obtained from measurements Sample Preparation. The incorporation of fluorinated analogues
of 15N relaxation rates if®N-labeled proteing®27” Dynamic 4-fluoro-Trp (4FW), 5-fluoro-Trp (5FW), and 6-fluoro-Trp (6FW) into
NMR spectroscopd? is able to reveal populations and rate Clontech GFPuv (F99S, M153T, V163A), Clontech EGFP (F64L,
constants of exchange processes in proteins. Further informationS65T), and Clontech ECFP (F64L, S65T, Y66W, N146l, M153T,
for example, on the energy landscape of proteins, may be V163A) was achieved irEscherichia coli Trp-auxotrophic strain
revealed by’O and?H NMR relaxation measuremeri&Side- ATCC4998_G4 using the selecti\_/e pressure incorpora_tion (SPI) method
chain dynamics can be investigated by measurement of, for €veloped in oural The protein expression hot coli ATCC49980
example,13C relaxation of methyl grou&303Lor 19F relaxa- was routinely co-tran§formed with two plasmids: ampicillin-resistant
tion2-34in fluorine-labeled aromatic ring$°F NMR spectros- PQE=30-PP4 harboring the GFP and CFP gene sequence under the

control of the T5 promoter, and kanamycin-resistant pREP4 containing
15 1
copy offers the advantage ové, **N, and**C NMR that only a repressor genlacl®. The native and fluorinated proteins included a

specifically labeled sites give a rise to an NMR signal which 5y histidine tag and were purified using Ni-chelate columns. The purity
circumvents in many cases the assignment of highly crowded of the recombinant proteins was checked by SDS-PAGE (Commassie
staining). The quantitative replacement of the native Trp-residues by
its noncanonical analogues was routinely confirmed by electrospray
. mass spectrometric analyses (ESI-MS, API Ill, Sciex Perkin-Elmer)
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was added to allow the field locking of the NMR spectrometer. All

function33 The heteronucledfH} —1%F Overhauser effect was measured

chemicals were purchased from Sigma or Aldrich unless stated by comparing one-dimension&F spectra with and without presatu-

otherwise.

Optical Spectroscopy.UV-absorption spectra of the proteins in the
phosphate buffered saline (PBS: 115 mM NaCl, 8 mM,RE, 16
mM NaHPQ,, pH 7.3) were recorded on a Perkin-Elmer Lambda 17
UV/vis spectrophotometer. Molar extinction coefficientg Xfor native
and fluorinated proteins were determined at room temperatureQp0
according to the procedure described by Mach ét lhative and 6FW-
EGFP have essentially the same absorbaigg & 277 nm: ey =
21000 Mt cm™; Amax = 488 nm: ey = 38000 M cm™1). Molar
extinction coefficients 4u) for native and substituted ECFP variants
were different: native ECFPAmax= 278 nm: ey = 25000 M~ cm?;
Amax = 434 nm: ey = 25500 Mt cmL; 6FW-ECFP: Amax = 280 nm:
em = 23300 Mt cm™Y; Amax = 430 nm: ey = 22900 Mt cmL.

ration for 1 s onwater (NOE= s/l ef).3® Presaturation was used for
saturating protons due to a reduced heating effect during the application
of the 1 s pulse. Usually broadband decoupling is required for measuring
the heteronuclear Overhauser effect due to the chemical shift dispersion
of protons. Broadband decoupling was evaluated and showed no
significant differences in the resulting heteronuclear Overhauser effect
values. The peak integrals A and the line widthg,, of the peaks in
all spectra were extracted by fitting the spectra with the appropriate
number of Lorentzians.

To determine the overall tumbling time of GFP,, T, and{H}—
15N heteronuclear Overhauser effect measurements were performed on
a >N-labeled sample of GFPW.The overall tumbling timerc was

calculated usingc = (2wn) ™ 4/(6T,/T,—7).#8 Only amide groups in

Detailed analysis of these and other fluorinated variants of ECFP and structured parts of the protein were taken into account for this
EGFP will be reported in a related paper. Fluorescence spectra werecalculation.

recorded on a Perkin-Elmer spectrometer (LS50B) equipped with digital
software. Protein samples (0.2M; slit 2.5 nm) were excited at 488

Simulation of *°F Relaxation. For the interpretation dfF relaxation
data no standard method of analysis, such as that of reduced spectral

nm (EGFP) or at 450 nm (ECFP), and the emission spectra were gensity mapping fofN relaxation, is available. Therefore, a simulation

recorded in the 496540 nm (EGFP) or 466540 nm (ECFP) range.

of the 1°F relaxation in 5FW due to dipolar interactions with protons

Emission and excitation spectra of 6FW ECFP were measured at gnd fluorine chemical shift anisotropy was used to enable the data

temperatures of 288, 293, 298, 303, 308, 313, 318, and 323 K.
NMR Spectroscopy.*®F NMR measurements were carried out on

a Bruker DRX500 spectrometer equipped with a di-1°F probe-

head. The fluorine Larmor frequency was 470 MHz. All measurements

were performed at a temperature of 303 K with exception of six spectra ?1 -
taken at temperatures between 293 and 318 K. Due to the negative

NOE enhancement factor of fluorine nucleii in proteins, no proton
decoupling was used. ARF NMR spectra were referenced to an
external reference consisting of 10 mM TFA in 90%0H 10% DO

at a temperature of 303 K. For a typical one-dimensidffalNMR
spectrum of 14 kHz sweep-width up to 16k scans with an interscan
delay d 1 s were recorded. Baseline distortions caused by a relatively
long prescan delay were corrected by manual baseline fitting.

The *H—°F J-coupling constants in 4-, 5-, and 6-fluorotryptophan
were measured i®®F NMR spectra of pure tryptophan samples. To
evaluate the effect of-coupling on the results of line shape fitting
experimentally, spectra of 6FW CFP with and without proton decou-
pling were recorded. Despite of a strong reduction of signal intensity

upon decoupling no difference in line shape of the W66 resonances

was visible (data not shown). Therefore, it was concluded that the
calculated values for the rate constants are not affectelddoypling.

pH titrations of the 4FW- and 6FW-labeled CFP sample were carried
out by dissolving the protein in 50 mM borate buffer at pH 9.1 with
100 mM NacCl and then lowering the pH by adding the appropriate
amount of 1% HPQ, for each step'°F spectra at pH 9.1, 8.1 and 7.1
were recorded. To record'® NMR spectrum of unfolded 6FW CFP,
urea was added, and heating to 95 for 10 min was applied. To
analyze the influence of protein concentration'® NMR spectra a
sample of 6FW ECFP was diluted in four steps to 1/16th of the original
concentration. Thé&’F NMR spectra of the reference and of the diluted

interpretation in terms of motional frequencies. The simulation was
based on the following equations (see ref 49):

1_R= %)KZ[J(wH — wg) + 3)(wp) + 63wy + wp)] +

1o ( n_)
15a)FA02 143 (e)

1 1.2

= =R,=—KT4J(0) + Jwy — wg) + 3)wg) + 6J(wy) +

T, 40

2
6J(wy, + wp)] + liSa)Fonz(l + %) [3)(w;) + 43(0)]
_ lsat 1 VH,2
f= ref = EV_FK 6wy + wp) — oy — wp)lR,
with K = (uo/4m)hynyer=3. r = 1IN 3, r; is defined as an averaged

fluorine—proton distance, witiN indicating the number of contributing
protons. This distanceis set to 2 A in ourcalculations. This is valid
since the dominating contribution to the observed relaxation arises from
interactions with protons on other residtfe¥he spectral density is
defined byJ(w) = 2S)/(1 + w%c® + 2(1 — Drd/[1 + w?7]

with the effective correlation time,* = 7o + 7; %, wherez. is the
overall tumbling time correlation time andl the correlation time of
internal motion. Using this model-free approach the spectral density is
characterized by two correlation timgsandz. and the order parameter
.51 An overall tumbling time of. = 22 ns was assumed. The chemical

shift anisotropy was set ta\o v1+7%3 = —93.5 ppmE® The
simulation was done with Mathematica (Wolfram Research).

samples were recorded with 8k scans (reference, 8 mg/mL, 0.3 mM Analysis of Thermodynamic ParametersTo evaluate the popula-

monomeric), 16k scans (4 mg/mL, 0.16 mM), 32k scans (2 mg/mL,
0.08 mM), 64k scans (1 mg/mL, 0.04 mM), and 128k scans (0.5 mg/
mL, 0.02 mM). The effect of UV irradiation on 6FW ECFP was
checked by recording®c NMR spectra after irradiating the NMR
sample with a 450 W Xe-lamp~5 mW light power at 400 nm) for

4 h.

NMR Relaxation Measurements.The longitudinal relaxation time

T, of 1°F nuclei was measured by standard inversion recovery methods

with inversion times of 0.2 10, and 100 ms and 0.5, 1, and 2 s. The
interscan delay was 3 s. THe data was fitted by a single-exponential

(46) Mach, H.; Middaugh, C. R.; Lewis, R. Vnal. Biochem1992 200, 74—
80.
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tions and rate constants, the resonances of W66 in the 6FW ECFP
fluorine spectra were fitted with Lorentzians functions, as well as with
the McConnell equatiofidaccording to the complete band shape (CBS)
method?® This approach is also called dynamic NMR.

(47) Skelton, N. J.; Palmer, A. G., lll; Akke, M.; Kdel, J.; Rance, M.; Chazin,
W. J.J. Magn. Reson. B993 102 253-264.

(48) Fushman, D.; Weisemann, R.; Timg, H.; Riterjans, HJ. Biomol. NMR
1994 4, 61-78.

(49) Neuhaus, D.; Williamson, M. PThe Nuclear @erhauser Effect in
Structural and Conformational Analysiand ed.; Wiley-VCH: New York,
2000.

(50) Luck, L. A.; Vance, J. E.; O’'Connell, T. M.; London, R. E.Biol. NMR
1996 7, 261-272.

(51) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4570.

(52) McConnell, H. M.J. Chem. Phys1958 28, 430.
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In the slow exchange limit the CBS method allows the determination
of the populations and rate constants as well a3 th@thout exchange 100+
broadening. Therefore this method is not affected by different magnetic
field inhomogeneties in different samples. The CBS method comprises
a fit of the experimental data to the McConnell equations for two-site
exchange spectra with neglect dtoupling®? This approach is valid
in this case since théH—1%F J-coupling is much smaller than the
observed line widths. The fitting was done using the Levenberg 0251
Marquardt algorithm. It was assumed tfais the same for both states.
It was found that different settings d% in the McConnell equations 0.00= - T T
do not affect the fitting result in our case unldsgyets unrealistically 0 0 14;Dnm 0 340
short. Comparison of fits whefle was neglected to the fits with variable
T, showed no difference. B ECEP

To further confirm the results, the data from the Lorentzian fit was 1,001
used to calculate the equilibrium constéht= ka/ka = pa/ps Of this
exchange process in an independent way. The free endésgyenthalpy
AHj and entropyAS, were obtained from nonlinear fit & according
to the Arrhenius-type equatio = exp[—(AH, — TAS)/RT] and
AGy = AHo — TAS.2 The activation energy of the exchange process
was estimated according to the formudGa, g = aT [10.319 +
log(T/ka,g)] with the constantt = 19.14 J K** mol~%, which is derived - i i .
from the well-known Eyring equation. 340 390 440 490 40

Modeling of the CFP Structure. To evaluate the possible structural A/ nm
origins of exchange the structure OT CFP was modeled based on theFigure 1. UV absorption and fluorescence emission spectra of EGFP (A,
crystal structure coordinates of 4-amino-tryptophan CFP (Bae, personalpjack and blue), 6FW EGFP (A, green and orange), ECFP (B, black and
communication, see also ref 53). In this CFP variant the two tryptophans blue) and 6FW ECFP (B, green and orange) were recorded at neutral pH.
(W57 and W66) are replaced by the noncanonical amino acid 4-amino- Note that absorption band around 395 nm characteristic for wild-type GFP
tryptophan. To construct the CFP model the 4-amino group of the Eszpp{izsseﬂ;?;%':: and its fluor_inatec: gclagnterpart. ?\nly ope_a?s?rpt:ﬁn

i P : and a mission maxima a nm are characteristic for the
tryptophan (W66) involved in C'h.ror.nor.)hore formation was removed anionic state of chromophore in EGFP. On the other hand the UV-
and a, short run of energy mlnlmlzatlpn was performgd using the absorbance and fluorescence spectra for both native and fluorinated ECFP
modeling software package SYBYL (Tripos, Inc., St. Louis, MO). NO  gre characterized with two spectroscopically distinguishable states (for more
fluorine atom was modeled in the chromophore since the replacementdetails see Results section).
of a hydrogen atom with a fluorine atom is supposed to have negligible .
steric effec€> To reveal gap regions around the chromopho?egthe NMR ASSIg.nmen.t.'The '%F NMR resonance of free 4-fluo-
program SURFNET was used. SURFNET generates gaps by fitting rotryptophan is split into a quartetey = 12 Hz, *Jen = 4.6
spheres between all pairs of atoms and computing three-dimensionalHz), whereas 5- and 6-fluorotryptophan show a sextet structure
density maps. (83 = 11 Hz,%Jry = 5.5 Hz) (data not shown). These splittings
are obscured in the broad protein signals when these tryptophans
are incorporated into EGFP and ECFP proteins.

UV and Fluorescence SpectroscopyAs expected, the UV The °F NMR spectra of ECFP and EGFP labeled with 4-,
absorption profile as well as fluorescence spectra of EGFP 5-, or 6-fluorotryptophan exhibited four and two resonances,
(F64L, S65T) were not affected by fluorination of W57 which respectively (Figure 2). CFP contains only two tryptophan
is placed about 15 A apart from the chromophore. In fact, single residues, W57 and W66, whereas GFP has only one tryptophan,
absorption peak at 488 nm of both EGFP variants as well as W57. This clearly indicates that each of the two tryptophans in
emission maximum at 510 nm clearly indicate anionic state of CFP exists in two states. The more and less populated states of
the chromophore (Figure 1A). Conversely, native ECFP (F64L, W57 and W66 are marked with subscript A and B, respectively
S65T, Y66W, N146l, M153T, V163A) exhibits two chro- (Figure 2). Since one of the CFP tryptophans, W66, is
mophore absorption bands (434 and 452 nm) and two distinctincorporated into the CFP chromophore during protein folding
fluorescence emission maxima (476 and 500 nm). Fluorination by cyclization of the backbone, two states exist within the
of W57 and chromophore indole induced 4 nm blue shift in the chromophore. The resonances of 4FW and 6FW ECFP can be
absorption maxima of 6FW-ECFP (430, 448 nm) as well as unambiguously assigned by comparison with the EGFP spectra.
decrease in the absorbance intensity by about 10 %. TheseThe assignment of the resonances of 5FW ECFP is complicated
effects are even more pronounced in fluorescence properties ofby the fact that a second peak is not visible in the 5FW EGFP
6FW-ECFP: while emission maxima are negligibly blue shifted spectrum. To assign the 5FW resonances, the peak integral
by about 2 nm, the fluorescence intensity is lowered by about values given in Table 1 were used. Since W66 and W57 are
50% compared to the native ECFP (Figure 1B). It should be incorporated in the protein in a 1:1 ratio, the sum of integrals
however noted that basic features of spectral behavior of ECFPfor both states of each residue must give the same value. Peaks
(i.e. the presence of two spectral bands in UV and fluorescence)assigned with this method are marked witm Table 1. The
are not changed upon fluorination. A detailed study on the ratio of the integrals of states A and B for W57 and W66
effects of fluorination on the optical properties of GFP variants are consistent within the 4FW and 5FW CFP samples (W66
will be published in a related papet. W66 = 0.3 and W5%/W57g = 0.2). 6FW CFP shows integral
. — . ratios of W66/W66; = 0.6 and W5Z/W57z = 0.6. The
(53) Budisa, N.; Bae, J.; Rubini, M., Weyher, E.; Wenger, W.; Azim, M. K.; difference in chemical shift for the two states of W66 is 2.6

Moroder, L.; Huber, R. Manuscript in preparation, 2002. i
(54) Laskowski, R. AJ. Mol. Graphics1995 13, 323-330. ppm in 4FW and 6FW ECFP. THEF NMR spectra of 4FW
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Figure 2. 1%F NMR spectra of ECFP and EGFP labeled with 4FW, 5FW,
and 6FW: The chromophore of CFP and the fluorinated sites are shown in
the upper left corner. The spectra were recorded at a temperature of 303 K
without proton decoupling and referenced relative to TFA. An exponential
line-broadening of 3 Hz was used to increase signal-to-noise ratio. The
arrows in the spectrum of 5FW ECFP indicate two resonances which were
assigned by comparison of peak integrals (see text).

Table 1. 19F NMR Relaxation of 4-, 5-, and 6-FW CFP

peak dlppm 2 Al Tis ¢ Aveo/Hz?  het NOE ¢
4AFW W66, —46.0 0.87£0.03 0.85+-0.02 123+3 0.19
AFW W57, —46.4 1.00+ 0.06 — 320+ 18 -
4AFW W57% —46.8 0.25+£0.07 0.87+0.04 104+ 15 0.19
4FW W66 —48.6 0.30£0.01 1.004-0.28 290+ 19 0.30
5FWW5%f —425 0.18+0.03 - 168+ 33 <0.1
5FW W66 —43.2 0.84+0.02 0.64+0.07 72+2 0.13
5FW W57 —47.1 1.00+0.01 0.55+0.04 55+1 0.21
5FW W66 —49.3 0.26+0.03 — 3614+ 67 -
6FW W66, —38.6 1.00£0.02 0.57+£0.01 72+1 0.14
6FW W66 —41.2 0.56+0.02 0.42+0.03 118+5 0.13
6FWW5% —43.2 0.56+0.02 0.58+:0.01 4742 0.16
6FW W57, —43.4 0.96t£0.02 0.61+£0.01 51+1 0.20

al9F chemical shift? Peak integrals relative to the integral of the most
intense peak of the corresponding sampl@pin—lattice relaxation time.
dMeasured line widths including an artificial line broadening of 3 Hz.
€ Heteronucleaf 'H} —19F Overhauser effectdy{l ). f Resonances assigned
by comparison of peak integrals.

and 6FW GFPuv did not show double peaks (data not shown)
indicating a different time scale of exchange.
The appearance of two peaks for each tryptophan in the

;-‘Ei in CFP -
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Figure 3. 19F relaxation simulation: the relaxation timésandT, as well

as the heteronucledtH} —1°F NOE factorf were calculated for a protein
labeled with 5FW. An overall correlation time of = 22 ns was used as
determined by!*N relaxation measurements. The results are plotted for
different values of the order paramet8t. A smaller order parameter
indicates larger amplitudes of motion. Green vertical arrows indicate the
range of the experimental values. Therefore significant motions on tHé 10
to 109 s time scale are excluded by the experimental valugsasfindicated

by a light gray bar. Strong motions on time scales shorter that?Xare

not present due to low experimenfgl values, as shown by a dark gray
bar. A red, horizontal arrow indicates the range of time scales for indole
flexibility that is in agreement with the experimental data. Experiméehtal
values are shorter than calculated due to exchange broadening.

side chains. This is especially important since it gives a strong
hint that a slow exchange process exists within the chromophore
of CFP.

19F NMR Relaxation. The results of thé%F NMR relaxation
measurements are summarized in Table 1. The-dpitice
relaxation timeT; is in the range of 0.42 s to 1.0 s. The line
widths Aveyp, are in the range of 47360 Hz. Therefore, the
values of the effective spinspin relaxation timeT," =

spectra of ECFP and EGFP and the different broadening of those(tAve,,) ~ of 0.9-7 ms are very short compared to the values

peaks provided a first indication for the existence of slow
exchange processes between different states of the tryptopha

7936 J. AM. CHEM. SOC. = VOL. 124, NO. 27, 2002

expected from theoretical calculations even when the artificial
tine broadening of 3 Hz and the obscurédplitting is taken
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Figure 4. Temperature dependence of 8 NMR spectra of 6FW ECFP: (A) Spectra were recorded at six different temperatures from 293 K to 318 K.
State A of W66 gets more populated, whereas resonance of state B is reduced and broadened. Peak shapes obtained by fitting the McConnell equations to
the experimental spectra are shown as thin lines on top of the spectra. The numerical fitting results for W66 are listed in Table 2. (B) The ex@hanges rat

ka, ks andkex = ka + kg and the equilibrium constait = kg/ka are plotted against temperature. The total exchangekgaghows a minimum around 303
K and increases then with temperature. The equilibrium congtantreases with temperature.

into account (Figure 3). The hetero-NOE factors are mostly in
the range of = NOE — 1 = —0.8 to —0.9, which is in-line
with nearly complete cancellation of the signal when proton

Lorentzian fit

Table 2. Temperature Dependence of W66 State Populations and
Exchange Rates in 6FW CFP

decoupling is used. TIK*  AvaHz® [UN AvglHz ¢ Pe® K torentzin = Palps’
For defining the valid time scales of motions in CFP the 293 952 0.55+0.01 168+5 045+0.01 1.21+0.02
xperimental data ar mpared with the theoretical values 298 82+1 058+001 1544 042+0.01 1.3%0.03
€ Ipel ed S gdaal are compa led. S N | core cal alues 7941 0.62+0.01 145+4 0.38+0.01 1.65-0.03
calculate y' F relaxation simu atl'On. everal time sca e'S can 308 73+1 0.64+0.01 167+4 0.364+ 0.01 1.774+ 0.04
be excluded because the theoretical values and experimental3d13 71+1 0.66+0.01 201+7 0.34+0.01 1.96+0.04
data do not coincide, including 1& —109 s (hetNOE data) 318 71+1 064+001 330+17 0.36+001 1.75+0.04
and 1012 s and shorter Ty data) time scales (Figure 3). McConnell fit
l‘l’herefc:rr]e, significant mdotlons are only present on time scales ;. kHz o kHzZ od R veoomen = kalkdt
onger than nanoseconas. 293 32244 058+ 0.01 445+24 0.42+£0.01 1.38:0.09
Thermodynamic Analysis. The temperature dependence of 593 27813 0614001 43523 0394001 1.56+0.10
19 NMR spectra of 6FW ECFP provides additional evidence 303 263+3 0.63+0.01 448+24 0.37+£0.01 1.70+0.11
for the existence of slow exchange processes (Figure 4A). These308 gggi g g-ggi 8-8% gggﬁ gg ggii 8-81 ;ggi 8'1411
dynamic NMR measurements show that the exchange rate and;is 51513 0714 0.01 607+ 37 0294 0.01 245% 0.18

state populations change with temperature. The results for the
rate constants and populations are summarized in Table 2 and 2 Temperature? Line width of state A (corrected for the artificial line
Figure 4B. The mean lifetime of the W66 states was found to broadening of 3 Hz)¢ Population of state AdLine width of state B

_ o . (corrected for the artificial line broadening of 3 HZ)Population of state
bet = 1lkex= 1.2 ms to 1.4 ms for temperatures in the range g_fgquilibrium constant calculated from state populatichRate of
of 293-318 K. Remarkably, the rate of interconversion from conversion from A to B Population of state A.Rate of conversion from
W66, to W66 (ka) decreases with temperature, whereas the B to A calculated fromks = ka pa/ps. | Population of state B calculated
rate of interconversion from WE6to W66 (kB)' increases from ps = 1 — pa. KEquilibrium constant calculated from exchange rates.
exponentially with temperature. This leads to a minimum of McConnellfitis based on the assumptionTefbeing the same
the total exchange ratey = ka + kg at approximately 303 K. for both states. This is valid since the rigid and planar
The resonances of W57 were not fitted because the conditionCfomophore is located in the core of the proteind therefore
of well-separated peaks was not fulfilled, which is important is likely to show the same overall rotational diffusion as the
for a reliable McConnell fitting. Two methods were used to protein itself!” Despite of the deviation of the individual reaction
determine the equilibrium constakt(see Figure 5 and Table ~ ates from simple Arrhenius behavior, the relationship of)n(
2): Lorentz and McConnell fitting. Despite a small offset in to 1/T is linear, according to the regression coefficient R (Figure
the equilibrium constant resulting from both methods, the 5B). In most cases it is assumed that deviations from Arrhenius
calculated enthalpy and entropy values are in agreement within@€havior do not occur for the range of temperatures used in
the experimental error. The data point for 318 K of the this study®® In our case this applies at least for the equilibrium
Lorentzian fit data has been neglected since its large deviationconstant. Therefore it is valid to fit the equilibrium constant
from the expected behavior can be explained by the proximity With @n exponential function.
to the coalescence point. Therefore, the McConnell equations
provide the more appropriate model at higher temperatures. The

(55) Frauenfelder, H.; Sligar, S. G.; Wolynes, P.Sgiencel991, 254, 1598-
1603.
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Figure 6. 1°%F NMR spectra of folded 6FW ECFP (A), unfolded 6FW ECFP
(B) and 50 mM 6FW (C): Even unfolded CFP clearly shows double peaks

for the W57 resonance. For the W66 only a very small second peak is
observed.

has exactly the chemical shift of pure 6-fluorotryptophan in
solution. This resonance is attributed to W57. The indole of
W66 is bound to an imidazolinone ring and should therefore
exhibit a different chemical shift for the fluorine atom at the 6
position. Therefore, the resonance-&t3.4 ppm is assigned to
A ave 220 325 530 335 340 345 W6.6..Desp?te unfolding the W57 shows two distinctlresoqances.
AT/ 10°K " This is attributed to prolineis and trans conformation®® in
_ ) ) o the P56-W57—P58 sequence. In the vicinity of the W66
Figure 5. (A) Comparison of data obtained by fitting the McConnell  e5onance a small peak is detectable whose origin, however,
equations and Lorentzian peaks to the experimental data. Despite a small - . . .
offset in the curves of the equilibrium constant, the resulting enthalpy and cOUld not be established without being too speculative. The
entropy values are identical within the experimental error. (B) Graph of resonances of unfolded CFP are significantly narrower compared
:2; g::gtra‘r'e'ogﬁfei”:ga?;gﬁ ;‘l‘;i'%’Xritlémlﬁo_gslt_:ﬁet;gai_ft‘st;heeri”"h‘?éshe to those of folded CFP, indicating higher flexibility and the
ure. | | IS Nl Wi very ni H “ ”
probability (regression coefficier® = 0.99). Therefore, the equilibrium absence of ?XChange br_oadenln_g. The “ground state BW6§
constant can be fitted with an exponential function. folded CFP is a|Wa.yS shifted Upfle'd Compared to the “excited
. . state” W66,. But due to several significant contributions!#&
This results in a molar enthalpy @fHo = (18.2+ 3.8) kJ/ chemical shift this observation cannot be attributed to a specific
mol and an entropy oAS = (64.6 &+ 3.8) J K1 mol™% At origin at the moment.

temperatures around = 303 K the difference in entropy pH titration with 6FW (see Supporting Information Figure
TAS = (19.6 = 1.2) kd/mol compensates the difference in  S1) and 4FW ECFP (data not shown) showed no significant
enthalpy which is in-line with the small value &fGo = changes for W66 resonances, but a line narrowing can be
—RTIn(K) = —(1.3+ 0.1) kJ/mol. The negative sign &Gy observed for the W57 resonances. Protein concentration has no

is a consequence of the definition of the equilibrium constant effect on the two states observed8y NMR in the 6FW ECFP
beingK = pa/ps; therefore, it does not indicate an exothermic  sample (see Figure 7). The dilution spectra show that the two
reaction. It is known that for an endothermic reaction higher states of W66 and W57 cannot be attributed to monerdaner
temperatures favor the products. Therefore, state A6y states of ECFP. No significant changesif NMR spectra of

be attributed to a state of the chromophore higher in the energygFw ECFP after irradiation with UV light fo4 h (see
than state W66 The difference in free energy of both states is  Supporting Information Figure S2) could be detected.

of the same magnitude as the thermal endR@ysk = 2.5 kJ/

mol. The free energy of activation for the exchange process P'SCUSSIon
was estimated to be in the range of-5%3 kJ/mol. Fluorination Influence on Absorbance and Fluorescence.
Influence of Denaturation, pH, Protein Concentration, and In the last three decadé¥ NMR studies have taken advantage

Irradiation with UV Light. To clarify the nature of the two  of high sensitivity of'®F chemical shifts to the changes in local

states of ECFP found by NMR, the effect of denaturation was environments including van der Waals packing interactions and
examined (Figure 6). The fluorine resonances experience alocal electrostatic fields with no background signals from

pronounced upfield shift of-35 ppm upon protein unfolding.  solvent. In most cases, crystallographic studies confirmed that
This can be attributed to the change of environment from the structures of fluorinated proteins are indistinguishable from those
hydrophobic core of GFP to the hydrophilic solution. The
assignment of the resonances of the unfolded protein was based®) Wuthrich, K. NMR of Proteins and Nucleic Acidsphn Wiley & Sons:

. . New York, 1994.
on the chemical difference of W57 and W66. One resonance (57) Lau, E. Y.; Gerig, J. TJ. Am. Chem. So@00Q 122, 4408-4417.
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while indole onlyu = 2.10 D’®) and consequently spectroscopic
properties of the substituted tryptophans.
Our spectroscopic investigations of substituted proteins at
0.3 mM neutral pH clearly indicate that incorporation of electron-
withdrawing fluorine in the environment (i.e. W57) of EGFP
chromophore does not affect absorbance and steady-state
fluorescence properties of this molecule (Figure 1). On the other
0.16 mM hand, additional fluorination of W66 of ECFP provides direct
integration of the fluorine nucleus into the chromophore.
Therefore, the limited blue shift in both fluorescence and
absorbance as well as the dramatic decrease in fluorescence
intensity upon fluorination can be attributed to this+ F
substitution. Detailed spectroscopic and structural characteriza-
tion of these and other fluorinated variants will be reported in
a related paper. However, it should be kept in mind that the
general behavior of ECFP is not substantially changed by
fluorination since two states of chromophore seen as absorption
bands at around 430 and 450 nm as well as in fluorescence are
preserved (Figure 1). Thus these spectral properties represent
relatively static properties of the GFP chromophore whose
dynamic behavior can certainly be better dissected u¥lRg
NMR.
Presence of Slow ExchangeSince light absorption takes
0.02 mM place on a femtosecond time scatemuch faster than any
structural process in proteins the information on structural
dynamics of proteins obtained by UV absorption spectroscopy
is limited to an instantaneous average of the immediate
36 87 38 39 40 41 42 43 44 45 48 ppm environment of the absorbing moiety on this time séfle.
Figure 7. Concentration dependence¥F NMR spectra of 6FW ECFP;  Compared to the UV spectroscopy NMR is able to characterize
protein concentration does not affect the exchanging states in ECFP motions on a much broader range of time scales. Each of the

significantly. This excludes dimerization as source of the observed states. ECFP residues W57 and W66 exhibits t#5 NMR resonances,

The concentration is given as the total concentration of monomeric protein c .
(27 kDa). The decrease in signal-to-noise ratio results from the linear which is a clear sign for slow exchange processes.
increase of signal intensity with the number of scans per spectrum but a  For both tryptophans, W66 and W57, the very ldve=

0.08 mM

|

0.04 mM

quadratic increase of noise level. NOE — 1 values exclude the existence of pronounced motions
. . pa— . on the picosecond to nanosecond time scale. Excessive motions
of wild-type protein forms: This makes*F NMR a powerful on time scales shorter than picoseconds are also excluded by

technique as it allows to probe subtle conformational changesthe small values oT;. 1% line widths indicate the existence of
and to reveal intrinsic dynamic features of the proteins. Aromatic motions on a time scale of nanoseconds and longer. The
residues are especially suitable targets for fluorination becausetemperature dependence and denaturation behavior observed in
they are normally less likely to be involved in internal motions the ¢ NMR spectra of 6FW ECFP provides direct evidence
than smaller amino acids, thus facilitating chemical shift for the existence of slow exchange processes. The mean lifetime
calculations. In this context, the residue specific labeling of of the W66 states was found to be +2.4 ms for temperatures
EGFP and ECFP with fluorine containing tryptophan analogues in the range of 293318 K. Temperature-dependent measure-
offers a good model for NMR studies as well as the opportunity ments revealed that at temperatures around 303 K the difference
to study possible effects of fluorination on the dynamic in entropy TAS = (19.6 + 1.2) kJ/mol compensates the
properties of protein chromophore. difference in enthalpyAHy = (18.2 + 3.8) kJ/mol. This is
Fluorination and its effects on the indole moiety of the in-line with a small value ofAGo. This entropy-enthalpy
tryptophan-residues have been well studied in the literature. Forcompensation is very prevalent in biological systéhasd is
example, the UV transition and fluorescence emission of indole @lso characteristic for an ordedisorder transitio>3*But an
is composed of the two overlapping transitidhg and Ly, that order—disorder transition can be excluded since the NOE values
are nearly orthogonal in polarization. The relative energies and &€ Similar and thd values of the lower-energy state W66
oscillator strengths of these two electronic transitions depend &€ shorter than those of Wg@ndicating even a reduced
on the solvent as well as on nature and position of the substituent(€xibility of the higher-energy state Wa@n the nanosecond-
in the indole ring. Thus the almost isostericHF (e.g. C-F to-microsecond time scale. The enthalpy and entropy values are

bond is 0.3 A longer than the aromatie-€ bond) single atom  ¢omparable to those found by Mulder et al. for the conforma-
exchange (“atomic mutations”) in indole moiety will result in tional exchange process in a cavity mutant of T4 lysozy§ie.

inverted polarities and, thus, an increased charge separation in(58) Cotton, M.; Tian, C.. Busath. D. D.; Shirts, R. B.; Cross, TBRchemistry

the indole ring. Since fluorine is the most electronegative 1999 38, 9185-9197.
B Wi i i i (59) Lakowicz, J. RPrinciples of Fluorescence Spectroscopgd ed.; Kluwer
element its electron-withdrawing properties should affect dipole Academic: New York, 1999.

moments (e.g. 6-F-indole has a dipole moment of 3.05 D (60) Dunitz, J. D.Chem. Biol.1995 2, 709-712.
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Slow conformational exchange between two ground statesfirst impression on the steric interactions going on in CFP;
of the chromophore is also in-line with the existence of two nevertheless, this provides substantial aid for interpreting the
UV absorption and fluorescence peaks for CFP and their NMR data.
temperature dependence (see Supporting Information Figure S3). In principle, three possibilities for the exchange process within
The pH titration suggests that the two exchanging states of the CFP exist that may explain our experimental data: (i) the two
chromophore in ECFP cannot be attributed to different pro- states correspond to the monomedimer states of CFP, (i) they
tonation states of the indole nitrogen. This leads to the are related to the exchanging ground states of the chromophore
conclusion that the two states of the CFP chromophore areitself, or (iii) side chains in the vicinity of the chromophore
formed in a different way compared to GFP where the exchanges between two conformations.
protonation state of the phenolic oxygen determines the state Dimerization. The explanation that the two states are simply
of the chromophore. the monomer and dimer of the protein is the least plausible

Effect of Fluorine Location on Exchange.As stated before,  interpretation. Although GFPs are known to dimerize, the
in 6FW CFP the energetically lower state (WpGs more dissociation constant of wild-type GFP is approximatéty=
populated and therefore more stabilized compared to that in 4FW0.1 mM as measured by analytical ultracentrifugafo’¥® The
CFP and 5FW CFP. This difference may be attributed to a Ko indicates weak binding for the dimer formation; in addition
specific interaction of 6-fluorotryptophan with surrounding the symmetric dimers seen in the X-ray structures are rather
residues. The difference &Gy = —RTIn(pa/pa) between 6FW loose without any interleaved monomer utitso that even if
CFP s/pa = 0.6, AGy = 1 kJ/mol) and 4FW/5FW CFRpg/ GFP formed a tight complex the immediate atomic environment,

pa = 0.3, AGo = 3 kJ/mol) is only approximatelAAGy = 2 which to the first approximation is responsible for the difference
kJ/mol. Therefore, weak dipole-induced dipole interactions or in the chemical shift, would be almost identical for a given
London dispersion forces can account for the observaG. nucleus in the monomer and dimer unit. This is in strong contrast

The different interaction energies can be explained by the to the large difference id%F chemical shift A0 = 2.6 ppm)
different polarity of the CF bond compared to a CH bond. Pe&tween the two states, Wend W66. An example of NMR
Depending on the position of the fluorine atom the electrostatic characterization of a tight nM range dimer, with interleaved
interactions of the chromophore with surrounding residues are MONOMers, is provided by Rous sarcoma virus protéeseen
modulated. This would affect the interaction energy, and IN this case, a single set of NMR peaks was observed in the
therefore flip rates and state populations of the exchanging H-""N correlation spectrum, indicating the monomeimer
moiety. The experimental data show the existence of slow gqumbrlum to be in fast exchange with respect to the NMR
exchange in all three samples indicating that the influence of time scale.
different fluorination patterns (“atomic mutations”) on chro- ~ The observed NMR resonances in our case are also a
mophore dynamics does not alter the regime of exchange inPopulation-weighted monomedimer ensemble average. To
the case of ECFP. But the observed effect on dynamics suggest§efinitely exclude that the We6and W66 states represent the
that in other cases NMR studies using only a single fluorinated Monomer-dimer equilibrium, we have recorded tH& NMR
analogue may not be sufficient for correct interpretation and SPectra at different concentrations of ECFP. Since the total
quantification of the results. exchangeke rate is in the order of 70073, any concentration
dependent population change should be detectable within the
. long measurement time. Assuming that the two states are caused
. ; be the exchange between monomers and dimers, the higher
propertles_ of the exchange process between t\_/vo different (W665) and lower (W68) energy states had to be attributed to
conformational states of ECFP were fully characterlzed., but the the monomer and dimer states, respectively. At a total protein
molecular structures of the two states are not determined Yet..oncentration of 0.3 mM (Figure 7, top spectrum) the popula-
Both tryptophans in ECFP show double peaks. Therefore, it tjions of the monomer W66Gis 63%, which would lead to a
could be thought first that this double peak behavior may be dissociation constant &y = [W66,]2/[W66g] = 0.4 mM. At
general for tryptophans, but théF NMR spectrum of GFPuv  the Jowest total protein concentration of 0.02 mM (Figure 7,
showed only a single peak for W57. The more probable hottom spectrum) &p of 0.4 mM would result in a monomer
explanation of double signals for both tryptophans in the NMR  fraction of 95%£5 As can be seen from Figure 7 variation of
spectrum of ECFP is that the signals of W57 originate from the protein concentration does not affect the relative proportions
different processes than those of W66, as the resonances of W5&f the W66, and W66 states.

can be easily explained by the exchange betweeandtrans Chromophore Ring Rotation. Aromatic ring flipping is a
proline conformatioff in the P56-W57—P58 sequence. Whereas  \yel|l-known phenomenon found in proteins (e.g., ref 66). To

an exchange process of different origin causes the resonancegvaluate the possibility of the CFP chromophore being directly
of the chromophore tryptophan W66.

To determine the exchange process the steric interactions in(61) Phillips, G. N. InGreen Fluorescent ProtejiChalfie, M., Kain, S., Eds.;

the chromophore cavity of CFP have to be examined for which (g, \é,vﬂ,'ﬁ?'p'g'sé ,\'}‘.ecvlv"\r(_o{)kr;i%?g?r‘uct. Biol 1097 7. 821-827.

a crystal structure would be desirable. Since attempts to (63) Ward, W. W. InGreen Fluorescent ProtejrChalfie, M., Kain, S., Eds.;
. . Wiley-Liss: New York, 1998.
crystallize fluorinated CFP were not yet successful the structure (e4) schatz, G. W.; Reinking, J.; Zippin, J.; Nicholson, L. K.; Vogt, V. 3.

i g Virol. 2001, 75, 4761-4770.
CFP was modeled on the basis of X-ray data from the closely (65) Korchuganov. D. &.: Nolde, S. B.; Reibarkh, M. Y. Orekhov, V. Y.

related 4-amino-tryptophan CPPIt is well-known that even Schulga, A. A.; Ermolyuk, Y. S.; Kirpichnikov, M. P.; Arseniev, A. S.

; - ; ; ; Am. Chem. So001, 123 2068-2069.
minor substitutions in the core of proteins can cause s_ubstant|al(66) Skalicky, J. L. Mills, J. L. Sharma, S.; Szyperski,J.Am. Chem. Soc.
structural rearrangements therefore the model may give only a 2001, 123 388-397.

Structural Basis of Exchange.On the basis of th&?F NMR
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ization is relatively unlikely, but cannot be excluded by the
present data.

Conformational Exchange of H148 Another possible reason
for slow motion processes is the exchange between different
conformations of neighboring side chains. In GFP, two residues,
H148 and T203, are closest to the phenolic ring of the
chromophore. In most of the crystal structures of GFPs, the
p-barrel is somewhat perturbed around H148 with residues-144
150 not being hydrogen bonded to the adjacent backbone
residues 16517088 This suggests that H148 has an increased
flexibility compared to other residues within tifebarrel. The
comparison of the CFP model with the GFP structure suggests
that it is sterically feasible for H148 in CFP to adopt two
conformations: one with the H148 side chain oriented toward
the chromophore like in GFP and another one with H148
involved in such an exchange process, an examination of thepointing toward the solvent (see Figure 9).
known GFP structures is useful. In GFP, the chromophore is  The different conformations are expected to introduce distor-
stabilized by a hydrogen bond network, which mainly involves tions in the backbone conformation of the adjoining residues.
its phenolic hydroxyl group and H148 and T203. Despite tight The hydrogen bond between H148 and the chromophore is
packing in the chromophore cavity, it was shown by molecular removed in CFP, at least in one conformation. If the histidine
dynamic simulations that concerted rotations aroundrthed side chain flips from a chromophore-neighboring conformation
@ angles, so-called hula-twists, are a possible pathway of to a solvent-exposed conformation, the chemical shift of the
photoisomerization of the GFP chromophore since electronic fluorine atoms at the 4-, 5-, or 6-position of the indole will be

Figure 8. Possible rotamer conformations of the CFP chromophore are
illustrated. A rotation around is accompanied by an in-plane rotation of
the imidazolinone ring.

excitation reduces the energy barrier for these rotafibfs.
Without electronic excitation the hula-twist will occur only with
a reduced rate.

The model of CFP structure predicts an overall structure

similar to the well-known GFP structures, as expected. In CFP,

a rotation of the chromophore around thaxis is very unlikely
since this would cause a rotation of the long axis of the indole,

affected by the change in electronic environment. A flipped
H148 side chain opens a channel to the solvent and additionally
gives the chromophore a larger degree of motional freedom.
But the NMR pH titration clearly shows that the chromophore
is not significantly affected by pH changes. Either surrounding
hydrophobic residues hinder the entry of water molecules or
the imino nitrogen is involved in a hydrogen bond and therefore

which is hindered by surrounding residues. But a rotation around does not titrate in the measured range of pH. Assuming that

ther axis in concert with an in-plane rotation of the imidazoli-

the solvent exposed conformation of H148 is higher in energy,

none ring appears to be possible (Figure 8), since both rotamerghe increased disorder associated with H148 flipping from its

7 = 0° andt = 18C fit into the same chromophore cavity.

Weber et al. showed that th@s and trans isomers of the
same protonation state in GFP are similar in their heats o
formation (<5 kJ/mol)}* Applied to ECFP, this is in agreement
with the small energy difference determined by NMR. Weber

et al. also calculated the energy barriers for bond rotations in

the ground state of the GFP chromoph&t&lost of them are
in the range of 106200 kJ/mol, except for example the
rotation in the neutral and anionic state or theotation in a

zwitterionic state, which have lower energy barriers. Since the

position in the protein core to a more flexible, solvent-exposed
position may account for the observed enthalpptropy

f compensation.

Taken together the exchange of H148 between two confor-
mational states is the most probable explanation for our NMR
observations, but more X-ray studies are necessary to provide
direct evidence.

Effects of Exchange on Optical PropertiesThe quantum
yield of CFP (QY= 0.4) is approximately one-half compared
to GFP (QY = 0.8)2 The differences in quantum yield are

free energy of activation for the exchange process was estimated®mmonly explained by the competition of radiationless and

to be in the range of 5763 kJ/mol, the rotation around one of

the bonds connecting the two rings of the chromophore appear

to be feasible for the indoteimidazolinone chromophore of

CFP. One might argue that in CFP a hydrogen bond between
the indole amide and T203 may exist. However, the breaking

of a hydrogen bond introduces an energy barrier of typically
20 kJ/mol, which is only a fraction of the 60 kJ/mol estimated

as the height of the overall energy barrier, therefore not

prohibitive for the proposed exchange process.

Multiple forms of the chromophore should be detectable as
a poorly defined or extra electron density of the chromophore

in crystal structures. In the crystal structures of GFP the

chromophore is usually well defined, although some structures
with a poor electron density around the chromophore have been

emitting decay channels (e.g. ref 14). A large indole-bearing

Schromophore, such as the one of CFP, is expected to show a

reduced rate of isomerization compared with phenyl or imidazole
rings. This explains the observed differences in fluorescence
intensities (F< H < W), but the fluorescence of CFP is still
substantially weaker than in GFP. Although the exchange
process observed in CFP occurs on a much longer time scale
(~1.3 ms) than that for the electronic excited-state lifetime (e.g.,
~3.3 ns for GFP¥), it still may influence fluorescence properties
and therefore explain the differences in quantum vyield of
fluorescence for GFP and CFP. For example, the flipping of

(67) Battistutta, R.; Negro, A.; Zanotti, Broteins: Struct., Funct., Gen&00Q
41, 429-437.

(68) Wachter, R. M.; Elsiger, M. A,; Kallio, K.; Hanson, G. T.; Remington, S.
J. Structure1998 6, 1267-1277.

Wilodawer, A.Nat. Struct. Biol.1997, 4, 361.

)
)

reported (e_g_, ref 67). The model of the CEP structure indicates(Gg) Palm, G. J.; Zdanov, A.; Gaitanaris, G. A.; Stauber, R.; Pavlakis, G. N.;
)

a well-defined chromophore. Therefore chromophore isomer- (70) Koradi, R.; Billeter, M.; Wihrich, K.J. Mol. Graphics1996 14, 51-55.
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Figure 9. Stereoview of the chromophore environment in the CFP model structure: Residues surrounding the chromophore are shown in green. The
chromophore itself is shown as a stick representation; the carbon, nitrogen, and oxygen atoms are depicted in black, blue, and red, respemtiyelyisdhe

of the conformation around residue H148 for GFP (in this case taken from PDB entry $%sifd the CFP model is shown in orange and cyan, respectively.

Close inspection of both structures suggests that the conformation present in GFP may also be adopted in CFP. Hydrogen bonds are depicteesas dotted lin
The figure was prepared using the program MOLMOL.

H148 opens a channel to solvent that may allow fluorescence dynamics of green fluorescent proteins but also demonstrates
guenchers such as oxygen to enter the chromophore cavity morghe use of an “atomic mutation” methodology to investigate

easily. Additionally tryptophan is uniquely sensitive to colli- proteins that contain aromatic amino acids. The knowledge of
sional quenching, apparently due to a tendency of indole to dynamics of ECFP opens several possibilities for manipulating
donate electrons while in the excited stete. the chromophore of CFP to improve the fluorescence quantum

For applications in molecular biology a higher quantum yield yield of CFPs. This may lead to the development of new,
of CFP fluorescence is desirable. To achieve an enhancemenbptimized variants of GFPs.
of the fluorescence the influence of the slow exchange ProCesspphreviations
has to be reduced. Therefore replacement of H148 by an amino
acid that (i) is not able to get in contact with the chromophore

and (ii) stabilizes the backbone conformation should enhance ' . _
the fluorescence of CFP. If the chromophore itself exchanges enhanced CFP; Trp, tryptophan; 4FW, 4-fluorotryptophan; SFW,

between different conformations, it has to be stabilized. For 5-f|u.orotr.y|:.)tophan;. 6FW, E‘?-fluorotryptophgn; TFA’ trifluoro-
example, the mutation of T203 in CFP to an aromatic amino 2Cetic acidp, chemical shiftAv, NMR line width; {1}-S NOE,

acid may lead to the formation of a stackeelectron system nuclear Overhauser effect on nucleus S by saturating nucleus
like in YFP, which is likely to reduce slow exchange motions i f» NOE enhancement factdr;, longitudinal relaxation time;

within the chromophore and therefore may increase the quantum 2 tra}nsyersal relaxation tims; spectral d.ensity of rotational
yield of fluorescence. diffusion; &, generalized order parameteg; overall rotational

correlation time;z;, correlation time of internal motionga,

Conclusions ps, populations of states A and B, kg, off-rates of states A

In summary, in our study the concerted usel% NMR and B;K, equilibrium constantR, universal gas constanHo,
relaxation and dynamic NMR provides direct evidence for the réaction enthalpyAS, reaction entropyAGo, reaction free
existence of a slow exchange process between two states orfnergy;AG* activation energyAo, anisotropy of chemical
the millisecond time scale (1.3 ms) including or near the Shifttensory, asymmetry of chemical shift tensdd, three-
chromophore of CFP. The differences in entropy and enthalpy PondJ-coupling constant,Jew, four-bondJ-coupling constant;
between the two states were quantified and showed an en-@. Larmor frequency.
thalpy—entropy compensation character. The chromophore itself  Acknowledgment. This work was supported by a Grant of
exhibits no pronounced flexibility on the picosecond to nano- Sonderforschungsbereich 533. M.H.J.S. thanks Dr. Ingo Kross-
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proves the applicability oF NMR to explore the chromophore ~ JA0257725

GFP, green fluorescent protein; CFP, cyan fluorescent protein;
YFP, yellow fluorescent protein; EGFP, enhanced GFP; ECFP,
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