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ABSTRACT. Steady-state emission, femtosecond ptipmbe spectroscopy, and time-correlated single-
photon counting (TCSPC) measurements were used to study the photophysics and the excited-state proton
transfer (ESPT) reactions in the green fluorescent protein (GFP) variant S65T/H148D at three pH values:
6.0, 7.9, and 9.5. Selective mutation of GFP caused a dramatic change in the steady-state and excited-
state behavior as compared to the wild-type GFP (wt-GFP) studied earlier. An excitation wavelength
dependence of the quantum yield of the strong emission band at 510 nm (I* band) indicates the competition
between adiabatic and non-adiabatic excited-state proton-transfer reactions: ol measurements

show that the signal buildup probed at 510 nm is biphasic, where 0.8 of the signal amplitude is ultrashort,
<150 fs, and 0.2 of the signal decreases withZD ps time constant. This effect is a summary result of
adiabatic ESPT to the carboxylate group of Asp148 and nonradiative processes. When compared with the
luminescence of wt-GFP, the steady-state intensity at 450 nm is lower by a factor of about 10. This very
weak emission at 450 nm has a nonexponential decay. It is relatively pH insensitive and, at about 25 ps,
is almost twice as long as in wt-GFP. The former exhibits a surprisingly small kinetic deuterium isotope
effect (KDIE), compared with the KDIE of about 5 for wt-GFP. Such weak proton dependence may
indicate that this emission comes from the species not directly involved in the ESPT. In contrast, pH and
H/D isotope dependence of the intense nonexponential luminescence decay of the S65T/H148D
deprotonated form measured at 510 nm may result from an isomerization-induced deactivation that is
accompanied by the proton recombination quenching. The data are complementary to the femtosecond
time-resolved emission data obtained by ultrafast fluorescence up-conversion spectroscopy, found in the
preceding paper (Shi et al.). The spectroscopic results are discussed on the basis of the detailed X-ray
structure of the mutant published in the preceding paper (Shu et al.).

The green fluorescent protein (GER)f the jellyfish of the chromophore to the protein backbone and side chains
Aequoreavictoria has attracted great interest as a biological is facilitated via an extended hydrogen-bonded netwdyk (
fluorescence marker and one of the few examples of excited- At room temperature, GFP exhibits two main absorption
state proton transfer (ESPT) in nature. The wild-type peaks with maxima at 398 nm (band A) and 478 nm (band
chromophore is characterized bypehydroxybenzylidene-  B) which are associated with the chromophore absorption
imidazolone subunit formed from cyclization/autoxidation and its conjugate base, as indicated by the increasing intensity
within a tripeptide unit of the polypeptide sequence consisting of band B at higher pH. Similarly, the two emission peaks

of 238 amino acids1). By X-ray diffraction, the chro-  in the fluorescence spectrum, a very weak band at 460 nm
mophore is shown to be protectively housed along a coaxial and a very strong band at 510 nm, are associated with the
helix threaded through the center of an 11-strangiedrrel chromophore and its conjugate base.

(2), which effectively secludes it from the aqueous solvent e excited-state dynamics of GFP have been studied by
surrounding the proteirg). Additional non-covalent coupling  geyeral groups5-10) using fluorescence up-conversion

spectroscopy (about 160 fs time resolution) and other ultrafast
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Scheme 1 solvation and proton-transfer modes must be involved. Using
H* -transfer our time-resolved data, Agmon has proposed a complex
A* - I* —_ B* process in GFP in which diffusion of the proton on the

surface of the protein with the following exchange with the
bulk is invoked (3). The temperature-dependent dimen-
sionality of the ESPTX4) supports Agmon’s model of the
404 nm 420-470 nm 504 471 nm 485 nm proton transfer within GFP: at high temperature a proton
nm might escape to the external solution after a delayed
conformational change or become distributed over so many
proton wires that its behavior appears to be three-dimen-
A I — sional. At lower temperature the proton migrates along one-
dimensional wires on a nanosecond time scale. Interestingly,
matches the rise in emission from I* measured at about analysis of the wild-type GFP (wt-GFP) X-ray structure
510 nm. The hydrogen bond network near the chromophorepredicts the extension of such a proton wire beyond E222,
observed in the crystal structure of the GFP is suggested tothe acknowledged proton acceptor. The proton wire continues
be responsible for the ESP#)( When B, the ground-state from E222 via the buried D82 to E5, which is located at the
deprotonated chromophore (RQis excited at 77 K, itemits ~ bottom of the barrel¥4).
at a slightly shifted wavelength from that of I*. With these observations in mind, we were intrigued with
Previous time-resolved studies of GFP focused on the “moving” the proton acceptor closer to the photoacid by
complex decay of the emission at short times up to 150 psreplacing His148 with Asp. For these purposes, we chose
(5—10), which revealed elementary proton-transfer steps the H148D/S65T variantlf) and studied its photophysics
from the excited chromophore to the immediate surrounding and photochemistry at three pH levels: 6.0, 7.9, and 9.5. In
bases. Recentlyl() we have focused our attention on the this variant, the anion of aspartic acid might serve as an
long-time regime (up to 10 ns). In this regime the time- effective proton acceptor for the excited state of the chro-
resolved emission is sensitive to the recombination reactionmophore. Indeed, as the accompanying paper attests, such
of the conjugate base and the diffusing proton. We have replacement effectively short-circuited the proton-transfer
found that the fluorescence decay of the GFP R*OH band process, leading to an ultrafast proton transfer. Nevertheless,
is nonexponential up to 10 ns with a power-law asymptotic we were able to treat the long-term decay of this process
limit of t=3/2. This effect was observed by us earlier in the and observe a new process, that is, the strong quenching of
ESPT dynamics of various photoacids in solutioh®) @nd the intense green fluorescence band at about 520 nm, which
was ascribed to the diffusion-assisted reversible geminateis attributed to the R*O form of the chromophore. Such
recombination that leads to a power-law decay of the decay pathways can be analyzed using a combination of
fluorescence of the protonated chromophore twisting-mediated deactivation and proton geminate recom-
o o a2 bination (L6, 17) models.
i * -
() & 0 [Kef(4xD) "t (1) EXPERIMENTAL PROCEDURES
where K:q is the excited-state proton-transfer equilibrium  Time-resolved fluorescence was acquired using the time-
constant; is the fluorescence lifetime of the deprotonated correlated single-photon counting (TCSPC) technique, the
form, andD is the mutual diffusion coefficient of a proton method of choice when sensitivity, large dynamic range, and
and an excited anion. It was a surprise to observe suchlow-intensity illumination are important criteria in fluores-
pronounced diffusion effects in such a conformationally and cence decay measurements. The TCSPC detection system
solvent-restricted photoacid as GFP. is based on a Hamamatsu 3809U, photomultiplier, and
We associate this type of long-time decay with diffusion Edinburgh instruments TCC 900 computer module for
down the proton-accepting cascade, including the water-22TCSPC. The overall instrumental response was about 40 ps
and Ser205 until Glu222 is reached, which is presumably (fwhm). Measurements were taken at 10 nm spectral width.
the end-point of the proton. Because the proton hops from The large dynamic range of the TCSPC system prders
one proton acceptor site to others, under certain circum-of magnitude) enabled us to accurately determine the
stances its motion can be approximated by a random walk, nonexponential photoluminescence decay profiles of the wt-
and hence a diffusion constant can be assigned to such a&FP fluorescence. For excitation we used a cavity-dumped
motion. The proton can also recombine to its original site, mode-locked Ti:sapphire femtosecond laser (Mira Coherent),
the hydroxyl group of the GFP chromophore, and thus which provides short, 80 fs, pulses of variable repetition rate.
repopulate the protonated form, R*OH. Such a process causedVe used the SHG frequency, over the spectral range of 380
a nonexponential fluorescent decay of this form and asymp-440 nm. Most of the low-pH samples, pkl7.9, were excited
totic power-law decay. Using this approach, we have beenat about 395 nm. The excitation pulse energy was reduced
able to reproduce the fluorescence behavior over the wholeby neutral density filters to about 1 pJ. We checked the
time course of the excited state without recourse to the sample absorption prior to and after time-resolved measure-
common technique of multiexponential curve fittingy1}, ments. We could not find noticeable changes in the absorp-
which has no physical meaning in the case of GFP. However,tion spectra due to sample irradiation. The time-resolved
unlike in homogeneous solution, such diffusion occurs within emission decay curves of the wt-GFP samples were the same
the “box” created by the protein, in analogy to the H-bond after repeated experiments. We thus conclude that, under our
network. We note, however, that the diffusion still follows irradiation condition, no sample deterioration could be
a three-dimensional power-law dependence, so that additionadetected.
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For the pump-probe (transient absorption) experiments I , i
reported, we used an amplified femtosecond Ti:sapphire laser€ 0.8} 108 §
system. In brief, laser pulses (50 fs duration, centered near§ I ' tan
800 nm with a pulse energy 6f600uJ) at a 1 kHz repetiton 2 0.6 i 106 )
rate were generated by a Ti:sapphire-based oscillator (Coherg ¢4 ) {04 g-
ent Mira seed) and amplified by a multipass Ti:sapphire . L 3
amplifier (Odin Quantronix). Samples were excited by the 0.2\ T N [\ 02
second harmonic of the amplified laser400 nm). To obtain 0.0 .-~ —~/ reo TR M P
probe pulses we generate a supercontinuum by focusing 16 18 20 22 24 26 28 30
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1 uJ of the 800 nm pulse omia 2 nmthick sapphire window.

The probe beam signal was measured by a combination of

a chopper/lock-in amplifier and computer averaging. Interfer-
ence filters of 8 nm fwhm bandwidth at the proper

wavelength were used in front of the probe beam detector,

a silicon photodiode.

Wavenumber, 1000/cm

Ficure 1: Absorption spectra of the GFP variant S65T/H148D in
H,0, at three pH values: 6, 7.9, and 9.5. Also shown are corrected
excitation and emission spectra at pH 7.9.

chemical and diffusion processes and can be ignored.

Steady-state fluorescence was measured using a FluoroGenerally, this scheme should include one more step

Max-3 spectrofluorometer (Jobin Yvon). Spectra were cor-
rected according to the manufacturer’s specifications.

D,0 (99.8% isotopically pure) was purchased from Ald-
rich. Deionized water (resistivity 10 MQ/cm) was used.
Synthesis of S65T/H148D was described earli&j.(Protein
samples of 10 mg/mL, including 0.3 M NaCl, were stored
under refrigeration. Samples were prepared by dilution of
the stock solution, with either deionized water o) by a

associated with the formation of the hydrogen-bonded
complex R*OH--S, which was predicted a long time ago
(22) and found only recently in femtosecond time-resolved
experiments on the ESPT from pyranine in aqueous solutions
(23, 24). From the X-ray analysis of S65T/H148D it is
established that a short hydrogen bond is already preformed
in the ground state between the chromophore and Asp148
carboxylate, so this diffusional step can be omitted. The back

factor of about 20. The absorbance at 397 nm was typically Protonation may also proceed by a nonadiabatic irreversible

0.1 OD.

pathway involving proton quenching with a rate constant

The temperature of the irradiated sample was controlled (25—29). From an analysis of the time-resolved data of the

by placing the sample in a liquid \eryostat with thermal
stability of approximately+1 K.

REVERSIBLE AND IRREVERSIBLE
DIFFUSION-INFLUENCED TWO-STEP MODEL

S65T/H148D R*O form we have found that quenching of
the R*O™ band is strong and hence strongly affects the time-
resolved emission profile of R*Q The relative quantum
yield of the R*O emission when excited initially by a
photon to the R*OH form is smaller by a factor of 3 than
the excitation of the RO form at 470 nm. The smaller

processes in solution led to the development of a diffusion-

influenced two-step model8—20) (Scheme 2). Quantitative

R*O~ by the geminate proton.

agreement was obtained between the model and the experiRESULTS

ment.
In the continuous diffusion approach, the photoacid

Steady-State Measuremerigyure 1 shows the absorption

dissociation reaction with the proton transfer to the solvent SPectra of GFP variant S65T/H148D samples i®Ht three
molecule or other proton acceptor S is described by the PH values: 6, 7.9, and 9.5. (The spike at about 490 nm is

formation of the contact ion pair R*Q--HS", with the

diffusional separation of the former described by the spheri-

cally symmetric diffusion equation (DSERD) in three
dimensions 18, 20). This approach describes diffusional
behavior more adequatel\2@ than classical reversible

an instrumental artifact.) The two defined absorption bands
of ROH and RO are located at 24200 and 20500 ¢n413

and 488 nm), respectively, demonstrating a significant
bathochromic shift from the wt-GFP absorption bands. The
pH dependence of the spectrum clearly indicates that a

diffusion with the steady-state rate constants of contact jon ground-state acidbase equilibrium ROH> RO~ + H*

pair separationksep and recombinationk&ec). Here, ket
andk; are the “intrinsic” reversible (adiabatic) dissociation

exists, with K, ~ 8. This effect observed earliet%) places
the mutant among useful ratiometric dual absorption pH

and recombination rate constants at the contact sphere radiugensors. Wt-GFP does not show pH dependence of its

a, whereky is the rate constant of radiationless deactivation
competing with the adiabatic dissociation. The overall

absorption in this pH region.
The same figure shows the corrected excitation spectra

reaction involves electronically excited species, so one shouldand the emission of GFP variant S65T/H148D at pH 7.9.

consider the fluorescence lifetimes:kd £ o for the acid,
1/ky = 7o for the base, and &' = 7"’ for the contact ion
pair. Usually,7o" is much longer than that for all other

The full profile of an excitation spectrum of the R*O
emission band (measured at 520 nm) does not follow the
absorption spectrum. When excited at about 400 nm, the
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Wavelength, nm lapped spectra from Figure 3a,b. Aflscale values were
600 570 540 510 480 shifted to match all maxima. It is clearly seen that the width
10F 7 T T ; T of the emission spectra of the excited anion formed due to
ESPT is much for larger for S65T/H148D, whereas the
spectra of the directly excited anions are almost identical
for wt-GFP and S65T/H148D.

- Time-Resaled Measurements. (a) Pumprobe. The
06l steady-state spectrum of S65T/H148D at pH 6.0 (Figure 3c)
shows very weak emission in the 44060 nm region where
the R*OH signal is expected. The quantum yield of this
04 emission was much lower than that of wt-GFP. Therefore, a
very fast decay of the protonated form of the chromophore
is expected, with the ESPT as one of the important
pH9.5-7.9 - 6.0 deactivation channels. Simultaneously, a very fast buildup
of conjugated anion signal is also anticipated.

0.0 i S SR T Figure 4 shows the pumiprobe signal (transient absorp-
16 17 18 19 20 21 22 tion, AA) of a pH 6.0 aqueous solution of S65T/H148D. The
Wavenumber, 1000/cm solution was pumped at 400 nm with~al00 fs pulse at
FIGURE 2: Steady-state emission spectra of the GFP variant S65T/ 1 kHz and probed at 510 nm ge.ne'rated bY supercontinuum,
H148D in KO, at three pH values: 6, 7.9, and 9.5. the wavelength close to R*Oemission maximum. As seen
in Figure 4, the signal is negative and 80% of its amplitude
is gained within the time resolution of the experimental setup
excitation quantum efficiency is about one-third of that of of about 150 fs (the cross-correlation fwhm is 150 fs). The
direct excitation at 480 nm, the band maximum of the R*O  fast component is followed by a slower phase. The minimum
S—S; transition. In the case of a fast proton-transfer rate, point is at about 40 ps. Approximately 20% of the signal is
R*OH — R*O~ + H*, this low value indicates that the composed of a nonexponential growth with an average time
excited-state protolytic cycle also includes loss of excitation of 10 ps. At longer timest(> 50 ps) the signal intensity
energy at some proton-transfer step, which causes fluores-decreases with a time constant of a few hundred picoseconds
cence quenching of the R*Cemission (see Scheme 2). The that fits the decay time observed in the time-resolved
excitation of the emission spectra was at 390 nm. The emission measured at 510 nm by the TCSPC technique and
emission spectrum position and width depend on the pH is shown in Figures 4 and 6. The pumprobe signal growth
values (Figure 2). The lower the pH, the larger the blue shift period of S65T/H148D measured at 510 nm is much shorter
of the band position. At pH-6, the band position shifts by  than what was found in wt-GFP under similar conditions
about 270 cm’ to the blue. The width increases from about (11). This ultrafast generation time is in very good agreement
950 cn* at pH 7.9 to about 1100 cthat pH 6. The latter  with the ultrafast decay and rise also observed in the
emission can be related to the I* band, whereas the formerfluorescence up-conversion signal of Boxer and Remington
relates to the directly excited anion (B* band). (30).

Figure 3a shows the steady-state emission spectra of the (b) Time-Correlated Single-Photon Countiigespite the
R*O~ band of variant S65T/H148D at pH 7.9 when excited very weak steady-state R*OH emission at 450 nm, a long-
at two excitation wavelengths, 390 nm, the-S, transition time accumulation of TCSPC signals results in decay curves
of the ROH band, and 470 nm, the direct excitation of the with a good signal-to-noise ratio. Figure 5 shows the time-
RO~ form. As seen in the figure, there is a large difference resolved emission of the R*OH form, measured at 450 nm
in the spectral width when excited at the ROH or the'/RO for the GFP variant S65T/H148D, at the pH values of 6.0,
absorption bands. After excitation to the ROH band, the 7.9, and 9.5. All exhibit a nonexponential nature of the decay
R*O~ emission is formed by the excited-state protolytic curves at longer times. The overall decay profile of the three
reaction (I* band), and the emission spectrum is wider and samples varies only slightly at different pH values. Also,
less structured than that after direct excitation at 470 nm (B almost no isotope effect is observed at all pH values (data
band), the peak of the RCiorm absorption band. The same not shown). In Figure 5, we also plot the instrument response
effect is observed at pH 6. For common fast photoacids in function, which has a 40 ps fwhn81). It is important to
bulk solvents at room temperature the width of the R*O note that all excited-state processes that are significantly
emission band is identical upon direct and indirect excitation. faster than the latter time value could not be detected, and
Unlike its S65T/H148D mutant, the wt-GFP shows an the ultrafast emission component that is complementary to
opposite dependence of the R*@andwidth on the excita- <150 fs pump-probe component may go undetected.
tion wavelength (Figure 3b). The R*Oemission, when Figure 6 shows the time-resolved emission of the R*O
excited at 470 nm, is broader than when excited at the ROH form of the variant S65T/H148D, measured at 520 nm (the
absorption band at 390 nm. To make the difference betweenR*O~ emission band maximum is at 510 nm) at different
wt-GFP and S65T/H148D more illustrative, we present two pD values and excited at400 nm, the ROH form absorption
additional graphs. Figure 3c demonstrates the expanded bluenaximum. In protic solvents the kinetic behavior of R*O
edge of the overlapped and normalized fluorescence spectravas essentially the same. For comparison, we add a similar
of wt-GFP and S65T/H148D. The relative emission of the emission decay curve of wt-GFP in,O excited at 400 nm
high-energy band is larger for wt-GFP, whereas for S65T/ and measured at 512 nm. In contrast to the wt-GFP signal,
H148D it is almost negligible. Figure 3d shows the over- which has a detectable rise time and almost single-

08}

Normalized Fluorescence

0.2}
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Ficure 3: Steady-state emission spectra at two different excitation wavelengths, 390 and 470 nm: (a) variant S65T/H148D, pH 6; (b)
wt-GFP; (c) high-energy part of the overlapped S65T/H148D and wt-GFP spectra; (d) overlapped emission from (a) and (b). All spectra
are normalized to th&-scale values corresponding to the emission maxima.
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FIGURE4: Pump-probe signal of S65T/H148D in water at pH 6.0 FIGURES: Time-resolved emission of the S65T/H148D R*OH form
monitored at S%pnm. 9 P measured at 450 nm at three pH values: 6, 7.9, and 9.5.

exponential decay, the GFP variant R*@missions are  Deuterium exchange slows the decay of indirectly excited
quenched, have concave shapes on a semilog plot, and havR*O~ as shown in Figure 7.

no detectable rise time. Our pumprobe data discussed (c) Temperature Dependence of the Steady-State and Time-
above demonstrate an ultrafast nature of this rise time. It Resoled EmissionTo reveal the origin of unusually fast
can also be seen that the lower the pD (or pH), the larger deactivation of the GFP chromophore caused by mutation,
the decay rates of the R*Ciorm fluorescence of the variant. we performed steady-state and picosecond time-resolved
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FIGURE 6: Time-resolved emission of the S65T/H148D R*rm 16 18 20 22 24
measured at 520 nm at three pD values: 6, 7.9, and 9.5. The Wavenumber, 1000/cm

analogous signal of wt-GFP measured igODat 512 nm is given

for comparison. FIGURE 8: Steady-state emission spectra of the GFP variant S65T/

H148D in HO at pH 6.0 and various temperatures.

1=
: slightly faster than the lifetime of the | band of the wt-GFP.
As the temperature decreases, the nonexponential fast decay
components becomes slower. At about 160 K, the decay is
almost exponential with a 2.7 ns decay time. At the lowest
studied temperature, 86 K, the 510 nm emission curve
exhibits a biphasic growth of fast and slow components. The
rise time of the slow component with an amplitude of about
0.5 is about 300 ps. The slow component may arise from
the large scattering of the frosted sample of both the
excitation pulse and the fluorescence. The sample has a
thickness of about 4 mm and is acting as a frosted glass.
Figure 9a shows the TCSPC signal measured at 445 nm.
The signal intensity is much lower than the signal at
510 nm at all temperatures. At temperatures below 240 K,
the signal intensity is strong, with photon counting rates of

01}~

0.01F:

Normalized Fluorescence

Time, ns
FiGUre 7: Time-resolved emission of the S65T/H148D R*@rm about 0.3 of that measured at 510 nm. The average decay

measured at 520 nm inA3 and QO at pH 6 and pD 6. times are longer as the temperature decreases. At tempera-

tures below 130 K the signal decays exponentially with a

measurements in a wide range of temperatures. Figure _8Iifetime of 2.7 ns. Figure 9b demonstrates the R#etime

shows the temperature dependence of the steady-state emisy ; -
. . ncrease with temperature decrease. At 86 K the decay is
sion of a pH 6 S65T/H148D sample. The latter was excited almost monoexponential with the lifetime of 2.7 ns, very

at 400 nm by a low-power high-repetition rate (500 kHz)

with 100 fs pulses. As the temperature decreases, the ban&Iose o that of 445 nm decay.

peak at 510 nm shifts to the blue. Below®& a new DISCUSSION

emission band appears in the spectrum with a peak position

at about 485 nm. The overlap of the bands as seen in the The main findings of this spectroscopic study on the GFP

spectra is large, and thus it is hard to distinguish the two variant S65T/H148D can be summarized as follows:

separate bands. The lower the temperature, the stronger is 1. The pump-probe signal pumped at 400 nm (the

the new emission band. In the accompanying papéy (  protonated absorption band) and probed at 510 nm (depro-

analogous measurements in 60% glycerol/water mixturestonated form emission band) is biphasic with a dominating

resulted in much greater intensity of the high-energy emission (80%) short-time component, < 150 fs, followed by a

peak at low temperatures. A detailed analysis of the steady-minor longer component of about 10 ps.

state spectra at various temperatures is given under Discus- 2. Surprisingly, the kinetic isotope effect (KIE) of the

sion. fluorescence decay in the R*OH band is very small compared
Panels a and b of Figure 9 show the time-resolved emissionwith the KIE of about 5 for wt-GFP. The large isotope effect

of S65T/H148D at various temperatures measured at 445in the latter case is a distinctive indication of a kinetically

and 510 nm, respectively. The 510 nm time-resolved limiting proton-transfer process in the excited state.

emission at room temperature shown in Figure 9b exhibits 3. The emission spectrum of wt-GFP, excited at 400 nm,

an ultrafast rise time of the R*Cband (within the instrument ~ shows a very weak, but detectable, emission band at

response function) followed by a nonexponential decay. The 450 nm (relative intensity with respect to the R*@ 0.002).

long component of this emission band decay is 2.64 ns, This weak band is attributed to the R*OH band emission.
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1Fn Steady-State Room Temperature Measureméfgsnote
- 3 T, K that the absorption maxima of the ROH (A) band in S65T/
B ANY 86 H148D is 18 nm red-shifted as compared to wt-GFP and
: - >40 nm red-shifted compared with that of a model chro-
mophorep-HBDI in the wide array of solvents3@). A
combination of several factors such as hydrogen-bonding and
electrostatic interactions within the protein, as well as slight
chromophore twisting, could be responsible for bathochromic
shifts of the neutral chromophore absorption in the protein.
In the case of the present mutant such an enormous shift is
most probably caused by partial proton transfer from Tyr66
hydroxyl to the carboxylate of Asp148 as can be judged by
the X-ray data on the short hydrogen-bonded complex
between these acithase groups. We demonstrate below that
N e T e the existence of the strong hydrogen-bonded complex already
0o 2 4 6 8 10 12 14 in the ground state results in ultrafastZ00 fs) ESPT, an
Time, ns effect unusual for proteins, but well studied for small organic

molecules 84—40).

0.1F: ¥

0.01}

Normalized Fluorescence

1E3 ).

The remarkable pH sensitivity of the GFP S65T/H148D
variant was discovered earliet5). In contrast to wt-GFP,
the position and width of the steady-state emission spectrum
are very sensitive to pH and excitation wavelength. For both
pH 7.9 and 6.0, there is a large difference in the spectral
width, when excited at the ROH or the RGbsorption
bands. The width of the emission spectrum is larger when
excited to the ROH, and the R*Gemission band is formed
by the excited-state protolytic reaction. At 470 nm excitation,
the maximum of the RO absorption band, the emission
spectrum is relatively narrow and more structured. Figure
3d shows that, in wt-GFP, the wavelength dependence is the
opposite of that of the variant S65T/H148D. The R*O
emission, when excited at 470 nm, is broader than its
emission when excited at the ROH absorption band at
390 nm.

Time, ns Why is the emission spectrum of ESPT product broader

FiGUrRe9: Time-resolved emission of the S65T/H148D R*OH form !N S65T/H148D? _W(? observed a similar effe@tl)(_ In
at pH 6.0 and various temperatures: (a) measured at 445 nm; (b)comparing the emission frop-HBDI and wt-GFP anions.
measured at 510 nm. Using the model combining inhomogeneous broadening and
a coordinate-dependent sink terd?), it was established that
Its low intensity is attributed to the-10 ps proton transfer,  in free chromophore the emission spectrum is much wider
compared to the-3.0 ns excited-state lifetime of R*Qat and radiationless transition is much stronger than in protein-
510 nm and the lifetime of R*OD in deuterated samples (at embedded chromophore. These phenomena are consistent
low temperature). The intensity of such a blue band in S65T/ with the twisting about the double bond of the chromophore
H148D is almost negligible. From the above-mentioned (43). By X-ray analysis it is known that at neutral pH the
findings of the ultrafast pumpprobe signal at 510 nm, the  chromophore is much more twisted in the S65T/H148D
lack of KIE, and the lack of a blue band in S65T/H148D, mutant than in wt-GFP 32), probably resulting from
we conclude that in S65T/H148D both the proton transfer somewhat larger conformational freedom. The difference is
and radiationless transition rates of the R*OH excited state smaller for the deprotonated chromophore. Another explana-
are ultrafast and thus strongly affect both the kinetics and tion may deal with the chromophore excited-state relaxation.
the steady-state emission. As shown below, the ESPT process in the mutant is ultrafast
4. When excited at 400 nm (the ROH band) the fluores- and probably occurs from an unrelaxed state, which may
cence quantum yield of the R*(band at 510 nm is smaller  lead to a wider distribution of the excited-state fluorescent
by a factor of about 3 than after direct excitation at 475 nm. products. Various degrees of conformational freedom show
The R*O™ fluorescence is mildly quenched in S65T/H148D, themselves not only in R*Oemission spectral width but in
and the time-resolved luminescence decays nonexponentiallythe decay kinetics as well (see below).
Both isomerization and proton (deuteron) quenching influ-  Pump-Probe Measurement¥he 510 nm emission band
ence the time-dependent quenching rate. In wt-GFP thesein GFP (the I* band) is attributed to the deprotonated form.
processes are negligible and R*Qluorescence decays A plausible explanation for thec150 fs fast generation of
almost exponentially. the I* band from the A* band in the case of S65T/H148D is
We will discuss the steady-state and time-resolved spec-an ultrafast proton-transfer process. The X-ray structure of
troscopic data on the basis of detailed X-ray structure of the low-pH sample shows the distance between the chro-
S65T/H148D provided in the preceding pap8g)( mophore Tyr66 oxygen and the carboxylic oxygen of Asp148

0.1}

Normalized Fluorescence
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to be only 2.3 A 82). This short distance suggests the proton A possibility of the effective ESPT-induced deactivation
of the phenolic hydroxyl group is strongly hydrogen bonded in GFP chromophores was proposed in #d. It was
to the aspartic acid already in the ground state. In such asuggested that the initially preparedz* state intersects with
case, excitation of the ROH band might lead to an immediate thezo* electronic state along the proton-transfer coordinate,
proton transfer on the upper surface. Similar ultrafast proton- resulting in proton-coupled electron transfer. We have no
transfer rates are observed not only in some intramolecularexperimental evidence supporting this mechanism.
excited-state proton-transfer processgs—+40) but also in Quenching of the R*OForm of the Chromophorén the
bimolecular ESPT from an excited hydroxyaromatic photo- previous section we have demonstrated how selective muta-
acid to acetate anion at high concentrations of acetatd (1 tions changed the mechanism of the primary ESPT in GFP.
M), at which ground-state HB complex is preformezB. Now we turn to the excited-state behavior of the conjugated
It is important to realize that the observed.50 fs rate excited deprotonated species. The photophysics and photo-
does not solely reflect the magnitude of the adiabatic ESPT chemistry of the deprotonated fluorophores of the mutant
rate constant. We note that the direct absorption-normalizedalso differ strongly from those of the parent wt-GFP. In
excitation of the RO band leads to a much stronger emission contrast to the latter, the R*Cfluorescence decay of S65T/
of the | band than excitation of the A band (ROH band), H148D is nonexponential. First, it is important to note that
despite the very fast formation of the former. The asymmetry the R*O~ decay is nonexponential even at basic pH, at which
in the excitation behavior is because ESPT-induced deactiva-the GFP chromophore anion is excited directly. Therefore,
tion and/or nonradiative processes (geminate proton quenchthe high pH value rules out possible excited-state proton
ing) shown in Scheme 2 may compete with the adiabatic quenching in this sample. A fit to the multiexponential law
ESPT processes. Such behavior was observed for severatesulted in two major components with lifetimes of 0.68 and
hydroxyaromatic photoacids, and a kinetic analysis of the 2.64 ns, with a ratio of amplitudes of 1.5. Biexponential
competitive reaction scheme was performed. fluorescent decays of directly excited R*@rms of various
According to Scheme 2 the quantum efficiency of the GFP mutants were reported recenti9) The authors
adiabatic protolytic dissociation of R*OHJ is defined as suggested that the major mechanism of quenching that leads

(44, 45) to shortening of GFP R*Olifetimes is the rotation of phenyl
versus imidazolone rings, or a concerted “hula-twist” motion.
7 = k/(K, + ky) = Keed (Ksgp T Kyr) 2 This is a proposed mechanism of the excited-state deactiva-
tion of GFP chromophore in solutio®,(42, 43). The same
7= (¢'Ne' )T T — TlT0) 3 authors explained biexponential R*@ecay in various GFP

mutants by heterogeneity of the chromophore microenvi-
whereg'y (7'n) andg'o (7'0) are fluorescence quantum yields ronment. This may not necessarily be the case, because one
(lifetimes) of R*O~ after indirect and direct excitationy of us demonstrated in the previous papé®)(that at low
is the decay time of R*OH and the rise time of R*Ql/ry temperatures the R*Ofluorescence decay of a GFP model
= 1/to + kg + kg, k; is the apparent (“steady-state”) ESPT chromophore may be close to biexponential even in homo-
dissociation rate constattr is the nonradiative rate constant geneous solution.
of the contact ion pair, which includes both proton quenching At lower pH the R*O" decay becomes even faster (Figure
with rate constank; and nonradiative component of the 6); that is, the fluorescence of this form is quenched even
decay constarkty’. The apparent ESPT rate constikntan more, decreasing the lifetimes of two major decaying
be expressed in terms of the rate constants of the elementargomponents to 0.40 and 1.55 ns. The same effect was
reactions presented in Scheme 2: observed by Jung et al. for directly and indirectly excited
GFP mutants at the same p&Bj. There are several options
ky = Kpr Ksgp/(K: + Ky + ksgp = Ko/ (1 + k/Ksgn)  (4) for the additional fluorescence quenching of R*@pon
indirect excitation:

We have found experimentally thatn/¢'o = 0.33, and First, it is known that the lifetime of the GFP anion
the ratio of amplitude-weighted average decay tirmés] chromophore depends on mutation, which may vary the
@'nO0= 2.0, whereasty < 7. This leads to the ESPT  microenvironment in the vicinity of the chromophore, for
guantum efficiencyy = 0.66. It shows that the short rise instance, steric hindrance or polarity. From X-ray studies of
time of the pump-probe signal measured at 510 nm after wt-GFP and its several mutants at different [3d)( we know
excitation of the ROH band by a 400 nm pump pulse is only that the degree of chromophore twisting significantly in-
partially controlled by the proton-transfer rate constant. The creases in the order wt-GFP S65T/H148D pH 10—
large nonradiative rate constant, with a rate faster thanl ps S65T1/H148D pH 6.5. Recent quantitative theory of isomer-
was also observed in the synthetic chromophprelBDI, ization-induced quenching in GFP chromopho43) (nay
in aqueous solutions and other liquids. Michel-Beyed® ( explain the decrease of R*Olluorescence lifetime in this
Meech @), and Van Grondelle4(7), as well as some of us  order if one assumes that pretwisted chromophores reach the
(42), observed that the radiationless rate is nonexponentialconical intersection point more easily. Therefore, the struc-
in both the neutral and the deprotonated formpdfiBDI. tural properties of the chromophores in proteins at different
Van Grondelle 47) found that the neutral form decays to pH values very well correlate with their photophysical
the ground state more quickly than the deprotonated form. characteristics.

The fast components of the radiationless decay are a few Second, pH and H/D isotope effects on the S65T/H148D
hundred femtoseconds, similar to the fast components foundR*O~ emission decay measured at 520 nm and excited at
in the pump-probe signal of S65T/H148D shown in Figure 400 nm were found (Figures 6 and 7). In the previous
4. paragraph we demonstrated that the pH dependence of the
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R*O~ fluorescence lifetime can be a result of structural (14). In a low dimensional space, which is also limited in
perturbation of the chromophore in the protein. However, its total volume as well as each of its “walls”, the random
small but detectable H/D isotope effects suggest that protonwalker (the proton or the deuteron) has a much larger
quenching can be also involved in the deactivation paths. probability of hitting the target. The kinetic analysis of S65T/
Similar effects observed for several hydroxyaromatic pho- H148D fluorescence decay curves based on this model is in
toacids were associated with nonadiabatic geminate protonprogress.
quenching. The branching between the adiabatic and nona- The R*O~ decay at pH 7.9 is intermediate between those
diabatic protonation has been attributed to competing pro- at pH 6.0 and 9.5. It can be easily explained by the ground-
cesses, protonation on the parent oxygen atom and on thestate ROH<> RO~ + H* equilibrium. At pH 7.9 the
aromatic ring, such as in 1-naphthd7( 45, 50), or on absorbance at 400 nm is a combination of neutral and anionic
various substituents and functional groups. The results weform of the chromophore (Figure 1). Therefore, the observed
observe may suggest that proton quenching results in aR*O~ decay is a superposition of the directly and indirectly
zwitterion (1), which is predicted to be nonfluorescent. excited anion.
Thus, proton quenching can also account for some portion To summarize, both isomerization and proton quenching
of the internal conversion for GFP chromophore, both in may be responsible for an enhanced R*@eactivation in
solutions and in protein matrices. Clearly, there is an analogy the S65T/H148D mutant. A number of additional experi-
between such behavior for GFP and other photoacids. In thements including time-resolved IR and Raman as well as
case of the wt-GFP no significant proton quenching was structural measurements are required to prove these hypoth-
observed, probably because the hydrogen-bond networkeses at the molecular level.
surrounding the chromophore does not favor proton diffusion  Low-Temperature Steady-State Emission Spectrum Analy-
to the imidazolinone ring of the excited chromophore. sis. To clarify the nature of the ultrafast ESPT at room
Unfortunately, we could not utilize our usual procedure of temperature we measured steady-state and time-resolved
nonlinear numeric fitting of R*O decay curves to the time  emission at lower temperatures. Upon cooling, we observed
dependence of anion emission (Scheme 2) using the SSDRa blue shift of the R*O emission maximum (Figure 8) and
program because of the large number of unknown kinetic the appearance of a high-energy shoulder at about 470 nm,
and thermodynamic parameters required for such fitting.  which we associate with the A* (R*OH) emission band. One
As seen in Figure 7, the quenching rate is smaller in the may assume that the ESPT slows at low temperatures.
deuterated sample. To evaluate qualitatively the effect of However, no detectable rise time was observed in the time-
deuteration on the R*Odecay profile, we fit these decay resolved emission curves of R*Geven at 89 K. This is in
curves to a polyexponential expression. The ratio of averagea good agreement with our hypothesis of a practically
lifetimes @'\ [3/(7' L) was about 1.22. This fact indicates that barrierless ESPT in S65T/H148D. A temperature decrease
the quenching of the R*Oband is related to the proton/ leads also to an increase of R*@ecay time, whereas the
deuteron that is transferred to the protein and perhaps reactinglecay profile becomes almost single exponential (Figure 9b).
with the imidazolone ring. The slow quenching rate of the This effect was observed also for tipeHBDI anion (14)
D,0O sample might be due to several reasons. The first is aand was explained by the freezing of the isomerization
slower diffusion constant of the deuteron and, thus, later process in the chromophore.
arrival time of the deuteron at the target, that is, the attack Now we will discuss the nature of 44580 nm emission
position on the imidazolone ring. The second is that the rate and its decay at various temperatures. As was mentioned
constant of the attackk{, the quenching rate constant) is before, at room temperature the steady-state emission in this

smaller for the deuteron. The quenching rate conskgnof spectral region is extremely weak. The time-integrated decay
deuterated photoacids in a homogeneous solution,6f i profiles and the steady-state intensity increased as the
slower 62, 53). temperature decreased, but at no temperatures did the 445

The possible mechanism of an increased proton quenchingdecay match the 510 nm ultrafast risetimes. Taking this into
in S65T/H148D mutant as compared to the wt-GFP is given account, we propose that the very weak time-resolved
below. In the X-ray structure of the S65T/H148D mutant at emission detected by TCSPC at 445 nm is related to a species
pH 5.6 32) water molecules w28 and w29 are close to the not directly linked to ESPT dynamics. The lack of pH and
imidazole ring. The water may form a channel or a bridge H/D dependence may reflect the existence of additional
in which the proton/deuteron can diffuse from the phenol deactivation pathways other than ESPT. It is tempting to
toward the heterocyclic nitrogen atom, which may act as a assume that two conformers differing in their ESPT reactivity
guenching target on the imidazole ring. The proton, being exist in the protein. However, X-ray data show no evidence
transferred initially to Asp148, may “leak” to the proton wire of a second conformer. We note the possible relevance of
that exists in S65T/H148D, finally reaching the imidazole Vohringer's hypothesis8) suggesting that the intra- and
ring. The contribution of the proton quenching to the intermolecular transfer of excess vibrational energy transfer
deactivation mechanism is probably not large because themay lead to nonreactive degrees of freedom.

H/D isotope effect on the R*O fluorescence lifetime is An alternative explanation is based on the existence of
small. This is understandable, however, taking into accountthe proton wire very similar to that of in wt-GFR32).

that the primary ESPT does not go directly to this proton Whereas the ESPT occurs primarily to the carboxylate of
wire, such as in wt-GFP, and only a small fraction of the Aspl48 residue almost instantly upon excitation, the
transferred protons can reach it. We are intrigued whethertransferred proton may then “leak” to that wire, giving rise
the efficient proton fluorescence quenching has the lower to a reprotonationrdeprotonation cycle. This may account
dimension of such a channel as compared to a three-for the small portion of the slow kinetics in TCSPC and
dimensional open space such as in homogeneous solutiorpump—probe data due to geminate recombination process.
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The very low isotope effect on the lifetime of this component 10
can be evidence of the insignificance of these processes in

the rate-limiting proton-transfer steps.

SUMMARY AND CONCLUSIONS

11.

Steady-state emission and time-resolved techniques such
as pump-probe spectroscopy as well as time-correlated
single-photon counting (TCSPC) were used to study the
excited-state proton-transfer reaction in green fluorescent
protein variant S65T/H148D at three pH values: 6.0, 7.9,
and 9.5. Unusually fast ESPT is explained on the basis of
protein crystal structure, which demonstrates a preformed
hydrogen bond between the chromophore and the Asp148
carboxylate. The kinetic isotope effect (KIE) of the R*OH
decay rates is surprisingly very small as compared to the
KIE of about 5 for wt-GFP. Fluorescence of the deprotonated
form, R*O™, is quenched in the S65T/H148D mutant,
demonstrating pH and H/D dependence of this process. Both

photoisomerization and proton quenching may be responsible 17-

for an enhanced R*Odeactivation in S65T/H148D mutant.

The latter deactivation mechanism may include the diffusion 18,

of the transferred proton from the phenol ring to the
imidazolone ring of the chromophore forming the nonfluo-
rescent zwitterion.
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