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ABSTRACT: In the preceding accompanying paper [Shu, X., et al. (280a¢hemistry 4612005-12013],

the 1.5 A resolution crystal structure of green fluorescent protein (GFP) variant S65T/H148D is presented,
and the possible consequences of an unusual short hydrogen$2dX) between the carboxyl oxygen

of Asp148 and the phenol oxygen of the chromophore are discussed. This work reports the femtosecond
time-resolved emission of this variant at pH 5.6 by ultrafast fluorescence upconversion spectroscopy.
Following excitation at 400 nm, green fluorescence is observed at 510 nm with a rise on a time scale that
is faster than the 170 fs instrument response. Time-resolved emission spectra at 140 K also exhibit the
immediate appearance of green fluorescence, and this extremely fast process is hardly affected by deuteration
of exchangeable protons. These results appear to be dramatically different from those of wild-type GFP,
in which the green fluorescence at 508 nm is produced on the picosecond time scale as a result of excited-
state proton transfer from the state that is excited at 400 nm. The unique features observed in S65T/
H148D and apparent ultrafast excited-state proton transfer are discussed in light of evidence for multiple
states underlying the band at around 415 nm, as suggested by steady-state fluorescence spectra. The behavior
of these different states may explain the novel photophysical properties observed for this GFP variant,
including the ultrafast green fluorescence and the absence of completely matched decay in blue fluorescence.
It is speculated that two different orientations of the Asp introduced at position 148, not distinguishable
by chromatography, mass spectrometry, or X-ray crystallography, give rise to the two functionally distinct
populations.
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Scheme 1 represents the key photophysical features of wt-

GFP at room temperaturg)( In this model, direct excitation )

of the anionic form B leads to green fluorescence. Upon A | ,.M

excitation of the neutral form A, proton transfer occurs in fast T thours

the excited state and A* rapidly converts to I*, an anionic Neutral Anionic

form that subsequently emits green fluorescence.

Spectroscopic and structural studies have suggested some
* Author to whom correspondence should be addressed [telephonedifferences between | and B<9). The blue emission from
(650) 723-4482; fax (650) 723-4817; e-mail shoxer@stanford.edu]. ~ A* at 460 nm is observed only on the picosecond time scale,

T This work was supported in part by grants from the NIH (GM27738 ; P ; P
to S.G.B. and R01 GM42618 to S.J.R.). The fluorescence upconversionand its decay kinetics match the rise kinetics of the green

facilities are supported by the Medical Free Electron Laser Program €Mission from I* at 508 nm. Both the A* decay and I* rise
of the Air Force Office of Scientific Research (Grant F49620-00-1- are slowed by replacing exchangeable protons with deuter-

0349). X.S. was supported by a William R. and Sara Hart Kimball i i ited-
Stanford Graduate Fellowship and P.A. by the Fonds de recherche surons' which led to the suggestion that an excited-state proton

la nature et les technologies and the National Science and Engineering[ranSfer (ESPT) reactlon. Connec_ts these Stam- Time-

Research Council of Canada. resolved vibrational studies provided further evidence for the
zSta_nford Unfiversity- ESPT pathwayX1, 12). Recent studies on a class of dual-
1Xtr>"t;/rglsig)t/ioons(:)re(‘§lgg: green fluorescent protein; deGFP, dual- emission (.BFP (deGFP) variants suggest thaF the overall

emission green fluorescent protein; ESPT, excited-state proton transfer:Scheme still holds, although the rate of ESPT is decreased

IRF, instrument response function. compared to the wild type and, thus, significant blue emission

10.1021/bi700904a CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/06/2007



Unusual Photophysics of GFP S65T/H148D Biochemistry, Vol. 46, No. 43, 200712015

from A* can be observed even at steady state, making this by the sensor on the cold finger. Experiments below 140 K
a useful class of GFPs for probing local pH in cells3,( were not performed as the sample in glycerol/buffer in the
14). A high-resolution crystal structure of one deGFP 1 mm path length cuvette cracks at a temperature lower than
indicates that the pH-dependent ESPT rate is a result 0of140 K.

different hydrogen bond networks around the chromophore  Absorption and Steady-State Fluorescence Measurements.
than in wt-GFP 15). Although the working model in Scheme  Absorption spectra were recorded on a Perkin-Elmer Lambda
1 provides a general framework for understanding the 12 UV—vis spectrophotometer (Perkin-Elmer, Wellesley,
photochemistry and photophysics of wt-GFP and deGFPs, aMA). Fluorescence emission and excitation spectra were
number of details and its general applicability remain open recorded with front-face geometry on a Spex FluorolLog
questions. fluorometer with a Spex 1620 dual-grating emission mono-

In the preceding accompanying pap#, (ve reported the ~ chromator (Spex, Metuchen, NJ) as described previously
high-resolution crystal structures of GFP S65T/H148D and (14). For room temperature studies, a standard 1 mm path
several closely related mutant$)( The 1.5 A resolution  length quartz cuvette containing the protein in buffer was
structure of S65T/H148D at pH 5.6 reveals an unusual shortused. Following excitation at 400 nm, fluorescence emis-
hydrogen bond<£2.4 A) between the phenol oxygen of the sion was collected from 420 to 650 nm and corrected as
chromophore and the carboxyl oxygen of Asp148. In this described 14). In addition, fluorescence excitation was
paper, we investigate the femtosecond time-resolved emissiorfletected from 320 to 490 nm at 510 nm emission. For
of GFP S65T/H148D by fluorescence upconversion spec- temperature-dependent studies, the variable-temperature ap-
troscopy. At pH 5.6, we observe an instrument-response- paratus with a shortened 1 mm path length cuvette containing
limited rise in green fluorescence following excitation of the the protein in glycerol/buffer was used. Absorption and
absorption band around 415 nm, nominally like band A in fluorescence emission with 400 nm excitation were measured
wt-GFP, much faster than what was observed for the wt- or In 20 K intervals after cooling at a rate 610.1 K/s and a 5
deGFPs. Absorption and steady-state fluorescence spectranin equilibration time at the desire temperatutd)( At 296,
exhibit a number of unusual features suggesting multiple 210, and 140 K, fluorescence emission with 370 and 430
states underneath the broad A band in S65T/H148D. Wenm excitation and fluorescence excitation detected at 460,
attempt to relate this ground-state landscape to the other510, and 550 nm were also measured using the same setup.

novel photophysical properties observed for this GFP variant. Fluorescence Upcarersion SpectroscopyThe time-
resolved fluorescence of GFP S65T/H148D at pH 5.6 and

MATERIALS AND METHODS pD 5.6 in buffer at room temperature and in glycerol/buffer
at 140 K was measured using the fluorescence upconversion
Sample PreparationGFP S65T/H148D was prepared as setup described previouslyl4). Samples were excited at
described previouslyl). The samples were exchanged into 400 nm by the second harmonic of a mode-locked Ti:
100 mM NaCl/50 mM MES buffer solutions at pH 5.6 and Sapphire laser (Spectra F>hy5ics7 Mountain View, CA),
pD 5.6 by concentrating the protein followed by resuspension pumped by an Ar ion laser. The cross-correlation of the gate
in the desired buffer (repeated three times) in an Amicon heam and scattered excitation light was used as the instru-
Ultra-4 centrifugal filter unit with a 10 kDa MWCO  ment response function (IRF) with a full width at half-
(Millipore, Billerica, MA) The deuterated buffer solution maximum (fwhm) of typ|ca||y 170 fs. Ten milliwatts of
was prepared as described previoudl§) @nd corrected for 400 nm light at 82 MHz, polarized at the magic angle with
the isotope effect on the pH-metet7]. For temperature-  respect to the gate beam, was used to excite the sample in a
dependent fluorescence and absorption studies, a 60% (V/V) mm path length quartz cuvette. For room temperature
glycerol [or glycerol-(ODj] solution was prepared in buffer  studies, the sample was stirred rapidly with a small magnetic
containing the protein at pH 5.6 (or pD 5.6). For the tow  stir bar. For 140 K studies, the sample was translated with
high—low pH-cycling experiment, 100 mM NaCl/50 mM  the refrigerator by 16:m after each time point in kinetics
BiS-TriS-PrOpane buffer solutions of pH 9.2 and pD 9.2 were scans or Wave|ength point in Spectra| scans to avoid
prepared. The buffer exchange was performed in the fol- photobleaching. At both temperatures, the kinetics were
lowing order: first pH 5.6, then pH 9.2, followed by pH measured at 475 and 510 nm within a time window of 1.3
5.6; the same sequence was followed in deuterated buffersns. The data at 510 nm were fit to the convolution of the
Variable-Temperature ApparatusA miniature Joule- IRF at 400 nm with a model function composed of a sum of
Thomson refrigerator (MMR, Mountain View, CA) was used exponentials with two femtosecond components of negative
to vary the temperature between 298 and 140 K. To alleviate amplitudes, a baseline and an offset of time zero. In addition
the concentration requirement to reach a sufficient optical to the kinetics measurements at discrete wavelengths, time-
density, we replaced the 7&m path length cell that was resolved emission spectra were obtained as described previ-
previously usedi4) with a 1 mmpath length quartz cuvette  ously (14) att = —0.3,—0.1, 0, 0.1, 0.3, and 0.5 ps at room
(Starna Cells, Atascadero, CA) cut from 45 to 13 mm long temperature antd= —0.3, 0, 0.3, 10, 100, and 1000 ps at
to reduce the sample volume and heat loss. This cuvettel40 K.
contained~80 uL of sample and was clamped onto the cold  Selectie PhotobleachingA frequency-doubled, diode-
finger in the refrigerator to improve the efficiency of heat pumped solid-state CW laser at 457 nm (Melles Griot,
transfer. The temperature in the sample was measured withCarlsbad, CA) with an average output power~é00 mW
a temperature-sensitive Pt resistor immersed in the samplewvas used to irradiate the sample while it was continuously
inside the cuvette and was found to be somewhat higher thanstirred n a 1 mm path length quartz cuvette at room
that on the cold finger (by at most 20 K at 140 K). All of temperature. After photobleaching, the whole sample was
the temperatures subsequently referred to are those measurddansferred from the cuvette into a 1.5 mL microcentrifuge
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Ficure 1. Steady-state absorption (A) and fluorescence (B) spectra of S65T/H148D GFP at pH 5.6 (solid line) and pD 5.6 (dashed line)
at room temperature. In panel B, fluorescence emission spégkka=( 400 nm) and fluorescence excitation specfrg, & 510 nm) are
shown in green and blue, respectively. All spectra are normalized to the peak value of the spectrum.

tube and centrifuged to remove the precipitate. The super-associated with emission from A* is barely detectable (Figure
natant was then recovered by decanting. Fifty milliwatts of 1B). This bright green-emitting feature upon illumination at
450 nm light at 82 MHz, generated from the second harmonic 400 nm is purely a result of exciting band A, as is manifest
of the Ti:sapphire laser running at 900 nm, was also used from the absorption profile seen in Figure 1A, in which only
for photobleaching. band A is seen, whereas band B is negligible. Deuteration
Stark Spectroscopybsorption and Stark spectra of GFP  of exchangeable protons at pH 5.6 does not lead to a
S65T/H148D at pH 5.6, pD 5.6, and pH 9.2 were measured noticeable shift of the emission peak. However, a measurable
and analyzed as described previoudl§)( For comparison, isotope effect is observed in the fluorescence excitation
absorption and Stark spectra were also measured for thregrofile as shown in Figure 1B. With the emission monitored
dual-emission GFPs, that is, deGFP1, deGFP3, and deGFP4at 510 or 550 nm, the excitation spectrum at pH 5.6 is red-
at low pH, where band A dominates the absorption profile shifted relative to that at pD 5.6 as indicated by Figure 1B,
at 77 K. and this shift is consistent with the trend observed in the
RESULTS absorption spectrum (Figure 1A). We stress that the fluo-
i rescence excitation maximum at pH 5.6 is at 420 nm, red-
Absorption and Steady-State Fluorescence at Room Tem-hifted from the absorption maximum (415 nm). The
perature.The room temperature absorption and fluolresc.ence observation that the fluorescence quantum vield is greater
spectra of GFP S65T/H148D at pH 5.6 are show in Figure py exciting on the red side of the absorption maximum is
1. Elsliger et al. previously reported that the absorption gyen more dramatic in a sample of S65T/H148D mixed with
profile displays two pH-dependent peaks at 415 and 487 nm, g ycero| for temperature-dependent studies, for which the

with a chromophore I, of 7.8 (16). At pH 5.6, the higher gy citation maximum for 510 nm emission is shifted to 435
energy band at 415 nm dominates the spectrum, whereas af, (Figure 4E,F).

pH 9.2, the equilibrium shifts and the absorption is dominated _
by the lower energy band at 487 nm [see Figure 1 in the |Ime-Resaled Fluorescence at Room Temperature.
succeeding papel 9)]. As for wt-GFP @) and deGFPSI3— understand how excitation of band A of_ S65T/H148D can
15), these two electronic absorption bands of S65T/H148D Produce green fluorescence and determine whether excited-
are denoted A and B, respectively, noting that their identi- Staté proton transfer is involved, we measured the time-
fication with different protonation states is only a working fesolved fluorescence following excitation at 400 nm at pH
model. In this paper, we focus mostly on the low-pH, A, 5.6. Direct excitation of band A leads to a nearly instanta-
absorption band; the characterization of the high-pH absorp-N€ous (within the instrument response) emission at 510 nm,
tion band, B, is described in the accompanying papirs ( aS can be seen in Figure 2A. The rising edge at 510 nm was
19). Interestingly, band A in S65T/H148D is red-shifted by fit to the convolution of the IRF measured at 400 nm with
~20 nm from that of the wt- and deGFPs, where band A @ sum of two exponentials; the major component, with a fit
lies at 395-400 nm @0, 21). Replacing exchangeable protons lifetime of 62 fs, comprises 91% of the total amplitude. By
with deuterons at the same pH results in a small blue shift contrast, the rise of green emission following excitation
of band A to 411 nm (Figure 1A), whereas no such effect anywhere in the 400 nm A band occurs on a much slower
upon deuteration is observed in either the \@)-dqr deGFPs  picosecond time scale in wt2) and deGFPs1@, 14) and
(13, 14). To demonstrate that the protons affecting band A mirrors the decay of A*. Emission from the higher energy
are exchangeable, a sample was subjected to & high— state of S65T/H148D monitored at 475 nm exhibits a rapid
low pH or pD cycling treatment. This process caused no decay as shown in Figure 2B. However, the kinetics of this
change to the absorption spectrum after a cycle was finisheddecay in blue emission does not completely match the
(data not shown), so the exchange is fully reversible. ultrafast rise in green emission from the lower energy state,
Following excitation of band B at pH 9.2, the steady-state and this mismatch will be discussed later. Deuteration hardly
emission spectrum exhibits one peak at 510 nm, consistentaffects the initial rise of the 510 nm emission as seen in
with other members in the GFP familg2Q 21). At pH 5.6, Figure 2A, whereas in the wild type, deuteration leads to a
similar features are observed upon excitation of band A, and dramatic slowing effect for both the rise of green fluores-
fluorescence between 420 and 470 nm that might be cence and the decay of blue fluorescen®e (
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Ficure 2: Room temperature time-resolved fluorescence of S65T/H148D GFP excited at 400 nm. The kinetics measured at 510 nm (A)
and 475 nm (B) at pH 5.6 (solid line) and pD 5.6 (dashed line) are normalized to the peak intensity. The insets in (A) and (B) zoom in on
the first few picoseconds of the kinetics. The kinetics at pD 5.6 is also plotted in the inset in (A) and is essentially identical to what is

observed at pH 5.6. Time-resolved emission spectta=at-0.3,—0.1, 0, 0.1, 0.3, and 0.5 ps at pH 5.6 (C) and pD 5.6 (D) are normalized

to the peak intensity in the spectrumtat 0.5 ps. The dashed vertical line at 500 nm is shown in panels C and D to guide the eye.

In addition to the kinetics probed at two discrete wave- as seen by comparing Figures 3B and 2B. Nevertheless, the
lengths, time-resolved emission spectra following excitation emission at 510 nm still appears within the instrument
at 400 nm were measured at pH 5.6 (Figure 2C). At negative response as shown in Figure 3A. Exchanging protons with
time delays, the gate pulse arrives prior to the excitation deuterons has no measurable effect on the initial rise in
pulse; thus, only the baseline is seen. With the relative time fluorescence at 510 nm (Figure 3A). Note that the 510 nm
delay approaching zero, a wide emission banda®0 nm fluorescence decay at 140 K also exhibits a lifetime that is
appears and rapidly rises to its maximum intensity within considerably longer than that at room temperature; that is,
hundreds of femtoseconds. At positive time delays, the initial cooling slows the nonradiative decay.
band narrows to a band a510 nm, which is similar to the Because the kinetics recorded at discrete wavelengths can
one observed at steady state (Figure 1B). The spectralhe complicated due to overlapping bands, particularly at low
evolution is barely altered by deuteration of exchangeable temperatures for S65T/H148D (refer to Figure 4C), we also
protons as seen in Figure 2D. These time-resolved spectraneasured the time-resolved emission spectra at 140 K as
clearly demonstrate that the initial ultrafast rise in green shown in Figure 3C. In the negative time spectra, only the
fluorescence measured at 510 nm is primarily from a speciesbaseline is seen. The emission profile at zero time delay
with emission centered at 510 nm, rather than the red tail of exhibits one broad band at500 nm, which quickly rises to
a higher energy band at465 nm as was observed for one jts maximum amplitude within the instrument response. This
deGFP (deGFP2), for which spectral evolution has been pand subsequently decays with a lifetime substantially longer
studied in detail at low pH14). Therefore, the kinetics  than that at room temperature. Interestingly, the broadness
detected at 510 nm can be used to describe the behavior obf this band remains throughout the observation time window
the green-emitting state. (1 ns), and the emission on the blue side of the spectrum is

Time-Resaled Fluorescence at 140 K.o determine if much more enhanced than that at room temperature (cf.
the ultrafast rise in green emission can be slowed by cooling, Figure 2C). We note that as a result of band overlap, the
we measured the time-resolved fluorescence of S65T/H148Dkinetics of this blue emission would significantly affect the
following excitation at 400 nm at 140 K. At this low single-wavelength kinetics if measured on the lower energy
temperature, the fluorescence monitored at 475 nm decaysside. Within the signal-to-noise ratio, deuteration hardly
with a lifetime much longer than that at room temperature affects the spectral evolution as indicated by Figure 3D.
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Ficure 3: Time-resolved fluorescence of S65T/H148D GFP excited at 400 nm at 140 K. The kinetics measured at 510 nm (A) and
475 nm (B) at pH 5.6 (solid line) and pD 5.6 (dashed line) are normalized to the peak intensity. The insets in (A) and (B) zoom in on the
first few picoseconds of the kinetics. Time-resolved emission spectra=at-0.3, 0, 0.3, 10, 100, and 1000 ps at pH 5.6 (C) and pD

5.6 (D) are normalized to the peak intensity in the spectrutm=a0.3 ps. The dashed vertical line at 500 nm is shown in panels C and D

to guide the eye. Note that these spectra are taken at time points different from those at room temperature shown in Figure 2C,D.

These data obtained at 140 K suggest that the ultrafast risea small decrease in intensity between 250 and 210 K. In
in the emission at 510 nm is from a broad feature peaked atthis temperature range, the emission on the blue side between
~500 nm, instead of completely from the red tail of a higher 420 and 470 nm becomes detectable (Figure 4C). Below
energy band at-465 nm as was observed for one deGFP 180 K, this blue fluorescence feature increases significantly
that has been studied in detail at low pH4). as the temperature is decreased even further and some
Temperature Dependence of Absorption and Steady-Statevibronic structure is visible. A deuteration effect is manifest
FluorescenceThe temperature-dependent absorption and mostly as a greater enhancement on the blue side of the
fluorescence spectra of S65T/H148D in glycerol/buffer emission spectrum at temperatures below 180 K (Figure 4D).
solution at pH 5.6 are shown in Figure 4. Upon lowering The existence of a substantial blue feature is not consistent
the temperature, the peak absorbance of band A increasewith an ultrafast, sub-picosecond ESPT mechanism alone,
by up to 30%, whereas that of the small, lower energy band in which rapid deprotonation of the neutral chromophore in
B decreases. It is noted that the peak position of band A the excited state leads to quenching of the blue fluorescence
remains almost constant-¢15 nm) as the temperature is and formation of a green-emitting, anionic state, as reflected
decreased, despite a modest change in the line shape on thi@ the working model in Scheme 1.
lower energy side of the peak. As can be seen in Figure 4A, In addition to the emission spectra, fluorescence excitation
the percentage of band B at 140 K is close to zero; thus, spectra detected at 460, 510, and 550 nm emission were also
this observation excludes the possibility that the ultrafast rise recorded at 296, 210, and 140 K. Interestingly, the fluores-
in fluorescence following 400 nm excitation is due to direct cence excitation profile depends strongly on the emission
excitation of the blue edge of band B and subsequentenergy monitored as seen in Figure 4E. The normalized
emission from B*. Deuteration causes little change to how excitation spectra with emission detected at 510 and 550 nm
the absorption line shape evolves as a function of temperatureare superimposable and exhibit one peak~a35 nm,
(Figure 4B). whereas the one with emission at 460 nm shows another
Following excitation at 400 nm, the steady-state fluores- peak at~400 nm across the whole temperature range
cence spectrum exhibits a dramatic change as the temperaturexamined. In contrast, only a peak at 415 nm is seen in the
is lowered. At pH 5.6, the peak at 510 nm increases in absorption spectrum (Figure 4A). We then recorded the
intensity from room temperature to 250 K and then exhibits fluorescence emission spectra with excitation on both the
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Ficure 4: Steady-state absorption (A, B) and fluorescence emission (C, D) spegtra @00 nm) of S65T/H148D GFP from 296 K (red)

to 140 K (violet) in 20 K intervals at pH 5.6 (A, C) and pD 5.6 (B, D). All spectra in panetdPare normalized to the peak value of the
spectrum at 296 K. Steady-state fluorescence excitation (circles) and emission (lines) spectra at 296, 210, and 140 K at pH 5.6 (E) and pD
5.6 (F) are shown. Excitation spectra with emission at 460, 510, and 550 nm are shown as the blue, green, and red circles, respectively.
Emission spectra with excitation at 370, 400, and 430 nm are shown as the blue, green, and red lines, respectively. All spectra in panels
E and F are normalized to the peak value of the spectrum.
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FiGURe 5: Steady-state absorption (A) and fluorescence (B) spectra of S65T/H148D GFP at pH 5.6 after 10 h of photobleaching with 200
mW 457 nm CW laser at room temperature. In panel A, absorption spectra of the sample before and after photobleaching are shown as the
solid red and blue lines, respectively. The difference spectrum is shown as the dashed blue line. The spectrum of the supernatant after

centrifugation is shown as the solid black line. In panel B, the fluorescence emission spetium 400 nm) and the fluorescence

excitation spectrumi¢m, = 550 nm) are shown for the photobleached sample in green and blue, respectively. Both spectra in panel B are

normalized to the peak value of the spectrum.

blue @exc = 370 nm) and red sided . = 430 nm) of the the Ag population and blue shift of the absorption band are
absorption peak. As can be seen in Figure 4E, a strongchanges in the fluorescence emission and excitation spectra
dependence on excitation energy is evident at low temper-of the supernatant as shown in Figure 5B. After photobleach-
atures. At both 210 and 140 K, excitation on the higher ing with 457 nm laser light, the fluorescence emission spectra
energy side at 370 nm gives much more enhanced bluewith excitation at 400 nm exhibit enhanced blue emission
emission between 420 and 470 nm than excitation on thebetween 420 and 470 nm relative to the green emission above
lower energy side at 430 nm, whereas the emission line shape&s00 nm, and the ratio of blue/green fluorescence increases
above 500 nm hardly changes with excitation energy. Upon with the time of irradiation. Even though the remaining
deuterium exchange, similar features are observed in thepopulation absorbs around 400 nm, deuterium exchange of
excitation and emission profile (Figure 4F). Note that the the supernatant did not significantly affect the excited-state
blue emission upon 370 nm excitation is even more enhanceddynamics, suggesting that the remaining protein does not
at pD 5.6 than at pH 5.6, and at pD 5.6 the intensity of blue exhibit ESPT as in conventional GFPs. In the excitation
emission is even greater than that of the green emission abovepectra, the ratio of the higher energy side (400 nm) to the
500 nm at 140 K. lower energy side (435 nm) also increases with the time of
Selectie Photobleaching.The temperature-dependent irradiation, consistent with the selective bleaching of A
fluorescence excitation and emission spectra suggest thgFigure 5B). Purging the sample with Ar, deuterating
possibility of multiple states underlying band A in S65T/ exchangeable protons at the same pH, or photobleaching with
H148D at pH 5.6. To explore this further, we attempted to 50 mW of 450 nm pulsed laser light leads to at most minor
selectively destroy a component by exposure of the protein changes in the evolution of the absorption profile upon
at pH 5.6 to 200 mW continuous wave laser light at 457 photobleaching.
nm. As seen in Figure 5A, the overall absorbance of band Electronic Stark Effect Spectroscofifne 77 K absorption
A slowly diminishes, but as this occurs the peak shifts to and Stark spectra of S65T/H148D and deGFP3 in glycerol/
the blue side. The increasing baseline offset seen in Figurebuffer solutions at pH 5.6 and pD 5.6 are shown in Figure
5A is caused by the scattering of precipitated protein as the6. As has been demonstrated in previous studies, Stark
photobleaching proceeds. Interestingly, the difference be-spectroscopy provides useful information on the electronic
tween the absorption spectrum after a certain amount of structure of the chromophore in wt-GFP, S65T GFP, BFP,
photobleaching time and the one at time zero exhibits a and DsRed @, 22, 23). At pH 9.2, S65T/H148D exhibits
negative feature at+435 nm as shown in Figure 5A. This absorption and Stark spectra (data not shown) with charac-
differential loss feature, denoted; Agrows in the difference  teristics typical of an anionic chromophore in GFP. In
absorption spectra with the time of irradiation. Note that the particular, the Stark spectrum of S65T/H148D resembles the
observation of a blue-shifted absorption peak is not an artifactsecond derivative of the absorption and is very similar to
caused by the increasing baseline, because the supernatatite Stark line shape of S65T, in which the anionic B form
of the sample obtained after centrifugation to remove the dominates the ground-state equilibrium even at neutral pH
precipitated protein confirms this blue shift. After 10 h of (22). Therefore, the high-pH form of S65T/H148D can be
photobleaching, the supernatant shows an absorption pealkonsidered a canonical B form, with the change in dipole
at~400 nm, the position for the neutral chromophore in the moment,|Au| = 7.4 DF, comparable to the value for S65T
wt- (3) and deGFPsl16). More extended photobleaching of  [7.0 DA, wheref is the local field correction factor typically
the supernatant continues to reduce the absorbance of thibetween 1 and 1.229)].
peak, but yields no further blue shift (data not shown). Itis At pH 5.6, on the other hand, S65T/H148D exhibits
noted that a small fraction of the protein is converted to the features in the absorption and Stark spectra distinct from
anionic B form upon 457 nm irradiation, as indicated by the other GFPs studied thus far (Figure 6). In earlier work, blue
bump at ~490 nm seen in the fluorescence excitation fluorescent protein (BFP, Y66H/Y145F) was used as a model
spectrum (Figure 5B). Concomitant with the bleaching of for the neutral A form as it was the only GFP variant
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Ficure 6: 77 K absorption and Stark spectra of S65T/H148D and deGFP3. Absorption spectra of S65T/H148D at pH 5.6 (solid) and pD
5.6 (dashed) in panel A and of deGFP3 at pH 5.6 in panel D are normalized to the peak value of the spectrum. Stark spectra for S65T/
H148D in panel B and for deGFP3 in panel E are scaled to unity peak absorption and an electric field of 1.0 MV/cm. The second-derivative
component of absorption for S65T/H148D in panel C and for deGFP3 in panel F are shown for comparison.

available at the time with mostly A-state charac®2)( The deGFP3 (Figure 6E). As seen in Figure 6C, the second
deGFPs at low pH are a much better model as the A form derivative of the absorption spectra for both the pH 5.6 and
dominates the ground-state equilibriufal). Using deGFP3 pD 5.6 samples of S65T/H148D does not compare as well
as an example (other deGFPs are similar, not shown), theto the Stark spectra (Figure 6B), as is the case for deGFP3
absorption spectrum exhibits some resolved vibronic structure(Figure 6E,F). That is, although there are similar features
(Figure 6D), and the Stark spectrum (Figure 6E) closely seen in the Stark and the second derivative of absorption, a
matches the second derivative of the absorption (Figure 6F)good fit to the Stark would require a significant contribution
with |[Au| = 7.0 D#f, interestingly similar to the value from the first derivative of absorption, much larger than has
reported for the anionic B form2@). It is noteworthy that been documented for a GFP chromophore. Furthermore, this
this value of |Au| for the A state is much larger than sum-of-derivatives analysis yields an unusually large value
previously estimated from BFR22), which may reflect the  of 13.5 Df for |Au|, nearly twice that for a typical GFP
difference in chemical structure between the GFP and BFP chromophore, which is physically unreasonable. Thus,
chromophores. although an improved fit to the Stark can be obtained by

In contrast to deGFP3, the absorption spectrum of S65T/including contributions from other derivatives, the fluores-
H148D at pH 5.6 is fairly broad and nearly featureless, cence excitation and photobleaching experiments reported
without any well-resolved vibronic progression (Figure 6A). above suggest that there may be more than one species under
Replacing exchangeable protons with deuterons at the samdand A of S65T/H148D. Because Stark spectra are derivative
pH results in a noticeable difference in the long wavelength spectra, they are dominated by the component with a
shoulder of the absorption band. The Stark spectra of S65T/relatively narrow feature, whereas for a broad and featureless
H148D shown in Figure 6B are also clearly different from component the derivatives are relatively small. Therefore,
those of deGFPs. Furthermore, deuteration leads to aif the Stark contains such a relatively sharp feature, for
significant change in the Stark line shape as shown in Figureexample, from an underlying component in absorption, a
6B, whereas no such effect upon deuteration is observed forspurious value will be obtained foAu| by fitting the entire
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line shape with one set of electro-optic parameters. In fluorescence and absorption spectra. In glycerol/buffer solu-
addition, the deuterium effect on the Stark line shape of tion at pH 5.6 with the fluorescence monitored on the green
S65T/H148D suggests deuteration may affect the smallside (i.e., at 510 or 550 nm) of the emission peak, the
absorption component with a relatively sharp Stark feature. excitation profile displays one peak a#435 nm, whereas

Thus, the Stark spectra reinforce the suggestion that band Athe excitation spectrum measured with the emission moni-

is more complex. tored on the blue side (i.e., at 460 nm) shows another peak
at ~400 nm (Figure 4E). By comparison, deGFPs at low
DISCUSSION pH, when the neutral state of the chromophore dominates,

exhibit only a single peak at400 nm, regardless of the
The data presented here on GFP S65T/H148D revealgission energy monitored.§). The feature at 435 nm

several .interesting and uniqug features cpmpared ,V‘{ith observed in the excitation profile of S65T/H148D in glycerol/
conventional GFPs. In the following, we consider the origin  ¢fer solution at pH 5.6 is hence indicative of a new
of the initial ultrafast rise in green fluorescence and how population underneath band A in the absorption spectrum.

this unusual phenomenon may relate to the short hydrogent,q absorption of the two populations suggested by the
bond (2.4 A) between the phenol oxygen of the chro- oycitation spectrum, A(Amax ~ 435 nm) and A (Amax ~

mophore and the carboxyl oxygen of Asp148 described in 400 nm), overlaps; therefore, the peak position appears to
the accompanying papet)( We have presented evidence pq req_shifted from that of a conventional neutral form, 400
that two populations, Aand A;, are under band Ain S65T/ 0y 15 415 nm. The slightly smaller red shift to 411 nm

H148D in glycerol/buffer solution. Aabsorbs in a wave-  gpserved in deuterated glycerol/buffer solution could be
length region close to that of a conventional A form in GFP, .o ,sed by a small change in the ratio of And A

but its excited-state dynamics are quite different. The q, ations, although there is little independent information
absorption of 4 is red-shifted relative to that of a conven- ' ihis.
tional neutral chromophore. Once excited, guickly gives Upon excitation into band A of S65T/H148D in glycerol/

ri_se_t_o a gr_een-emitting state by a process that is Oty ffer solution with 400 nm light, both Aand A are directly
significantly influenced by either exchanging protons with excited, the latter because of the broadness of thbahd.

?hguteronﬁ or It%W(t%rtI;’]lg thhe t(tar::psrature.é) n((ajvlvaydto :at'onal'zeFluorescence excitation spectra shown in Figure 4E clearly
IS result 1S that the short hydrogen bond 1eads 10 a MOre 4o qnstrate that when,As excited at room temperature,

delocalized proton; that is, there is only one potential well blue emission at 460 nm is detected. We did not find direct
involved. T_hus, a_fter excitation, only a smaI_I proton dis- vidence, such as a deuterium isotope effect, which would
placement IS _requwed to generate a green-emitting state, an(’iuggest that the excitation of,&lso produces green emission
this process in the excited state of & barely dependent through ESPT. On the other hand, wherigexcited, mostly
upon the hydrogen isotope or temperature on the UItr""fa‘c‘tgreen emission is observed. In é\ddition, we co,nsider both
time scale that we can detect. the initial ultrafast decay in blue fluorescence and the
Previous spectroscopic and structural studies on wt-GFP corresponding ultrafast rise in green fluorescence to originate
suggest that excitation of the neutral chromophore at from a rapid process in Awhereas the much slower phase
400 nm leads to excited-state proton transfer from the of picosecond decay in blue emission to associate with a
chromophore to a proton acceptor on the tens of picosecondsjower process in A In this model, excitation of Aquickly
time scale, possibly through a hydrogen-bonding network, gives rise to a green-emitting state, and this process occurs
and this excited-state interconversion process can be slowegyithin the 170 fs instrument response. That is, both the decay
significantly by deuterating exchangeable protons or cooling in blue emission and the rise in green emission are faster
(2, 6-8, 10-12 24). Recent studies on deGFPs are than what the instrument can resolve and thus appear to be
consistent with this overall SCheme, although the rates Ofinstantaneous_ In addition, this rapid process is hard|y
proton transfer and nonradiative processes and the identityazffected by deuteration of exchangeable protons as shown
of the proton acceptor and transfer pathway(s) may be in Figure 2, suggesting that it is either not strongly coupled
different (13—15). Although it is reasonable to relate the to proton motion or too strongly coupled and thus fast to
bright green fluorescence detected upon excitation of the gjlow the current instrument to detect any difference caused
chromophore in S65T/H148D to ESPT, several aspects ofphy deuteration given the time resolution achievable. We
the dynamics are very different from the earlier systems. The speculate the latter process, that is, an ESPT that is faster
ultrafast rise in the amplitude of green emission at room than the 170 fs IRF, is more likely, although direct observa-
temperature in buffer solution (Figure 2A,C) could be the tjon of this process and its connection to proton motion would
result of an ultrafast (much faster than the 170 fs instrument require better time resolution. Moreover, this ultrafast process
response) ESPT and the beginning of the decay in blueappears to be hardly influenced by temperature because at
emiSSion, that iS, the first 200 fS, occurs within the instrument least some green fluorescence still exhibits a near]y instan-
response and thus appears to be consistent with this ultrafastaneous rise (Figure 3A,C) even with cooling to 140 K.
process. However, the rest of the decay in blue fluorescenceinterestingly, this may be reminiscent of the photophysical
occurs on a much slower picosecond time scale and doesyehavior of an anionic GFP chromophore, with which
not fit well into the ultrafast ESPT model. This SuggeStS that instantaneous green fluorescence can be read”y seen fol-
whatever process is responsible for the ultrafast rise in greenjowing direct excitation of the chromophore already depro-
fluorescence does not quench all of the blue fluorescence.ignated in the ground stat)( On the other hand, the decay
Besides the unusual instantaneous appearance of greenf A,* occurs on a much slower picosecond time scale as
fluorescence following excitation at 400 nm, S65T/H148D suggested by the residual blue fluorescence after the initial
also exhibits a number of unusual features in its steady-stateinstrument-response-limited decay. There is no direct evi-
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dence suggesting that,A could subsequently produce a —r - r T T T 1
green-emitting state through ESPT. As the temperature is
lowered, the blue emission is more enhanced, corresponding
to a slowed nonradiative decay in/A(Figure 4E). This is
also reflected by a longer lifetime of blue fluorescence at
lower temperatures seen in time-resolved experiments (Figure
3B).

The apparent similarity in photophysics between the A
population of S65T/H148D and an anionic GFP chromophore
gives credence to the view thag 8hares some characteristics
in charge distribution with the anionic B or | form. With the
1.5 A resolution crystal structure of S65T/H148D at pH 5.6 4 .
presented in the preceding accompanying papem(e can 380 390 400 410 420 430 440 450
speculate on the conformational landscape of the chro- Wavelength (nm)
mophore in the ground state. S65T/H148D exhibits an overall Figure 7: Steady-state absorption spectra of S65T/H148D GFP
[-barrel topology, as is typical for the GFP famiRQ( 21); at pH 5.0 (blue), 5.6 (green), and 6.2 (red) at room temperature.
however, an unusual short hydrogen bond (bond length All spectra are normalized to the peak value. Only the region from
2.4 4 is observe between the carbowy| oxygen of Asp148 3750 120 10 5 S1040 10 1ele U (eI 1 S
and the phenol oxygen-of the ChromoDhore; It is probable the spectrum baselines are flat (550 nm, not shown).and Within
that the Ky of Aspl48 in S65T/H148D is different from  the noise of the instrument.
that of a free aspartic acid in buffer due to the strong
interaction with the neighboring chromophore. That is, there population, A, the chromophore is protonated at the phenol
exists some ambiguity in determining the protonation states end and acts as a hydrogen donor to the Asp148 acceptor.
of Asp148 and the chromophore. As a result, an otherwise In the second population, jAthe chromophore is at least
neutral chromophore may possess a proton displaced awaypartially deprotonated at the phenol end. Excitation gf A
from its ordinary position by Asp148, and this argument, if rapidly leads to the formation of a green-emitting state, and
true, is consistent with the 435 nm excitation maximum of the complete bond-breaking is greatly facilitated by the
Ag, much red-shifted from a conventional A form of GFP. already displaced proton; thus, like an anionic form, ultrafast
We are led to propose an alternative working model in which green fluorescence appears. The crystal structure in the
S65T/H148D in glycerol/buffer solution at pH 5.6 exists as preceding accompanying papéj &llows for the calculation
two populations in the ground state, And A, each with a of the bond lengths between the carbon and the two oxygen
distinct location of the proton, and this exact position atoms of the carboxyl in Asp148. For the proximal oxygen
determines the excitation maximum and excited-state dy- that is involved in the hydrogen bond with the chromophore,
namics of the corresponding species. There is no evidencethe C-O bond length is 1.29 A. For the distal oxygen, which
for two chemically distinct populations by chromatography is not involved in that hydrogen bond, the-© bond length
or mass spectrometry run on multiple batches of protein is only 1.22 A. Previously, Derissen et a5 observed the
prepared in different laboratories. Likewise, the X-ray bond lengths of 1.202 and 1.306 A for<© and C-O(H),
structure shows no evidence for two populations, and the respectively, fon.-Asp in crystals. Thus, the bond lengths
resolution of the structure is excellent. Nonetheless, even atin S65T/H148D suggest that the proximat-O in Asp148
1.5 A resolution it is possible that the two rotomer forms of carries, at least in part, single-bond nature, and this is
Asp148 shown below and tentatively assigned {aaAd Ay consistent with the argument about the protonation state of
are present and not distinguishable: Asp148, which is not completely anionic. Note that at the

present resolution of X-ray diffraction studies of S65T/
o H148D, 1.5 A, there exist uncertainties in the absolute values
of bond length. Therefore, those bond lengths ef@must
O(H) AN be interpreted with great caution. Future structural studies
N— of S65T/H148D with higher resolution may be able to

| address this issue more definitively.
O----HO In addition to the bond lengths, another piece of evidence

A was found from the titration of the absorption spectrum of
a S65T/H148D in a region close to pH 5.6, the value used for
most of this study. With the pH increased from a value 0.6
pH unit below to above 5.6, in other words, from 5.0 to 6.2,
0 AN the absorption spectrum exhibits a small but detectable shift

N— in maximum position that is on the order of 1.3 nm (Figure
N§< 7). This shift suggests that a modest change in the bulk pH

Absorbance

can influence the effective ratio of the two populations

described above, likely by affecting the protonation state of

B the distal oxygen of Asp148; thus, it is consistent with the
scenario proposed above. Note that in this titration experi-

The differences in these populations involve the position ment, only the region close to pH 5.6 was examined. A
of hydrogen(s) that are not seen in the structure. In the first broader region might give a larger shift in absorption
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maximum; however, a pH lower than 5.0 tends to precipitate 3.

the protein, whereas a pH higher than 6.2 starts to induce
the formation of the anionic form, the absorption of which
is lower in energy at 487 nm as presented in the preceding
accompanying papef). These circumstances would com-

plicate the appearance of the absorption spectrum:; therefore, °-

we considered only the region from pH 5.0 to 6.2.
So far, we have discussed the possibility of multiple states

underlying band A, which fits with the rapid rise in green 6.

emission and the absence of completely matched decay in
blue emission in S65T/H148D in glycerol/buffer solution.

However, we realize that it may not be straightforward to 7.

apply the preceding model directly in the interpretation of

the data obtained in buffer solution at pH 5.6 without

glycerol. For example, the excitation maximum with green g
emission in buffer is not shifted by the same amount as in
glycerol/buffer solution (Figures 1B and 4E,F). Nonetheless,
the red side of the absorption maximum (415 nm) still
exhibits higher excitation efficiency than the blue side does.
In other words, the partitioning of the ground state into two

populations may not appear to be as obvious as in glycerol/ 10

buffer solution, but there is still evidence for it. In fact, by
selectively photobleaching a population of S65T/H148D at
pH 5.6 with a 457 nm laser, a band centered at 435 nm is
observed as a negative feature that grows in the difference
absorption spectra with photobleaching time. This preferential
photobleaching effect provides support for the existence of
population 4. Other evidence emerges from the photophysi-
cal characteristics of GFP S65T/H148D in buffer, including
the ultrafast rise in green fluorescence as well as the
absorption maximum, which are very similar to those in
glycerol/buffer solution.

The ultrafast green fluorescence and short hydrogen bond

1

observed in GFP S65T/H148D are unusual. We propose the 14,

apparent ultrafast ESPT is a result of small proton displace-
ment strongly facilitated by the short hydrogen bond between
the phenol oxygen of chromophore and the carboxyl oxygen ¢
of Asp148. There is good precedent for ultrafast intramo-
lecular EPST processes in simpler molecules. For example,
this was observed in a photoacid, 1,8-dihydroxyanthraquino-
ne (chrysazin) in hexane at room temperat@®,(and in a
“tight” complex of acetate and a photoacid, 8-hydroxy-1,3,6-
trisulfonate-pyrene (HPTS)2{). To further evaluate the
nature of the proton involved in the short hydrogen bond in
GFP S65T/H148D, one needs to acquire spectroscopic data
with better time and structural data at higher resolution or a

16

neutron scattering structure to precisely locate the key 18.

proton(s).
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