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ABSTRACT: In parts 1 and 2 of this series [Hanson, G. T., McAnaney, T. B., Park, E. S., Rendell, M. E.

P., Yarbrough, D. K., Chu, S. Y., Xi, L. X., Boxer, S. G., Montrose, M. H., and Remington, S. J. (2002)
Biochemistry 411547715488; McAnaney, T. B., Park, E. S., Hanson, G. T., Remington, S. J., and
Boxer, S. G. (2002Biochemistry 4115489-15494], we described the structure, excited-state dynamics,

and applications of pH-sensitive, ratiometric dual emission green fluorescent protein (deGFP) variants
with fluorescence emission that is modulated between Hlug & 465 nm) and greemfax = 515 nm)
depending on the pH of the bulk solvent. In this paper, we consider the energetic origin of the dual
emission properties of these GFP variants by examining the temperature dependence of the steady-state
absorption and fluorescence emission. In most cases, the quantum yield of the green emission decreased
as the temperature was lowered, indicating that the excited-state proton transfer (ESPT) which produces
the green emitting form is an activated process. The activation energies of ESPT, determined by modeling
the quantum vyields of both blue and green emissions between 260 and 298 K in the context of a simple
photocycle, were found to be larger at low pH than at high pH. These results indicate that the ratiometric
dual emission properties of deGFP mutants are due to this pH-sensitive ESPT rate, combined with a
modulation of the ground-state neutral and anionic chromophore populations with pH. The time-resolved
fluorescence of one of the deGFP mutants was studied in detail. The time-resolved emission spectra of
this mutant are the first ultrafast spectra obtained for a GFP. These spectra demonstrate that the rising
kinetics for green emission, considered a hallmark of ESPT, is the sum of the contribution from both the
neutral and intermediate anionic forms of the chromophore at the probe wavelength and may not be
observed in all mutants that undergo ESPT, depending on the relative contributions of the two forms.

The green fluorescent protein (GER)om the jellyfish relatively rigid environment that is largely responsible for
Aequoreavictoria is widely used as a marker of gene its high fluorescence quantum yield. The specific amino acid
expression and protein interaction within intact cells and residues whose interactions further influence the spectro-
organisms 1), and engineered variants of GFP have been scopic properties of the chromophore line the inner surface
used as physiological indicators and biosens@rs4j. The of this -barrel. Manipulation of the environment surrounding
genetically encoded fluorescence of GFP is a result of anthe chromophore has opened new opportunities to improve
autocatalytic, post-translational cyclization and oxidation and manipulate various biochemical and spectroscopic
reaction of three consecutive amino acids to form the properties of GFP, such as the sensitivity to @ 7-9),
protein’s chromophore. The high-resolution crystal structure redox potential 10, 11), metal (2—14) or halide concentra-

(5, 6) shows an unusual 11-strandBebarrel that shields  tion (15), quantum yields of fluorescence, and absorption or
the GFP chromophore from bulk solvent and creates a fluorescence maximal( 16, 17. In parts 1 and 2 of this
series 8, 18, we described the structure, excited-state
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Scheme 1 neutral and anionic states and the activation barriers for ESPT
. Kespr o  infrequent . and nonradiative decay .following excitation qf the neutral
A e | - B chromophore are examined. These energetic features are

crucial for understanding the ground- and excited-state

Kk k. proton-transfer reactions that underlie the spectroscopic
398 nm 4 k! % |k s08nm 478 nm - properties of GFP and its mutants such as the low quantum
k460 nm k- 510m yield of blue emission. In addition, we examine the time-
resolved fluorescence of deGFP2 by fluorescence up-
infrequent conversion spectroscopy to compliment previous studies on
A-— | ——= B deGFP4 18).

hours

of its photochemistry and photophysics is shown (Scheme MATERIALS AND METHODS
1) (19). Excitation of either the neutral or anionic form of Sample PreparatiorProtein samples of the four deGFPs
the chromophore results in green fluorescence at 510 nmwere prepared as described previoudy. (t is noted that
from the anionic state. Direct excitation of the anionic deGFP3 contains an additional mutation, C48S, that was not
chromophore B results in green emission with a high present when the protein was studied previou8)y This
fluorescence quantum yield. Upon excitation of the neutral mutation was introduced to eliminate the possibility of a
chromophore, A* rapidly converts to I*, a green-emitting disulfide bridge at this surface-exposed site, and it is
form that appears to be similar to B*. However, I* (or I) spectrally silent as shown by Hanson et al. in redox sensitive
rapidly re-forms A, while B is only formed to a very limited GFPs (roGFPs)1(0). The protein samples were exchanged
extent. The exact difference between B and | (or B* and I*) into three different 100 mM NaCl and 50 mM buffer
is not understood, but it has been suggested that structurakolutions, at high, intermediate, and low pH, and one
relaxation of the protein may be required to convert I* and deuterated 100 mM NaCl and 50 mM buffer solution, at
I into B. Time-resolved fluorescence studies have shown thatintermediate pD. The high-pH buffer was pH 9.2; the
the lack of appreciable steady-state emission from the excitedintermediate pH and pD buffers were chosen to correspond
state of the neutral chromophore can be attributed to anto the aqueousky, values measured for each mutaBjténd
ultrafast, excited-state proton transfer (ESPT) reaction thatare listed in Table 1; the low-pH buffer was pH 5.6. deGFP1
quenches the blue emission and gives rise to the greenshowed a tendency to precipitate from solution at high
emitting anionic specied ). This was originally suggested concentrations at pH 5.6, so a pH 6.0 buffer was used instead
since both the A* decay and I* rise in wild-type GFP are for this mutant. Buffers used were MES, MOPS, HEPES,
slowed upon deuteration of exchangeable protons. Theand Bis-Tris Propane as appropriate. For deuterated buffer
minimal working model 19) in Scheme 1 provides a useful solutions, the buffer was dissolved in® and adjusted to
framework for describing GFP ground and excited-state the final pD using DCI or NaOD (buffers were corrected
dynamics 18), though we stress that it may not apply in for the isotope effect on the pH met@2)). Buffer exchange
detail to all GFP variants and ultimately oversimplifies the was performed by concentrating the protein followed by re-
situation even for wild-type. The two-color emission from suspension in the desired buffer (repeated three times). A
deGFPs has been attributed to an overall decrease in the raté0% (v/v) glycerol (ords-glycerol) solution was prepared
of ESPT compared to wild-type so that appreciable A* in buffer containing the protein for subsequent temperature-
emission can be seen at steady state, and structural worldependent fluorescence and absorption studies.
suggests that the difference is a result of different proton Room-Temperature Quantum Yield Measuremehite
relay networks surrounding the chromopho8. As with guantum yields of emission following excitation at 400 nm
wild-type GFP, excitation of A in deGFPs leads very rapidly were determined for the deGFPs in protonated glycerol/buffer
to a B-like species; however, B does not accumulate rapidly; solutions. Fluorescence spectra were recorded on a Spex
therefore it is necessary to invoke a species such as |. fluorolog fluorimeter with a Spex 1620 dual-grating emission
GFP-based biosensors that rely solely on excitation and monochromator (Spex Industries, Metuchen, NJ) using a 10
emission from the anionic state suffer from the fact that it is mm path length cuvette and right-angle detection geometry.
often difficult to dissect whether in vivo changes in Fluorescence spectra were corrected for detection efficiency
fluorescence intensity arise from changes in the concentrationusing a series of standards and technical emission spectra
of the analyte being detected or the biosensor itself. Ratio- that covered the fluorescence ran@3)( The absorption
metic GFP-based biosensors such as deGFPs and GFP FRE3pectrum of each sample was recorded on a Perkin-Elmer
pairs (L2), avoid many of these problems; however, to date, Lambda 12 UV/vis spectrophotometer (Perkin-Elmer, MA).
the quantum vyield of blue fluorescence has always beenSolutions were kept dilute®ge < 0.1) to avoid inner filter
limiting in cellular applications, even with the use of effects. Solutions of 9-aminoacridine dissolved in water
enhanced BFPs and CFR( 2]). In this work, we explore  (Amax.ans= 400 nm,® = 0.98) were used as standar@d)(
the dramatic enhancement of blue fluorescence observed inThree separate solutions of the standard were prepared and
deGFPs at low temperatures. We present temperature-measured, either at the beginning, middle, or end of acquiring
dependent absorbance and fluorescence quantum yieldhe fluorescence spectra of the protein samples, to ensure
measurements at acidic, neutral, and basic pH of four dualno substantial instrument drift and to provide an estimate of
emission GFP variants: deGFP1 (S65T/H148G/T203C), the experimental error. These standard samples, normalized
deGFP2 (S65T/C48S/H148C), deGFP3 (S65T/C48S/T203C),with respect to their absorption at the excitation wavelength,
and deGFP4 (S65T/C48S/H148C/T203C). The temperaturediffered in their integrated intensity by no more than 6%.
dependence of the ground-state interconversion between th&he quantum vyield of fluorescence from the deGFPs was
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calculated according to the blue edge of the A band, the blue side of the 400 nm
absorption band in the spectrum was fit to a log-normal line
f|P(,1) di Noveorofware)2 Aioo shape and extrapolated to 250 nm.
of = x ( gyceroTe e) x —= X @2 (1) Fluorescence Upcarersion SpectroscopyThe time-
J142) da Mwater 100 resolved fluorescence of deGFP2 at pH 6.0 and 9.2 in

aqueous buffer was measured at 460 and 515 nm by a
wherels(1) andlp(1) are the corrected emission spectra of fluorescence upconversion setup described previoddy (
the standard and protein solution&,,, and A}, are the 26). Samples were excited by a 400 nm excitation pulse
standard and protein absorptions at 400 nbg is the generated from the second harmonic of an argon ion-pumped
standard’s quantum yield of fluorescence, and the refractive titanium/sapphire laser. The instrument response function
indicesnyater aNd Ngyceroimaterare fixed to their room temper-  (IRF) generated from the mixing of the gate beam with
ature values of 1.33 and 1.42, respectiveBb)( The scattered excitation light was typicatyl60 fs, and the time
absorbance of samples was kept low such that eq 1 iswindow for data acquisition was 1.32 ns. The sample, stirred
applicable. In general, the fractions of absorbed light, that continuously in a 1-mm path length quartz cuvette, was
is, 1 — 107A, should be used instead of absorbance. Theseexcited at 82 MHz with 10 mW of light (12 pJ/pulse)
room-temperature quantum yields were used to determinepolarized at the magic angle with respect to the gate beam.
the temperature-dependent quantum yields described belowTime-resolved fluorescence spectra were obtained by tuning

Temperature-Dependent Fluorescence and Absorbancethe phase matching angle for sum frequency generation in
Measurements he temperature-dependent fluorescence and sync with the monochromator detection wavelength while
absorption spectra of deGFPs in glycerol/buffer were col- at a fixed time delayZ7). In practice, fine adjustments of
lected using the same fluorimeter and spectrophotometer aghe delay line were also required to compensate for the group
used for the room-temperature quantum yield measurementsvelocity mismatch of the different spectral components
Variable temperature from 298 to 115 K was achieved using traveling through the sample cuvette and the upconversion
a miniature Joule-Thomson refrigerator (MMR Technologies, BBO crystal. A UG 11 filter provided good transmission of
Mountain View, CA) and very thin (7&m path length)  the upconverted light over the desired wavelength range
sample geometry. For fluorescence measurements, samplewhile sufficiently blocking residual, scattered 400 nm
were excited with 400 nm light and the resulting sample excitation light. The spectrum recordedtat —1 ps was
fluorescence was collected from 420 to 650 nm in a front- subtracted from the spectra collected at positive time delays.
face geometry. Fluorescence and absorption spectra were Data Analysis.Scheme 1, originally proposed for wild-
taken in~10 K intervals after cooling at a rate 6f0.1 K/s GFP (9), was used as a model to analyze the temperature-
from the previous temperature poinitka 3 min equilibration dependent, ground-state equilibria and quantum yields of
period at the desired temperature. A clear glass was obtainedluorescence. The equilibrium constant for ground-state
at 180 K and below if the sample was not equilibrated interconversion, A~ B + H*, was determined according
between 190 and 200 K. Measurements at 190 and 200 K,to
temperatures near the glass transition temperaiygyevwere

not taken as the sample became opaque if maintained at these [B][H +] €n f AB(,1) di

temperatures. InKeg=IN|"—FV=—=In[—"F—F—"—-| —2.3x pH
To determine the quantum vyield of fluorescence as a [Al €g fAA(/I) i

function of temperature, variable temperature absorption (2)

spectra were first used to correct the fluorescence spectra )

for the change in sample absorption at the excitation Where/A%(1) di and/A°() di are the integrated absorbance
wavelength. The ratio of the integrated fluorescence intensity Of states A and B, and the ratio of extinction coefficients
relative to that at room temperature was then calculated andéa/és is as determined from the ratio of the change of
multiplied by the quantum yield of fluorescence measured temperature-dependent integrated absorbance of B to that of
at room temperature. The room-temperature quantum yieldA- )

in deuterated glycerol/buffer solution was determined by _ A van't Hoff plot of the natural logarithm oK., versus
normalizing the spectrum obtained in the Joule-Thomson T_*Wwas used to determine the change in enthalpy associated
refrigerator according to the pH-independent isosbestic pointWith ground-state A= B + H™ interconversion. The data
determined from the three spectra in protonated glycerol/ N€ar room temperature (29260 K) were fit to the
buffer solution. The quantum yield of emission was further integrated form of the van't Hoff equatio2g, 29

separated into the quantum yields from the different emitting K AH, — TOACp( L 1) AC, T

states (A* and I*) by normalizing and subtracting the In—9= +—PIn=— (3)
Ty, T

spectrum measured at low pH, which was typically domi- Ko R R T,

nated by A* emission. For deGFPs which had a substantial

amount of I* emission even at low pH, a red-shifted spectrum where ACp is change in heat capacity, assumed to be

of BFP was used to model the red edge of the A* emission temperature independent over the range of temperaflyes,

spectrum. is the reference temperature of 298K, atgland AH, are
Likewise, for the determination of the ground-state equi- the equilibrium constant and enthalpy, respectivelyTat

librium constant, the integrated absorbances for each band To model the excited-state dynamics of the deGFPs, both

(A and B) were determined from spectral decomposition, A* and I* were assumed to have individual radiative)

using the low-pH spectrum as a model. To remove from the and nonradiativeky) decay rates and were connected via

spectrum the 280 nm protein band that partially obstructs the rate of ESPTkgspy. The expressions for the quantum
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yields of fluorescence from A* and I* can be derived as  shifts toward the neutral chromophore at lower temperatures.
. At 180 K and below, the intensities of the A and B absorption
A Kf 1 bands remain approximately constant, and the predominant
F— &+ K+ ke - 1+ KN + ke (4) effect of lowering the temperature further is a narrowing of
r SPT r SPT the bands and a sharpening of vibronic structure. A typical
series of temperature-dependent absorption spectra are shown

I*
| k Kespr _ in Figure 1A,C,E for deGFP1 at pH 6.00, 8.02, and 9.20
F (K + K + kegpp (K +K) (also see Figure 1A in reB). deGFP2 shows a slight
K deviation from the behavior of the other variants at inter-
. SPT — (5) mediate and high pH. The ratio of the integrated absorption
A+ KN + Kegpp(@ + K)) bands (A/B) increases from room temperature un#60—

270 K, then decreases until 230 K, and then resumes
where the latter expressions give the nonradiative ratesincreasing again at lower temperatures.
relative to the radiative rates of the precursor state. To model A van't Hoff plot of the natural logarithm oKeq (€q 2)
the temperature dependence, the nonradiative decay ratesersusT-! was used to determine the change in enthalpy
including the rate of excited-state proton transfer, were gssociated with ground-states& B + H* interconversion

modeled according to the Arrhenius expression (Figure 2). Although the slopes of the van't Hoff plot of
y A —EJRT deGFPs 1, 3, and 4 did not exhibit the change in sign seen
k= Ae (6) in deGFP2, an abrupt decrease in the slope bel@60 K

is observed in all of the mutants. Fitting the data close to

o : room temperature (29860 K) to eq 3, where the heat
activation energyﬁls_the gas constaryt, aﬁA'ds thegbso/lyte capacity change is assumed constant over the narrow
temperature. This yields two functiom®g(T, A, , By, temperature range, yields the thermodynamic parametér

' | 1 A* A ' 1 * | R . . .
Aespr Eeser) and (T, AL, By, Aespp Eesen Ay En)  listed in Table 1. The vertical displacements on the van't

the best fit to the data had” > k' and could therefore be  the reaction, changes with pH. This is different from simple

where Al is the Arrhenius preexponential factdg, is the

equally well-fit by the simplified functionsPf(T, ALY, acid—base reactions whekaqwould be constant at different
EY, Argpp Eesey) and dD*'F(T, AN BN Alcpr Ecsp) Where  pHs. The change dfeq for deGFPs can be due to different
I* decayed solely b)k;' . protein conformations induced by changes in pH, as observed

in the deGFP1 crystal structur8)(
RESULTS Temperature Dependence of Steady-State Fluorescence.

Room-Temperature Quantum Yield@e total quantum Following excitation of the neutral chromophore at 400 nm,
y|e|d of emission @F) for each deGFP varies dramatica”y the four deGFPs exhibit SpeCtra characteristic of emission
as a function of pH. At low pH® varies from~0.02 to from the excited states of both the neutral (A*460 nm)
0.08 depending on the mutant, whereas at high PHjs and anionic (I*, ~515 nm) chromophores, with relative
much higher, varying from 0.22 to 0.44. Breaking do®p intensities that depend on pH and temperature (see Figure
into the individual contributions from the A* and I* states 1B.D,F and also Figure 1C in r&). As the temperature is
(@2 and @\, respectively) reveals two distinct classes of lowered,®¢ increases dramatically for all deGFP variants
behavior for the deGFPs (Table 1). For deGFP3 andf4, ~ Studied, regardless of pH. At low pH and intermediate pD,
increases as the pH is lowered, whereas for deGFP1 and -28mission from I* is either absent at room temperature or
@ is relativelyinsensitie to pH. All four mutants show a  disappears 4660 K below room temperature, depending on

. . ) o N
decrease inCID'F upon lowering the pH. Deuteration of the mutant. At intermediate and high pH, emission from |

exchangeable protons at intermediate pD leads to emissiondomlnates the room-temperature fluorescence spectrum but

L : - decreases in intensity as the temperature is lowered to 210
spectra similar to that observed at low pH. The interesting . ) e .
behavior of q)ﬁ i1 deGEP1 and -2 led us to further K. At 180 K and below, the intensity of emission from I* is

. ; : enerally constant if it remains present in the spectrum at
characterize the excited-state dynamics of deGFP2 byg"_ Onlg deGFP1 shows beha[\)/ior that did nc?t fit this

fluorescence upconversion spectroscopy (the dynamics Ofdescription. For this mutant at high pﬂ)!:: decreases from

deGFP4 were characterized in earlier woll). room temperature to 250 K and then exhibits a large increase

Temperature Dependence of AbsorptiQualitatively, for g : 0
all of the deGFPs studied, as the temperature is lowered from!" Intensity (>l.50 %) foI.Iowed b|y a decrease between 180
and 115 K. At intermediate pHb. shows the same general

298 to 210 K, the integrated area of the absorption band of . L o :
the neutral chromophore (A) increases while that of the trend, although the increase in intensity is less dramatic and

anionic chromophore (B) decreases as determined from the_qJIF below 180 K is fairly constant, showing only a slight
integrated absorption bands of each species. At low pH, the!ncrease over thf Iow-te;mperature range. The temperature
population of the anionic chromophore at room temperature dependences obg and . are summarized in Figure 3 for

is close to zero and the increase in absorbance of the neutrathe four deGFP variants.

chromophore upon lowering the temperature is modest It is difficult to fit eqs 4—6 to the temperature dependence
(~10—-15%). For intermediate and high pHs, where the room of the fluorescence quantum yields over the entire temper-
temperature populations of the anionic chromophore are moreature range abové&y however, modeling the behavior of
substantial, the absorption band of the neutral chromophorethe deGFPs with an Arrhenius expression for the nonradiative
increases more dramatically (up to 75%) as the equilibrium rates over the temperature range of 2@98 K yields the
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Ficure 1: Steady-state absorbance and fluorescence spectra of deGFP1 from 298 K (red) to 120 K (bBeKimtervals. Absorbance

(A) and fluorescence (B) at pH 6.00. Absorbance (C) and fluorescence (D) at pH 8.02. Absorbance (E) and fluorescence (F) at pH 9.20.

The excitation wavelength for fluorescence measurements, 400 nm, is indicated by the arrows in the absorbance plots. Both absorbance and

fluorescence spectra were normalized to the peak value of the spectrum at 298 K. Fluorescence intensities were corrected for the change

in absorbance with temperature at the excitation wavelength.

activation energies listed in Table 1. For all mutants, the recorded at different delay times following excitation of the
nonradiative decay rate is generally small compared with neutral chromophore (Figure 6). Two separate fluorescence
the radiative rate of I*, and the data can also be adequatelybands at-460 and 515 nm, analogous to those seen at steady
modeled with a simplified scheme where I* primarily decays state, are readily visible in the time-resolved emission spectra.
radiatively (<', > kl"). This implies that the intrinsic quan- The low-pH emission spectra are dominated by emission
tum vyield of emission from I*, once formed via proton from A* at 460 nm with a small, secondary peak from I*
transfer, is quite high (i.eq):JCDESPTN 1) and that emission ~ appearing at~515 nm. At high pH, the A* emission
from I* serves as a direct reporter of excited-state proton dominates the spectrum at early times and appears to decay
transfer. It should be noted that the kinetic model presentedin a manner similar to that observed at low pH. Emission
here is not capable of producing a minimum in the function from I* at 515 nm, however, rises to its maximum intensity
d)ﬁ(T)/@'F(T) as is observed with deGFP1. in ~100 ps and subsequently decays on the nanosecond time
Room-Temperature Time-Resed Fluorescence of scale. The time-resolved emission spectra clearly demonstrate
deGFP2.The time-resolved fluorescence decays of deGFP2 that the dynamics measured at 460 nm can be attributed to
at 460 and 515 nm were recorded at low and high pH (Figure a single decaying species, A*, whereas the dynamics
5). In addition, discrete time-resolved emission spectra weremeasured at 515 nm are the sum of the individual kinetics

0 1
250 300
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FIGURE 2: van't Hoff plot of the natural logarithm dfeqvs T~ for deGFP1 (A) deGFP2 (B), deGFP3 (C), and deGFP4 (D). Measurements
were done at low pH (diamonds), an intermediate pH (squares), and at high pH (circles) as described in the text. Fits to the integrated form
of the van’t Hoff equation between 298 and 260 K are shown. Measurements in deuterated buffer have been omitted for clarity.
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Ficure 3: Quantum vyields of fluorescence from A* (blue) and I* (green) as a function of pH and temperature for (A) deGFP1, (B)
deGFP2, (C) deGFP3, and (D) deGFP4. Measurements were done at low pH (diamonds), an intermediate pH (squares), and at high pH
(circles) as described in the text. Measurements at intermediate pD (open squares with cross) are also shown.

from two species with overlapping emission bands, A* and pjscussiON

I*. Therefore, to isolate the emission at 515 nm coming solely

from I*, the A* dynamics measured at 460 nm are normal-  Ground-State Equilibria of deGFP3he ground state of
ized to the initial { = 0) emission amplitude at 515 nm and the wild-type GFP chromophore exists in both neutral and
subtracted from the data, since the early-time emission atanionic forms, which absorb at 398 (band A) and 478 (band
515 nm (1 ps) can be attributed primarily to A* decay. B) nm, respectively. Although in wild-type the ratio of the
The resulting kinetic trace reflects purely the I* emission two forms is largely independent of pH or ionic strength, in
dynamics in deGFP2 (Figure 5, lower panels). mutants of GFP, the ratio often shows an increased sensitivity
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FiGure 4: Simultaneous fits to eqs 4 and 5®€ (circles) andd)'F (squares) for deGFP3 from 298 to 260 K at high (A), intermediate (B),
and low (C) pH and intermediate pD (D). The fits are derived from the kinetics imposed by Scheme 1 assuming an Arrhenius temperature

dependence Ofesprand kﬁr Error bars depicted in (B) are estimates based on repeated measurements of 9-aminoacridine standards as

described in the text. The fit results are summarized in Table 1.

Table 1: Spectroscopic Parameters Derived from
Temperature-Dependent Absorbance and Fluorescence
Measurements of deGFPs

AH° oL of Eeser ES
(kJ/molp 298 KP 298 K°  (kJ/molf  (kJ/moly

deGFP1

pH 9.20 21+ 1 0.26 0.021 181 11+1

pH 8.02 25+ 2 0.08 0.023 241 7+t1

pD 8.02 35+ 2 0.015 0.024 255 9+1

pH 6.00 444+ 8 0.001 0.022 - 1#+1
deGFP2

pH 9.20 11+1 0.40 0.036 194 14+ 4

pH 7.25 12+ 3 0.10 0.035 231 14+1

pD 7.25 12+ 1 0.007 0.036 314 10+1

pH 5.60 10+ 1 0.005 0.038 3210 14+ 1
deGFP3

pH 9.20 17+t1 0.29 0.011 16t 3 3+2

pH 6.86 13+ 1 0.085 0.032 211 9+1

pD 6.86 13+ 1 0.042 0.045 221 14+1

pH 5.60 13+ 1 0.020 0.055 23 16+ 1
deGFP4

pH 9.20 16+ 1 0.20 0.015 151 8+t1

pH 7.37 19+1 0.10 0.059 191 14+ 1

pD 7.37 13+ 3 0.026 0.069 24 8 15+1

pH 5.60 175 0.001 0.078 2% 10 18+ 1

Normalized
Upconversion Signal

-

Difference
o
o
.

1500 50 100 50
Time (ps)

R T

Time (ps)
Ficure 5: Room-temperature fluorescence upconversion measure-
ments of deGFP2. The time-resolved emission measured at 460
nm (dashed line) and 515 nm (solid line) at pH 6.00 (A) and 9.20
(B). The kinetics have been normalized to the instantaneous
emission att = 0 ps. The kinetic trace below each panel is the
difference in the normalized kinetics measured at the two wave-
lengths (515460 nm).

o

show a strong dependence on both pH and temperature. In
this work, we determined the standard reaction enthalpy for
the ground-state interconversion process from the temperature

a Ground-state enthalpy change determined by fitting the absorb.’;mce(.jependence of the equilibrium constant. Near room temper-

data near room temperature to the integrated form of van’'t Hoff equation
(eq 3).? Room-temperature quantum yields of emission determined by

ature, all of the deGFPs exhibit a negative slope associated

decomposing the fluorescence spectra into individual A* and I* With A =B + H* interconversion indicating that the neutral
emission bands. The error is less than 6%ctivation energies

determined by fitting the quantum yields of emission near room (Figure 2). With the exception of deGFPAH° is ap-
temperature to eqs 4 and 5.

state of the chromophore is the enthalpically preferred state

proximately independent of pH, and differences in the
equilibrium constant (vertical displacements on the van't

to these and other properties of the surrounding mediym ( Hoff plot) can be attributed to pH-dependent changesSh
30). The ground-state equilibria of the deGFPs described herethrough—RTIn Keg = AH® — TAS’. These vertical displace-
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FicurRe 6: Room temperature time-resolved emission spectra of deGRP2 at300, 10, 100, 500, and 1000 ps at pH 6.00 (A) and 9.20
(B). Thet = 1000 ps spectrum is shown only for pH 9.20. The spectruta0.3 ps at pH 6.00 was used as a model of pure A* emission
to decompose the spectra into contributions from A* (blue) and I* (green).

ments indicate that the change in entropy at low pH is greaterplausible that temperature-dependent changes in the sur-

than at high pH by~40—60 J/molK, with deGFP1 showing
the smallest change inS’ across the pH range.

For deGFP1AH®° changes from 21 to 44 kJ/mol as the
pH is lowered. This change iIAH° can be related to the
crystal structure at low and high pH. Except for minor
rearrangements, the low-pH structug} i superimposable
on the S65T GFP structure solved at low and high @} (
while the high-pH structure3j reveals a large structural
change of thes-barrel topology, specifically a twisting and
displacement of thg-strand containing residues 14350.

At high pH, Ser147 moves from its normally solvent-exposed
location to an interior location where it can form a hydrogen
bond with the phenolate oxygen. At low pH, the hydrogen
bond capabilities of the phenol oxygen are restricted and
consequently, the sequestering of Serl47 is not energeticall
favorable (see Figures 3 and 4 of 1&f These structural
changes lead to the changes observedHtf. The neutral
state is enthalpically more favored in the low-pH conforma-
tion (AH® = 44 kJ/mol) than in the high-pH conformation
(AH°® = 21 kJ/mol). So far, only the crystal structure of
deGFP1 has been determin&)l Other mutants in this series
may share these pH-dependent structural properties, an
crystal structures of those mutants will be solved to test this
hypothesis.

As the temperature is lowered t9250 K, the slope of
the van't Hoff plot changes and becomes more shallow, with

deGFP2 exhibiting an extreme case where the slope change

sign over a small temperature range. The observed curvatur
of the van't Hoff plot may be due to a nonzero heat capacity

by a simple A= B + H" interconversion scheme. Hole-

burning experiments have demonstrated that the ground stat
of the intermediate anionic state | is stable and populated at

low temperatures3l—33), and more recent work has shown
that it can be stabilized at room temperature by mutagenesi
(34). The absorption band of the | state is reported to lie at
~500 nm at room temperature; therefore, it is possible that
the red shift observed for the anionic band upon lowering
the temperature (for example494— 510 nm for deGFP1,
Figure 1C) represents B | interconversion. Regardless of
the exact nature of the state being formed, it remains

Y,

S

rounding protein structure cause other subpopulations to
become populated at lower temperatures. The inability of
Scheme 1 to quantitatively explain the temperature depend-
ence of® and®; down to T, as well as the inability to
explain the dramatic increase @} observed for deGFP1 at
~250 K, points to the existence of a more complicated
ground-state (and potentially excited-state) energy landscape
at lower temperatures.

Activated Excited-State Proton Transfeébreen fluores-
cence is observed almost exclusively in the steady state down
to ~77 K following excitation of the neutral chromophore
in wild-type GFP. Indeed, to obtain significant amounts of
blue emission (460/510 nm peak emission intensity/4),
wild-type GFP must either have its exchangeable hydrogens
replaced with deuterons and the temperature lowered to 77
K (19) or, if fully protonated, the temperature must be further
lowered to~4 K (34). These observations suggest that the
ultrafast excited-state proton transfer in wild-type is an almost
activationless process. In contrast to wild-type GFP, the
deGFP mutants studied here show evidence for an activated
OESPT process. For most chromophores, the quantum yield
of emission from the excited-state increases as the temper-
ature is decreased because competing nonradiative decay
pathways, such as internal conversion to the ground state,
are suppressed. This is true of model compounds of the GFP
ghromophore 35—-38), BFP @39), and the neutral chro-

ophore of the deGFPs studied here at low pH (Figure 1B).

pon excitation of the neutral state, the intensity of emission
d‘rom the anionic state of deGFPs decreases noticeably as
the temperature is lowered, providing strong evidence that
éhe emitting species is formed via an activated process. This
observation, in conjunction with the dramatic isotope effect
on the ratio of blue/green emission, indicates that an activated
excited-state proton-transfer reaction connects the A* and
I* excited states.

Modeling the behavior of®f and @ in the high-
temperature range according to Scheme 1 reveals a pH-
dependent modulation of the activation energy and, therefore,
rate of ESPT (Table 1). All of the deGFPs show a greater
activation energy for ESPT at low pH than at higher pH;
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replacing exchangeable hydrogens with deuterons generallyat any pH. Despite being slowed, the rate of ESPT is not
raises the activation energy compared to the correspondingnegligible, and emission from I* is readily observed at high
activation energy in protonated buffer. At low pH, the rate pH due largely to the high quantum yield of emission from
of proton transfer in deGFP1 is so slow that almost no I* I* once formed. These results also indicate that the opposing
emission is observed at steady state following excitation of changes in the blue and green emission intensities that make
A (Figure 1B); therefore, it is not possible to determine an deGFPs useful as biological pH sensors are due both to the
activation energy at this pH. The activation energy of ESPT modulation of the rate of ESPT, which has a large impact
is seen to vary from~15 to 30 kJ/mol depending on the on the intensity of I* emission, and the ground-state A to B
variant and the bulk pH. ratio, which scales the A* emission according to the ground-
The excited-state proton-transfer reaction competes againsstate population of A.
one or more nonradiative decay pathways from the excited Time-Resaled Fluorescence Kinetics and Spectra of
state of the neutral chromophore back to the ground state.deGFP2.To further investigate the relative insensitivity of
The existence of at least one activated, nonradiative c_zlecayq)é to changes in pH exhibited by deGFP1 and -2, the time-
pathway is evident at low pH where there is relatively litle yesolved kinetics of deGFP2 at room temperature were
ESPT, and therefore little or no emission from I*, but stilla  examined by fluorescence upconversion spectroscopy. The
dramatic enhancement df¢ with decreasing temperature. monoexponential kinetics inherent in Scheme 1 dictate that,
Whether or not the activation energy of this competing i (I)é remains constant as the pH is changed, the decay of
nonradiative decay pa'thway is also pH depen(.jent appearsyx myst also remain unchanged. In the case of wild-type
toA*depend on the particular mutant; however, in all cases, Grp or its mutants including the deGFPs, the observed decay
Ey is smaller thanEespr The origin of dual-emission,  of A* emission exhibits heterogeneous kinetics. For hetero-
therefore, appears to be a balance of the relative rates ofgeneous kinetics, an identical quantum yield can also be due
ESPT and nonradiative decay by mOdUlating the activation to Compensating Changes in a mu|tiexponentia| decay_
energy of these excited-state decay pathways. Interestingly Therefore, to distinguish between these two possibilities, the
for deGFP3 and -4, whei, also appears to be dependent decay of A* was measured at 460 nm. As seen in Figure 5,
on pH, the activation energies follow the same trend as thatthe decay of A* is almost identical at high and low pH
observed foEespy suggesting that the same factors, presum- despite exhibiting heterogeneous kinetics, and this gives rise
ably structural, that favor ESPT also favor nonradiative decay to the relatively constarﬁ)ﬁ measured at steady state. It is
back to the ground state. therefore likely that the rate of nonradiative decay of A*
The Dominant Decay Pathway of AFhe protein environ-  dominates at both high and low pH.
ment of wild-type GFP provides an optimal environment for Although the rate of ESPT does not dominate the decay
excited-state proton transfer, making it an essentially acti- kinetics of A*, the overall yield of proton transfer is directly
vationless process. This results in an ultrafast rate of ESPTproportional {:OkESPT and therefore has a substantial effect
that dominates the decay kinetics of A* emission (keser o theamplitudeof I* emission measured at 515 nm. The
> k) (19). Thus, green light is exclusively emitted at all conclusions from previous measurements of the time-
temperatures sampled by the organism, when energy transfefesolved emission of deGFP4 at 460 and 515 nm relied on
from aequorin to the blue A state occurs. In previous work, an analysis that assumed the kinetics probed at 515 nm were
we showed that the decay of A*in deGFP4 is dependent on 4 sym of the kinetics of both the A* and I* states. The time-
pH (18). The rapid decay of A* emission at high pH was yegolved spectra of deGFP2 at low pH (Figure 6A) clearly
attributed to ESPT, although the process is not as fast asjemonstrate that the line shape of the emission band from
that observed in wild type; consequently, some blue light is the neutral chromophore is quite broad and extends beyond
also emitted. '_I'he rela_tivel_y modest kinetic isotope effect 515 nm, even on the ultrafast time scale. At high pH (Figure
observed at high pH implies that the rates of ESPT and gp) the time-resolved spectrum at 300 fs indicates that
nonrad|at|v*e decay to the ground state are comparable (i..qimost all of the instantaneous (IRF-limited) intensity
kespr & ki). At low pH, the lifetime of A* increases  observed at 515 nm can be attributed to the A* state and is
substantially, indicating that the rate of ESPT has slowed, not a result of direct excitation of the blue edge of the B
and the lack of a kinetic isotope effect indicates thgt the decaypand and subsequent emission from B*. A quantitative
of A* is no longer dominated by ESPkdspr< K5 ). The analysis of the rising kinetics of I*, whether in deGFPs, wild-
observation of a pH-dependesit: for deGFP4 and -3 is  type, or other variants, likely requires subtraction of the A*
consistent with earlier conclusions based upon experi- dynamics measured at 460 nm, normalized to the instanta-
ments on deGFP4 and indicates that deGFP3 likely operatesneous emission intensity observed at 515 nm. These differ-
by a similar mechanism. The room-temperature rates ex-ence traces for deGFP2 are shown in the lower panels of
tracted from modeling the temperature-dependent data forFigure 5 and represent the kinetics and relative amplitude
deGFP3 and -4 further confirm that, at low pkkspr < of I* emission. As expected, lowering the pH dramatically
Kand that, at high pHK" are roughly 2-3 times faster ~ decreases the yield of proton transfer and reduces the
than kespr Unlike wild-type GFP, in deGFP3 and -4, amplitude of I* emission compared to that observed at high
nonradiative decay is the dominant mechanism for A* decay pH.
at most pHs; however, at high pH, the rate of ESPT becomes Conclusions The results presented here suggest that the
comparable. dual-emission behavior of deGFPs is a result of both a pH-
The observation that the room temperatslré is rela- sensitive ground-state equilibrium and a pH-dependent
tively insensitive to pH for deGFP1 and -2 suggests that modulation of the rate of ESPT. In general, the activation
ESPT is unlikely to be the dominant mechanism for A* decay energy for ESPT is dependent on the pH of the surrounding
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medium and is likely the result of pH-dependent structural
changes in the vicinity of the chromophore. In contrast to
wild-type GFP, the activation energy of ESPT in deGFPs
slows down the overall rate of ESPT such that it is
comparable to, or substantially slower than, competing

nonradiative decay channels back to the ground state. Further

structural characterization of the factors that appear to

simultaneously suppress ESPT and nonradiative decay back 13.

to the ground state in deGFP3 and -4 may provide insights
into the rational design of improved deGFPs with higher

quantum yields of blue emission. The temperature depend- =

ence of the quantum yields of emission are well-described

by a simple photocycle, summarized in Scheme 1, near room 15

temperature; however, at temperatures bel@80 K, other
conformations of the protein appear to be stable and
complicate the observed dynamics. Finally, ultrafast time-

resolved measurements of deGFP2 suggest that the detectiont®:

of rising kinetics for I* emission, considered a characteristic
signature of ESPT, is a function of the relative amplitudes
of A* and I* emission at the probe wavelength and may not
be observed in all systems that undergo ESPT.
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