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Abstract. The sub-millisecond protonation dynamics of the chromophore in S65T
mutant form of the green fluorescent protein (GFP) was tracked after arapid pH jump
following laser-induced proton release from the caged photolabile compound
o-nitrobenzaldehyde. Following a jump in pH from 8 to 5 (which is achieved within
2 ), the fluorescence of S65T GFP decreased as a single exponentia with atime
constant of ~90 ns. This decay is interpreted as the conversion of the deprotonated
fluorescent GFP chromophore to a protonated non-fluorescent species. The
protonation kinetics showed dependence on the bulk viscosity of the solvent, and
therefore implicates bulk solvent-controlled protein dynamics in the protonation
process. The protonation is proposed to be a sequential process involving two steps:
(a) proton transfer from solvent to the chromophore, and (b) internal structural
rearrangements to stabilize a protonated chromophore. The possible implications of
these observations to protein dynamicsin general is discussed.

Keywords. Green fluorescent protein; proton transfer; pH-jump; caged proton;
protein dynamics.

1. Introduction

The intimate dependence between protein conformational dynamics and protein function
is now widely appreciated.* Estimating the level of the correlation between dynamics
and function is the next step in functiona biology. Time-domain experiments are most
appropriate to quantify this correlation because static snapshots are blind to functionally
important intermediate protein conformations. Using solution-based NMR  spectro-
scopy,?® picosecond to millisecond scale fluctuations in conformation have been related®
recently to protein—protein interactions in the bacterial response regulator SpoOF. NMR
measurements have provided insight into the way HIV1 protease® and calmodulin® use
conformational changes to achieve function. Proton pumps such as bacteriorhodopsin,”®

*For correspondence
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ATP synthase® and cytochrome oxidase™* rely upon conformational dynamics for their
function, viz. proton transfer across the protein matrix.

The experimental difficulties which prevent quantification of functionally-relevant
dynamics are: (i) identifying a usualy weak signal corresponding to the motion of
specific side-chains in the protein interior, (ii) relating it to a measurable functional
property of the molecule, and (iii) isolating this signal from noise corresponding to
functionally irrelevant motion and measuring it with sufficient temporal resolution. In
addition, it has been difficult®® to reliably characterize motion on the criticaly
important microsecond time-scale by the traditional techniques of NMR spectroscopy.
We show here that green fluorescent protein®® (GFP), a very commonly used fluorescent
marker in cell biology,” is a unique model system where al the above difficulties can be
overcome. The functional property of GFP, i.e. its green fluorescence and sensitivity to
pH, can be used as a direct reporter of microsecond protein dynamics. This presents a
unique opportunity to correlate function and dynamics directly at the level of local
protein structure.

GFP consists of a compact cylinder made up of b-sheet strands and an a-helix running
aong the axis of the cylinder.>"**® The GFP chromophore, which gives the protein its
characteristic green fluorescence, is well-protected in a hydrophobic region inside this
cylinder, and is formed from residues Ser65-Tyr66-Gly67 (figure 1). The Tyr66 hydroxyl
points towards the inner surface of the cylinder, and is amost perpendicular to the
cylinder axis'®. Wild-type (WT) GFP shows a complex excitation spectrum®™ with
excitation peaks around 395 and 480 nm. Excitations at both these wavelengths give
approximately similar emission profiles peaking at 508 nm. The excitation spectrum is
understood™® in terms of existence of the Tyr66 hydroxyl group in protonated or
deprotonated forms absorbing around 395 and 480 nm respectively. A complex
hydrogen-bonding network near the GFP chromophore'®® determines the protonation
state of Tyr66, and hence the relative fluorescence excitation cross-sections of the two
bands. The highly directional nature of hydrogen bonds implies that the excitation cross-
section, and hence GFP fluorescence intensity, is extremely sensitive to local
perturbations in structure near the GFP chromophore.™® Given this unique sensitivity of
an easily observable functional property (i.e. fluorescence) to local structure, GFP is an
ideal system to probe for functional dynamics.

The pH sensitivity of GFP fluorescence®®? provides an experimental handle to
visuaize the dynamics around the chromophore. Upon excitation at 480 nm, pH titration
of the fluorescence intensity shows a sharp decrease on acidification, even in the pH
range where the protein is in its native configuration.®>?* The pH-dependent crystal
structure® of GFP (figure 1) indicates that protonation—deprotonation reaction of Tyr66
is associated with subtle variations in the orientation of a few side chains near the
chromophore. Indeed, fluorescence correlation spectroscopy (FCS) measurements™ at pH
values between 8 and 5 revea that reversible proton transfer occurs between the
chromophore and bulk solvent.

In the present work, we have used a laser-induced pH jump technique™2 to monitor
directly the kinetics of proton movement from bulk solvent to the GFP chromophore. We
have chosen the S65T mutant form™® of GFP, where Ser65 has been replaced by the
larger Thr group, because of an enhanced pH sensitivity of fluorescence® and existence
of only a single deprotonated species of the chromophore at neutral pH in this mutant
form.*® The deprotonated chromophore is stabilized™®® through H-bonds donated by
nearby polar groups such as Thr203, His148 and an ordered water molecule. Thus, S65T
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Figurel. Structurd changesin S65T GFP accompanying achangein pH. (a) At pH
8, a negative charge is stabilized on Tyr66 group of the chromophore through
H-bonds (shown as thick lines) donated by Thr203 and His148. (b) Upon lowering the
pH, Thr203 rotates by 100° and His148 moves away slightly from the chromophore,®
breaking the connecting H-bonds. The cylindrical b-sheet structure of GFP was made
using RASMOL.
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GFP has a single excitation peak around 480 nm corresponding to the deprotonated
chromophore, and emits around 508 nm. In wt GFP, excitation at 395 nm leads to excited
state proton transfer® to a nearby side chain and the usual emission at 508 nm. This is not
possible for S65T GFP due to the absence of a proton acceptor site'® Thus, the
fluorescence properties of S65T GFP are less complex when compared to wt GFP. We
also monitored the dependence of the rate of proton transfer to GFP chromophore on
solvent viscosity and implicate protein dynamics in the control of proton transfer
function.

2. Materialsand methods
2.1 Protein characterization

S65T GFP was a kind gift from Professor A S Verkman of the University of California,
San Francisco. Details of protein expression and the purification protocol are as
published.”

Absorbance, fluorescence excitation and emission characteristics were measured at
1mM S65T GFP concentration in solutions of varying pH between pH 8 and pH 5 in
50 mM phosphate—citrate-borate buffer. The fluorescence spectra at pH 7 were found to
have a single excitation peak at 482 nm and an emission peak at 510 nm. A pK, of 58
was determined from fluorescence titration (data not shown). The decrease in fluore-
scence intensity on acidification from pH 8 to 5 was found to be 85% of the value at pH
8. To check reversihility of fluorescence as a function of pH, a solution of S65T GFP at
pH 8 was diluted into a pH 5 buffer and equilibrated for 1 h before being restored to pH 8
again. Fluorescence excitation and emission spectra were recorded at different pH values
with glycerol concentrations of 0, 10 and 20% v/v. There was no noticeable change in the
spectra as a result of addition of glycerol.

2.2 Rapid laser-induced pH jump and fluorescence detection

Laser-induced photoexcitation of a caged compound®?® (e.g. o-nitrobenzaldehyde,
0-NBA), which becomes a weak acid (o-nitrosobenzoic acid with pK, ~4) on photo-
excitation, was used to rapidly increase proton concentration of solutions. Using this
technique, absorbance and structural volume changes have been used to monitor the
reactions of photo-detached protons with other chemical species.??*?® The time required
for completion of the pH jump was found by monitoring the absorbance of bromocresol
green at 632 nm (also see ref. 24). The absorbance change, and hence the pH jump was
complete within 2 s of the laser flash. Our set-up (figure 2) measures fluorescence
changes occurring in response to the rapid pH jump. A Quantel (France) Brilliant-B
Q-switched Nd: YAG laser giving 5 ns pulses at 1064 nm was frequency-tripled to obtain
a 355 nm ultraviolet (UV) beam with pulse energy of 200 mJ. This UV beam was
focused just before the cuvette containing the sample solution, and generated pH jumpsin
a cylindrical volume of 4 mm diameter and 2 mm length in the cuvette (the activated
volume). Fluorescence excitation (from a deuterium lamp) was focused to 2 mm diameter
and was incident at the centre of the activated volume in an anti-parallel but dlightly off-
collinear incidence to the laser. Thus, the fluorescence excitation volume (or probed
volume) was fully contained within the activated region. The fluorescence signal after
filtering was detected by a 9-stage model R928 (Hamamatsu, Japan) photomultiplier tube
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(PMT), and recorded using a 500 MHz digital oscilloscope. Data acquisition was
triggered by the UV laser shot through a photodiode; thus, the zero of time was deter-
mined by the incoming laser flash.

This instrument was calibrated by photoactivation of a solution containing 2 mM
0-NBA and 1 nM of the fluorescent pH indicator fluorescein at pH 8 (figure 3). The pH
jump-induced decrease in fluorescence showed that robust and repeatable pH jumps from
pH 8 to pH 5 could be obtained. Diffusion from outside the activated region can
equilibrate the pH change; however we found negligible pH drift at pH 5 even on atime-
scale of several seconds (figure 3, inset). This implies that the probed volume was very
well-contained inside the activated region, and thus homogeneous pH conditions existed
in the probed volume for several seconds. The activating laser beam induced a broad-
band cuvette luminescence which can mask the fluorescence from GFP. With careful
optical arrangement these effects were reduced such that they last for less than 20 nrs after
the passage of laser shot, as determined in a control experiment where the photomultiplier
tube signal for laser incident on water was recorded. Keeping this in mind, we rejected
data below 20 ns in al results stated. For pH jump experiments with protein, no
additional buffer was used. A 2 mM concentration of S65T GFP in agueous solution of
2mM o-NBA was sufficient to stabilize the pre-pulse pH a pH 8. In a control
experiment using S65T GFP solution at pH 8 with no 0-NBA, no change in S65T GFP
fluorescence intensity occurred upon a laser flash. Thus, the observed fluorescence decay
was confirmed to be a pH jump-induced protonation reaction. This also confirmed that
the laser does not induce photobleaching of the protein. For glycerol concentrations up to
20% (v/v), there was no noticeable change in the achieved magnitude of the pH jump.
The structure (figure 1) of S65T GFP at pH 8 and 4> was drawn using RASMOL and the
PDB files with accession codes 1IEM G and 1C4F (www.rcsb.org/pdb/).
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Figure 2. Schematic of experimental setup for carrying out laser-induced rapid pH
jumps. SHG — second harmonic generator. PMT — photomultiplier tube.
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Figure 3. Relative fluorescence change (normalized to the fluorescence intensity at
pH 8) in a 1-mM fluorescein solution after laser-induced pH 8 to 5 jump. The pH jump
was complete within 2 nms. The 0-NBA concentration used was 2 mM. Sampling
frequency for the digital oscilloscope was 256 MHz. Excitation: 480 nm, emission:
510 nm. Laser shot arrives at the zero of time. First 20 s of data are not reliable due
to cuvette luminescence, which appears as a transient spike immediately after laser
activation (see §2). The inset shows the relative fluorescence change in fluorescein up
to longer time-scales.

3. Resultsand discussion
3.1 Laser-induced pH jump

The main aim of the present work is to measure directly the rate of proton flow from bulk
solvent to the chromophore buried inside GFP by using a pH jump from pH 8 to 5. S65T
GFP has an extremely robust tertiary structure, and is in its native state even at pH 46, as
brought out by circular dichroism® and crystal structure studies.®® Thus, the protein
remains in its native state during the pH jump from 8 to 5. The decrease in fluorescence
intensity on lowering the pH (from pH 8 to pH 5) can therefore be interpreted as due to
decrease in excitation cross-section at 480 nm caused by a single protonation reaction,
which converts the deprotonated Tyr66 residue to a protonated form at low pH. The
following evidence reinforces this scenario: (i) pH-dependent absorption spectra® of
S65T GFP show a single isobestic point, (ii) the fluorescence changes were reversible
with pH — fluorescence intensity lost upon lowering the pH (data not shown) from 8to 5
was found to recover to 98% upon restoring the solution to the initial pH of 8 (also see
ref. 22), and (iii) autocorrelation curves for fluorescence fluctuation determined by FCS
measurements® show pH-dependence of proton transfer rates, and this pH-dependence
disappears on replacement of Tyr66 by a non-protonable Trp residue.

Stopped-flow pH jump experiments from pH 8 to 5 (data not shown) showed 85%
decrease in fluorescence on lowering the pH, which was complete within the dead time
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(3% ms) of the experiment (also see ref. 22). The magnitude of this fluorescence change
matched® with that expected from a pH titration of S65T GFP. To capture the kinetics of
fluorescence change, a faster experiment is required in which the pH can be lowered from
pH 8 to 5, and the decrease in fluorescence observed thereafter. We have used the laser-
induced pH jump technique®? to investigate the kinetics of fluorescence changes in
GFP resulting from the rapid release of protons in the bulk solvent. Basically the method
involves rapid release of protons following photolysis of o-nitrobenzal dehyde.?2*2

CHO COOH Ccoo~
CCre o, — O e
H

NO,, 355nm NO NO :

Subsequent to the laser (355 nm, 5 ns pulse width) pulse-induced generation of protons,
the fluorescence intensity of GFP was monitored (see 82 for more details).

The lowermost curve in figure 4 presents the sub-millisecond response of S65T GFP
fluorescence to a laser photolysis-iinduced jump in pH from 8 to 5. The relative
fluorescence change (normalized to pH 8 values) of S65T GFP could be fitted to a single
exponential process with a time constant of 87 (+ 1) ns. An amost 85% decrease in the
fluorescence intensity was seen. Considering that the magnitude of this change matched
that seen in stopped flow experiments, and that those experiments showed no further
change in fluorescence on longer timescales? it is clear that the entire protonation process
was captured. The time-scale of the fluorescence change (t ~ 87 ns) is strikingly longer
when compared to that of the protonation of fluorescein in aqueous solution (figure 3),
where the entire process occurred within the detection resolution of ~10 ns. Thus the
observed process of ~87 s in GFP shows that protonation of GFP chromophore is
retarded by the protein matrix. Equilibrium FCS studies™ had reported a pH-independent
protonation process wherein the proton from the GFP chromophore is transferred to an
internal acceptor. Furthermore, this process was proposed to be dower than the rate of
protonation from the bulk solvent.” However, there was no evidence for such a process
in our experimental observations. Presence of such an internal proton acceptor, which is
not in direct equilibrium with external pH,* could have resulted in appearance of a
second kinetic phase with negative amplitude in our experiments, contrary to our
observations (figure 4). This suggests that the pH-independent internal proton transfer
process is not functionally relevant for proton transfer between bulk solvent and
chromophore.

3.2 Protonation requires involvement of protein dynamics

Since the rate of protonation of the GFP chromophore is significantly slowed down
(figure 4) in comparison to that of a small molecule in solution (figure 3), it is reasonable
to assume that the protein matrix and its dynamics control the rate of proton transfer
between the chromophore and bulk solvent. pH jump experiments performed in viscous
solutions (obtained by adding glycerol) showed a clear sowing down of the decay
kinetics with increasing viscosity (figure 4). The kinetics could be fitted to single
exponential decay for all viscosities investigated, and the time constants obtained were 87
(£1), 134 (1), 193 (£2) and 264 (+3) s at glycerol concentrations of 0, 10, 20 and 30%
viv respectively. The relative time constants (hormalized to 0% glycerol value) so
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obtained have been plotted against relative viscosity (see figure 4, inset). A strong linear
dependence of the time constant on viscosity was observed in the viscosity range
investigated. (It should be mentioned that the process of pH jump-induced decrease in
fluorescence of fluorescein (figure 3) occurred within the detection resolution of ~10 ns
even at 30% glycerol (data not shown).) A weaker viscosity dependence of the time
constant for protonation—deprotonation of Tyr66 was seen” in FCS measurements on
GFP, contrary to our measurements. Although the results obtained from an equilibrium
fluctuation experiment such as FCS and a perturbation method such as pH-jump
employed in the present investigation should provide similar results in principle, the
differences in viscosity dependence could be due to insufficiency of modelling the FCS
results and difficulties associated with resolving various kinetic processes in FCS. In
contrast, the pH-jump method employed in the present work offers a direct way to
estimate the kinetics of the protonation process.
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Figure 4. Kinetics of the fluorescence change in S65T GFP after laser-induced
jumps in pH from 8 to 5. Relative fluorescence intensity as a function of time is
plotted for solutions of increasing viscosity, bottom to top: 0, 10, 20 and 30% (v/v) of
glycerol in solution. Each data set is an average of 3 recordings. Fluorescence
excitation: 480 nm, emission: 508 (FWHM 18%) nm. Laser shot arrives at zero of
time. The first 20 ns of data after laser shot was rejected for reasons mentioned in
text. Thick smooth lines are single exponential fits to respective (noisy) data sets. The
time constants for fluorescence change are 87 (1), 134 (1), 193 (¥2) and 264
(x3) nsat glycerol concentrations of 0, 10, 20 and 30% (Vv/v) respectively. 2 mM S65T
GFP in an aqueous solution at initial pH 8, and containing 2 mM 0-NBA was used.
Inset: Relative time constant t /t o (to = 87 ns, time constant for 0% glycerol solution)
as a function of relative viscosity h/hq (ho = coefficient of viscosity for 0% glycerol
solution). A straight line has been drawn by inspection to emphasize the linearity of
the data.
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The observed viscosity dependence of protonation rates implies that chromophore
protonation from bulk solvent requires the involvement of protein dynamics. Proton
transfer mechanisms requiring protein dynamics have earlier been discussed for the
proton pump mechanism of bacteriorhodopsin® and cytochome oxidase.’®** Recently, the
molecular mechanism for redox-driven proton transfer to a buried iron—sulphur cluster
has been elucidated® in Azotobacter vinelandii, where orientation and the pK, of asingle
amino acid residue (Asp15) is found to be critical to proton flow across a complex proton
pathway.

Crystal structures'®® of S65T GFP at pH 8 and 46 indicate likely candidates for the
rate-determining step in the pH jump-induced protonation of the GFP chromophore. Two
possible models can be visualized: Model A — proton arrival a the chromophore site itself
is ratellimiting, and structural rearrangements in the trans-matrix proton pathway
determine protonation kinetics. Model B — Rearrangement of side-chains near the
chromophore is rate-limiting, and determines the time-scale of response of fluorescence
to achange in pH of the bulk solvent. Thus, according to this model, the rate of arrival of
protons is not rate-limiting. Crystal structures™®® suggest that proton entry to Tyr66 from
solution can occur through a network of bound water molecules. A very small change in
the position of these water molecules between pH 8 and 456 is seen.®® Thus, according to
model A, the observed kinetics of fluorescence decrease (figure 4) would represent the
kinetics of proton movement from the protein-water interface to Tyr66 through a
H-bonded network involving the bound water molecules. However, significant
rearrangement of side chains around Tyr66 is required in the protonated form (figure 1b).
Thr203 and Hisl48 donate H-bonds to Tyr66 and stabilize an anionic fluorescent
chromophore a pH 8 (see figure 1a). Tyr66 and His148 move away in the protonated
form (figure 1b). Thus model B would demand that protons enter rapidly (though the H-
bonded network mentioned above) on lowering the pH, but stabilization of the protonated
Tyr66 occurs only after the reorientation of Tyr203 and His148. Movement of these side
chains would then dictate the rate of protonation and subsequent decrease in
fluorescence. The third scenario could be visualized as a concerted process of proton
movement from the bulk to the phenolate group of the GFP chromophore. In this model,
the time-scales of proton transfer through the H-bonded network, and the actual
protonation process are not separable. Dynamic simulations of proton transfer from bulk
solvent to the GFP chromophore, similar to those performed recently on internal proton
transfer in GFP,* and proton transfer in chains of water molecules,**** would be useful in
resolving the questions raised above.

Irrespective of the actual mechanism of proton transfer from the bulk solvent to the
GFP chromophore, our observation on the viscosity dependence of protonation kinetics
(figure 4) shows clearly that the kinetics of protonation of GFP is controlled by bulk
solvent viscosity. It is easy to visualize that movement of various side-chains would be
involved in all the models described above. Control of conformational dynamics of native
protein structures by solvent viscosity has been studied by a variety of techniques. 3
Ligand binding, H-exchange kinetics and diffusion of small molecules have been used as
handles to infer the role of solvent viscosity in modulating protein dynamics. Kramer’s
theory of diffusional barrier crossing®*"* predicts the rate of diffusional barrier-crossing
to be inversely proportional to viscosity in the high friction limit such as those
encountered in processes in aqueous media. The linear dependence of the apparent rate of
protonation (figure 4, inset) on viscosity could be explained by Kramer's theory. It
should be pointed out that although the observed viscosity-dependence is in line with



316 Roop Mallik et al

Kramer's theory, it does not enable us to differentiate between various models mentioned
above. All the three models described above involve protein dynamics albeit at various
levels, and hence could be controlled by solvent viscosity. Nevertheless our observation
of viscosity-dependence clearly demonstrates the control of protein function by the
dynamics of its constituent segments. Further, experiments aimed at identifying localized
dynamics that control protonation kinetics are in progress.

In summary, an experiment which measures functionally important motion in the
protonation-induced change in fluorescence of the S65T GFP chromophore has been
described. The kinetics of the pH-induced change in fluorescence is found to be vis-
cosity-dependent, and therefore implicate protein dynamics in the proton transfer process.
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