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ABSTRACT: Wild type green fluorescent protein (wt-GFP) and the variant S65T/H148D each exhibit two
absorption bands, A and B, which are associated with the protonated and deprotonated chromophores,
respectively. Excitation of either band leads to green emission. In wt-GFP, excitation of band A
(∼395 nm) leads to green emission with a rise time of 10-15 ps, due to excited-state proton transfer
(ESPT) from the chromophore hydroxyl group to an acceptor. This process produces an anionic excited-
state intermediate I* that subsequently emits a green photon. In the variant S65T/H148D, the A band
absorbance maximum is red-shifted to∼415 nm, and as detailed in the accompanying papers, when the
A band is excited, green fluorescence appears with a rise time shorter than the instrument time resolution
(∼170 fs). On the basis of the steady-state spectroscopy and high-resolution crystal structures of several
variants described herein, it is proposed that in S65T/H148D, the red shift of absorption band A and the
ultrafast appearance of green fluorescence upon excitation of band A are due to a very short (e2.4 Å),
and possibly low-barrier, hydrogen bond between the chromophore hydroxyl and introduced Asp148.

Wild type green fluorescent protein (wt-GFP)1 exhibits two
bands in absorption spectra, peaked at 395 and 475 nm and
designated A and B, respectively [see reviews (3-5)].
Whereas band A is attributed to absorption of the protonated
chromophore, band B is due to absorption of the deprotonated
chromophore (6, 7). Excitation of either band leads to green
emission; however, upon excitation of band A, the intensity
of green emission rises on a time scale of several tens of
picoseconds. This process is dramatically slowed upon
deuteration of the sample, suggesting that excited-state proton
transfer (ESPT) from the neutral form of the chromophore
generates an intermediate anionic excited state, which
subsequently emits a green photon (6-9). On the basis of
the crystal structures, a pathway has been proposed to allow
proton transfer between the chromophore phenol moiety,
through a water molecule and Ser205, to Glu222 as the
terminal proton acceptor (10-12). In wt-GFP, the intensities

of absorbance bands A and B are largely insensitive to pH
over the range 4-10.

Point mutations can lead to increased sensitivity to pH
and the formation of new ESPT pathways within GFP. For
example, dual emission GFPs (deGFPs) switch between a
form that emits blue light at low pH and a form that emits
green light at high pH. Time-resolved spectroscopy and
structural studies of deGFPs suggested that the dual emission
behavior results from pH-dependent formation of alternative
ESPT pathways (13-15). Mutations can also eliminate the
fluorescence from band A; for example, the S65T variant [a
precursor of a popular molecular label EGFP (16)], has a
strong pH dependence of fluorescence with pKa of about 6.0.
At pH <6.0 the protonated form of the chromophore
predominates, leading to strong absorbance from band A;
however, fluorescence emission from the protonated chro-
mophore is vanishingly weak.

The subject of this and the accompanying papers (1, 2) is
the unusual photophysical behavior of the double-mutant
GFP S65T/H148D, the construction of which was previously
described (17). As briefly described in that work, the
additional mutation His148f Asp upon the S65T back-
ground restores green fluorescence from band A (17). As
with the variant S65T, the excitation and emission spectra
of S65T/H148D are pH sensitive, consistent with a chro-
mophore pKa of about 8.0. As the pH is varied, two-state
behavior is observed with respect to green emission from
either band A or band B, indicating that the two species
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directly interconvert. Thus, this mutant finds application as
a ratiometric pH sensor (18).

GFP S65T/H148D exhibits unusual photophysical proper-
ties. Absorbance band A is maximal at 415 nm (17); thus, it
is red-shifted by∼20 nm compared to wt-GFP or the S65T
variant. In time-resolved spectroscopic studies, both weak
blue (∼460 nm) and strong green (∼510 nm) emissions are
observed upon excitation of band A at 400 nm; however,
both blue and green emissions are characterized by a rise
time that is shorter than the instrument response function
(IRF, ∼170 fs). As detailed in the accompanying papers (1,
2), the emission kinetics are only weakly sensitive to
deuterium substitution.

Here, we report on mutagenic and high-resolution crystal-
lographic studies which demonstrate that the unusual pho-
tophysical properties of the S65T/H148D variant are related
to a very short hydrogen bond (e2.4 Å) between the
chromophore hydroxyl and Asp148.

MATERIALS AND METHODS

Mutagenesis, Protein Expression, and Crystallization.
Mutagenesis was performed using the QuikChange method
(Stratagene). Protein was expressed inEscherichia colistrain
JM109 (DE3), by use of the PRSETB His tagged expression
system. Protein was purified by Ni2+ affinity chromatography
over Ni-NTA agarose (Qiagen, Chatsworth, CA) and then
buffer exchanged with PD-10 Sephadex columns (Amersham
Pharmacia) into 50 mM HEPES (pH 7.9). Crystals of S65T/
H148D were obtained after 2 months by hanging drop vapor
diffusion [2 µL of protein solution (50 mM HEPES, pH 7.9,
A280 ) 20.3) was mixed with 2µL of well solution
(100 mM MgCl2, 100 mM NaOAc, pH 5.6, 26% PEG
4000)]. For the high-pH structure of S65T/H148D, crystals
were soaked in 100 mM MgCl2, 100 mM CAPS, pH 10.0,
and 26% PEG 4000 overnight. S65T/H148N crystallized in
50 mM Li2SO4, 100 mM Tris, pH 9.5, and 30% PEG 4000
after 1 week. To obtain crystals of S65T/H148N at low pH,
crystals were soaked in 200 mM Ca(OAc)2, 100 mM MES,
pH 5.0, and 20% PEG 8000. GFP H148D crystallized in
100 mM MgCl2, 100 mM Tris, pH 9.0, and 30% PEG 1550
overnight.

Spectroscopy.Absorbance spectra (400µg/mL protein in
100 mM buffers) were recorded with a HP 8453 UV-visible
spectrophotometer. Protein pKa values were determined as
described previously (13). Fluorescence spectra were taken
with a Perkin-Elmer LS-55 fluorometer after dilution of
protein samples to 30-100 µg/mL in 2 mL of 100 mM
buffers of citric acid, HEPES, or CHES as appropriate. The
quantum yields (QY) of emission were measured by refer-

encing to the standards 9-aminoacridine and fluorescein. As
controls, QY were determined for wt-GFP and S65T as well
(Table 1). These values are in good agreement with previous
results (4, 5).

Data Collection and Structure Solution.Diffraction data
sets were collected from single flash-frozen crystals of S65T/
H148N at pH 5.0 and 9.5 (100 K) using ADSC-Q315
detector on beam line 8.2.2 at the Advanced Light Source
(Berkeley, CA). Diffraction data for S65T/H148D at pH 5.6
and 10.0, H148D at pH 9.0, were collected on a Quantum-
315 CCD on beam line 14-BM-C at the Advanced Photon
Source (Argonne, IL). Data were reduced using HKL2000
(HKL Research) or d*TREK (Molecular Structure Corp.).
Molecular replacement was performed with EPMR (19) using
the GFP S65T (PDB entry 1EMA) as a search model,
providing unambiguous identification of the space group and
unique solutions to the rotation and translation problems.
Rigid body refinement was performed using TNT (20), and
model building was conducted with O (21) or Coot (22) in
several stages of increasing resolution. SHELX-97 (23) was
used in the final stages of refinement for S65T/H148D at
pH 10.0, S65T/H148N at pH 9.5, and H148D at pH 9.0. To
calculate the standard uncertainties of the very short hydrogen
bond between the chromophore and Asp148 (see Results),
the low-pH S65T/H148D model was also submitted to
automated refinement by SHELX.

RESULTS

Steady-State Spectra.GFP S65T/H148D displays two pH
titratable (pKa ∼ 8.0) bands in absorption and excitation
spectra (Figure 1a,b) (17). Compared to the S65T variant,
band A is broad and red-shifted to 415 nm (by∼20 nm).
However, the B band maximum remains at∼490 nm,
essentially unchanged from that of S65T. Excitation of band
A leads to relatively strong green emission (QY) 0.21),
which is very weak in the S65T variant (QY∼ 0.02).
Evidently, upon band A excitation, the H148D mutation
partially reverses the severe reduction in fluorescence ef-
ficiency attributed to the S65T mutation. The emission
maximum is approximately the same (509( 1 nm) for all
variants except for GFP/H148D, which emits at∼503 nm.

To investigate the role of Asp148 on the spectroscopic
properties we first mutated it to asparagine, which is isosteric
but cannot carry a charge. The S65T/H148N variant has
properties that are very similar to those of S65T (Table 1).
Absorbance spectra reveal two pH-titratable bands (Figure
1a) with pKa ∼ 6.4, suggesting that a partial charge on
Asp148 could be responsible for the apparent chromophore
pKa of 8.0 in S65T/H148D. The Asn148 substitution restores

Table 1: Effects of Substitution of Residue 148 on the GFP

absorbance band (nm) emission banda (nm) quantum yieldb

mutant A B A B pKa A B

S65T 394 489 459/508 510 5.95( 0.02c 0.02( 0.01 0.67( 0.01
S65T/H148N 393 488 459/510 511 6.37( 0.02 0.01( 0.01 0.45( 0.02
S65T/H148E 397 484 460/510 511 7.17( 0.05 0.04( 0.01 0.24( 0.02
S65T/H148D 415 487 510 510 7.95( 0.02c 0.21( 0.04 0.32( 0.03
H148D 400 469 503 505 >10.4 0.15( 0.02 0.40( 0.02
wild type GFP 395 475 460/509 505 NA 0.75( 0.03 0.75( 0.03
a Emission maxima resulting from excitation at the peak of either absorbance band A or B.b Quantum yields of bands A and B were measured

at pH 4.5 or 5 and 11, respectively.c Taken from ref17.
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the band A absorbance maximum to∼395 nm, whereas the
band B maximum remains at∼490 nm. S65T/H148N is
essentially nonfluorescent (QY∼ 0.01) upon excitation of
band A (Figure 1b). Excitation of band B, however, leads
to efficient green fluorescence with QY) 0.45.

The possible effect of a negative charge at the 148 position
was studied by substitution with glutamate. The variant S65T/
H148E also shows two bands in absorption spectra (Figure
1a) with the band A maximum again consistent with wild
type at∼395 nm. Green emission from band A is weak with
QY ) 0.04, whereas emission from band B has QY) 0.24
(Table 1). Nevertheless, S65T/H148E is a new dual-emission
GFP [deGFP (13)], in that it shows both blue and green
emissions upon excitation at 400 nm, with relative intensities
depending strongly on pH (Figure 1d). Blue emission at
460 nm is increased at low pH, whereas the green emission
is increased at high pH. The pKa (7.2) of S65T/H148E is
very close to the physiological pH and is intermediate
between those of S65T/H148D (8.0) and S65T/H148N (6.4)
Thus, this mutant might find application as a pH indicator
in living cells.

For these mutations, the change in side-chain polarity near
the chromophore (specifically at positions 148 and/or 222)
correlates well with an increase in the chromophore pKa, as
exhibited by the series S65Tf S65T/H148Nf S65T/
H148E, S65T/H148Df H148D (Table 1).

We also characterized the role of the S65T mutation in
the S65T/H148D variant by reverting Thr65 to serine. The
generated variant H148D behaves in many ways like wt-
GFP. The A band maximum is 400 nm in both absorption
and excitation spectra (for emission at 510 nm). Excitation
of either the A or B band leads to green emission, as in wt-
GFP (Figure 1c). Band A dominates at pH below 9 and can
be decreased by increasing pH higher than 9, with apparent
pKa > 10.5. This variant is ratiometric by excitation (Figure
1c), similar to S65T/H148D (17). Thus, the mutation His148
f Asp on the wild-type background is shown to confer
ratiometric pH-sensitive behavior, which might conceivably
find applications in high-pH environments; however, the pKa

is very high.
We conclude from the mutagenesis and the steady-state

spectroscopic analysis that in S65T/H148D, the H148D

FIGURE 1: Normalized absorbance, excitation, and emission spectra: (a) absorbance spectra of S65T/H148E/N/D at pH 7.3/6.1/7.6,
respectively; (b) excitation spectra of S65T/H148E/N/D by monitoring fluorescence at 510 nm at pH 6.2/5.4/7.0, 1 unit lower than the
respective variants’ pKa values; (c) excitation spectra of H148D with detection at 508 nm as a function of pH; (d) emission spectra of
S65T/H148E with excitation at 400 nm as a function of pH.
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mutation is required both for the∼20 nm red shift of band
A and for green emission from band A. The S65T mutation
is required for the red shift, acting synergistically with
H148D; however, S65T is not essential for green emission
upon excitation of band A.

Crystal Structures.As detailed in the accompanying papers
(1, 2), the photophysics of green emission from S65T/H148D
(upon band A excitation) is unusual for its rise time of
<170 fs (IRF). To investigate the structural basis for this
remarkable behavior, crystal structures of S65T/H148D,
S65T/H148N, and H148D were solved, with the former two
at both low and high pH. All variants crystallized isomor-
phously with S65T GFP (24), with one protomer in the
asymmetric unit. Data collection and refinement statistics
for the atomic models are presented in Table 2. In all crystals,
electron density is weak for residues 230-238, so these
residues were not modeled. For the same reason, residues
not modeled in S65T/H148D were 1-3, 189-190 (low pH),
and 1, 147-148, 155-157 (high pH); in S65T/H148N those
residues not modeled were 1-3, 156-157 (low pH), and 1
(high pH); and those residues not modeled in H148D were
1-3, 147-148, and 155-159 (pH 9.0). The refinement and
atomic model statistics are excellent. PROCHECK (25)
reveals that there are no residues in either the disallowed or
“generously allowed” regions of the Ramachandran diagram.

Upon superposition of theR-carbons with GFP S65T, root-
mean-square (rms) deviations are observed to be<0.40 Å
for all structures. The atomic models are thus all very similar,
which indicates that the protein matrix is largely insensitive
toward variation at position 148. Schematic diagrams (Figure
2a-c) of the chromophore environment in each case
demonstrate that the overall environment is similar to that
of S65T or wt-GFP. Nevertheless, interesting and significant
local effects are observed as detailed in the following
sections.

(a) S65T/H148D.The crystal structure of this protein at
pH 5.6 was refined at 1.5 Å resolution. A portion of the
final 2Fo-Fc map (Figure 3) reveals that a very short
hydrogen bond, 2.32 Å (as determined after refinement using

isotropic temperature factors with TNT), forms between the
phenol oxygen of the chromophore and a carboxylate oxygen
of Asp148. After SHELX refinement with anisotropic
temperature factors, the length of this hydrogen bond is
estimated to be 2.41( 0.03 Å (estimated standard error).
Given that the model errors in the two refinement procedures
are different, the most probable value lies somewhere
between these two estimates. Asp148 adopts the least favored
ø1 rotamer (∼60°, see Figure 3), which, according to the
rotamer library of COOT (22), is seen in only 2% of cases.
Two symmetrically placed water molecules are hydrogen
bonded with the two carboxylate oxygens of Asp148
separately. In addition, a hydrogen-bonded water chain is
attached to Asp148, leading to the exterior of the protein.
Finally, a hydrogen bond network (chromophore OHf H2O
f Ser205f Glu222) is formed, restoring the potential ESPT
pathway found in wt-GFP (10, 11). As this ESPT pathway
is disrupted by the S65T mutation, it appears that one
consequence of the H148D mutation is indeed to reverse
some of the changes caused by the S65T mutation, even
though these sites are spatially quite distinct in the molecule.

The crystal structure of S65T/H148D at pH 10 was
determined at 1.24 Å resolution. A dramatic structural change
is observed in that the main-chain segment comprising
Asp148 and Ser147 is disordered at this pH. No significant
electron density is observed in the final 2Fo-Fc map for these
two residues (data not shown). We presume that the disorder
is a result of a repulsive electrostatic interaction between
the negatively charged chromophore and Asp148. As de-
scribed below, this observation accounts for the overall pH
dependence of fluorescence.

(b) S65T/H148N.Crystal structures of this protein were
determined at 1.4 (pH 5.0) and 1.2 Å resolution (pH 9.5).
The low-pH crystal structure indicates that Glu222 is partially
disordered and has two conformations, one of which is found
in the S65T structure (Figure 2b) (17), whereas the other
conformation restores a potential ESPT pathway similar to
that found in wt-GFP (chromophore OHf H2O f Ser205
f Glu222) (10, 11). However, this pathway seems not to

Table 2: Data Collection and Refinement Statisticsa

S65T/H148D
(pH 5.6)

S65T/H148D
(pH 10.0)

S65T/H148N
(pH 5.0)

S65T/H148N
(pH 9.5)

H148D
(pH 9.0)

data collection
space group P212121 P212121 P212121 P212121 P212121

cell dimensionsa, b, c (Å) 51.1, 63.0, 68.7 50.9, 62.6, 69.9 51.2, 62.5, 68.9 50.7, 62.4, 68.6 50.7, 62.6, 68.6
resolution (Å) 50-1.50 (1.55-1.50) 50-1.24 (1.28-1.24) 34-1.40 (1.45-1.40) 10-1.20 (1.24-1.20) 50-1.36 (1.41-1.36)
Rsym or Rmerge(%) 4.9 (42.3) 4.4 (32.9) 5.5 (50.8) 5.3 (33.4) 4.9 (31.9)
I/σI 35.0 (2.1) 42.9 (2.7) 11.0 (2.0) 17.5 (3.9) 55.7 (8.4)
completeness (%) 94.7 (68.6) 93.7 (61.8) 98.1 (85.9) 94.5 (93.3) 96.0 (86.9)
redundancy 3.2 (2.2) 3.5 (2.2) 6.4 (3.9) 6.5 (6.2) 3.7 (3.6)

refinement
resolution (Å) 6-1.50 10-1.24 6-1.40 10-1.20 10-1.36
no. of reflections 34,193 59,945 43,438 61,533 45,807
Rwork/Rfree 17.2/24.4 15.47/20.4 17.7/24.1 15.2/20.9 15.1/21.6
no. of atoms
protein 1769 1773 1799 1808 1797
water 294 249 237 324 267
B factors (Å2)
protein 27.0 18.1 28.7 19.0 21.9
water 40.1 32.0 43.8 37.4 36.5
rms deviations
bond length (Å) 0.017 0.013 0.020 0.013 0.011
bond angle (Å) 1.8(°) 0.031 1.9 (°) 0.031 0.029
a Values in parentheses indicate statistics for the highest resolution shell.
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contribute to emission from band A because the protein is
essentially nonfluorescent at low pH. We attribute the very
low quantum yield of fluorescence to the nonplanarity of

the chromophore in this variant (see below). We note that
in GFP structural disorder in Glu222 is often observed, for
example, as seen in wt-GFP (26). The conformations of
Asn148 and Thr203 are pH-dependent (Figure 4), presum-
ably due to the change in protonation state of the chro-
mophore hydroxyl. The Thr203 side-chain hydroxyl forms
a hydrogen bond with the chromophore phenol end only at
high pH, as found in wt-GFP (10, 11). On the basis of this
change in the hydrogen-bonding pattern, it is reasonable to
conclude that the chromophore hydroxyl is the group that
dissociates at high pH.

At the resolution of these diffraction data, nitrogen and
oxygen atoms cannot be distinguished from one another;
however, on the basis of the hydrogen bond pattern between
Asn148 and the chromophore, the orientation of the side-
chain amide group of Asn148 could be inferred. At pH 5.0,
the amide oxygen of Asn148 appears to accept a proton from
the chromophore and the hydrogen bond is of typical length
(2.62 Å). At pH 9.5, the side chain of Asn148 reorients,
rotating by∼125° in ø1, so that the amide nitrogen donates
a proton to the anionic hydroxyl oxygen of the chromophore.

(c) H148D.Crystal structures of H148D were determined
at pH 7 and 9 (apparent chromophore pKa > 10.5), and the
atomic model of the high pH crystals could be refined at
1.36 Å resolution. The structure of H148D is very similar
to that of wt-GFP, although Asp148 is disordered at both
pH values (data not shown), presumably due to a repulsive
interaction between the negatively charged Asp148 and
Glu222. The ESPT pathway from the phenol end of the
chromophore to Glu222, as found in wt-GFP, survives upon
the H148D mutation and is shown in Figure 5. The hydrogen
bond between Glu222 and Ser205 has an estimated length
of 2.4 Å, which is short relative to all other nearby hydrogen
bonds of between 2.6 and 3.0 Å. At pH 7.0, the crystal
structure of H148D shows no obvious differences from the
crystal structure at pH 9 with Asp148 disordered (data not
shown). Thus, the pKa of Asp148 appears to be much lower
than 7, as expected.

Nonplanar Chromophore Geometry.The chromophores
in all GFP variants discussed show significant deviations
from planarity, which is modeled by allowing the two torsion
angles associated with the linkage between the 5- and
6-membered rings to deviate from 180° (27). The twist and

FIGURE 2: Schematic diagram of chromophore environment of (a)
S65T/H148D (pH 5.6), (b) S65T/H148N (pH 5.0), and (c) H148D
(pH 9.0). Hydrogen bonds are shown in black dashed lines, labeled
with approximate lengths in angstroms. The water shown in red in
panel a is exterior to the protein. The protonation state of the
chromophore was assigned on the basis of results from absorption
spectroscopy.

FIGURE 3: Atomic model and (2Fo-Fc) electron density map of
S65T/H148D at pH 5.6, contour level 1σ. Dashed lines indicate
hydrogen bonds, labeled with distances in angstroms. Blue spheres
are nitrogen; red are oxygen.

Unusual Photophysics of GFP S65T/H148D Biochemistry, Vol. 46, No. 43, 200712009



tilt angles describing the distortion are significantly larger
than those of the highly fluorescent proteins such as DsRed
and GFP (27) (Table 3), but less than those found in the
nonfluorescent chromoproteins KFP (27) and Rtms5 (28).
The chromophore for both S65T/H148D and S65T/H148N
is more bent at low pH than at high pH, which correlates
with the dependence of the QY on pH (Table 1). This
apparent correlation between relatively low QY and the
chromophore non-coplanarity is also seen in monomeric red
fluorescent proteins known as mFruits (29), suggesting a
general relationship. The non-coplanarity of the chromophore
is presumably due to the shape of the protein cavity (30).

DISCUSSION

The double-mutant GFP S65T/H148D is unusual with
respect to a number of its photo- and biophysical properties.
The introduction of the S65T mutation into wt-GFP leads
to loss of fluorescence upon excitation of the A band, which
is restored by the second site mutation H148D. Unlike wt-
GFP, both mutants are strongly pH sensitive and display two-
state titration behavior. S65T/H148D is ratiometric by
excitation, which potentially makes this variant useful as a
pH sensor for use in living cells. Furthermore, the second

site mutation introduces a large red shift into the A band
absorbance, without introducing a significant shift in the B
band absorbance maximum or the fluorescence emission.
Finally, the rise time of green emission is ultrafast, in contrast
to wild type, for which green emission upon excitation of
the A band shows a rise time of tens of picoseconds.

Structural studies revealed that in S65T/H148D, Asp148
makes a very short (<2.4 Å) hydrogen bond with the
chromophore hydroxyl oxygen, which suggests a strong,
specific interaction. However, it is possible that the effect
of Asp148 is due to a nonspecific electrostatic interaction;
that is, the effect results from the introduction of a negative
charge adjacent to the chromophore. To examine these
possibilities and untangle the various possible contributions
of Asp148 and Thr65, we made a number of substitutions
at these positions and compared their respective biophysical
properties.

In the following we focus first on the structural basis of
the ratiometric pH sensitivity and then on the possible
relationships between the very short H-bond and the unusual
photophysical properties of the S65T/H148D mutant. Several
possible mechanisms accounting for the extremely short rise
time of green fluorescence are briefly discussed. For more
details, the reader is referred to the two accompanying papers
(1, 2).

Structural Basis of the Ratiometric pH SensitiVity. pH-
dependent transitions in the excitation spectra of S65T/
H148D can be accurately modeled by assuming a single-
site titration with pKa ∼8.0. The structural basis of the
ratiometric pH sensitivity is suggested by the crystal
structures of S65T/H148D at pH 5.6 and 10.0. At low pH,
a well-ordered H-bond forms between the chromophore and
Asp148, whereas at high pH, the chain segment composed
of Ser147 and Asp148 becomes highly disordered. It is
expected that the pKa of Asp148 is much lower than 8.0,
and thus it is reasonable to assign the apparent pKa of ∼8.0

FIGURE 4: Stereo image of superposed atomic models showing structural changes in S65T/H148N at pH 5.0 (black bonds) and 9.5 (green
bonds). Dashed lines indicate hydrogen bonds, labeled with distances in angstroms. Blue spheres are nitrogen; red are oxygen.

FIGURE 5: Stereo image of (2Fo-Fc) electron density map and atomic model of H148D at pH 9.0 showing potential ESPT pathway; contour
level 1σ Blue spheres are nitrogen; red are oxygen. Dashed lines indicate the hydrogen bonds, labeled with distances in angstroms. For
other hydrogen bond lengths refer to Figure 2c.

Table 3: Chromophore Geometry in the GFPs, Angles in Degreesa

model QY twist tilt

wt-GFP 0.79 0.0 3.7
DsRed 0.79 0.9 0.2
S65T/H148D (pH 5.6) 0.21 9.5 9.6
S65T/H148D (pH 10.0) 0.32 3.2 9.0
S65T/H148N (pH 5.0) 0.01 7.6 13.5
S65T/H148N (pH 9.5) 0.45 1.3 7.7
H148D (pH 9.0) 0.15 0.4 12.8

a See ref27 for a definition of twist and tilt angles. Quantum yields
(QY) were measured by excitation at maximum of absorbance band at
specific pH.
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to direct titration of the chromophore hydroxyl group. This
assignment is supported by evidence from structural analysis
of S65T/H148N at low and high pH, where the pH-dependent
rearrangement of Asn148 and Thr203 implicates the chro-
mophore hydroxyl as the titrating group, with pKa of about
6.4. The assignment is also consistent with earlier structural
studies of the GFP variant S65T, in which the chromophore
hydroxyl was identified as the titrating group (17).

A simple two-state model adequately explains the ratio-
metric response of S65T/H148D to titration. At low pH, the
chromophore population is on average protonated, and as in
wt-GFP, ESPT can explain the strong green fluorescence
from band A. At high pH, the anionic form of the chro-
mophore predominates and gives rise to green fluorescence
as expected. Due to charge-charge repulsion between
Asp148 and the chromophore, a segment of the main chain
comprising residues 147 and 148 becomes disordered. This
disorder does not appear to substantially compromise fluo-
rescence efficiency for excitation of the anionic chromophore.

However, the results from ultrafast spectroscopy suggest
that for wt-GFP and S65T/H148D, the mechanisms of
fluorescence emission upon excitation of the A bands are
different.

Band A Red Shift.As described above, the red shift of
band A of GFP S65T/H148D can be attributed to the
interaction between the chromophore and Asp148. To
determine whether the red shift is due to an electrostatic
interaction or is related to the formation of a short hydrogen
bond, we introduced further mutations at positions 65 and
148 and characterized the resulting purified proteins.

Substitution of Asp148 with glutamate leads to normal A
band absorbance of 397 nm, observable over the range of
pH 5-9 (above pH 9, A band absorbance is weak or
nonexistent). It is very likely that the introduced Glu148 is
negatively charged over this range; thus, we conclude that a
presumed negative charge on Asp148 cannot be responsible
for the red shift in the S65T/H148D mutation. Likewise,
reversion of Thr65 to Ser, as found in wild type, leads to a
variant containing the single mutation H148D. This variant
has a normal A band absorbance maximum at 400 nm and
an extremely high apparent pKa (>10). This behavior is
similar to that of wt-GFP, in which the negative charge of
Glu222 is proposed to stabilize the protonated chromophore
(10). Thus, it is likely that in H148D, Glu222 is also
negatively charged. Structural studies revealed that the
Asp148 side chain is disordered but is, nevertheless, in the
immediate vicinity of the chromophore. It is very likely that
Asp148 is anionic over the range of pH 9-11. Thus, the
absence of a significant red shift is consistent with our
previous conclusion that electrostatic effects alone cannot
be responsible for the effect.

Finally, the mutant S65T/H148N was investigated, and
crystal structures were determined at pH 5.0 and 9.5. Asn148
forms a hydrogen bond to the chromophore hydroxyl at either
pH (Figure 4), but in either case the hydrogen bond lengths
are typical and the A band absorbance maximum is about
393 nm. However, the side chain of Asn148 does rearrange
as a function of pH, consistent with a change in hydrogen
bonding due to dissociation of the chromophore hydroxyl at
high pH.

From the above, we conclude that in the variant S65T/
H148D, the band A red shift is due to the short hydrogen

bond formed between the chromophore and Asp148. One
possible explanation for the red shift is that the short
hydrogen bond promotes additional delocalization of the
chromophore electron density over the carboxylate of
Asp148, thus increasing the physical extent of the chro-
mophore. If this interaction were to be maintained in the
excited state, one would expect emission to be similarly red-
shifted; however, it is normal at∼510 nm. On the basis of
this observation, we additionally suggest that the chro-
mophore-Asp148 interaction is altered or lost in the excited
state.

Ultrafast Rise Time of Green Fluorescence.Upon excita-
tion of the A band, the rise time of green fluorescence of
S65T/H148D is faster than the instrument response function
(170 fs). Weak blue fluorescence is also observable; however,
as detailed in the accompanying papers (1, 2), the kinetics
of blue and green fluorescence suggest multiple emitting
species, some of which may not interconvert via ESPT
pathways. As pointed out above, in S65T/H148D an ESPT
pathway similar to that found in wt-GFP is present (see
Figure 3). It seems unlikely that the restored ESPT pathway
could be responsible for the ultrafast kinetics of green
emission of S65T/H148D, because in wt-GFP, green fluo-
rescence attributed to ESPT arises on the time scale of tens
of picoseconds (6, 7). Moreover, the rise time is significantly
slowed upon deuteration of the sample, which is not the case
for S65T/H148D.

Thus, one must look elsewhere to explain the ultrafast rise
time (<170 fs) of green fluorescence. We again suggest that
the short H-bond between the chromophore and Asp148 is
responsible for this behavior. One possibility to consider is
ESPT from the protonated chromophore phenol to Asp148
through the short H-bond. Such ultrafast proton transfer (with
transfer times expected to be on the order of 10-20 fs) has
previously been described, for example, in solution between
preformed, hydrogen-bonded HPTS‚‚‚-OAc complexes (31).
However, to our knowledge, there is no precedence for
similar observations of ultrafast proton transfer within a
protein molecule.

A second possibility is that the short hydrogen bond indeed
has a low barrier, or no barrier, to proton transfer and that
the proton is delocalized between the chromophore hydroxyl
and the carboxylate of aspartate 148. Thus, effectively
instantaneous proton transfer could be achieved as a result
of collapse of the proton wave function.

As detailed in the accompanying papers (1, 2), the kinetics
of blue and green fluorescence in S65T/H148D are quite
complicated. This may be related to the presence of a minor
species or proton-transfer pathway not apparent in the crystal
structure (up to 10-15% occupancy of a minor species would
be difficult or impossible to detect in the electron density
maps). It should be noted that the crystal contains no glycerol,
whereas low-temperature spectroscopic experiments in the
accompanying papers (1, 2) were conducted with the sample
in ∼60% glycerol solution. As an example of alternative
species not detectable in the crystal structure, different
protonation or tautomeric states of the titratable groups
comprising the chromophore-Asp148 interaction may need
to be considered. The reader is referred to the accompanying
papers (1, 2) for kinetic analyses and more detailed discus-
sions.
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A Low-Barrier Hydrogen Bond?To investigate whether
the short hydrogen bond between the chromophore and
Asp148 is a so-called low-barrier hydrogen bond (LBHB)
(32, 33), we determined the 600 MHz jump-return1H NMR
spectrum of GFP S65T/H148D (pH 5.6, 28°C). However,
the spectrum does not reveal any unusually downfield-shifted
resonances diagnostic of a solvent exchange-protected hy-
drogen in a LBHB (34, 35) (see Supporting Information
Figure S1). The resolved signals between 10 and 13 ppm
all arise from nitrogen-bonded protons in imidazole or amide
moieties, as evidenced by∼95 Hz scalar couplings in a
uniformly 15N-labeled sample of the protein (L. McIntosh
and M. Heller, data not shown). No additional downfield
signals were detected upon reduction of the temperature to
5 °C. The excitation maximum for the jump-return pulse
sequence was∼15 ppm. We conclude from the NMR data
that there is no evidence for an unusual downfield chemical
shift related to any O-H‚‚‚O hydrogen bond. It nevertheless
seems to be possible that the very short hydrogen bond
between the chromophore hydroxyl and Asp148 is a LBHB
that is not protected from rapid solvent exchange. On the
other hand, cases have been identified in which the chemical
shift of a proton in a very short hydrogen bond is not as
large as one might expect (36, 37). These observations were
attributed to increased shielding of the proton by the
approaching heavy atoms.

In conclusion, we suggest that the double-mutant GFP-
S65T/H148D and several variations thereof offer unique
opportunities to study excited-state proton-transfer pathways
in an environment characterized by an unusually short
hydrogen bond. Furthermore, the environment can be
perturbed by mutagenesis, and the positions of the interacting
groups may be determined at atomic resolution.
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