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Molecular Basis for pH Sensitivity and Proton Transfer in Green
Fluorescent Protein: Protonation and Conformational Substates from
Electrostatic Calculations

C. Scharnagl, R. Raupp-Kossmann, and S. F. Fischer
Institut fir Theoretische Physik T38, Technische Universitat Miinchen, D-85747 Garching

ABSTRACT We performed a theoretical study to elucidate the coupling between protonation states and orientation of
protein dipoles and buried water molecules in green fluorescent protein, a versatile biosensor for protein targeting. It is shown
that the ionization equilibria of the wild-type green fluorescent protein-fluorophore and the internal proton-binding site E222
are mutually interdependent. Two acid-base transitions of the fluorophore occur in the presence of neutral (physiologic pH)
and ionized (pH > 12) E222, respectively. In the pH-range from ~8 to ~11 ionized and neutral sites are present in constant
ratio, linked by internal proton transfer. The results indicate that modulation of the internal proton sharing by structural
fluctuations or chemical variations of aligning residues T203 and S65 cause drastic changes of the neutral/anionic ratio—
despite similar physiologic fluorophore pK, s. Moreover, we find that dipolar heterogeneities in the internal hydrogen-bond
network lead to distributed driving forces for excited-state proton transfer. A molecular model for the unrelaxed surrounding
after deprotonation is discussed in relation to pathways providing fast ground-state recovery or slow stabilization of the anion.
The calculated total free energy for excited-state deprotonation (=19 kgT) and ground-state reprotonation (=2 kgT) is in
accordance with absorption and emission data (<5000 cm™" or 24 kgT).

INTRODUCTION

Green fluorescent protein (GFP), a bioluminescent proteimnd anionic fluorophore. Single molecule spectroscopy
from the jellyfish Aequorea victoriais an exceptionally (SMS) lead to the recognition (Dickson et al., 1997; Jung et
versatile and useful tool in cell biology and biotechnologyal., 1998; Haupts et al., 1998) that, even in an equilibrium
(e.g., Misteli and Spector, 1997; Tsien, 1998). Fluorescencstate, the protonation state of the fluorophore is not fixed
is emitted from the 4-hydroxybenzylidene-imidazolinone over time but changes in response to the intrinsic dynamics
chromophore (referred to as Y66 in the following), which is of the protein. Crystallographic studies confirmed the exis-
formed by the cyclization of the internal tripeptide S65—tence of two ground-state conformations (Brejc et al., 1997;
Y66—-G67 (amino acids are referred to by their one-lettefPalm et al., 1997): based on the correlation of structural
code), followed by the 1,2-dehydrogenation of the tyrosineelements with spectral characteristics of GFP mutants, it
(Niwa et al., 1996). Wild-type GFP at room temperature hasvas rationalized that, in mutants with excitation maximum
two major absorption maxima at390 nm and~=480 nm  at ~390 nm, the phenol in Y66 is uncharged, whereas it is
and a single emission peaking around 505 nm (Ward, 1981)n the charged phenolate form in mutants with excitation
The photophysical pattern has been explained by the exishaxima at~475 nm. The side chain of Y66 is highly
tence of two ground-state conformations with different pro-protected from solvent by the surroundifigharrel and part
tonation of the fluorophore and excited-state proton transfeof an extended hydrogen-bond network, that could act as
(ESPT) from the tyrosyl hydroxyl group to an internal charge relay (Brejc et al., 1997).
acceptor, leading to the deprotonated chromophore from Photoactive proteins, like GFP and bacteriorhodopsin
which actual emission occurs (Chattoraj et al., 1996; Lossa(e.g., Lanyi, 1997), have important scientific and techno-
etal., 1996). A variety of mutants provides a broad range ofogical applications. Despite the use of GFP as noninvasive
altered spectroscopic properties (e.g., Heim et al., 1995)H-sensor (Kneen et al., 1998; Robey et al., 1998) in the
Ehrig et al., 1995; Heim and Tsien, 1996; Yang et al., 1998)living cell, the mechanism of GFP pH-sensitivity has not
Already, early studies (Ward, 1981; Bokman and Wardbeen investigated. It is therefore important to understand the
1981; Ward et al., 1982) noted the pH-sensitive spectrastructural basis of the response to charge displacements
changes in the physiologic range (withp&, near 6), and induced upon excitation, the pathway of the transferred
recent investigations (Patterson et al., 1997; Kneen et alproton, the role of protein heterogeneities, and their sensi-
1998) suggest that pH shifts the equilibrium between neutralivity to external pH. Our work reports the first theoretical
study of the coupling between conformational and protona-
. o o tion substates in GFP basing on the recently solved x-ray
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are calculated with an empirical force field (Karplus andzolinone chromophore (Y66) and the carboxylate of E222
Petsko, 1990). Conformational sampling has been restrictedre included as ionizable. No other titratable residues are
to hydroxyl dipole and water reorientations in the hydrogen-found within Debye screening distance (8 A). Y66 and E222
bonded network localized around the chromophore bindingre part of an extended hydrogen-bonding network, includ-
site. The calculations provide information at two levels: theing water W22, S205 as well as the aligning polar sites
statistical analysis yields ensemble averages like conformer203, S65 and waters W12, W19, and W27. They have
occupancies and titration curves, the microscopic analysibeen included as flexible sites. Conformational changes that
reveals charge and dipole distributions in the availablealter heavy atom positions have only been included for
substates characterizing the protein’s heterogeneity. Th€203. For this residue, the x-ray structure resolved two
results quantify the relative population of neutral and an-conformations in the protein with different OG1/CG2 posi-
ionic fluorophore, the dependence of the chemical equilibtion (dominant population A¥1 = 70°], minor population
rium on environmental structural factors, and the presenc8 [x1 = —60°] [Brejc et al., 1997]). With=5 KT (force
of an internal proton acceptor, the driving forces and enerfield parameters from CHARMM [Brooks et al., 1983],
getics of initial and final states in the deprotonation process21-parameter set) the torsional barrier for the CA-CB bond
and point out pathways for equilibration after ESPT. Theis in the upper limit of the energy barries for the rotation of
characterization of the protein reorganization is a prerequipolar hydrogens (Alexov and Gunner, 1997). Because T203
site for subsequent analysis of barriers and time scales of thie buried in the protein core, its rearrangement will not alter
relaxation processes. the protein shape. The hydrogen positions of neutral Y66
and E222, selected polar residues, and water molecules
were assigned by a method focusing on the formation of
METHODS favorable hydrogen bonds to any possible acceptor (distance
<3.5 A) using standard bond lengths and angles. All other

Calculation of acid-base equilibria in proteins focus on howpolar hydrogens not included in the flexible set were con-
the protein environment alters the electrostatic potential astructed with the HBUILD routine of CHARMM (Brooks et
titrating sites. Several methods have been developed tal., 1983) and a subsequent 1000-step conjugated gradient
include structural relaxation of the protein upon ionizationminimization.
changes and improveK,, calculations. The adopted formal-  The state of each of thE multiconformation residues
isms treat flexibility of polar and/or charged side-chain (titrating or polar) is represented by a subsetpfelements
conformations in a single calculation of free energies and = (ry, ..., rp ), only one of which can be nonzero,
statistical averages (You and Bashford, 1995; Scharnagl aniddicating the occupied conformer. A statistical statef
Fischer, 1996; Beroza and Case, 1996; Ripoll et al., 1996he protein describes conformers differing in protonation
Alexov and Gunner, 1997) or by computing averages forstate as well as polar hydrogen orientations: (f,, 75, . . .,
ensembles of structures (Antosiewicz and McCammonf). For the inclusion of the A/B orientations of T203, care
1996; Van Vlijmen et al., 1998), thereby neglecting proba-has been taken to combine orientations only if the acceptor
bility weighting for the different conformations of each site state is also populated. The actual conformers are discussed
(Beroza and Case, 1996). We apply the first formalism forin Results (see Table 2). The total number= =K_, m of
multiconformational calculations and use predeterminecconformation was 39 for titration calculations (Y66: 3,
likely minimum energy conformations for the residues un-E222: 5, T203: 6, S65: 2, S205: 2, W22: 8, W12: 6, W19:
der investigation, evaluate the energies for all accessiblg2, W27: 5) making ugN = 64,800 protein states. For the
states of the protein, and determine the Boltzmann distribudiscussion of proton transfer reactions, five additional con-
tion of states for different pH values. Due to the largeformations for protonated W22 and one conformation for
number of states that must be evaluated, conformationadrotonated S205 have been includéd= 153,900 protein
sampling has to be restricted. Hydroxyl reorientations havestates).
been shown (Alexov and Gunner, 1997) to be—due to their The free energy of a given protein st&® is given by
low barriers—statistically most important. Dependent on(Alexov and Gunner, 1997),
the ionization state of nearby residues, they can act as _
hydrogen-bond donors or acceptors and are able to align iAG(X™)
response to changes in the local electrostatic field.

Our calculations base on the x-ray structural model ob- 2 ) Y(i)[2.3ksT(pH — pKeonli) ]
tained for monomeric wild-type GFP at pH 3.8 (Brejc et al., _E X { + (AGyn(i) + AGyo((i) + AGponefi) + AGem,(i))}
1997; protein data bank entry: 1IEMB). Only buried waters
(criterium: solvent accessible surfase A2, probe radius m m
T o St A S Es et 70, T surace T S S X786 ®

-17, 19, 21-24, 27, 37, 51, 53, 54, 61, 70, 74), surface
waters are treated as continuum solvent. We focus on the
immediate surrounding of the fluorophore, therefore, only The reference states for the calculation of energy contri-
the tyrosine side chain of the 4-hydroxybenzylidene-imida-butions is the residue side chain in aqueous solvent with the

i=1

i=1 j=i+1
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corresponding acid-base equilibrium describegly,(i). = TABLE 1 Partial charges* (in units of elementary charge e)
v(i) indicates the charge state (1 for baseg; for acids; 0 f‘l’: the 4':Vd’°xlégenzy"de"e"m'daz°"“°"e
for nonionized and neutral sites). chromophore (Y66)

Electrostatic contributions to the state energyk¢T =  atom Y66-H Y66-h*" Y66-* Y66-+*
2.48 kJ/mol) are: c1 0.30 0.20 0.25 0.10
N2 ~0.45 -0.35 ~0.44 ~0.50
0.52 0.22 0.49 0.35

AG,,, difference between reaction field energy in the ©?
. - N3 ~0.24 ~0.19 ~0.24 ~0.24
protein and solution;

f , > 02 —0.60 —-0.42 —0.68 -0.71

AG,, interaction with polar and charged groups not ca2 0.11 0.15 0.08 0.16
included in the set; CB2 -0.02 -0.17 0.00 -0.30

AG; site—site interactions. CG2 0.03 0.09 —0.05 0.17
CD1 -0.05 -0.06 -0.08 -0.11

. . CD2 -0.05 -0.06 -0.08 -0.11
Confqrmaﬂon-dependent nonele_ctr_ostatlc energy termgg, 005 _0.02 _0.10 0.00
AG, oneiinclude Lennard—Jones steric interactions and bonde2 -0.05 -0.02 -0.10 0.00
angle (for water molecule) or dihedral angle (for aminoCz 0.15 0.18 0.21 0.24
acids) energies. The electrostatic interaction energies a@? _8-28 _%435(’) —0.86 —0.65

finite difference solutions of the Poisson—-Boltzmann equa-
tion using the program DelPhi (Sharp and Honig, 1990)_*Charges were evaluated using semiempirical quantum chemical INDO/S

: . . SCF-CI calculations and Mulliken analysis (program ARGUS [Thompson
—100
The numerical error is in the order of 5-10% (Gllson et aI"and Zerner, 1991]) separately for both protonated and unprotonated flu-

1987). The dielectric boundary between protein and SOIVen(grophore in the x-ray geometry (Brejc et al., 1997). Charges for atoms CA
was assumed to be the molecular surface. Regions insid@d CA3 are 0.10, charges for the hydrogens (attached to CD1, CD2, CE1,
were assigned a dielectric constant of 4, the solvent waSE2, CB2) are 0.08 (see Fig. 1).
modeled as continuum with a dielectric constant of 80, Y66-hand Y66-h* (Y66- and Y66-*) refer to the neutral (anionic) charge

. . L . . __state in electronically ground and excited state, respectively.
physiological ionic strength (0.15 M) and an ion exclusion
layer of 2 A. Two focusing steps resulted in a final resolu-
tion of 2.14 grid points/A. Atomic radii have been taken
from the PARSE parameter set (Sitkoff et al., 1994), atomidaking this value, we adjustquK,.,, for the fluorophore by
partial charges for protein residues form the CHARMM a series of test titration calculations. A value of 6.5 is
force field (21-parameter set). The partial charges forappropriate to correctly reproduce both, the experimentally
ground and excited state of the neutral and anionic 4-hydetermined ground-state equilibrium between protonated
droxybenzylidene-imidazolinone were obtained from Mul-and unprotonated fluorophore ([YH]/[Y-F 6 at pH 6.5
liken charge analysis applying the semiempirical INDO/S[Chattoraj et al., 1996; Haupts et al., 1998]) as well as the
SCF-ClI method (quantum chemical program ARGUSconcentration of the major component of T203 ([T203A]
[Thompson and Zerner, 1991]) and are summarized in Table B5% at pH= 3.8 [Brejc et al., 1997]). This shift to a lower

The calculation of the excited state solvation energy forvalue is in line with values determined for comparable
the chromophore in the protein was carried out with thetitratable side chains. The solutigk, of tyrosine is 10.9
ground-state reaction field. Due to the buried nature of th€Stryer, 1988), the extension of the phenolic conjugation
fluorophore, it showed only small variations as compared tesystem by an additional double bond in the cleaved 4-hy-
the fully relaxed surrounding. Lennard—Jones parameterdroxycinnamide chromophore of photoactive yellow protein
and angle bending potentials have been taken from theeduces th@K, to a value of 9.0+ 0.3 (Baca et al., 1994).
CHARMM force field (21-parameter set), and torsional The Foster cycle (Stewart, 1985) was used for the de-
potentials from Alexov and Gunner (1997). Especially, thetermination of the free energy difference between electron-
4.6 kT preference of theyn over theanti-isomer for the ically excited neutral and anionic fluorophore in aqueous
neutral carboxylic acid of E222 has been included. Ansolvent. The 4200-cm' bathochromic shift of the absorp-
entropy correctiol\G,,,, = KgT In(n,) has been introduced tion spectrum upon ionization corresponds to an increase in
for ionizable residues, with the numbmrof states for each acidity of the electronically excited phenolic compound by
ionization state (Alexov and Gunner, 1997), thereby ne-8.8 units, a value comparable to th@lg, units determined
glecting the iterative evaluation of the actual occupancy andby flash photolysis measurements of phenol (Stewart,
introducing a maximal error in the order f0.5 pK units. ~ 1985).

The solutionpK, for glutamate was taken to be 4.3 The charge and geometry model for protonated RyOH
(Stryer, 1988). For the 4-hydroxybenzylidene-imidazolin-compounds (water W22, serine S205) have been determined
one chromophore in unfolded wild-type GFP, a value of 8.1previously by quantum chemical calculations (Cometta-
has been reported (Ward and Bokman, 1982). Drastid/orini et al., 1993) (partial charges, = 0.58, 5qH(R) =
changes in the photophysical behavior of the peptide a8.14, apex angle 62.2pK,.,, = —1.74). They are used for
compared to the intact protein indicate additional determithe determination of free energy differences in the proton
nants, e.g., conformational equilibria. Therefore, rather thaitranslocation steps.
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pH-Dependent site occupancies were determined as stdhe chromophore has been truncated at CA and CA3 (see
tistical averages over all protein states, Fig. 1), which were modeled as methyl groups. As pointed
out already by Wachter et al. (1998), there is no experimen-
N N tal evidence for the heterocyclic ring to be protonated in any
x)=> %”)g(n)/Z g(n) of the structures solved to date. Several other findings also
n=1 n=1 (2)  contradict the presence of a second proton on the chro-
mophore: pH-titration shows only one isosbestic point (e.g.,
Terry et al., 1995; Patterson et al., 1997) and the amide
hydrogen of the Y66 peptide is removed upon dehydration

with  g(n) = exp(—AG(X")/kgT).

The pK, value of a titratable residue is the pH with an o i .
occupancy of 0.5 for the ionized form. Besides the calcydn the cyclization process leading to fluorophore formation

lation of these macroscopic properties, we sort the staf\iwa et al., 1996). In accordance with these findings,
vectors according to increasing energy and analyze furthdhtrogen N2 remains unprotonated in our analysis. This is at
individual state properties (e.g., conformational dependenvariance with indirect conclusions from quantum chemical
cies, absorption spectra, energy gaps for proton transfer) é@lculations (Voityuk et al., 1998), which are, however,
the lowest energy states. based on a modeled chromophore structure. Our calculated
UV-/Vis-absorption spectra were calculated with thelongest wavelength absorptions are at 373 nm (oscillator
semiempirical INDO/S SCF-CI method (quantum chemicalstrengthf = 0.38) for the isolated neutral fluorophore and
program ARGUS [Thompson and Zerner, 1991]). Excited468 nm { = 0.83) for the isolated anion—both calculated
states are described as singly excited electron configurationsith the x-ray geometry. Within the error limits of the
using a set of 20 occupied and 20 virtual molecular orbitalsmethod, these values correspond to the experimental values,

wi19]

0 (8202) .
v T2 o A v y
.. N _-"._ ©

._h1 CcB2

H148

R168

N146

FIGURE 1 Hydrogen-bond net around the fluorophore in monomeric wild-type GFP. The figure shows the heavy atom positions as revealed by x-ray
analysis (Brejc et al., 1997; protein data bank entry: 1EMB) and the polar hydrogen positions modeled to optimize hydrogen-bonding to any possible
acceptor within 3.5 A (compare also Methods and Table 2). Conformations for T203 differ in both position of 0G1/CG2 (A and B) and orientations of
polar hydrogens. Hydrogen bonds are marked with dashed lines.
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especially the experimentally determined intensity ratio ofTABLE 2 Residues and predefined polar hydrogen positions
0.5 (Chattoraj et al., 1996) or 0.38 (Haupts et al., 1998) id: for multiconformation calculations

reproduced (calculated 0.46)—without invoking an addi- Distance

tional protonation of the heterocyclic ring. To calculate Donor D* Acceptor A* Hydrogen h h — AJA

influences from surrounding amino acids, the polar residueses-oH T203-0G1B hl 2.007

have been included in a supermolecule approach. The con- W22-OH2 h2 1.617
formations were taken from the accessible states.

T203-0G1A W19-OH2 ahl 2.497

$202-0 ah2 2.971

L201-0 ah3 2.946

RESULTS T203-0G1B Y66-OH bh1l 1.804

S H148-0 bh2 1.899

Characterization of the local hydrogen W22-0H2 bh3 > 465

bond network

The 4-hydroxybenzylindene-imidazolinone chromophore ofWZZ'OHZ Y66-OH ni 1.603
$205-0G h2 1.635
GFP (referred to as Y66) and the carboxylate group of E222 N146-0 h3 2201
are highly protected from solvent inside the hydrophobic T203-0 h4 2.022
core of the protein (e.g., Brejc et al., 1997). Within Debye T203-0G1B h5 2.423
screening distance~@8 A), there are no other titratable
amino acid side chains. Additionally, x-ray atomic models 520506 v5222220c:1|2£2 hgl 117'2‘115
for the protein at different pH (Yang et al., 1996; Orreb '
al., 1996; Brejc et al., 1997; Palm et al., 1997; Wachter et222-0E1 S65-0G h1 2.128
al., 1997) as well as circular dichroisms (Kneen et al., 1998) W27-OH2 h2 2.561
and Fourier transform infrared (FTIR) spectroscopy (VanF222-OE2 S205-0G h3 1.643
Thor et al., 1998) indicate, that protein conformational E222-OE1 ha 2.318
changes upon ionization of the chromophore are localized tggs. oG E222-0E1 hi 2108
its binding region. Therefore, we restrict our analysis to the W12-OH2 h2 1.748
coupling of the ionization states of Y66 and E222 and the
concomitant side chain reorientations in the internal hydro12-0HZ G67-N3 ';12 21";03
gen-bond coupled network (W22, S205, S65, T203, W12, \8/22:86 h3 2.'4705
W19, W27). For the inclusion of side chain conformational W27-OH2 ha 2067
flexibility in the calculation of the protonation equilibria of
Y66 and E222, likely minimum energy hydrogen positionsW19-OH2 W27-OH2 hl 1.641
for hydroxyl groups (threonine, serine, and tyrosine side T203-0G18B h2 2925
. ) ) T203-0G1A h3 2.447
chains), the carboxylic acid of E222 and water molecules
have been predetermined (see Methods). The selected p@e7-oH2 W12-OH2 hi 2.067
sitions are summarized in Table 2 and Fig. 1. E222-OE1 h2 2.394
As revealed by the x-ray structure, the side chain of T203 W19-OH2 h3 1.641
has two conformations: Ayl = 70° and B,y1 = —60°. *D and A denote the hydrogen-bond donor and acceptor atoms (compare

Therefore, conformers for T203 differ in both, position of Fig. 1), respectively.

0OG1/CG2 and orientation of polar hydrogens. Water ng#The water orientations selected among the listed hydrogens are shown in
and the backbone oxygens of S202 and L201 are possibre'g' 2

hydrogen-bond acceptors for OG1A (hydrogens ahl, ah2,

and ah3), whereas the phenolic oxygen of Y66, the backbe ND1, which is—due to its long distance (3.4 A)—no
bone oxygen of H148, and water W22 are acceptors fohydrogen-bond partner to Y66.

OG1B (bh1, bh2, and hb3). In contrast, OG1A can accept a Among the buried waters, W22 develops the largest num-
hydrogen bond from W19, OG1B from Y66, and water ber of hydrogen bonds. The connections to Y66 (h1), S205
W22. The hydrogen-bond pattern for Y66 involves interac-(h2), and T203B (h5) can act either as donor or acceptor
tions to T203B (h1) and water W22 (h2). S205 is linked relations. Additionally, the backbone oxygens of T203 and
either to E222 (h1) or water W22 (h2). In a similar way, S65N146 can accept a hydrogen bond from W22 (hydrogens h3,
can act either as hydrogen-bond donor or acceptor witih4). Among the hydrogens listed above, the water molecule
E222 (h1) and water W12 (h2). The carboxylic acid sideorientations that develop at least two hydrogen bonds with
chain of E222 can be protonated either on OE1 (h1, h2) oneighbors have been selected. Water W12 also shows a high
OEZ2 (h3, h4) with the energetically favoreginisomers h2  level of connectivity. Four polar hydrogens have been
and h4. In the monomeric wild-type structure, NE2 of theplaced according to the four partially negative charged
side chain of HIS148 is a hydrogen-bond acceptor from thetoms in the neighborhood: hl points toward N3 of the
backbone amide of R168. This fixes the protonation site tachromophore; h2 and h4 donate hydrogen bonds to S65 and
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water W27, respectively; h3 realizes a hydrogen bond to thand the hydroxyl positions of S65. Due to the buried nature
backbone oxygen of V68. Selected water molecule orientaef the sites, the reaction field energys,,,, is dominated by
tions for W22 and W12 are summarized in Fig. 2. the large desolvation penalty, reflecting the reaction field
The hydrogen-bond pattern of water W27 involves donor/stabilization in solution. The steric and bonding contribu-
acceptor relationships to water W12 (h1), E222 (h2), andions AG, .. 10 the state energies reveal the unfavorable
water W19 (h3). The fixed orientation of the side chain of Lennard—Jones repulsion, that destabilizes the hydroxyl po-
glutamate Q69 forces buried water W19 to accept the hysitions with the shortest hydrogen bonds, e.g., between
drogen bond from NE2 and to orient its two hydrogens toE222 and S205 or orientations of W22 forming a hydrogen
develop hydrogen bonds to the oxygen of water W27 (h1bond to Y66. The torsional energy for the proton orienta-
and the side chain hydroxyls of T203A (h2) and T203Btions to E222 includes also the 4kgT preference (Alexov
(h3). The positions for h2 and h3 differ only by 0.32 A, but and Gunner, 1997) of tteyn (h4, h2) over thanti-isomers
show different distances to their acceptors. As a conseth3, hl). The largest stabilizing site—site interactions are
quence of the restricted W19 orientation, the orientation ohydrogen bonds between the anionic fluorophore and T203
W27 is also locked as shown in Fig. 1 and confirmed by thebhl1) or water W22 (b, e).
sampling procedure. Evaluation of the average occupancies for ionized Y66
and E222 in the pH-range from 1 to 15 results in the
calculated titration curves shown in FigA3 Like the ex-
perimentally determined concentration of anionic fluoro-
The calculation of statistical averages over the protonatiophore (Bokman and Ward, 1981), the calculated one devi-
states of Y66 and E222 in the GFP protein has been carrieates significantly from the simple case described by a
out including conformational flexibility of the protons in the Henderson—Hasselbalch equation. Two acid-base transi-
hydrogen-bond coupled cluster around the chromophor#ons are calculated to occur at pH values of 6.8 and 13.4 (as
binding site. Table 3 summarizes the conformational-depensompared to the fluorescence experimest and~12).
dent energy contributions to the state energi€gx) (com-  This titration behavior indicates a competition between the
pare Eq. 1). The electrostatic interaction enetgy,,, with  acidity of the E222 carboxylic acid and the phenolic core of
polar sites not included in the cluster, is dominated by thghe fluorophore. Each side chain shows two protonation
interaction with the positively charged side chain of R96,equilibria with mutually interdependengK, values. The
which is largely favorable for ionized chromophore andacid-base transitions of two interacting residues can be
E222 and discriminates between the orientations of W1Zlescribed by four equilibrium constants (Fig. 4). The four
pK, values are not independent, but rather bound by the
state function property of the underlying free energies,

Ground-state protonation equilibria

h5 pK,1 + pKa = pPKas + pKase The fractional occupancies of
a the four states are (witk = pH — pK,),
Y66-OH < h1 hd ,,4.,}“" ht N
S$205-0G < h2 ° "‘%‘;{‘.“”0 f 10" 3
- 2N JEH =
c ,TL/%“ YEH T+ 10% + 10¢ + 1079 (32)
N146-O < h3
¢ \ 1
T203-0 < h4 =
g N3 h2 frwer = 1100 + 10° + 10%79" (30)
T203-0G1B < hb
f = 10 3
YH/E- — 1+ 10% + 10% + 1dx1+x2)l ( C)
10(x1+><2)
G67-N3 < h1 Ne = 1510 100 7 10979 (3d)
-OG < h2 . .
S65-06 < The three independepK, values have been obtained by
V68-0 < h3 a fit of the calculated pH-dependent occupancies of the

ionized forms of Y66 or E222,

W27-OH2 < h4
W12

FIGURE 2 Orientations of water molecules W22 (a—e) and W12 (a—c)
sampled in the multiconformation calculations (compare also Fig. 1 and
Table 2). Short hydrogen bonds connect W22 either to the quorophorqn the nomenclature introduced here, protein states are char-
(Y66) (orientations W22-b/e) or to S205 (conformations W22{ajc . . L

Longer hydrogen bonds develop to the backbone (W22-d) and the sidQ‘Ct?rlzed by the correspondlng lonization state; of th? key
chain of T203 (W22-c/9. W12 flips between perpendicular (W12-a) and '€Sidues Y66 and E222 averaged over all possible orienta-

parallel (W12-b/c) orientation relative to the chromophore plane. tions in the hydrogen-bond net; e.g., Y-/EH denotes a state

fyv. = fvsen + fvoes (4a)

fe = fvoe + fone. (4b)
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TABLE 3 Energy terms (A) and selected fluorophore interactions (B)
(A (B)

AG;/ksT

AG,ofksT AG,/keT AGonefksT Y66- Y66-* Y66-h1 Y66-h2
Y66- ~16.82 30.86 0.00 T203-ah3 1.62 1.08
Y66-h1 —4.61 7.90 2.08 T203-bh1 -10.08 ~6.42 1.39 -1.37
Y66-h2 ~4.89 7.84 4.83 T203-bh2 4.29 2.65
Y66-* -23.08 24.84 0.00 T203-bh3 ~6.67 ~4.61 0.75
Y66-h1* -2.62 476 2.08 W22-a 5.06 3.42 1.13 -1.94
Y66-h2* ~2.90 4.71 4.83 W22-b -9.84 ~6.88 ~2.52 8.05
T203-ah3 ~1.64 3.39 0.19 W22-c ~2.19 ~1.55 ~0.81
T203-bh1 0.52 3.56 2.05 W22-¢ -0.72 0.61
T203-bh2 -2.10 3.15 0.31 w22-d 3.94 2.55 1.18 ~2.69
T203-bh3 0.01 3.40 0.58 W22-e ~8.72 ~6.01 ~2.57 8.79
W22-a -0.78 491 1.52 S205-h1
W22-b ~0.95 6.10 4.12 S205-h2 -1.22 -0.71
W22-c ~1.58 5.13 ~1.31 E222- 13.26 12.33 ~1.62
W22-¢ 0.72 4.62 1.45 E222-h3 1.26
w22-d -3.01 6.12 -1.31 E222-h4 ~1.05
W22-e 1.29 5.08 6.95 S65-h1 ~1.46 ~0.52 ~1.40 ~1.33
$205-h1 0.41 3.70 4.08 S65-h2 ~1.46
$205-h2 0.21 3.70 0.33 Wiz-a 1.08 1.81
E222- ~14.97 29.10 0.00 W12-b ~0.50 0.75 -0.97 ~0.99
E222-h3 —3.55 6.13 7.15 Wi12-c 0.50 -0.71 0.62 0.59
E222-h4 -2.23 4.44 -0.34
S65-h1 0.40 3.64 1.73
S65-h2 2.97 3.54 2.63
Wi2-a ~4.36 4.29 0.06
W12-b 3.06 4.70 ~1.23
Wi2-c 0.82 479 -1.70

Energy values for conformations included in the calculation of state energies (see Eq. 1 and Table R)afe-48 kJ/mol). Only interaction energies
larger than 0.%gT are given.

Y66-*, Y66-h1*, Y66-h2* refer to the electronically excited fluorophore. Interaction energies for Y66-h1* and Y66-h2* differ from the groundiktase
by maximally 0.5kgT.

with simultaneous anionic fluorophore and neutral E222. Inproton rearrangements. Interestingly, they are distributed
experimental work two other sets of names have beemear the chromophore protonation site. The calculation con-
introduced. Chattoraj et al. (1996) use the terms A and B fofirms that the reorientation of T203 from the major A-po-
equilibrium states with neutral and deprotonated fluoro-sition at low pH to the B-position at higher pH is linked to
phore, respectively; Lossau et al. (1996) refer to these stat@fe protonation state of the chromophore. Mutagenesis ex-
as RH,,and R, Our analysis reveals that, below pH 12, the periments indicate that the energy of chromophore ioniza-
protein state R}, has pH-dependent contributions from tion is also coupled to dipole reorientation or polar-hydro-
YH/E- and YH/EH, whereas Y-/EH contributes tQRThe  phopic exchange at residue 65. In wild-type GFP, the side
fourth state, Y-/E-, is populated only for pH 12. RH.qand  chain of S65 can adopt a conformation in which the hy-
Req are linked by intraprotein protoq transfer via the Statesdroxyl donates a hydrogen-bond to E222 (hydrogen position
YH/E- and Y-/EH. The calculated acid-base constants (stang; i, o analysis). In the S65T mutant, the hydroxyl is
dard dewayorE0.0lpK—umts) are _summarlzed in Table 4, ydrogen-bonded to the main chain carbonyl oxygen of V61
together with the relative populations of the states at pH R
and 8. ThepK_values in the basic pH-range-12) will Ormo et al., 1996) located above the chromo.ph(.)re plane.
depend on further acid-base transitions, e.g., the titration o-ll—hls conformatlc_)nal change, butalso the s_ubst|tut|on of S65
arginine R96. Because they are not regarded in the curretpty nonpolar _res_ldues (G A C,V]eg., Heimetal.,, 1995]),
favor the anionic form of the chromophore. On the other

analysis, these values are less reliable. i : .
Figure 3B shows the intimate relation between titration SI9€, replacement of T203 by hydrophobic chains (T203V

and conformer occupancy for the mobile polar side chains[B- Stéipe, Genzentrum der UniverSitsinchen, 1998,
Two principal situations can be distinguished. While sitesPersonal communication] or T203I [Ehrig et al., 1995])
like W22, T203, and S205 occupy multiple conformations,stabilize the neutral chromophore. We simulated these
the hydroxyl group of S65 and water W27 are localized inchanges (referred to as hypothetical mutants) of the specific
steep energy minima (S65-h1, W27-a). The side chains witlpcal surrounding either by fixation or removal of the hy-
the largest number of accessible states will provide easiefroxyls without further relaxation of the protein environment.
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FIGURE 3 Site occupancies for wild-type GFP and the hypothetical mutant S65T. For the simulation of the mutant the hydroxyl orientation of S65 was
fixed to position h2 (compare text and Fig. 1), C) pH-Dependent population of ionized fluorophore Y66 and ionized E222 in wild-9p&EP and

(C) S65T. B, D) pH-Dependent fractional conformer occupancy for residues in the hydrogen-bonded net around the fluorophore in viijd=tiypeaind

(D) S65T.

The hypothetical mutant S65T was simulated by a restric1996; Elsliger et al., 1999), the dominant orientation of
tion of the sampling to the h2-orientation of S65. FigC3 T203 at pH 8 is the B position, correlated with the popula-
confirms, that the removal of the hydrogen bond of residueion of the ionized chromophore. Additional rearrangements
65 to E222 (the only change as compared to Fig\@ndB)  include the flip of W12 from perpendicular (a) to parallel
shifts the acid-base equilibria for both, E222 and Y66, (b, c) orientation in respect to the imidazolinone ring and
concomitant with a shift in conformer population (FigD3.  the freezing of the S205-h1 position. The inspection of the
Consistent with the x-ray structure for S65T (Ormbal.,  molecular model reveals that rearrangements occurring co-
operatively with the reorientation of W12 but not sampled
in the current treatment (e.g., twist of Q69) will contribute

pKa2 to the stabilization of the S65-h2 orientation. The hydro-

Y'/EH Y‘/E' phobic side chains of the hypothetical mutants S65G,
T203V and the double mutant T203V/S65G have been

included in the Lennard—Jones interaction for the titratable

sites and the removal of hydrogen bond possibilities (e.g.,

pKa, pKa, E222-h1/W12-h2 and Y66-h1/W22-h5). Additionally, we
studied the connection of these protein changes with the
presence of the buried water molecules, thereby modulating

the polarity of the binding site.

YH /E- The results for the hypothetical mutants are summarized
in Table 4. The analysis of the coupled acid-base equilibria

pKa3 for Y66 and E222 shows how the influences from neigh-

FIGURE 4 Sch describing th b d-base transi boring sites modulate the coupling. If the surrounding shifts
two interactingcr:sniqdiese.sirll—i Iggd IEeHE(r]t-;Jflelrrtlcl:n;qiciIIibriu?nseprg?gisr\I g;f;;fme PK, so that they match each other (within a range of

with neutral Y66 and E222 residue, respectively. Y- and E- refer to proteinapprOXimat_ely PK Unit§)1 t.he states Y'/EH and YH/E- are
states with negatively charged residues. populated in a nonvanishing constant ratjgg . /fye. =

YH/EH
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TABLE 4 Calculated equilibrium constants and relative occupancies describing the transitions of the interacting residues Y66
and E222

[T203A]%* fyen%’ fyren%” fyre %°
PKax  PKez  pKyg  pKyy pH=4 pH=8 pH=4 pH=8 pH=4 pH=8 pH=4 pH=38

wild type
A+BS 6.8 12.9 6.3 13.4 88.4 63.0 0.2 23.7 99.3 1.5 0.5 74.8
AS (8.4) (13.5) 6.3 15.6 100.0 100.0 0.0 0.8 99.5 1.9 05 97.3
BS 5.9 12.9 6.0 12.8 0.0 0.0 1.2 55.5 97.8 0.4 1.0 44.1
S65T
A-+BS 6.5 15.5 (8.9) (13.1) 89.7 48 0.3 96.5 99.7 3.1 0.0 0.4
AS 7.0 16.2 7.9 15.3 100.0 100.0 0.1 81.5 99.9 8.2 0.0 10.3
BS 5.5 15.6 (8.5) (12.6) 0.0 0.0 3.1 99.6 96.9 0.3 0.0 0.1
S65G
A+BS 6.8 14.8 8.1 13.5 88.6 9.9 0.2 89.8 99.8 5.7 0.0 45
AS 8.4 15.9 8.1 16.2 100.0 100.0 0.0 18.2 100.0 45.6 0.0 36.2
BS 5.9 14.9 (7.9 (12.9) 0.0 0.0 1.2 98.2 98.7 0.8 0.0 1.0
T203V
w19d' (7.7)  (13.5) 5.8 15.4 — — 0.0 1.2 98.4 0.6 1.6 98.2
w19b' 7.4 13.8 6.3 14.9 — — 0.0 7.2 99.5 1.8 0.5 91.0
T203V/S65G
w3l 7.7 15.4 7.7 15.4 — — 0.0 40.0 100.0 20.0 0.0 40.0
w2! 7.5 15.7 8.1 15.1 — — 0.0 63.8 100.0 20.2 0.0 16.0
wo! 7.7 17.1 9.4 15.4 — — 0.0 65.7 100.0 33.0 0.0 1.3

Given are the values for wild-type GFP and hypothetical mutants (for further details see text and pig, 4ndpK,, refer to acid-base transitions for

Y66 in the presence of neutral and anionic E222, respectipély, and pK,; denote protonation changes of E222 in the presence of anionic and neutral
Y66, respectively. Values in brackets indicate that the corresponding equilibrium is not realized.

*Relative occupancy of side chain orientation A for residue T203.

“Relative populations of neutral and anionic forms are calculated frorpkhéEq. 3, a—c).

SEntries A and B refer to simulations with fixed orientation for the T203 side chain; in simulatier® Both conformations were sampled.

TFor simulation T203V, water W19 was either fixed in the orientation shown in Fig. 1 (w19a) or removed (w19b).

ISimulation T203V/S65G was carried out with varying polarity in the binding site including either three (w3: W12, W19, W27), two (w2: W12, W27), or
none (w0) of the buried water molecules located above the chromophore plane.

10PKasPKad (compare Egs. 3a,c) in the pH region extendinganalysis shows that, even without shiftsiK,,, the relative
from min(pPK,,, pK,9 to minpK,, pK,,). This is the case population of neutral and anionic fluorophore at physiologic
for wild-type GFP if T203 is free to stabilize chromophore pH experiences drastic changes. As a consequence of the
ionization (T203B). The fixation of T203 in an orientation internal proton exchange with E222, the rafig,/f,. =
without favorable interaction to anionic Y66 (T203A) or 107 (1 + 10 ) (compare Egs. 4a,b) deviates from the
hydrophobic substitution (T203V) shift both protonation expected dependency for a one-step titratibp,/f,. =
equilibria of the chromophoregpK,; andpK,,) in favor of ~ 107).
the neutral form. Therefore, the only residue titrating in the
neutral pH range is E22DK,2) and the protonation of Y66
is fixed for pH < pK,, On the other side, the upshift of the
two equilibria for E222 K, pK,2 by S65 substitution
(S56T or S65G) forces protonation of E222 for pHpK,,  The electrostatic calculations yield results at two levels: the
and reduces measurable titration to Y66 (With,,). Addi-  macroscopic result is the average population of protonation
tionally, depending on which residue is ionized first with and conformational states, the microscopic result is the
increasing pH, the other will have ipK, shifted up by the individual state vectok describing protonation and confor-
charge on the other site, screened by the aligning surrounamation of the residues included. Each state vector is related
ing dipoles. Hydrophobic substitution near Y66 as well asto a particular free energ§G(X) (see Methods, Eq. 1). The
near E222 (T203V/S65G) shift the equilibria in a compa-description of the available states becomes relevant in con-
rable way and restore the proton-sharing relationship imection to single molecule spectroscopy. To study protein
neutral and basic pH range. Decreasing amount of burietieterogeneities in the presence of protons on several accep-
water above the chromophore influences mainlygKgof  tor sites, we analyze the dipole orientations making up the
E222. lowest configurations. This analysis also provides informa-
The calculated similarity gbK,,-values for wild type and  tion about conformational dependencies and coupled move-
S65T substitution is in accordance with experiment (reportiments. The permissible orientations sampled for the three
ed values for mutants carrying the S65T motif are 5.98onization states YH/EH, YH/E- and Y-/EH are summarized
[Kneen et al., 1998] and 5.8 [Haupts et al., 1998]). Thein Table 5 (wild-type GFP simulation, free energy values

Analysis of conformational substates
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TABLE 5 Lowest energy conformations for wild-type GFP

Conformation Y66 T203 w22 S205 E222 S65 w12 GS* ES*
Al — bhl b h2 h4 h1 a 1.2 —21.3
A2 — bhl c h2 h4 hi a 1.6 —23.2
A3 — bh1 b h2 h3 hl a 4.3 —18.2
A4 — ahd b h2 h4 h1 a 4.5 —21.4
A5 — bhl c h2 h3 h1 a 4.7 —20.0
A6 — bh1 d h2 h4 hl a 5.3 —21.6
A7 — bh3 b h2 h4 h1 a 5.3 —18.9
N1 h2 ah3 a hl — hl a 0.0 -0.5
N2 h2 bhl a h1 — hi a 1.9 1.4
N3 h2 ah3 d h1 = hl a 2.1 1.6
N4 h2 bh3 a hl — h1 a 3.6 3.0
N5 h2 bhl d hi — hi a 3.8 3.2
N6 h2 bh2 a h1 = hi a 4.1 3.5
N7 h2 bh2 © hl — h1 a 5.9 5.3
N8 h2 bhl © h1 — hi a 7.0 6.5
N9 hl bh2 e h1 — h1 a 4.8 4.2
N10 h1 bh2 a h1 — h1 a 5.8 5.2
NN1 h2 ah3 d h2 h4 hl a 3.3 2.6
NN2 h2 ah3 d h2 h3 h1 a 5.4 4.7
NN3 hl bh2 c h2 h4 hl a 5.6 4.9

Given are the orientations associated with the ionization states of Y66 and E222 for the residues in the hydrogen-bond net (for details see Figs. 1 and 2
The shaded area represents photoactive states for thgridhifold (see Table 6 for details concerning proton transfer).

*GS, state energies for the electronic ground state; ES, excited state. Energies are=fo8 p¢lative to state N1 in units d§;T (=2.48 kJ/mol).

#T203 samples orientations ah3 and ah2 with approximately the same probability, corresponding to state energy differ@kg€s

are for pH= 8 relative to the lowest energy state). States inthe x-ray structure (Brejc et al., 1997) T203 adopts A-ori-
an energy range of5 kgT have been included, which is entation in the lowest energy configuration (state N1). Al-
approximately twice the numerical error inherent in thethough the presence of a proton on Y66 disfavors T203-
determination of state energies (Gilson et al., 1987). In théh1/bh3 orientations (e.g., N2), the dipole reorientation to
nomenclature introduced by Lossau et al. (1996), the mant203-bh2 becomes energetically comparable to A-orienta-
ifold of states {Al,. .., A7} characterizes the equilibrium tions (N6), allows a 90°-flip of water W22 (cand facili-
protein state R, the states {N1, . . ,NN3} characterize the tates hydrogen bonding for Y66-h1 (states N9, N10). After
protein state R, reorientation of S205, W22 and the T203 hydroxyl to al-
The sampled states for anionic Y66 (states AL,, A7)  most exclusive A-orientation, the protein accommodates
can be grouped according to the fluctuating hydrogen-bontboth, protonated Y66 and protonated E222 (states NN1,
pattern between the phenolate oxygen, T203 and water. ., NN3). In accordance with crystallographic data for
W22. With T203-bh1l and W22-h1 (in b-orientation), state buried water molecules (Denisov et al., 1997), W22 is
Al provides two short hydrogen bonds to Y66. Only oneengaged in three to four hydrogen bonds with protein atoms.
hydrogen bond develops for states A2 (from T203-bh1) andit least two short hydrogen bonds characterize the lowest
A7 (from W22-h1)—as compared to Al, the second partneenergy states. The population of T203A-orientation together
is involved in T203B-W22 interaction. In all conforma- with the anionic chromophore (state A4) and B-orientation
tions, the oxygen of W22 is tied up by the hydroxyl group together with neutral Y66 (e.g., N2, N4, N5, N6, NN3)
of S205. The energy difference betwesyn and anti-  shows that this residue can be disordered even for fixed
configuration of the hydroxyl group of E222 i3 kgT, protonation of the fluorophore.
indicating the modulation of the intrinsic preference (4.6 As an immediate consequence, the different dipole ori-
ks T [Alexov and Gunner, 1997]) by electrostatic interaction entations will lead to a distribution of electrostatic potential
with S205. around the chromophore. Figure 5 shows the individual
The interaction pattern of the neutral fluorophore exhibitscontributions to the electrostatic potential at the atomic
large heterogeneity: additional to the two orientations of itspositions of the fluorophore. Among the polar side chains
phenolic hydroxyl (Y66-h1, -h2), the environment differs in with fixed charge and orientation, the positive arginine R96
both, protonation of E222 and orientation of dipolar groups.near the imidazolinone ring dominates and initiates a po-
In the presence of negative E222, S205 favors the hydrogetential gradient along the chromophore. All dipole orienta-
bond to OE2, at the same time allowing the reorientation otions (states Al, .., A7 in Table 5) near the phenolic end
water W22, which accepts a strong hydrogen bond fronof ionized Y66 compensate this potential difference approx-
Y66-h2 and flips between S205 and the main chain oxygensnately. Fluctuation among these states introduces no dras-
of residues 146 and 203 (orientations a, d). Consistent witlic difference, because the movement of one dipole away
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polar E222- E222-h3 / -h4
T203-ah3 / -bh2 T203-bh1 / -bh3 S205-h1 / -h2
W22-a W22-c / -d
W12-a W12-b / ¢ S65-h1 / -h2

I

OH CE1 CD1 CG2 CA2 02 N3 OH CE1 CD1 CG2 CA2 02 N3 OH CE1 CD1 CG2 CA2 02 N3
Cz CE2 CD2 CB2 (2 N2 1 CZ CE2 CD2 CB2 C2 N2 C1 CzZ CE2 CD2 CB2 C2 N2 C1

FIGURE 5 Electrostatic potentials from surrounding residues at the atomic positions of the fluorophore in wild-type GFP. Potentials were fratoulate
protein partial charges (compare Methods) using continuum electrostatic methods. Bars pointing up (down) indicate positive (negativeOpetential
section on they-axis corresponds to 1K;T/e for the contribution from polar side chains and negatively charged E222, anddd/@ for the other
conformations (kgT/e = 25.6 mV).

from the phenolate is compensated by the reorientation dResponse to instantaneous dipole change

the others. For the neutral fluorophore states in the presengaduced by light absorption

of negative E222 (N1, .., N6) thepotential gradient in-

tensifies. The sum values are sensitive to dipole conformaln accordance with other theoretical investigations (Vojtyuk
tions of T203, but not to fluctuations of water W22 betweenet al., 1998) our quantum chemical calculations (see Meth-
a- and d-orientation. T203-ah3/bh2 dipoles are connectedds) reveal that excitation of the chromophore is connected
with stabilizing, and the other T203-orientations with de-with transfer of electronic charge density from the phenolic
stabilizing potential for the phenolic proton. part to the imidazolinone ring. The effect is more pro-
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nounced for the anionic chromophore, whereas the chargie underlying molecular structure and energetics (Warshel,
displacement for the neutral fluorophore is more localizedl986). For hydrogen-bonded donor-acceptor pairs (distance
in the imidazolinone ring (compare Table 1). This differ- <3.5 A), the activation barrieAG” is correlated with the
ence is also mirrored by the calculated change in dipoldree energy differencAGy+ between initial and final state,
moment ofAn = 13 D as compared tdu = 1 D for the

neutral chromophore. Within the error limits of the semiem- AG*=~ AGpr for AGpr>0

pirical approach, the calculated values fitAgq = 6.8 * and

0.3 D (Chattoraj et al., 1996) for the anionic fluorophore

andAu = 2.5D (Bublitz et al.,, 1998) determined for the AGF=~0 for AGp<0O.

chemically modified neutral Y66H-fluorophore from Stark

effect spectroscopy. Our calculations are also able to repro- Depending on the reaction time, as compared to the
duce the experimental observation of a nearly parallel orirelaxation of the environment, two limiting cases have to be
entation of Au and the transition moment for the anion distinguished: the transport can occur in a constant, non-
(calculated angle: 3°) in contrast to the almost perpenequilibrated or in a relaxed environment. A prerequisite for
dicular orientation (calculated angle: 87°) for the neutralfast transport along an extended chain is the rigidity of the
fluorophore. conducting structure in the time window of the transport.

Generally, the various distributions of dipoles around the We model proton translocation in GFP as a series of
chromophore will respond in a distinct way to the changedthermally activated hopping processes with localized proton
charge distribution, developing toward the new equilibriumjumps between neighboring sites along the preformatted
in a variety of time scales. For our analysis, we neglechydrogen-bond network extending from Y66 to E222. The
further rearrangements in the chromophore and in the prdarge isotope effect for ESPT favors the 3-step model with
tein surrounding. The last column in Table 5 shows theE222 as final acceptor over, e.g., translocation to H148
response of the state energi®§(X) (Eq. 1) to the changed (Palm et al.,, 1997). Varying electrostatic fields enter in
charge distribution. The reduction of electronic density atterms of fluctuating hydroxyl dipoles and lead to wide-
the phenolate oxygen weakens the hydrogen-bond streng#ipread driving forces and barriers. A particular state of the
from ionized Y66 to T203 and W22 (compare also thesystem is identified by the location of the proton and the
site—site interactions in Table 3), thereby facilitating rear-state of the surrounding hydrogen-bond net (compare Table
rangements in the immediate environment reflected by thé). The first step (> 2) involves transport of the phenolic
close energies of states A2, A4, A6, Al. These conformahydrogen hl to water W22 forming hydronium ions W22-
tions are representative for the protein stafgRif the at, W22-d+, and W22-¢+. In the next step (2> 3) S205
hydrogen bonds are able to rearrange themselves to treccepts proton h2 from W22, forming protonated S205
lower energy conformations in the lifetime of the excited The final step (3> 4) produces neutral E222-harti-
fluorophore. In contrast, the smaller and more localizedorientation) after transfers of proton hl from S2050
charge displacement associated with excitation of the neuz222. The short hydrogen bonds between S205 to W22 and
tral chromophore conserves the energetic order of th&222 (compare Table 2) have been treated as gating bonds
ground-state dipole distribution, e.g., excited-state equilib{Nagel et al., 1980) favoring ionic transport, simultaneously
rium protein states RE, correspond to the ground state slowing down the formation of a turning defect, which
manifold RH,, requires at least 18T for the breaking of the hydrogen
bond.

If the reaction time is shorter than the relaxation time of
the surrounding, nonequilibrium effects arise. In this case,
the relevant potential energy surface for proton transfer is
The photophysical pattern of GFP has been rationalized bthe one obtained for the current configuration of the envi-
ESPT from the fluorophore hydroxyl group to the hydro- ronment. States N1,.., N8 (asubset of Ri, character-
gen-bonded network, leading to the deprotonated chroized in Table 5) represent possible photoactive arrange-
mophore from which the actual emission occurs. Kineticments of the hydrogen-bond net (states N9 and N10 require
results reveal that the excited-state deprotonation happemslditional reorientation of the Y66-OH group and are not
within the picosecond time scale, is slightly activated, anddiscussed). Table 6 summarizes the calculated free energy
involves nonequilibrium protein states (Chattoraj et al.,gaps along the transport chain for ground and excited states.
1996; Lossau et al., 1996). A variety of quantitative evalu- Due to the increased acidity of the hydroxyaromatic
ations of proton transfer dynamics in proteins extendingcompound (compare Methods), electronically excited Y66
from semiclassic trajectory studies (Warshel, 1982;is a strong proton injector. On the other end of the transport
Warshel, 1991) to quantum dynamic simulations (Laria efchain, E222 is a strong proton acceptor, characterized by the
al., 1992; Bala et al., 1996; Berendsen and Mauvri, 1996)arge negative free energy difference for the last step. The
reveal that adiabatic proton transfer is driven by local po-ntermediate steps depend on both the orientation of the
larity changes at the donor and acceptor sites. This providealigning dipoles and the orientation of the groups partici-
a general rule for the discussion of the kinetics in terms ofpating in the translocation. The negative potential at W22,

Energetics of proton transfer
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TABLE 6 Free energy gaps AGp for forward transport of a proton along the preformatted hydrogen-bond net extending from
Y66 to E222

1 2 3 4
Y66-h3/E222- Y66-/W22+/E222- Y66-/S205+/E222- Y66-/E222-h3
Statej* w M AGpr (3> 4) AG
Conformation  T203 W22 GS ES T203 W22 GS ES T203 W22 GS ES GS ES
N1 ah3 a 21.8 2.4 ah3 +a 4.0 -0.9 ah3 b -18.1 —-20.0 7.7 -19.0
N2 bhl a 19.4 4.4 bhl “a 1.1 -3.9 bhl b —-18.1 —-20.0 4.3 —18.2
N3 ah3 d 19.6 0.5 ah3 -«
N4 bh3 a 23.7 7.2 bh3 a -—-04 -5.4 bh3 b —-18.4 —-20.3 8.5 —-155
N5 bhl d 17.0 2.4 bhl e
N6 bh2 a 21.2 1.0 bh2 Ha 5.2 0.2 bh2 b —-17.9 —-19.7 12.6 —-15.0
N7 bh2 ¢ 13.4 —-4.9 bh2 ¢+ 11.3 4.4
N8 bhl ¢ 11.4 -1.7 bhl ¢+ 40° -29

Calculations are carried out for the lowest energy photoactive states of thenfirifold (states N1 to N8 in Table 5). The driving force for transfer in

the opposite direction is connected to forward transfedBg (j > i) = —AGp (i > ). Energies are given ikgT (=2.48 kJ/mol).

*A state] in the transport chain is identified by the electronic state of the fluorophore (GS, ground state; ES, excited state), the location of the proton
(underlined) and the orientation of the surrounding dipal&s.is the energy of the final stat¢ € 4) in unrelaxed dipolar surrounding.

“The relaxed state in the presence of the proton on water W22 is marked for the corresponding electronic state.

provided by dipole orientations T203-ah3/bh2 (states N3kgT), anti-/synisomerization to E222-h4 (intrinsic barrier:
N6), stabilizes the hydronium ion; thereby enhances the firs.5 kgT), reorientation of T203 from A to B (intrinsic
step and disfavors simultaneously the second step. Consibarrier: 5.4kgT), rotation of the T203 hydroxy! (intrinsic
tently, the rotation of the dipole orientation (T203-bh1/bh3,barrier: 2.2kgT). During the short lifetime of the excited
states N2 and N4) reverses the situation. Water W22 flipgnionic state (3.3 ns [Chattoraj et al., 1996; Lossau et al.,
between orientations W22-a which facilitates complete hy-1996]) the full equilibrium conformation will not be
drogen-bonding between Y66 and E222, and orientatiorchieved, especially reorientation of T203 can occur on a
W22-d, which requires rotation before the second steplonger time scale. The calculations reveal further a small
Experimental rotational relaxation times for water mole-activation energy in the order efkgT, consistent with the
cules range from 3 ps (the lifespan reported for a hydrogeslowing down of ESPT by a factor of at least 5 between
bond in a percolating water network [Gutman and Nachlielroom temperature and 80 K (Chattoraj et al., 1996; Lossau
1990]) to the subnanoseconds regime for the torsional viet al., 1996). The estimate for the free energy gap between
bration around an orthogonal axis (Denisov et al., 1997). Anitial RH%, and final (nonequilibrated) state,R* for ex-
waiting period is also related to the probability of reachingcited state deprotonation is19kgT (compare Tables 5 and
W22 orientation € (states N7 and N8). This analysis shows 6). The large isotope effect that increases with the driving
how the translocation rate depends on details of the protoforce is indicative of an energy gap of that scale (Lossau et
solvation on the W22 site. The lowest energy configura-al., 1996).

tions, N1 and N2, allow activated transport in an ordered At any state in the ESPT process, deexcitation to the
chain without reorientation. However, the presence of theground state may occur. The system is locked in disequi-
ion on W22 will affect the positions of the protons on librium in relation to proton distribution and dipole orien-
neighboring sites, especially T203 participates in the solvatation. Depending on the state and driven by the competition
tion process. Dipole orientations characterized by state N@f their acidities, the proton will be pumped back to Y66 or
provide the greatest stabilization for hydronium W22f forward to E222 on different time scale. Because the life-
the reaction time is slower than solvation, the hydrogentime of the state formed via ESPT (e.g., Nl is presum-
bond net will become polarized in a way against transportably too short to allow full relaxation toward the equilib-
Assuming that solvation processes in the excited state occuium state (A2* in Table 5), deexcitation in a protein
on a longer time scale, ESPT from state N1 will end up inconfiguration resembling still N-character (especially in
a nonequilibrium state NT*, an example for protein states respect to orientation of T203) provides a surrounding
Rneq' differing from the lowest energy dipole arrangement that favors fast repopulation of the starting configuration
for excited anionic fluorophore (state A2* from manifold (e.g., N1).

Req» compare Table 5) with respect to the orientation of In contrast to the excited state, the ground-state free
T203 (ah3 versus bh1l), of water W22 (b versus c), and thenergy profile for the RE, & R, reaction (Table 5) has
isomerization state of the hydroxyl on E222 (h3 versus h4)only a small gap#£2 kgT) between initial and final state (as
Energy contributions to these relaxation processes (intrinsimirrored also by the ground-state equilibrium population,
barriers refer to the force field values and do not includecompare Table 4). lonic entry from both sides of the trans-
specific interactions in the protein, compare Methods) inHocation network requires approximately RJT, consistent
volve: break of the hydrogen bond from E222-h3 to S205 (5with the experimentally determined (Haupts et al., 1998)
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340 us time for the internal ground-state proton exchangeestricted number of conformational degrees of freedom
and accompanying hydrogen bond rearrangements. In impose, however, some limitations.

manner similar to the excited state, the actual injection

energy from the phenolic fluorophore is altered by dipolar

fluctuations of T203 and water W22. The alternative trans-Molecular basis for the two-step titration

port sequence involving transport of the negative charge olf:Or pH > 4, the response of GFP fluorescence to pH

E222 in the opposite direction to proton transfer is energe%harlges occurs ir1 ms and is reversible (Ward, 1981

ically less favorable because the positive charge on W22 Rneen et al 1998). TheK, for the phenol—phenolate
.y . a —

not sufficient to stabilize both, the negative charge on Y66transition of the fluoronhore. in wild-tvpe protein was re-
and the negative charge on S205. P ype p

ported as~5, ..., 6 (Bokman and Ward, 1981; Kneen et
al.; 1998), but the titration curve of the protein has a second
pK, near 12 (Bokman and Ward, 1981). Between pH 8 and
DISCUSSION 11, neutral and charged forms are present in a constant ratio.
. The calculated pH-dependent occupancies of the ionized
X-ray crystallography, ultrafast optical spectroscopy, and

site-specific mutagenesis data suggest that the protonatiorﬁsIdues (Fig. 4) reveal that this titration behavior is the

state of the tyrosylhydroxyl group of the chromophore isconsequence of the competition between the acidities of the

responsible for the pH sensitivity of GFP. Taking into phenolic group of Y66 and the carboxylate of E222. The

consideration the experimentally shown interdependence (ﬁoo L:erl;l)rlf] OJ;E e(:; C(hc m;:lrequ;gbrz h(?;s?;ﬁﬁ?ngu:gitglega?é
a . —

protonation and rearrangements of the protein frameworlt(ransitions of one residue dependent on the charge state of
(e.g., Ornicet al., 1996 Brejc et al., 1997: Palm et al., 1997: P 9

Dickson et al., 1997: Jung et al., 1998; Haupts et al., 199 the other. Consistent with results from fluorescence corre-

Elsliger et al., 1999), theoretical methods that provide iatlon spectroscopy (Haupts et al., 1998), we find the pH-

sound basis for the calculation of pH-dependent propertiedeDendent population of three protonation states for-pH

) . €35, the fourth state Y-/E- develops for pH12. At low pH
of the GFP pro'geln. have to include, thgrefor_e,._couphngthe state YH/EH dominates. The two states YH/E- and
between the ionization states and protein flexibility (You

and Bashford, 1995: Schamagl and Fischer, 1996: BerozY_/EH’ coupled by internal proton transfer and reorientation

and Case, 1996; Ripoll et al., 1996; Alexov and GunnerSIf Fhe.mternal hydrogen bond. net, are p.resent ina congtant
) . . ratio in the neutral and basic pH region. Their relative
1997). For our analysis, we use the atomic model provided o )
ST population is driven by the difference pK,,, the protona-
by the low-pH x-ray structure for monomeric wild-type

GFP (Brejc et al., 1997). Guided by the results of crystal—tion equilibrium Of.YGG in Fhe_presence of .neutral E222, and
lographic analysié (Orinet al., 1996: Brejc et al., 1997; pK,s the protonation equilibrium of E222 in the presence of
Palm et al., 1997; Elsliger et .:;1I 199’9) circular aichrois’mnemral fluorophore. This finding implies that the fractional
(Kneen et al., 1998) and FTIR spectroscopy (Van Thor etoccupanmestY_, as determined, e.g., by fluorescence mon-

al., 1998) conformational sampling was restricted to reori-Itorlrlg at the emission wavelength of the anionic fluoro-

entations of hydroxyl dipoles and buried water in the im_phore, depenq ngt on a Smg.'? protonatpn equilibrium (Eq.
. X 4a). Coupled ionization equilibria of residues are also the
mediate surrounding of the fluorophore.

. . key factors for extracellular proton release in bacteriorho-
The calculations correctly reproduce experimentally es-

. . . ) i oo dopsin (Balashov et al., 1995, 1996). In this proton-trans-
tablished behavior of key residues: two-step titration of the]ocating membrane protein, light-induced protonation of the

fluorophore and individual acid-base equilibrium constants; . :
: . . S . primary acceptor, an aspartate residue (D85) near the retinal
pK-shifts due to chemical modification of aligning residues - . . :
chromophore binding site is communicated to the distant

T203 and S65; coupling of the orientation of T203 with the(_axtracellular proton release group (involving E204), pre-

protonation state of the fluorophore; response of the hydro . . . ’
S i . T mably mediated by the reorientation of the positively
gen-bond net to ionization changes; and increased acidity ot . .
. . -, : charged arginine (R82) located in between (Scharnagl and
the fluorophore in the excited state. In addition, the inves-_. )
S e, : Fischer, 1996) and the rearrangement of internal water
tigation extends existing knowledge. First, a molecularmoIecules
model for the two-step titration is developed. Second, the '
dependence of the fluorophore protonation on protein and
buried water structural elements is quantified. Third, mo- . . L

. . . orrelation of the neutral-to-anionic ratio with
lecular models for the dipolar microheterogeneity aroun

i ) " . structural elements
the fluorophore are described and characterized in relation
to spectroscopic properties and relaxation pathways anBeorientation of the T203 hydroxyl dipole or substitution
time scales after light absorption and ESPT. Fourth, thevith a hydrophobic side chain shiffsK,,, similar modifi-
heterogeneous driving forces for proton transfer (in grounctations of S65 modulageK, 5 Depending on which residue
and excited state) are discussed in terms of the underlyinig ionized first with increasing pH, the other will have its
molecular structure and electrostatic properties at the don@K, shifted up by the charge on the other site, but screened
and acceptor sites. The use of only one structure and hy the dipoles aligning in the new electrostatic field. Our
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results pointed out that the internal proton-sharing relationchanges is provided by the analysis of the properties of the
ship will lead to drastic changes in the relative population ofaccessible substates sampled by each single molecule even
neutral and anionic fluorophore in the physiologic pH-in an equilibrium state. The results are linked to experimen-
range, despite only small change9i{,,. The approach of tal properties like absorption wavelengths, reorganization of
the twopK, within 0.9 units for the small fraction of T203A the hydrogen-bond net after charge movement upon excita-
orientations in the simulation of the hypothetical S65Ttion, and pathways for equilibration after proton transfer.
mutant (compare Table 4) leads to an equilibrium constan€ompared with the anionic fluorophore, the neutral one
K' = fy en/fye. = 10°° = 8 corresponding to the exper- experiences a greater deal of electrostatic potential fluctua-
imentally reported (Haupts et al., 1998) ratio (753.60) tion associated with different orientation of its tyrosine
for a mutant carrying the S65T substitution. In addition, thehydroxyl as well as the charge and dipole distribution in the
calculated barrier for the ground-state protonation equilib-surrounding (compare Table 5). At the same time, due to the
rium between these two states (compare Table 6) in thgreater amount of internal charge transfer upon excitation of
order of =20 kg T gives the right scale for the associated the ionized chromophore, protein response is more pro-
relaxation time (34Qus, Haupts et al., 1998). nounced for this charge state, resulting in the stabilization of
dipoles with flipped orientations in the region of the phe-
nolate oxygen. The experimental fluorescence decay kinet-
Mutual influence of chemical and ics (Chattoraj et al., 1996; Lossau et al., 1996) revealed
conformational substates monoexponential decay for the anionic chromophore with a
decay time of~=3 ns, indicating equilibration in the lifetime

This interdependence as revealed by the calculations b%_f the excited state. Our results suggest that possible solva-

comes evident in experiments monitoring the fluorescenc . : ) .
P 9 fion processes involve mainly reorientation of a water mol-

of anionic chromophores for a small ensemble of m0|eCUIe%cuIe (W22). The experimental time scale for water rota-
(Dickson et al., 1997; Jung et al., 1998; Haupts et al., 1998).. ' pert! o

- e tions around a perpendicular axis in the subnanosecond
The dependence on the time scale of the individual confor-

mational transitions can be illustrated by the following regime (Denisov et al,, 1997) supports the idea that the

examples. Itis realistic to assume that equilibration betwee fiydrogen-bond net is able to rearrange itself to relax to the

the two orientations of T203 is faster than proton exchanggOWer energy conformations upon excitation of the anionic

with external solvent£300 us at neutral pH for an S65T cthromophore. An explanation for the nonexponential decay

mutant [Haupts et al., 1998]), whereas the reorientation oF inet_ics (even Wit.hOL.jt ESPT) of the neutral quor(_)phore.is
the S65 hydroxyl is—,due to i’ts cooperative nature involv—prowde‘j by our findings that the ground state dipole dis-

ing additional water and side-chain orientations—a slowertrIbUtlon Is conserved upon excitation. Under the assump-

: . . . tion that the lifetime of the neutral fluorophore without
conformational change. This protein rearrangement Sh'ft?:‘SPT is 0.9 ns (a value obtained for the nonproton-trans-
the ionization equilibrium for E222<pK_) from 6.3 to 8.9, :

thus increasing the population of the Y-/EH state by a factor{glnggc\;eeznmeg(t:inltjn:'r?jrssa?hit alr.(’)jr?(?i)t’attgehneotg(rac))(pgr?eei?_
of 4 on expense of the state YH/E- (values from Table 4 for y 9 9 y

. Lo rather than dielectric relaxation. Along with this argumen-
pH = 8). Our analysis shows that T203 relaxation involves, _.. S ;
. . . ."“tation, one has to keep in mind that the discussed structural
formation and breaking of hydrogen bonds to neighborin

main chain oxygen atoms. The A- to B-reorientation Wi",gchanges include only a small set of relaxations and con-

therefore, be coupled to the larger scale cooperative moves_erved chromophore geometry.

ments of theB-sheet backbone (Haupts et al., 1998) on a
slower time scale. Starting with configuration {Y-/EH; Energetics of proton transfer

T203B; S65-n2}, a possible sequence of conformatlonal]_he heterogeneous environment of the neutral chromophore

;zzngf_ 7E?—|§nTF2)r(§)??§'eg(;/5I?hit}at\?viiI{;{-t/rlfeHc;:o?coe?w?r;atSic?r?_:flkNi” also influence the driving forces for proton transfer.
' ' ' Therefore, dispersive kinetics for ESPT has to be expect-

- 0 .
the anionic fluorophore changes from 97 to 56% and, f ed—in accordance with experiments (Lossau et al., 1996).

nally, to 1%. The time-resolved disappearance of fluores- ) . .
. ) R ... __The excited-state proton transfer reaction rapidly (shortest
cence will scan the time scales for the individual transitions.

. . deprotonation time 3 ps [Chattoraj et al., 1996; Lossau et al.,
Because the internal proton transfer is coupled to the pres- . )

. ; 996]) converts the excited neutral fluorophore, forming an
ence of a buried water near the fluorophore, translaluonalmermediate rotein state (denoted by I* [Chattoraj et al
movement or exchange of W22 will be additional determi- b y J "

. .
nants for the on/off behavior of GFP. 199.6] Or Rueqg [Lossay et al., 1996]) with erroFo_nate_d
excited chromophore in unrelaxed surrounding, giving rise

to the green fluorescence. Ground-state conversion of the
intermediate state is rapig(l ns [Lossau et al., 1996]) to
the starting equilibrium configuration Rifor slow to the
fully relaxed deprotonated statg, R

The most detailed picture of the protein microheterogeneity Although transport of protons involves breaking and for-
within the limitations of the predefined conformational mation of covalent bonds, modeling in a classic way is

Nature and relationship of dipole fluctuations
around the fluorophore
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possible under the assumption that the proton charge density 24 kgT. This correspondence indicates that the calcula-
can instantaneously adapt to the classical particle positionsions allow a correct description of the energetics of initial
As a consequence, proton transfer will be driven by theand final states in the proton transfer process.

dynamics of the dielectric surrounding (Warshel, 1991;

Laria et al., 1992; Bala et al., 1996). This provides an

estimate for the driving forces and barriers derived from the .

electrostatic potentials at the relevant sites. The total trang\_/lole.cular nature °f the -relaxat|on processes

location can be described as a hopping of the proton acroé_gad'"g t? the ?q‘i'l'brat'on of the deprotonated

a series of activation barriers along a hydrogen-bondebnte"mad"’lte Rneq

chain (Nagel et al., 1980; Marrink et al., 1996; Penad  |mmediately after ESPT to E222, the surrounding of the
Roux, 1998) assuming that the conductive structure is stablgeprotonation site still resembles dipole orientations corre-
enough not to loose rigidity in the time window of the sponding to the starting state RHThe lowest energy R
transport. The changed proton affinity of the hydroxyphe-configuration will, therefore, be {T203-ah3, W22-b, E222-
nolic compound in the excited state enters via a simpley3} in contrast to the environment of the relaxed dipole
thermodynamic approach {(Fster cycle) and altered istribution R {T203-bh1, W22-c, E222-h4} around the
charged distribution. We analyzed the driving forces foreycited anionic fluorophore. The participation of T203 in
proton transfer along the preformatted hydrogen-bondinghe nonequilibrium solvation reveals a new interaction pat-
net extending from the phenolic part of the chromophore tqgn a5 compared to the previously (Brejc et al., 1997)

E222. This three-step model is consistent with Conc'“Sionﬂiscussedsyn/anti-isomerization of E222. The different

about the number of involved intermediates as judged from, v e of the surrounding becomes evident from low-tem-
deuterium effects on the transport (Palm et al., 1997). Th%erature absorption and emission spectra (Lossau et al.,

identity of the internal proton acceptor in ground and €X-1996). At 150 K, emission from R occurs at 505 nm
. 1 q 1

cited state is corroborated by fluorescence correlation SPe&mission from R; at 486 nm. The room temperature

troscopy results (Haupts et al., 1998) indicating a phomasébsorption spectrum of R peaks at 477 nm; for 150 K
sisted shift of the ground state population. Our analysis is : ’

L : . absorption at 446 nm has been reported. To quantify the
however, limited to experimental conditions where the P P g v

. influence of the surrounding on the absorption spectra, we
structural motif as revealed by the used x-ray structure : . .
; : used semiempirical quantum chemical methods and calcu-
(Brejc et al., 1997) prevails (see below). . L
AR L lated the absorption spectrum for the anionic chromophore
If the reaction time is shorter than the relaxation time of, . . .
. e . in the presence of the relevant dipole orientations. The
the environment, nonequilibrium effects arise, and the rel- . . . . .
. . nalysis revealed that the dipole orientation corresponding
evant potential energy surface for ESPT will be the curren d .
0 R.eq" (T203 hydroxyl pointing away from the phenolate

configuration of the environment. The analysis, therefore, . .
has been carried out for the photoactive subset of grounaxygen) shifts the longest wavelength absorption only a few

state populations RYj Consistent with experiment (Chat- nanometers as compared to the result for the isolated chro-
toraj et al., 1996; Lossau et al., 1996), we found that ESP‘f’“Ophore (472 nm). The strong hydrogen bond between the

is not a totally activationless process. The barrier in theT203'bhl hydroxyl and the phenolate oxygen leads to a

order of ~kyT is connected to the injection of the proton COMPlex mixture of the locar — 7~ excitation with charge
from the excited phenolic chromophore into the hydrogen-{ransfer transitions involving T203 as well as arginine R96,
bonded net and unfavorable stabilization at the primaryVhichis in hydrogen-bonding distance to the imidazolinone
acceptor site, water W22. Subsequent transport steps af&Y9en. This mixing splits the absorption in two bands
enhanced due to the restricted motion of the hydrogenaround 470 nm and 440 nm. The intensity ratio is modulated
coupled pair S205-E222. Whereas the lowest energy dipol@y the dipole orientation of W22: W22-b and W22-c orien-
configurations are capable of forming complete hydrogerfations (the lowest energy configurations Al and A2 for
bonding among the groups participating in the transferprotein state g, Table 5) show an intensified 440 nm band,
higher energy states include additional waiting periods irfor W22-d (state A6) the two absorptions have comparable
the order of water reorientation times. If solvation processegscillator strengths. The blue-shifted absorption and emis-
are faster than the reaction, the response of dipoles to tH#on of R;;upon lowering the temperature can, therefore, be
presence of the charge on water W22 polarizes the su@n indicator for the strong hydrogen bond to T203 frozen in
rounding in a way against transport. It is beyond the aim ofits B-orientation as compared to the A-orientation if.R

the present investigation to monitor the dynamics of thesd hese calculations show also that the absorption and fluo-
relaxation processes. The overall ESPT is characterized bgscence characteristics, referred to as blinking in single
a large free energy gap-(—19kgT) as compared te=2 kg T  molecule spectroscopy and attributed to protonation
for back transfer in the equilibrated ground-state environchanges of the anionic chromophore, may have additional
ment. From the absorption and emission data follows thabiophysical determinants, e.g., larger scale rearrangements
the total free energy for deprotonation in the excited andn the protein framework leading to hydrogen-bonding
reprotonation in the ground state cannot exceed 5000'cm changes near the phenolate.
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Limitations and extensions tion steps. Their determination requires electronic structure

Th tablished itivity to details in the hvd b alculations and the use of statistical thermodynamic con-
€ establshed sensitivity to detar's in the nydrogen-bon epts for the chromophore in solution and the protein.

pattern ind_ica_ltes that the_usg of only one x-ray structure fo,rA\dditionaIIy, the sensitivity of the results to the charge
the analysis imposes limitations to t_he range of validity f)f,model used for ground and excited state of the fluorophore
the developed models. The competition between the aCIdIr'equires the determination of a set of partial charges opti-

“?S of t_he phenolic part of the fluorophore and E222, linkedyi7 o for yse with electrostatic calculations (Sigfridsson
via an internal hydrogen-bond net, was found to be respony 4 Ryde, 1998).

sible for the two-step titration, and E222 to be the final

acceptor in ground- and excited-state proton transfer. How-

ever, a recent FTIR study (Van Thor et al., 1998) (joes NOEONCLUDING REMARKS

provide indications for a net change of the protonation state ) ] ) )

of a glutamate side chain upon change in ionization of thel "€ Present work provides a first theoretical analysis of the
fluorophore. This behavior cannot yet be understood on th€oupling between chemical and conformational equilibria
basis of the current investigation. The high concentration oft"d & determination of the nature and relationship of protein
GFP used in this FTIR study leads presumably to proteinynlcroheteroger_]eltles in GFP. The investigation is carried
buried water conformational changes, as mirrored by devi®Ut on the basis of the recently solved x-ray (Brejc et al.,
ations from known GFP properties (e.g., increase of thet997) structure for monomeric wild-type protein. Because
neutral to anionic ratio from 6 to 13 at pH 8, the absence othe multiconformation calculations require an initial choice
signals indicative for the rearrangement of T203 and thef Possible conformations (Alexov and Gunner, 1997), a
isotope independence of the photoconversion rate [Vall?roader set of reorientational flexibility (e.g., including dis-
Thor et al., 1998]). The use of the dimeric structure (Yangorder in E222 and H148) and the inclusion of other internal
etal., 1996) will provide a more adequate analysis of protorProtonation sites will improve the analysis. Guided by the
pathways under these experimental conditions. Particularlyiomic model, E222 has been suggested as proton acceptor
the additional hydrogen bond between the phenolic end of? 9round and excited state. Varying experimental condi-
the fluorophore and the imidazole group of H148 opens thd!ons (€.9., the E222Q mutant [Jung et al., 1998] or aggre-

option for an alternative proton acceptor. Beyond this, thegatGd proteins [Yang et al,, 1996; Van Thor et al., 1998])

altered structure and orientation of internal hydrogen-i”dicate the presence of alternative proton acceptors like

bonded chains of water molecules has to be taken intJ)'|148 ora chain _Of water molecule_s. Applying this e_xtend_ed
account. However, a recent x-ray structural study for the. ethod to a vanety_ of sqlve_d tef“ary struptures w ill, qm.te
S65T mutant (Elsliger et al., 1999) seems to confirm th ikely, provide additional insight into the biophysical basis

conservation of the neutral charge state of H148 even for th8f G'.:P' Our results prowd(_a essentl.al information about

unprotonated fluorophore. But this study also shows that thgIaSSIC degrees of freedom. mvolved n the_ proton transfer
orientation of H148 responds to fluorophore deprotonatio rocess and. are a prerequisite for evgluatlons of the exact
at high pH and indicates that additional degrees of freedo arners, takmg.the_quantum mechanical character of the
for this residue should be included. Like oligomerization,tr"’meerrG(j particle into account.

side-chain substitutions will induce structural and hydro-

gen'bonding rearrangements not included in our diSCUSSiOWe thank Dr. M. Thompson for making the quantum chemical program

of the hypothetical mutants. ARGUS available to us. The work was supported by the Deutsche Forsch-
For our analysis, we assume the heterocyclic ring of theingsgemeinschaft (projects SFB 377/C2 and SFB 533/C2).
fluorophore to be unprotonated. This is consistent with
experimental findings (Wachter et al., 1997; Niwa et al.,
1996; Terry et al., 1995; Patterson et al., 1997; Elsliger ¢REFERENCES
al., '1999) but at variance Fo quantum chemical Calcqlat'onilexov, E. G., and M. R. Gunner. 1997. Incorporating protein conforma-
(Vojtyuk et al., 1998), which use modeled geometries for tional flexibility into the calculation of pH-dependent protein properties.
the chromophore. Using the same level of quantum chem- Biophys. J.74:2075-2093. _ _
ical approach (INDO/S SCF-CI), but the X-ray-determiﬂedAntOSIe.WICZ’.J" and J. A. McCammon. 1996. The determinanpgs in
t fthe fi hori th lculated ab fi proteins.Biochemistry.35:7819-7833.

geome ry_o . € fluorophoric core, the caicuiated absorp Ioréaca, M., G. E. O. Borgstahl, M. Boissinot, P. M. Burke, R. W. DeWright,
characteristics for phenol and phenolate form reproduce the k. A. Slater, and E. D. Getzoff. 1994. Complete chemical structure of
experimenta| absorption Wave|ength as well as intensity photoactive yellow protein: novel thioester-linkgd 4-hyd_roxycinnamy|
ratios and dipole moment changes without invoking the izg%g‘flpl‘;?'f and photocycle chemistrBiochemistry. 33:
ac;idmonal protonation .S|te. An extens[on of our analyssBala’ P., P. Grochowski, B. Lesyng, and J. A. McCammon. 1996. Quan-
will include all four different protonation forms of the  tum-classical molecular dynamics. Models and applicatitn@uantum
fluorophore. Experimental pH-titration of difunctional com- '\B/l_eChanlcgl Nsllnlg_ulf’glond_'\/lethodsfor Stgdyll_ng fllologlcal Systems. D.
pounds in solution (or denatured protein) reveals only two_2'c0Ut and M. Field, editors. Springer, Berlin. 119-156.

id di iati tants (Stewart. 1985). b tanalashov, S. P., R. Govindjee, E. S. Imasheva, S. Misra, T. E. Ebrey, Y.
apparent aci _'SSOC|a !On consta S( e art, )' utno Feng, R. K. Crouch, and D. R. Menick. 1995. The tp#&,s of
the relevant microscopipK, for the four single deprotona-  aspartate-85 and control of thermal isomerization and proton release in
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the arginine-82 to lysine mutant of bacteriorhodopd#ochemistry. Lanyi, J. 1997. Mechanism of ion transport across membranes: bacterio-

34:8820-8834. rhodopsin as a prototype for proton pumpk. Biol. Chem.272:
Balashov, S. F., E. S. Imasheva, R. Govindjee, and T. G. Ebrey. 1996. 31209-31212.
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