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ABSTRACT: Photoactive yellow protein (PYP) undergoes a light-driven cycle of color and protonation
states that is part of a mechanism of bacterial phototaxis. This article concerns functionally important
protonation states of PYP and the interactions that stabilize them, and changes in the protonation state
during the photocycle. In particular, the chromophore pKa is known to be shifted down so that the
chromophore is negatively charged in the ground state (dark state) even though it is buried in the protein,
while nearby Glu46 has an unusually high pKa. The photocycle involves changes of one or both of these
protonation states. Calculations of pKa values and protonation states using a semi-macroscopic electrostatic
model are presented for the wild-type and three mutants, in both the ground state and the bleached (I2)
intermediate state. Calculations allowing multiple H-bonding arrangements around the chromophore also
have been carried out. In addition, ground-state pKa values of the chromophore have been measured by
UV-visible spectroscopy for the wild-type and the same three mutants. Because of the unusual protonation
states and strong electrostatic interactions, PYP represents a severe test of the ability of theoretical models
to yield correct calculations of electrostatic interactions in proteins. Good agreement between experiment
and theory can be obtained for the ground state provided the protein interior is assumed to have a relatively
low dielectric constant, but only partial agreement between theory and experiment is obtained for the
bleached state. We also present a reinterpretation of previously published data on the pH-dependence of
the recovery of the ground state from the bleached state. The new analysis implies a pKa value of 6.37 for
Glu46 in the bleached state, which is consistent with other available experimental data, including data
that only became available after this analysis. The new analysis suggests that signal transduction is
modulated by the titration properties of the bleached state, which are in turn determined by electrostatic
interactions. Overall, the results of this study provide a quantitative picture of the interactions responsible
for the unusual protonation states of the chromophore and Glu46, and of protonation changes upon
bleaching.

This paper presents theoretical calculations and experi-
mental measurements designed to elucidate the factors
responsible for functionally significant protonation states in
the ground state and bleached state (I2) of the light cycle of
PYP.1 We have focused on the chromophore, which is
deprotonated and negatively charged in the ground state but
protonated in the bleached state, and on the nearby side
chains of Tyr42, Glu46, and Arg52, which may influence
the chromophore. The methods used include calculations
based on a macroscopic electrostatic model incorporating
atomic detail, and spectroscopic measurements on site-
directed mutants under varying pH conditions. We also

present a reinterpretation of data on the pH-dependence of
the photocycle kinetics (1) to provide an explicit model of
protonation states of the chromophore and Glu46 in an
intermediate thought to be involved in signal transduction.

PYP is a small cytosolic, globular, light-sensing protein
implicated in the negative phototaxis of the bacterium
Ectothiorhodospira halophila. It consists of 125 amino acid
residues and a 4-hydroxycinnamic acid chromophore attached
through a thioester linkage to Cys69 (2-4). In the ground
state, the protein has a bright yellow color resulting from an
absorbance maximum at 446 nm (5), and the chromophore
is buried within the protein structure and has a negative
charge due to the deprotonation of its phenolic group (3, 6,
7). The photocycle (8-10) includes an early red-shifted (λmax

) 495 nm) intermediateI1 in which the chromophore has
undergone acis-trans isomerization but structural changes
are otherwise minor (11); and a blue-shifted (bleached)
intermediate stateI2 (λmax ) 340 nm) in which the chro-
mophore swings out into solution and is protonated (12).
Although the phototropic signal transduction pathway is not
fully known, the bleached state is thought to be a “signaling”
state that interacts with another (unknown) protein. Thus,
the bleached state lifetime is important for signal modulation,
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and its pH-dependence implies electrostatic control of
protonation states as a signal modulation mechanism.

The relatively simple photocycle of PYP involves some
of the same elements, such as isomerization, conformational,
and protonation state changes, as more complex photoactive
proteins, such as bacteriorhodopsin (4, 10, 13). The ground-
state structure of PYP has been determined by X-ray
crystallography at 1.4 Å resolution (6), and the structure of
the bleached state of the photocycle has been determined at
1.9 Å resolution by Laue techniques (12). An expression
system for mutagenesis of PYP has been developed (1).
These factors have made PYP an attractive case study for
photoactivity in proteins.

The anionic character of the chromophore in the ground
state of PYP is unusual in that burial would be expected to
favor neutral states over charged states. Moreover, this
deprotonated state of the chromophore persists under de-
creasing pH down to 2.7 (5), while the pKa of the free
chromophore is 9.0 (3). Thus, the negatively charged state
is even more heavily favored in the particular buried protein
environment provided by PYP than it would be in solution.
Examination of the protein structure suggests that hydrogen
bonding interactions with the carboxylic acid group of Glu46
and the hydroxyl group of Tyr42, and proximity to the
positive charge of Arg52 could contribute to the stabilization
of this negative charge (6). Resonance delocalization of the
charge could also have a stabilizing effect. The protonated
form of the solvent-exposed chromophore in the bleached
state is what might be expected from the pKa of the free
chromophore or the chromophore in the unfolded state (9.0
in both cases (3)). Because the energetic terms involved in
desolvating and stabilizing a buried charge are potentially
large, PYP also presents a severe challenge for theoretical
calculations of protein electrostatics.

The computational studies reported here include ab initio
quantum chemical calculations of the charge distribution on
the chromophore in the protonated and deprotonated states,
and classical electrostatic calculations of the pH titration
behavior of the protein’s ionizable groups, and the resulting
pH-dependence of the protein’s stability. The electrostatic
calculations use the model, macroscopic electrostatics with
atomic detail (MEAD), in which the protein is modeled as
a low dielectric material with embedded partial charges
surrounded by a high dielectric medium, the atomic details
of the protein structure are used to define the boundary and
charge placement, and finite numerical methods are used to
solve the resulting partial differential equations for the
electrostatic potential (14). Models of this kind have been
useful for the calculation of pH titration behavior in proteins
(15, 16), including the photoactive proteins, bacteriorhodop-
sin (17-19) and photosynthetic reaction center (20). The
experimental studies reported here include determination of
the chromophore protonation state vs pH by UV-visible
spectroscopy for the active-site mutants, Y42F, E46Q, and
R52A. We find that the computational results are in good
agreement with the available experimental studies, including
those first reported here, for the ground state of the wild-
type protein and several mutants. The reinterpretation of the
previous experimental data on the pH-dependence of the
photocycle kinetics presented here suggests that the lifetime
of the bleached state is modulated by specific pKa shifts in
the bleached state.

COMPUTATIONAL METHODS AND DATA

The method of calculating the pH titration behavior of
ionizable groups in proteins using the MEAD (macroscopic
electrostatics with atomic detail) model has been described
previously (17) and is only briefly outlined here. It is based
on the idea that the difference between the titration behavior
of a chemical group in a protein and a group of the same
kind in a small model compound arises from differences in
the electrostatic environment. It is further supposed that these
electrostatic effects can be treated by a model in which the
protein is regarded as an object of dielectric constantεin

containing embedded partial charges, the solvent is regarded
as a continuum with the bulk dielectric properties of water,
and that salt effects can be treated by Debye-Hückel theory.
The dielectric boundary between protein and solvent is the
molecular surface (21), which depends on the atomic radii
and the radius of a solvent-sized spherical probe.

In this theory, three kinds of electrostatic terms influence
the titrating groups: (1) The interaction of the titrating
group’s charges with the polarization of dielectric media and
redistribution of mobile ions that they themselves create in
the surroundings. This is called the Born self-energy term
∆∆GBorn, and it tends to destabilize the charged state because
the protein reduces the accessibility of solvent to the group.
(2) The interaction of the titrating group’s charges with
nontitrating charges in the protein or model compound. This
is the background interaction term,∆∆Gback. It includes the
effect of permanent protein dipoles and the dipoles of the
neutral forms of the ionizable groups on the titration of other
ionizable groups. (3) Interactions between the charged forms
of the titrating groups, which can be represented as a matrix,
Wij wherei and j label the interacting sites. All three kinds
of terms can be calculated by solving the Poisson-Boltz-
mann equation for the electrostatic potential generated by
the protonated and deprotonated forms of each site in the
protein and model compound, and forming the appropriate
sums and differences of the products of these potentials with
the appropriate charges.

Since the Born and background terms are independent of
the protonation states of other sites, it is convenient to
combine them with the model compound pKa (pKmod) to form
the “intrinsic pK”,

which is the pKa that the site would have if all other sites in
the protein were held in their neutral form (22).

Given the set of pKint values and site-site interactions, it
is possible, in principle, to calculate the protonation fraction
θi of each sitei at any given pH by a Boltzmann-weighted
average over all of the possible protonation microstates of
the protein. Since a molecule withN titrating sites will have
2N possible protonation states, andN is typically several tens
or hundreds for proteins, this direct approach is rarely
practical. However, several approximation methods have
been developed to overcome this problem (20, 23-25). The
pH at which a plot ofθi vs pH crosses theθ ) 0.5 line is
designated as pKhalf of site i (i.e., the pH at whichi is half
protonated). In most cases, the individual site titration curves
resemble the usual Langmuir form, and the pKhalf can be
interpreted as the pKa of the site. However, when strongly

pKint ) pKmod - (∆∆GBorn + ∆∆Gback)/2.303RT (1)
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interacting sites compete for a proton, it is possible to obtain
θi vs pH curves that show multistep titration, or even reverse
direction (17, 23). We shall see that such cases occur in the
active site of PYP.

The pH-dependence of the free energy of a conformational
change from A to B can be expressed in terms of integrals
over the proton-binding isotherms of the conformers (26-
28),

where theQ are either the total charge or total number of
protons bound in state A or B. Here, this formula will be
used to obtain populations of alternative active-site hydrogen-
bonding schemes, and to estimate the pH-dependence of the
stability of PYP. Equilibration of hydrogen-bonding schemes
can also be handled by methods that sample different proton
positions simultaneously with the sampling of ionization
states (29), but the above formalism is equivalent (25) and
suitable when only a small number of different conforma-
tional states are being considered.

Parameters and Coordinates.The model compounds were
taken as theN-formyl-N-methylamide derivatives of the
amino acid residues, and their coordinates were taken directly
from the corresponding atoms of the relevant protein
structure. The pKmod values were as follows: chromophore,
9.0; Asp, 4.0; Glu, 4.4; His, 6.8, for the Nε1 tautomer or 6.4
for the Nε2 tautomer; Tyr, 9.6; Lys, 10.4; Arg, 12.0;
C-terminus, 3.8; N-terminus, 7.5. Calculations of theWij,
∆∆GBorn, and∆∆Gback terms was done using the multiflex
program from the MEAD computer program suite (17, 30),
which is available from our laboratory.2 Calculation of
individual-site titration curves and pKa values was carried
out using Gilson’s clustering algorithm (24). The OPLS-UA
(optimized potentials for liquid simulations, united-atom
model) charge and radius set (31) was used for the MEAD
calculations, since these parameters have been found to give
the closest agreement to experimental small molecule sol-
vation energies, among the empirical force fields in common
use for protein calculations (32). The OPLS radii used were
the 25/6σ, which corresponds to the minimum of the Len-
nard-Jones potential. With this choice, all hydrogen atoms
(which have zero radius in OPLS) are enclosed within the
heavy atoms to which they are attached. Details of the
preparation of OPLS-like parameters for the chromophore
and other titrating groups are described below. In all MEAD
calculations, the ionic strength was set to 0.02 M, which
corresponds to the experimental conditions (1). Several
different interior dielectric constant values were used, as
described in the results section.

Calculations were based on the 1.4 Å resolution structure
of the ground state of the photoactive yellow protein from
Ectothiorhodospira halophila(6), and the 1.9 Å resolution
structure of the bleached form (12).3 Structural models of
the site-directed mutants, Y42F and R52A, were prepared

by deleting the appropriate side-chain atoms from the wild-
type structure, and a model of E46Q was prepared by
substituting an NH2 group for the Glu46 carboxylic-group
oxygen atom nearest the chromophore. The SYBYL program
(Tripos Associates Inc., St. Louis) was used to add initial
hydrogen-atom coordinates to these structures assuming their
usual protonation state at pH 7, unless otherwise noted.
Protonation states of histidine residues were assigned itera-
tively (33). Crystallographically observed water molecules
were depicted by the TIP3P model (34). Energy minimization
of selected hydrogen atom positions in the active site was
carried out using the all-atom Amber 3.0 force field (35), as
implemented in SYBYL, with the distance-dependent di-
electric constant, 2r. In contrast to more recent force fields
(31, 36, 37), Amber 3.0 uses an explicit hydrogen-bonding
term rather then relying on electrostatics and Lennard-Jones
terms to reproduce hydrogen bonding, and so is more robust
with respect to distance dependent reductions in the dielectric
constant introduced in order to mimic screening without
explicit bulk solvent. Energy minimization proceeded in two
steps, first by simplex energy minimization of atoms with
forces above 500 kcal/mol/Å, then by Powell conjugate
gradient energy minimization until the rms gradient was less
than 0.05 kcal/mol/Å. Only polar and aromatic hydrogen
atoms were kept for continuum electrostatic calculations.
Explicit water molecules were also removed prior to this
stage. Minimum-energy positions for the titrating hydrogen
atoms of the chromophore and Glu46 were determined in a
systematic search of the hydroxyl-group dihedral angle. This
minimization procedure was applied to both the wild-type
and the mutant structures.

Chromophore Charge Parameters.Although both Amber
and OPLS provide atom types that may be appropriate for
the functional groups found in the chromophore of PYP,
neither provides a directly corresponding set of charges. It
was, therefore, necessary to develop atomic partial charges
following two different strategies, one corresponding to
Amber for molecular mechanics minimization calculations,
and the other corresponding to OPLS for MEAD calculations.
The quantum mechanical calculations for these purposes,
described below, were carried out using the Gaussian94
program (38). The model molecule used wasN-acetyl-N-
methylamide cysteine with 4-hydroxycinnamic acid attached
through a thioester linkage to the cysteine Sγ atom.

The Amber-style charges were based on electrostatic
potential fitting to the results of a single-point STO-3G
calculation on an extended molecular structure that was
minimized using a molecular mechanics force field. Starting
coordinates for the chromophore model molecule were taken
from the corresponding atoms of the ground-state structure
(in which the chromophore is in a somewhat extended trans
state), and the SYBYL program was used to add hydrogen
atoms and rotate dihedral angles so as to produce an extended
side-chain conformation in which nonbonded side chain/
backbone interactions were minimal. The bond types and
topology were initially deduced by the SYBYL program and
corrected by hand. The Amber 3.0 force field was then used
within SYBYL to energy minimize the structure. During this
minimization a preliminary charge set for the chromophore
based on the parameters for half-cysteine and tyrosine was
used. We then performed a Hartree-Fock calculation of the
electronic structure using the STO-3G basis set, and charge

2 The MEAD computer programs can be obtained over the Internet
by anonymous FTP from the host, ftp.scripps.edu, in the directory, pub/
electrostatics.

3 The PDB file names for the ground and bleached forms are 2phy
and 2pyp, respectively.

∆GAB(pH) - ∆GAB(pHo) )

2.302RT∫pHo

pH
[QB(pH′) - QA(pH′)] dpH′ (2)
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parameters were obtained by fitting to the resulting electro-
static potentials using the “ESP” procedure (39, 40), as
implemented within Gaussian94. The resulting charges and
geometries of the neutral form are similar to those of
analogous groups in the Amber 3.0 parameter set (35), while
for the ionized species, the formal charge is confined within
thep-vinyl-phenol part of the chromophore without propaga-
tion onto the cysteine side chain and backbone parts of the
residue (results not shown).

The OPLS approach to charge parameters relies more on
the fitting of calculated vaporization and solvation thermo-
dynamics to experiment than on fitting to quantum chemical
calculations (31). We, therefore, took charge parameters for
the neutral form of the chromophore directly from the OPLS
atom-type tables for cysteine in its disulfide form and the
tyrosine side chain. Carboxylic acid carbonyl charges were
used for the carbonyl group of the thioester linkage. This
left only the vinyl group’s charges undetermined. Isolated
aliphatic groups have zero partial charges in OPLS. In joining
the vinyl group to phenol and carbonyl groups, we placed
the residual charge of the phenol, from which a hydrogen
atom is removed in linking to the vinyl, and the residual
charge of the carbonyl, on the vinyl carbon atoms to which
these groups are respectively linked. This procedure is similar
to methods used in other OPLS-based studies in which
parameters were estimated by assembly from existing group
parameters (31, 41). A groupwise approach of this kind
assumes that there is not a significant redistribution of
charges among the functional groups of the neutral form,
and that the charge of the sulfur atom in the thioester linkage
is similar to that of a sulfur atom in a half-cysteine side chain
(see Results and ref42).

For the charged form, such assumptions are probably not
valid, so we modeled the difference between the neutral and
charged forms on the difference between quantum chemical
calculations for the neutral and charged species. Electronic
structure calculations and geometry optimization at the RHF
level using the 6-31G** basis set were carried out for both
the protonated (neutral) and deprotonated (-1 charge) forms
of the chromophore, and ESP atomic charges were deter-
mined for both using Gaussian94. Initial coordinates were
taken from the STO-3G calculations described above.
Geometry optimization was carried out in redundant internal
coordinates. Dihedral angles along the Câ-Sγ and two C-C
bonds adjacent to the double bond were assumed redundant
to prevent collapse of the side chain driven by nonbonded
interactions. The ESP charges were adjusted slightly to
maintain equal charges on equivalent atoms, such as the ortho
carbons of the phenyl group. Backbone ESP charges for the
ionized form were constrained to match those of the neutral
form, and any excess charge was distributed over the side
chain in proportion to Mulliken charges, as in the recent
Amber charge model (37). An OPLS-like partial charge set
for the charged state was produced by adding to the OPLS
neutral-state charges the normalized difference between the
adjusted ESP charges for the charged and neural forms for
each atom.

Charge Parameters for Other Groups. For the backbone,
the nontitrating side chains, and the neutral forms of His
and Tyr, the OPLS charges were used directly in the MEAD
calculations. For the neutral form of carboxylic acid groups,
primary amines, and the arginine side chains, the hydrogen

atoms were not explicitly represented because their correct
placement is not generally known; instead, a smeared-charge
modification to the OPLS parameter set was used (33).
Except as noted below, the ionization of titratable groups
was represented simply as the addition of a formal point
charge to the neutral group. Accordingly, a charge of-1
was added to the carboxyl carbon of carboxylic acid groups,
or the phenolic oxygen atom of tyrosine side chains, and a
charge of+1 was added to the nitrogen atom of lysine side
chains, the guanidinium-group carbon atom of arginine, or
the Câ atom of histidine. The SYBYL program’s hydrogen-
building/energy-minimization facility produces all the re-
quired hydrogen-atom positions.

In the active site, explicit placements of crucial hydrogen
atoms provided a more detailed charge model. In these cases,
the OPLS charges for both the neutral and charged forms of
Glu46, and the neutral form of Tyr42 were used directly.
No OPLS charges are available for the charged form of Tyr.
We developed them from RHF/6-31G** calculations by the
same procedure described above for the development of
OPLS-like charges for the deprotonated form of the chro-
mophore.

EXPERIMENTAL METHODS AND MATERIALS

The charge state of the 4-hydroxy-cinnamic acid chro-
mophore in the ground state of wild-type and mutant PYPs
as a function of pH was monitored by UV-visible spec-
troscopy. Wild-type and mutant forms of PYP were gener-
ated, isolated, and purified as described previously (1).
Concentrated stock solutions of wild-type PYP and mutants
E46Q, Y42F, and R52A in 20 mM HEPES (N-(2-hydroxy-
ethyl)piperazine-N′-[2-ethanesulfonic acid]) at pH 7.0 were
first diluted with water to obtain concentrations correspond-
ing to OD 5 at the wavelength of maximal absorbanceλmax

(pH 7) (wild-type, 446 nm; Y42F, 458 nm; R52A, 450 nm;
E46Q, 462 nm). These samples were then diluted 10-fold
with solutions containing buffering compounds at 100 mM
concentrations. The buffers used for the tested pH range were
as follows: sodium acetate, pH-adjusted with glacial acetic
acid for pH 3.0, 3.5, 4.0, 4.5, and 5.0; MES (2-[N-
morpholino]ethanosulfonic acid), pH-adjusted with sodium
hydroxide for pH 6.0 and 6.5; and HEPES, pH-adjusted with
sodium hydroxide for pH 7.0, 7.5, and 8.0 UV-visible
spectra of the resulting solutions were recorded on a Hewlett-
Packard 8453 diode array spectrophotometer. The average
fractional charge (afc) on the chromophore was calculated
as:

assuming that the sample at pH 3.0 (OD) 0) represents a
fully protonated chromophore and the sample at pH 8.0
represents a fully deprotonated chromophore. The OD values
used in this calculation were those measured at the respective
λmax (pH 7) of the wild-type and mutant PYPs.

RESULTS

The present work consists primarily of calculations and
experimental determinations of the hydrogen ion equilibrium
of key groups in PYP, and its mutants, in both the ground
state and the bleached state. However, direct experimental

afcpHx ) -ODpHx/ODpH8.0
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determinations of the equilibrium properties of the bleached-
state are made difficult by its limited lifetime. We, therefore,
begin with a reinterpretation of previously published mea-
surements of the pH-dependence of the recovery kinetics of
the bleached state, in terms of the hydrogen-ion equilibrium
in this state. In later subsections, we present the theoretical
calculations of hydrogen ion equilibrium for the ground state
and bleached states of both the wild-type and mutants.
Experimental data from the present work, and from previous
work, including the analysis of the recovery kinetics, are
presented together with the corresponding calculations for
comparison.

Reinterpretation of pH Profiles of RecoVery Kinetics.
Measurements of the pH-dependence of the rate of recovery
of the ground state from theI2 (bleached) state using time-
resolved optical spectroscopy had previously been reported
by Genick et al. (1). The recovery rate vs pH curve of the
E46Q mutant clearly showed a single titration with a pKa

value near 8.0, while the pH profile of the wild-type was
more complex, having a maximum at pH 8.0, and falling
sharply under more alkaline or acidic conditions, indicating
the involvement of two ionizable groups (Figure 1). In the
original work, the E46Q data were analyzed using the
expression,

with the fitted parameterskmax ) 280 s-1 and pK1 ) 8.0
(See Figure 1A. We have dropped akmin term that did not
affect the analysis significantly.) The recovery data for wild-
type PYP were originally analyzed using the expression,

with the parameterskmax, pK1, and pK2 fit to 6.3 s-1, 6.4,
and 9.4, respectively. No relationships were assumed between
the parameters pertaining to wild-type PYP and the E46Q
mutant.

We begin our reinterpretation by accepting the original
analysis of the simpler E46Q case, which implies that
recovery from the bleached to the ground state requires that
an unknown group (group 1) with a pKa value of 8.0 must
be deprotonated before recovery can proceed, and that for
this deprotonated species the recovery rate is 280 s-1.
Recovery in the wild-type apparently requires one group to
be deprotonated and another (group 2) to be protonated, as
in the original analysis. Since the requirement of a protonated
group disappears in the E46Q mutant, here we suppose group
2 to be Glu46. Since Gln is a conservative substitution for
the protonated form of Glu, we further assume that the muta-
tion does not change the intrinsic pK of group 1, and that
the value ofkmax (the recovery rate for the “correct” proto-
nation species) is unaffected by the E46Q mutation. These
should be reasonable assumptions if the rate-determining step
for the protonation-state sensitivity of the recovery rate is
essentially the same in the wild-type and the E46Q mutant.

If there is significant electrostatic site-site interaction
between group 1 and Glu46, then the appropriate formula
for fitting will be a specialization of the multiple interacting
site formalism (23) involving the parameterskmax and pK1,

which are fixed from the results of the E46Q analysis, and
two undetermined parameters, pK2 and a site-site coupling,
W. The manner in whichW enters the formula depends on
whether group 1 is assumed to be anionic or cationic. The
only nearby cationic site is Arg52, and the mutation R52A
does not change the shape of recovery vs pH curve (1).
Anionic sites in the region include the chromophore, Tyr42,
Tyr94, and Asp97. Therefore, we have assumed that group
1 is anionic. Using a notation in which [A1,A2] indicates
the concentration of species with group 1 deprotonated and
group 2 protonated, and so on, the appropriate formula for
the recovery rate is,

If W ) 0 (no interaction between sites) this formula is
equivalent to eq 4.

kobs)
kmax

1 + 10pK1 - pH
(3)

kobs)
kmax

(1 + 10pK1 - pH)(1 + 10pH - pK2)
(4)

FIGURE 1: Rate of recovery of ground state fromI2 vs pH. Original
data of Genick et al. (1) shown as points. (A) The E46Q mutant.
Curve is eq 3 with parameterskmax ) 280 s-1 and pK1 ) 8.0, by
nonlinear least-squares fit to data points. (B) The wild-type. Solid
curve: eq 5 with pK2 ) 6.36 andW/2.3RT ) 1.362. Dashed
curve: eq 4 with pK2 ) 6.56. In both curves,kmax and pKi are
taken from fit of (A) and remaining parameters adjusted by
nonlinear least-squares fitting.

kobs)
kmax[A1,A2H]

[A1,A2] + [A1,A2H] + [A1H,A2] + [A1H,A2H]

)
kmax

10pH - pK2 - W/2.3RT + 1 + 10pK1 - pK2 + 10pK2 - pH

(5)
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A good fit to the experimental data is obtained by
nonlinear least-squares fitting with the values pK2 and
W/2.3RT) 1.362 (solid curve in Figure 1B). The inclusion
of a site-site interaction is essential to obtaining a good fit
(compare the solid and dashed curves in 1B). In eq 5, pK1

and pK2 are formally analogous to the pKint described earlier
in the computational methods section, except that since
groups 1 and 2 are the only sites explicitly treated as titrating,
the interactions with all other ionizable groups in the protein
are implicitly part of the “non-titrating” background. Ap-
parent pK2 or pKhalf values corresponding to these groups
must be obtained from the midpoint of the individual-site
titration curves (Figure 2), which are calculated using a
Boltzmann distribution over the four possible protonation
states available to this two-site system (23). For Glu46 (group
2) the resulting pKhalf is 6.37, a value nearly identical to the
intrinsic pK2 since group 1 is mostly neutral over the pH
range in which Glu46 titrates. For group 1, the pKhalf value
is 9.35, which is equal topK1 + W/2.3RT, since Glu46 is
mostly ionized over the pH range in which group 1 titrates.
Examination of the titration curves of Figure 2 near pH 8,
where the wild-type recovery rate is maximal shows that the
fraction of group 1 that is deprotonated, and the fraction of
Glu46 that is protonated are very small. This is why the
maximalkobs is approximately fifty times smaller thankmax.

In the Discussion section, we shall argue that group 1 is
the chromophore, and that the titration behavior being probed
by the pH-dependence of the kinetics is that of the bleached
state. In that case, the results of the above interpretation of
the kinetic data can be summarized as follows: in the
bleached state of wild-type PYP, the chromophore titrates
with a pKhalf value of 9.35, and Glu46 titrates with a pKhalf

value of 6.37.
Calculated Charge Distributions.The RHF/6-31G** cal-

culations for the neutral chromophore produced partial
charges with significant differences from either the STO-
3G calculations or the OPLS charges, as expected. The RHF/
6-31G** calculations predict that upon deprotonation the

formal charge change of-1 is distributed as follows: phenyl
group, -0.84; vinyl, -0.07; thioester linkage, including
carbonyl and CH2 groups,-0.03; backbone-0.06. The net
propagation of the negative charge into the thioester linkage
is quite small, while propagation into the backbone is slightly
larger. In the preparation of OPLS-style charge parameters
for the pKa calculations, propagation of titrating charge into
the backbone was disallowed to keep backbone charges
consistent with the OPLS model. Propagation of titrating
charge into the thioester linkage was neglected because it
was small in the RHF/6-31G** calculations. The only atoms
whose charges were considered to change upon ionization
were those of the phenol and vinyl groups. The OPLS
neutral-state charges, and the ionized-state charges that were
prepared by distributing the 6-31G** charge changes using
the procedure described in the Computational Methods
section are shown in Figure 3.

Atomic partial charges for the side chain of tyrosine in
the deprotonated state were developed by similar methods.
The resulting charges were: Cγ, 0.041; Cγ, -0.290; Cδ,
-0.071; Hδ, 0.067; Cε, -0.263; Hε, 0.066; Cς, 0.405 and
Oη, -0.754. The partial charges of tyrosine residue atoms
not listed here are taken from the OPLS charge set.

Ground-State Titration Calculations and Experiment.
Calculations of the titration behavior of all ionizable groups
were carried out for the ground-state structure of the wild-
type and three active-site mutants. Because the results are
sensitive to the placement of hydrogen atoms in the active
site, two different H-placement schemes were used in the
wild-type calculations.

Scheme 1 favors a negative charge on the chromophore
because the hydrogen atoms on Glu46 and Tyr42 are
positioned to act as hydrogen bond donors to the chro-
mophore’s hydroxyl oxygen atom. This leaves the chro-

FIGURE 2: Fraction of protonation states required for recovery, as
calculated with the parameters of Figure 1. Solid line: Fraction of
group 1 in the deprotonated state. (Group 1 is presumed to be the
chromophore, see Discussion) Dashed line: fraction of Glu46
(group 2) in the protonated state. The fraction of molecules with
both groups in the state required for recovery lies below both curves,
therefore, the maximumkobs is much less thankmax (see eq 5).

FIGURE 3: OPLS-compatible charges for the neutral, protonated
form of the chromophore (A). Charges for the anionic form
developed using RHF/6-31G** calculations of charge changes as
described in text (B).

Scheme 1
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mophore’s hydroxyl hydrogen atom without a hydrogen-bond
acceptor, so it is placed in a minimum-energy orientation
below the plane of the figure.

H-placement Scheme 2 favors a negative charge on Glu46
rather than the chromophore. The chromophore’s hydroxyl
group is positioned to act as a hydrogen-bond donor to
Glu46. This leaves the carboxylic acid hydrogen atom of
Glu46 without a hydrogen-bond acceptor, so it is placed in
a syn orientation on the oxygen atom farthest from the
chromophore. Placement of this hydrogen atom in the anti
position leads to results (not shown) that are nearly identical
to those obtained from the syn placement. Calculations using
a model in which this hydrogen is placed on the oxygen atom
nearest the chromophore show that this placement is less
favorable than placement on the far oxygen atom (results
not shown). In both H-placement Schemes 1 and 2, the Tyr42
hydroxyl group was oriented so as to donate a hydrogen bond
to the chromophore hydroxyl group, which is the only
acceptor available to it.

In what follows, we first report calculations on single
conformers, then we report a calculation in which the wild-
type protein was allowed equilibrate between H-placement
Schemes 1 and 2. Mutant calculations were done using only
Scheme 1. The effects of assumptions concerning the
dielectric properties of the protein were explored by carrying
out calculations using several differentεin values. Finally,
we present the experimental measurements of chromophore
titration and comparisons between theory and experiment.

Wild-type Calculations.The ordering of titration events
in the Scheme 1 wild-type active site changes according to
whether the interior dielectric constant is low or high (Table
1). For the lower values ofεin, the chromophore titrates in
the neutral to acid range (pKhalf < 7), while Tyr42 and Glu46
have extremely high calculated pKhalf values. Because of the
lack of conformational flexibility in calculations of this type,
these extreme calculated values should be interpreted as
predictions that Tyr42 and Glu46 cannot be deprotonated
without a significant rearrangement of the active-site geom-
etry (15, 17). This reflects the energetic difficulty of creating
additional negative charges in the buried active-site region
once the negative charge of the chromophore is present. The
pKhalf value of Arg52 is also perturbed upward by its
interaction with this negative charge. As the dielectric
constant of the protein is increased, the chromophore pKhalf

value shifts higher. When the interior dielectric constant is
raised to 6.0, theθ vs pH curves (not shown) indicate that
both the chromophore and Glu46 are protonated up to a pH
of about 7.0, at which point one proton is lost and the two
groups compete for the remaining proton, which is lost at
pH 19. At higher values of the dielectric constant, the order

of titration reverses as pKhalf values tend toward their
corresponding pKmod values so that Glu46 becomes ionized
more easily than the chromophore, and its negative charge
shifts the chromophore pKhalf to higher values.

The results are quite different for H-placement Scheme
2. In this case, Glu46 always has a lower pKhalf than the
chromophore, and the chromophore never becomes nega-
tively charged in the neutral or acid pH range, no matter
what dielectric constant is chosen. For low values of the
protein dielectric constant (2-4), even the lowest pKhalf

within the active site is above 8.0, so there is no negative
charge in the active site in the neutral to acid pH range.

We have also carried out calculations in which the pH-
integration formalism described in the Computational Meth-
ods section is used to account for the freedom of the system’s
protonation states to follow either H-placement Scheme 1
or 2. Equation 2 is applied to theQ(pH) corresponding to
the calculated titration curves for Schemes 1 and 2. The free
energy difference obtained is used to calculate Boltzmann
weights for averaging the individual-site titration curves. The
reference state is chosen to be a hypothetical extreme high-
pH state in which all sites are deprotonated. In this state,
Schemes 1 and 2 have the same free energy because the
protons that differentiate them are absent. In terms of eq 2,
choosing pHO to be extremely high, allows setting∆GAB-
(pHO) ) 0.

The results of such a calculation using an interior dielectric
constant of 2.0 are shown in Figure 4. Above pH 6.8, the
free energy difference between H-placement Schemes 1 and
2 favors Scheme 1 and the chromophore is negatively
charged. Below this pH, H-placement Scheme 2 is favored
and the chromophore becomes protonated. Glu46 remains
protonated throughout the 0-14 pH range. In other words,
the calculation predicts that above neutral pH, there is one
negative charge in the active site, and it resides on the
chromophore where it is stabilized by the hydrogen bonds
provided by H-bonding Scheme 1. Even though an alternative
H-bonding arrangement that is more favorable to a negative
charge residing on Glu46 is available (Scheme 2), Glu46
never becomes negatively charged. However, Scheme 2
appears to be better able than Scheme 1 to accommodate
the addition of a proton that neutralizes the negative charge.
Therefore, the system responds to decreasing pH by a switch

Scheme 2 Table 1: pKhalf Values in the Ground State of the Wild-Type

calculated valuesinterior
dielectric (εin) Tyr42 Glu46 Arg52 chromo

H-placement Scheme 1
1.7 44.0 68.8 18.9 -3.8
2 39.3 59.6 18.3 -2.1
3 30.4 42.3 17.1 2.6
4 33.8 25.7 16.6 5.9
5 29.7 21.7 16.2 6.6
6 26.9 16.3 15.7 19.2a

78.54 11.8 3.8 15.6 10.1

H-placement Scheme 2
2 38.6 17.1 12.2 59.5
4 25.6 8.3 14.9 36.0
6 21.2 6.9 14.8 28.1

78.54 11.8 3.3 15.7 10.5
a At εin ) 6, the titration curve of the chromophore exhibits a reversal

of direction. The indicated pKhalf is the highest-pH crossing of theθ )
0.5 line.
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from Scheme 1 to Scheme 2. Results for different values of
the protein dielectric constant are shown Table 2. As in the
single-conformer calculations for Scheme 1, increasing the
dielectric constant reverses the order of titration for the
chromophore and Glu46.

Mutant Calculations.The active-site pKhalf values from
calculations for the mutant structures are presented in Table
3. The mutation, E46Q, has very little effect on the
chromophore or any other residues in the lower dielectric
calculations, since the amide is an electrostatically conserva-
tive substitution for the protonated form of a carboxylic acid
group. The mutations, Y42F and R52A, produce significant
increases in the calculated pKhalf values of the chromophore
partly as a result of losing stabilizing interactions between
the negative charge of the chromophore and the mutated side
chain, and partly as an indirect effect involving interactions
with other residues, particularly Asp97 (see below). The
reversal of the predicted titration order of the chromophore
and Glu46 at higher dielectric constants that was found in
the wild-type calculations also occurs in the Y42F and R52A
mutants.

The calculated pKa values for all titrating groups within
15 Å of the active site, using anεin value of 2.0 and
H-placement Scheme 1 are shown in Table 4. Other than
the immediate active-site residues discussed above, Asp97
is the most notable for its effect on the chromophore. The
Wij value corresponding to its interaction with the chro-
mophore in the wild-type is equivalent to 2.27 pK units.
Therefore, in its negatively charged state, it significantly

disfavors the negatively charged state of the chromophore.
In the wild-type and in E46Q, the chromophore titrates in a
lower pH range than Asp97, so this influence is not felt.
But in the Y42F and R52A mutants, Asp97 is deprotonated
over most of the pH range in which the chromophore titrates,
and its negative charge shifts the chromophore titration to a
higher pH range. The unusual shapes of the low pH tails of
the Y42F and R52A curves in Figure 5 can be understood
by comparison with calculations in which Asp97 is fixed in
either the deprotonated or protonated form. Usingεin ) 2.0,
the chromophore pKhalf value is calculated to be 3.3 if Asp97
is treated as fixed in its neutral state, and 6.0 if Asp97 is
fixed in its charged state; and in both cases the curves have
a conventional Langmuir-type form. The curves in Figure 5
reflect a shift from the Asp-deprotonated curve to the Asp-
protonated curve as the pH falls below 2.0. Over most of
the pH range in which the chromophore titrates in these

FIGURE 4: Results of multi-conformer calculation withεin ) 2.0.
Top panel: Free energy difference between H-placement Scheme
1 and 2 calculated from eq 2. Bottom panel: Charge on the
chromophore, from a Boltzmann-weighted average of A and B
titration curves.

Table 2: Calculations Allowing H-placement Change

calculated valuesinterior
dielectric (εin) Tyr42 Glu46 Arg52 chromo

1.7 44.2 68.8 19.0 6.2
2 39.4 59.5 18.4 6.8
4 25.6 14.9 15.3 35.7a

6 21.3 6.9 14.9 27.7
78.54 11.8 3.5 15.7 10.3

a Titration curve of the chromophore exhibits a reversal of direction.
Indicated pKhalf is highest-pH crossing.

Table 3: pKhalf Values in the Ground State of Mutants

calculated valuesinterior
dielectric (εin) Tyr42 Glu46 Arg52 chromo

Y42F
1.7 51.1 18.9 4.4
2 44.5 18.3 5.9
3 32.1 17.1 7.2
4 25.5 16.4 7.7
5 15.8 15.6 22.7a

6 14.0 15.0 21.0a

78.54 3.8 15.3 10.1

E46Q
1.7 46.4 18.9 -3.7
2 41.3 18.3 -2.0
3 31.8 17.1 3.0
4 26.9 16.6 5.9
5 24.0 16.3 6.6
6 22.1 16.1 7.1

78.54 11.1 15.3 9.2

R52A
1.7 40.5 65.0 4.2
2 36.4 56.5 5.8
3 28.6 40.3 7.6
4 31.5 25.3 8.2
5 28.4 21.1 8.6
6 25.9 18.4 8.9

78.54 12.3 4.3 10.7
a Titration curve of the chromophore exhibits a reversal of direction.

Indicated pKhalf is highest-pH crossing.

Table 4: pKhalf of Sites within 15 Å of Chromophore (Ground
State)

site wild-type Y42F E46Q R52A

Asp24 3.0 2.5 3.1 2.6
Asp34 -3.4 -3.3 -3.4 -3.3
Tyr42 39.3 41.3 36.4
Glu46 59.6 44.5 56.5
Asp48 5.7 5.4 5.8 5.7
Arg52 18.3 18.3 18.3
Asp53 2.5 2.1 2.5 2.6
Lys55 12.6 12.6 12.6 12.7
Lys60 10.4 10.4 10.4 11.2
Asp65 2.0 1.5 2.0 1.8
chromo -2.1 5.9 -2.0 5.8
Asp71 5.7 5.3 5.6 5.5
Tyr94 22.5 22.6 22.4 22.3
Asp97 2.6 1.2 2.5 1.8
Tyr98 13.0 13.0 13.0 13.6
Arg124 13.5 13.5 13.4 13.6
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mutants, the calculations with no special treatment of Asp97
are similar to the calculations treating Asp97 as charged.

Comparison of Calculations to Experiment. As for ex-
perimental pKa values for the chromophore, the 446 nm
absorption band of the wild-type is lost in very acidic
solutions with an apparent pKa value of 2.7 (5). This may
reflect the acid-induced denaturation of the protein rather
than the titration of the chromophore in an intact protein, so
calculated results with pKa values approximately equal to
or less than 2.7 can be regarded as consistent with experi-
ment. By this criterion, the wild-type calculations are in
quantitative agreement with experiment only ifεin e 3.0 and
H-placement Scheme 1 is used. The multi-conformer cal-
culations using a lowεin value are consistent with experi-
mental evidence that the chromophore’s pKa in the protein
is reduced relative to that of the free chromophore so that it
is negatively charged at neutral pH, but the predicted pKa

value for the chromophore remains too high. As theεin value
in the multi-conformer calculations is increased, even the
qualitative agreement is lost.

Our initial calculations suggested that titration in the Y42F
and R52A mutants may occur at significantly higher pH than
in the wild-type. This motivated photoabsorption measure-
ments to provide a test of the calculations. In the present
work, experimental chromophore pKa values near 4.5 were
determined for the Y42F and R52A mutants (Figure 5). The
calculations withεin ) 2.0 predict pKhalf values approximately
1.5 pK units higher than experiment. A better fit to
experiment for these mutants can be obtained by choosing
an even lower interior dielectric constantεin ) 1.7 (Figure
5). Calculations withεin > 5 fail to predict the correct
protonation state for the wild-type even in the neutral pH
range, while calculations withεin greater than 3 or 4 fail to
predict the chromophore protonation state of the mutants at
neutral pH. In general, rather good agreement with available
experimental data for both the mutant and wild-type can be
obtained in single conformer calculations, but only if a low
value of εin, and a H-placement that favors a negatively
charged chromophore is used.

Bleached-state Titration Calculations.Calculated pKhalf

values for all titratable groups within 15 Å of the active site

in the bleached state are presented in Table 5. The calcula-
tions were done usingεin ) 2.0, and so are directly
comparable to the ground-state pKhalf values presented Table
4. The only pK shift upon bleaching that would cause a
change of protonation state at neutral pH is that of the
chromophore, whose pKhalf shifts upward by an amount that
is more than sufficient to cause it to take up a proton. This
occurs despite the close proximity of the positively charged
guanidinium group of Arg52 because the chromophore’s OH
group can rotate away from the positive charge and toward
the solvent. The pKhalf values of Glu46, Tyr42, and Arg52
are all shifted downward, as would be expected from loss
of interaction with the negatively charged form of the
chromophore, but the shifts are not large enough to cause
these residues to become deprotonated in the neutral range.
In particular, Glu46 remains protonated because it is remains
deep within the active-site pocket where solvent access is
limited and the protein’s hydrogen bonding network does
not stabilize a carboxylate group in this position. Other sites
have much smaller pKhalf changes upon going from the
ground state to the bleached state. The localization of
significant calculated pKhalf changes to the immediate
environment of the chromophore is not surprising, given the
localized character of the structural change upon bleaching,
as determined by crystallographic methods (12). The above
observations apply to theεin ) 2.0 calculations for wild-
type PYP and all three mutants. In Table 6, results of
calculations for several different values ofεin are summarized
for the active site residues. Increasing the protein dielectric
constant decreases the calculated pKhalf values, with the
Glu46 pKhalf falling into the neutral or acid range atεin )
6.0 or 78.5, respectively.

The calculations are consistent with the experimental
finding that the chromophore is protonated in the bleached
conformation. However, recent proton uptake data (43) and
our reanalysis of the kinetic data presented here suggest that
in the bleached state of the wild-type, the chromophore pKa

FIGURE 5: Chromophore titration in the ground state. Thin lines:
calculations usingεin ) 2.0; Thick lines: calculations usingεin )
1.7. Data points are from the absorption measurements described
in Methods. Circles: Y42F data; Diamonds: R52A data. The
unusual shape of the calculated curves is caused by interactions
with Asp97 (see text).

Table 5: pKhalf of Sites within 15 Å of Chromophore (Bleached
State)

site wild-type Y42F E46Q R52A

Asp24 2.2 2.2 2.4 2.3
Asp34 -3.4 -3.3 -3.4 -3.2
Tyr42 38.9 25.1 35.1
Glu46 25.1 25.4 24.3
Asp48 4.9 4.6 5.0 5.1
Arg52 13.9 14.3 13.8
Asp53 2.0 2.0 2.0 2.6
Lys55 12.4 12.4 12.4 12.5
Lys60 8.7 8.7 8.6 10.8
Asp65 1.1 1.3 1.1 1.9
chromo 18.4 19.2 17.5 15.4
Asp71 5.1 5.2 5.1 5.3
Tyr94 22.4 22.5 22.3 22.4
Asp97 1.8 1.8 1.7 1.8
Tyr98 13.1 13.0 13.3 13.4
Arg124 12.5 12.3 12.6 12.6

Table 6: Calculated pKhalf Values for Active Site of Bleached State

calculated pKhalfinterior
dielectric Tyr42 Glu46 Arg52 chromo

2 39.1 25.1 13.9 18.4
4 26.2 10.2 15.1 18.0
6 21.7 8.0 16.3 14.0

78.54 11.2 3.7 15.5 9.9
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is near 9.4 and the Glu46 pKa is between 6 and 7 (see
Discussion). By this interpretation of experiment, the pKhalf

values for the chromophore and Glu46 calculated using a
low interior dielectric constant are too high. Use of higher
εin values brings the calculated pKhalf of Glu46 closer to the
experimental range.

Energetics of Unfolding and Photocycle.The pH-depend-
ent free energy of folding from the ground state was
calculated by using eq 2 and the pKint andWij values from
the ground-state calculations withεin ) 2 and H-bonding
Scheme 1, described above, and assuming that in the
unfolded state, the pKint values revert to the corresponding
model compound pKa values, and the site-site interactions
are negligible (Wij ) 0). The free energy scale was set by
putting ∆Gfold(pHO) to zero at pHO ) 2.7, which is the
experimental point of acid-induced bleaching (5). This
assumes that the acid-induced bleaching is caused by the
unfolding of the protein coupled to the protonation of the
chromophore, rather than by the protonation of the chro-
mophore in an otherwise intact protein. The resulting plot
of ∆Gfold vs pH (Figure 6) predicts that the protein will be
stable over the mildly acidic to mildly alkaline range, but
will undergo alkaline-induced unfolding in the pH 10-11
range. PYP does indeed show signs of denaturation in the
alkaline range; for example, the 446 nm absorbance band is
replaced by a 410 nm band at pH 11.7 (42).

At pH 7.0, the calculated value of∆G is -12.6 kcal/mol.
This calculated value can be compared to the experimental
estimate of-10.8 kcal/mol which was obtained by spectral
monitoring of PYP light absorption under urea denaturation
conditions (44). At pH 3.4, the calculated value of∆G is
-8.4 kcal/mol, but the pH dependence is very steep in this
part of the curve. An experimental estimate of unfolding free
energy based on temperature-induced denaturation was
∆G(pH ) 3.4) ) -4.2 ( 5.9 kcal/mol (45).

DISCUSSION

A key feature of photoactive yellow protein is the presence
of a buried negative charge in the active site. A computational
study of such a situation often involves small differences
between relatively large energetic terms. For example, the
Born formula leads to the conclusion that the free energy of
transferring a simple, monatomic, monovalent ion from a
medium of dielectric constant 80 to a medium of dielectric
constant 2.0 is on the order of 40 kcal/mol, which is
equivalent to approximately 29 pK units (units of 2.303RT).

The somewhat more extended geometry and charge distribu-
tion of charged groups in proteins, and proximity to the
exterior, even for relatively buried sites, typically results in
less extreme energy terms in MEAD-type calculations but
∆∆GBorn terms equivalent to 10 or more pK units are not
uncommon for buried sites in proteins. This implies that
stabilization of a buried charge requires favorable∆∆GBorn

terms or site-site interactions of a similar magnitude.
Given the approximate nature of the MEAD model, and

the sensitivity of individual terms to conformational details,
the extent of agreement between calculations and experiment
obtained in the present study is encouraging. Further insight
into the factors responsible for the stabilization of function-
ally important protonation states can be gained by a more
detailed examination of the calculated energy terms.

The Ground State. The 4-hydroxycinnamic acid chro-
mophore of PYP is known by experiment to be in its
deprotonated form and to have a pKa of 2.7 or less in the
ground state even though the measured pKa of this group in
the liberated chromophore or the unfolded protein is 9.0 (3).
Examination of the crystallographically determined structure
suggested a qualitative explanation that the stabilization of
this negatively charged form of the chromophore is provided
by hydrogen-bonding interactions with Tyr42 and Glu46, and
charge-charge interactions with Arg52. This picture not only
requires a very large shift of the chromophore pKa, it also
requires that Glu46 remain protonated well into the alkaline
range. This raises two quantitative questions: can sufficient
favorable interactions be found to stabilize a negative charge
in the active site, and if so, why does this charge reside on
the chromophore, rather than the glutamic acid, which would
normally have a lower pKa?

The calculations give a positive answer to the first question
when a lowεin value is used, and when the H-placement
scheme favors H-bonding to the chromophore oxygen atom
(H-placement Scheme 1). The pKhalf value calculated for the
chromophore is below 2.7, while Glu46 and Tyr42 are
predicted to be protonated. Insight into the second question
is provided by calculations using an alternative H-placement
scheme that favors H-bonding to the Glu46 carboxylate
oxygen atom (H-placement Scheme 2). When using a low
εin value, the Scheme 2 calculations predict that no negative
charge can be formed in the active site in the normal pH
range. Calculations that allowed a dynamic equilibrium
between the two H-placement schemes with no built-in bias
toward either provide insights into both questions. In the
neutral to alkaline range, a negative charge can be sustained,
this charge resides on the chromophore, and the favored
H-placement is Scheme 1. However, in the acid range, the
favored H-placement scheme changes to Scheme 2, and the
chromophore becomes protonated.

Evidently, H-placement Scheme 1 provides more stabiliza-
tion for a charge on the chromophore than Scheme 2 provides
for a charge on Glu46. A more detailed examination of the
terms going into the calculation of the pKint values of these
two sites confirms this, and also suggests a charge delocal-
ization effect. Table 7 compares contributions to the pKint

value of the chromophore in H-placement Scheme 1, with
contributions to the pKint value of Glu46 in H-placement
Scheme 2. The Born desolvation penalty for burying the
chromophore charge is significantly less than that for the
burial of the glutamate charge, apparently because of the

FIGURE 6: Calculated∆G of folding, as a function of pH.
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active site geometry, and because the negative charge of the
chromophore is spread over a larger number of atoms. (A
more delocalized charge, which approximately corresponds
to a larger ion radius in the Born formula, costs less free
energy to desolvate.) The background term of eq 1 is
decomposed into contributions from the nontitrating or
neutral-form charge distributions of selected residues in the
“contrbs. to∆pKback” part of Table 7. This analysis shows
that the negative charge of the chromophore is indeed
stabilized by H-bonding interactions from Glu46 and Tyr42,
and also by Thr50. For stabilization of a negative charge on
Glu46, the largest interaction is provided by the chromo-
phore in its protonated state, while Gly29, Ile49, and Thr50
also provide significant stabilization. Asn43 tends to desta-
bilize negative charge at either site. The net effect is that
the background terms can provide stabilizing effects on the
order of 10 pK units for a negative charge at either site, but
more stabilizing interactions are available for the chro-
mophore.

Although the multi-conformer calculations account for the
preference of the chromophore as the charged group, their
prediction of the titration of the chromophore in the pH 6-7
range in is not in quantitative agreement with the experi-
mental finding that the chromophore pKa is 2.7 or less. It
may be that a higher level of theory, such as quantum
chemistry rather than classical electrostatics, is needed to
accurately calculate the strength of the charged hydrogen-
bonding interactions, or the effects of charge delocalization
that may occur either across the hydrogen-bond with Glu46
or through interactions of the chromophore carbonyl group
with the protein backbone.

The absorbance vs pH measurements presented here show
that in the mutants Y42F and R52A, the chromophore pKa

is shifted upward relative to the wild-type, reflecting a loss
of stabilization of the negative charge from these residues.
On the other hand, the E46Q mutant does not shift the
chromophore pKa into the measurable range, presumably
because glutamine is an electrostatically conservative sub-
stitution for the protonated form of glutamic acid.

The low-εin calculations for the mutants are in agreement
with the experimental results. The pH-dependent way in
which Asp97 interacts with the chromophore tends to amplify
the effects of mutation on the titration of the chromophore.
In the wild-type, the calculated titration of the chromophore
(or perhaps the actual global unfolding of the protein) occurs
in a low pH range in which Asp97 is neutral. If a mutation
removes enough chromophore charge stabilization to move
the chromophore titration into the pH range in which Asp97
is charged, then the charge-charge interaction will further
increase the effective pKa value of the chromophore. This
theoretical prediction of the role of Asp97 in modulating the
effects of other mutations could be tested by experiments
on Asp97 mutants and double mutants involving Asp97 and
either Tyr42 or Arg52.

The Bleached State and RecoVery to Ground. In the initial
report of measurements of the pH-dependence of the rate of
the bleached state’s return to the ground state, the data were
analyzed using conventional formulas involving three pa-
rameters for the wild-type, and an independent set of two
parameters for the E46Q mutant. Thus, there were two
distinct physical models and five fitting parameters. In the
present reinterpretation of these data, we use a somewhat
more complicated formula, but it corresponds to a single
physical model for both the wild type and E46Q and has a
total of only four independent parameters. The new physi-
cal model suggests assignments of the titrating groups
involved, their intrinsic and observable pKa values, and the
state of photocycle in which these groups have these pKa

values.
Specifically, the reinterpretation suggests that there is an

intermediate conformer along the recovery pathway in which
Glu46 must become protonated and another group, group 1,
must become deprotonated before recovery can continue. The
obvious candidate for group 1 is the chromophore, since it
must certainly become deprotonated at some point along the
recovery pathway, and it can easily be close enough to Glu46
to have the strong electrostatic interaction implied by the
interaction parameter value,W ) 1.83 kcal/mol. The most
obvious candidate for the intermediate conformer that leads
to the pH-dependent rate limitations, is then the bleached
state itself. These two interpretations imply that in the
bleached state, the chromophore and Glu46 have observable
pKa values of 9.35 and 6.37, respectively. The high pKa value
for the chromophore is consistent with the experimental
finding that photobleaching under mildly acidic conditions
is accompanied by the uptake of one proton, and the
chromophore is the site that receives this proton (3, 46). The
pKa of 6.37 for Glu46 in the bleached state is consistent with
the recent finding that there is no proton uptake in the mildly
alkaline pH range, and the interpretation of this as a net
transfer of a proton from the chromophore to Glu46 (43).
(This finding became known to us after the reinterpretation
detailed above.) It is also consistent with the suggestion,
based on the disappearance of a CdO stretching band
attributed to Glu46 in the bleached state, that a proton is
transferred from the chromophore to Glu46 (47).

The reinterpretation of the kinetic data presented here
implies a mechanism for the control of the recovery rate in
the photocycle by electrostatically modulated changes in the
titration properties of the bleached state. This is of biological
significance, since the bleached state is believed to act as

Table 7: Active-site pKint Terms fromein ) 2 Calculations for the
Wild-type Ground State

term
chromophore
(H-plac. A)

Glu46
(H-plac. B)

pKmod 9.0 4.5
∆pKa

Born 10.3 17.6

Contrbs. to∆pKa
back

Gly29 -0.4 -2.4
Tyr42 -3.8 -0.4
Asn43 1.1 2.6
Glu46 -5.9 -0.3
Ile49 -0.8 -2.1
Thr50 -2.5 -2.1
chromo -0.5 -3.4
others -0.9 -2.2

subtotal -13.7 -10.3

∆pKback -13.7 -10.3
pKint 5.6 11.6

a The ∆pK correspond to the∆∆G terms of eq 1, and are given in
pK units (-2.303RT, where T ) 300 K). ∆pKBorn is the effect of
desolvation and∆pKbackinvolves the difference between a titrating site’s
charged and neutral forms' interactions with the dipoles of other residues
in the protein. (see Computational Methods). Contrbs. to∆pKback are
interactions of named residues with chromophore or Glu46.
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the “signaling” state in phototaxis. The structural changes
between the ground and bleached states, which must be
responsible for the change of titration properties, have been
characterized crystallographically (12). In the bleached state,
the hydrogen bonds between the chromophore and Glu46
and Tyr42 are broken as the chromophore swings out of its
pocket and becomes more exposed to solvent. It is to be
expected that the pKa values of both the chromophore and
Glu46 should move closer to those of the analogous free
compounds in solution, so the protonation of the chro-
mophore and the deprotonation of Glu46 in the bleached state
can be understood in these terms.

The MEAD calculations for the bleached-state conformer
using a lowεin value predict that upon photobleaching, the
pKa value of the chromophore shifts into the extreme alkaline
range. No other sites are predicted to have large pK shifts
within the experimentally accessible pH range. Although the
pKa value calculated for Glu46 is shifted downward relative
to the ground state, as one one would expect from the loss
of interaction with the negative charge of the chromophore,
it remains in the extreme alkaline range. The prediction that
the chromophore becomes protonated is correct, but the
calculated pKa values for the chromophore and Glu46 are
not in good agreement with the interpretations of the
experimental results given above. A possible cause of the
discrepancy is that the bleached state has more flexibility
than the ground state and can undergo small, but energetically
significant conformational changes coupled to changes in
protonation. For example, a more open conformation of the
pocket vacated by the chromophore would allow greater
solvent access to Glu46, lowering its pKa. The crystal
structure, which was determined under acidic conditions (12),
may then reflect a conformer more favorable to the proto-
nated state of Glu46. Similarly, the chromophore, which has
more conformational freedom in the bleached state, may
change its position under alkaline conditions.

Stability and pH.On the basis of the calculated titration
curve of the ground state, a simple model for the unfolded
state, and an experimental pH point for acid denaturation,
we have calculated the pH-dependence of the free energy
of folding for ground-state PYP. The resulting stability curve
(Figure 6) is in reasonable agreement with experimental
estimates of stability at pH 3.4 and pH 7.0. The calculated
curve also predicts alkaline denaturation in the pH range 10-
11. There is some experimental evidence for alkaline
denaturation, albeit at a slightly higher pH (42).

The Dielectric Constant of the Protein. In contrast to
earlier spherical models (22, 48), the MEAD model of protein
electrostatics can be quite sensitive to the choice of the
dielectric constant for the protein interior. This occurs
because the location of partial charges and the protein-
solvent boundary in MEAD are taken directly from the
coordinates rather than assuming positions near the surface
of a sphere, and because the∆∆GBorn and ∆∆Gback terms
are computed directly from the electrostatic model. In
contrast, the earlier calculations typically used their model
only for the site-site interaction termsWij, which were
usually dominated by solvent dielectric screening since sites
were placed near the surface. When a low value ofεin is
used in the MEAD model, it becomes unfavorable to place
charges in buried locations, and the∆∆GBorn terms for groups
such as carboxylic acid and phenolic groups tend to shift

their pK values upward. On the other hand, the lowεin may
make the hydrogen-bonding network around a buried charge
much more favorable than a highεin value because the
screening of these relatively short-range interactions is
dominated byεin rather then the solvent dielectric.

It has been pointed out that a higher value ofεin leads to
much less sensitivity to details, and statistical comparisons
of calculated and experimental pKa values have shown that
overall agreement is better withεin ≈ 20 than with low
values ofεin (33, 49-51). Since most titrating sites in pro-
teins are near the surface and exposed to solvent, and their
pKa values are near those of corresponding model com-
pounds, models that tend to predict small magnitudes for
the individual terms contributing to titration behavior will
tend to perform well overall. However, the active sites of
proteins often feature buried ionizable residues with highly
perturbed pKa values. A cautious use of a low-dielectric
model may therefore be preferable to the use of a high-
dielectric model that, while achieving good accuracy for
ordinary sites, misses the special features of the active site
(33). The present case is a dramatic illustration of this. The
unusual protonation states of the chromophore and Glu46
in the ground state, which are central to the function of
PYP, are predicted correctly only when a low value ofεin is
used.

The idea of a protein dielectric constant is problematic
given the inhomogeneous and semi-flexible nature of proteins
(ref 52 and references therein), particularly when one is
interested in the electrostatic potentials felt by individual
atoms. Even so, one can draw a qualitative correspondence
between increasing protein flexibility and a higherεin value,
and it is reasonable to prefer choices ofεin that are more
consistent with other theoretical or experimental determina-
tions that also focus on the potentials felt by atoms. In
comparisons of a MEAD-type model to molecular dynamics
calculations for the effects of electronic and dipolar relaxation
upon the energetics of charge interactions in cytochromec,
the best correspondence between the two theories was found
for εin in the range 2-4, and relaxation effects were found
to be smallest near the active site (53). This result is
consistent with our present finding that calculations for the
ground state give the best agreement with experiment when
εin is low, particularly near the active site.

On the other hand, calculations using a higherεin value
give better agreement with experiment for the bleached state.
This could be interpreted as an indication of greater flex-
ibility, thus a higher local dielectric constant, in the bleached
state than in the ground state. However, the interpretation
of experiment is less firm for the bleached state, and there
is a possibility of subtle differences between the bleached-
state structure determined by Laue crystallographic tech-
niques at-12 °C and pH 4.8 (12), and the solution structure
at room temperature. If so, multi-conformer calculations
incorporating structural changes that stabilize the Glu46
charge might be more appropriate than raising the interior
dielectric constant.

Concluding Remarks.The electrostatic calculations pre-
sented here provide a quantitative account of how a negative
charge can be stabilized in the active site of ground-state
PYP, and why that negative charge resides on the chro-
mophore, rather than on Glu46. Charged hydrogen bonds,
and charge delocalization emerge as important mechanisms
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of stabilizing this charge; and quantum mechanical studies
of these effects in PYP would be a logical next step. The
necessity of a low protein dielectric constant to obtain correct
predictions for the ground state supports the general practice
of treating protein interiors as low-dielectric media, while
remaining alert to the possibility of conformational changes
whose neglect may lead to error. The effect of Asp97 on
the outcome of the calculations for the wild type and mutants
in the ground state suggests that mutation of Asp97 would
have more significant effects on the chromophore in the
mutants than in the wild type. Studies of Asp97 mutants and
double mutations involving Asp97 would therefore be of
interest. The reinterpretation of the bleached to ground-state
recovery data presented here leads to proposed pKa and site-
site interaction values for the chromophore and Glu46 in the
bleached state, that can be compared to theoretical calcula-
tions and to other experimental probes of ionization states
along the photocycle.
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