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Combining Conformational Flexibility and Continuum Electrostatics for
Calculating pK_s in Proteins

Roxana E. Georgescu, Emil G. Alexov, and Marilyn R. Gunner
Department of Physics, City College of New York, New York 10031 USA

ABSTRACT Protein stability and function relies on residues being in their appropriate ionization states at physiological pH.
In situ residue pK,s also provides a sensitive measure of the local protein environment. Multiconformation continuum
electrostatics (MCCE) combines continuum electrostatics and molecular mechanics force fields in Monte Carlo sampling to
simultaneously calculate side chain ionization and conformation. The response of protein to charges is incorporated both in
the protein dielectric constant (e, of four and by explicit conformational changes. The pK, of 166 residues in 12 proteins
was determined. The root mean square error is 0.83 pH units, and >90% have errors of <1 pH units whereas only 3% have
errors >2 pH units. Similar results are found with crystal and solution structures, showing that the method’s explicit
conformational sampling reduces sensitivity to the initial structure. The outcome also changes little with protein dielectric
constant (e, 4-20). Multiconformation continuum electrostatics titrations show coupling of conformational flexibility and
changes in ionization state. Examples are provided where ionizable side chain position (protein G), Asn orientation (lysozyme),
His tautomer distribution (RNase A), and phosphate ion binding (RNase A and H) change with pH. Disallowing these motions

changes the calculated pK.,.

INTRODUCTION

Protein stability and function depend on interactions among
charged and dipolar groups. All proteins have ionized res-
idues, many bind charged substrates, and changes in charge
distribution often occur in the active site with reaction.
lonization state changes determine the pH dependence of
protein function (Mellor et a., 1993; Dyson et a., 1997;
Alexov et al., 2000) and stability (Hendsch et al., 1996;
Spassov et ., 1997; Elcock and McCammon, 1998). Proton
transfers between buried residues generate transmembrane
proton gradients (Ferguson-Miller and Babcock, 1996;
Alexov and Gunner, 1999; Luecke et a., 1999; Sham et a.,
1999). Surface-charged residue distribution is critical for
protein-protein association (Sheinerman et al., 2000). Com-
putational tools that improve estimates of the energetics of
the charge distribution within proteins will thus help us
understand how protein function is derived from structure.

The andlysis of protein charges and dipoles starts with water
as areference solvent (Warshel and Russdll, 1984; Gilson and
Honig, 1988; Gunner and Alexov, 2000). Water dipoles, being
both polar and polarizable, reorient when a charge is added.
lons and dipoles have favorable interactions with water with its
high dielectric constant, which are diminished in protein. In
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contrast, proteins are highly polar but not very polarizable
molecules. Each backbone amide has a dipole grester than
water, and more than 50% of dl side chains are polar or
ionizable. However, proteins have limited, nonuniform flexi-
bility producing a heterogeneous response to charges.

The equilibrium distribution of side chain ionization
states and position represents the balance of many interac-
tions and so is hard to calculate. Methods to calculate the
free energies of protein charge distributions are often tested
by their ability to reproduce experimental pK_s (Bashford
and Karplus, 1990; Beroza et al., 1991; Takahashi et al.,
1992; Yang and Honig, 1993; Antosiewicz et a., 1994,
1996; Demchuk and Wade, 1996; Alexov and Gunner,
1997; Sham et al., 1997; Havranek and Harbury, 1999;
Mehler and Guarnieri, 1999; Nielsen and Vriend, 2001).
These benchmark calculations are not idea because they
include many values for surface residues, which have little
interaction with protein. Also, many pK.s are not at pHs
where the protein is functional or the structure determined,
so calculations must also model pH-dependent structural
perturbations. However, with more than 100 measured
pKs, calculations can try to match many values with one
parameter set and methodology. As reliable computational
methods become available, proteins where electrostatic
forces play important functional roles can be analyzed
(Alexov and Gunner, 1999; Demchuk et al., 2000; Dillet et
al., 2000).

The Poisson-Boltzmann equation of continuum electro-
statics provides a powerful framework for the analysis of
electrostatic interactions in proteins (Warwicker and
Watson, 1982; Gilson et a., 1985). These calculations take
the distribution of dielectric constants, fixed charges, and
mobile ions and return the electrostatic potential. Partia
charges are placed at atoms in the protein structure. Water,
with a dielectric constant of 80, is the major source of the
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reaction field (solvation) energy of protein dipoles and
charges. Water also screens interatomic interactions in a
manner that depends on the distances between protein atoms
and the solvent. The Poisson-Boltzmann formalism incor-
porates the large impact of water easily and reasonably
accurately. However, a central problem is how to assign the
protein dielectric constant. The dielectric constant of adried
protein is measured to be near 4 (Takashima and Schwan,
1965). Molecular dynamics simulations show the protein
inner core is not very polarizable with an effective dielectric
constant near 4, whereas the solvent exposed flexible exte-
rior has a value near 30 (Simonson and Brooks, 1996).
Calculations using one, low value for protein (=4) yield a
poor match to benchmark pK,s, but there is significant
improvement as e IS increased to ~20 (Antosiewicz et
a., 1994, 1996; Demchuk and Wade, 1996).

The dielectric constant measures the response of a me-
dium to changes in charge. In protein calculations the di-
electric constant is a parameter that averages many kinds of
reorganization so that they need not be included explicitly
(Sham et al., 1997, 1998; Simonson, 1998, 2001; Gunner
and Alexov, 2000; Schutz and Warshel, 2001). For exam-
ple, changes in electronic polarization, backbone or side
chain position, residue protonation state, and ion binding
can occur as the pH is changed or a reaction proceeds.
Electronic polarization may be fairly uniform throughout
the protein, and the backbone motions may be small when
there is no significant structural change. Thus, their contri-
bution to the electrostatic energy may be estimated from an
averaged dielectric constant rather than by explicit atomic
calculations. However, much of the protein response is
dependent on the local environment.

Several methods that remain based on continuum elec-
trostatics add a nonuniform protein response to charges (for
reviews, see Schutz and Warshel, 2001; Simonson, 2001).
Different dielectric constants have been assigned to differ-
ent amino acids (Voges and Karshikoff, 1998) or to differ-
ent regions of the protein (Demchuk and Wade, 1996;
Rocchia et al., 2001). Other methods consider explicit pro-
tein motions. Early methods for sampling multiple protein
conformations either averaged interactions between differ-
ent side chain atomic positions (Y ou and Bashford, 1995) or
averaged the ionization states calculated with different
structures (Ripoll et a., 1996; Zhou and Vijayakumar,
1997). Hybrid methods simultaneously calculate ionization
states of acidic and basic residues and the conformation
states of surface side chains (Beroza and Case, 1996),
hydroxyls and waters (Alexov and Gunner, 1997), and polar
and ionizable side chains (Alexov and Gunner, 1999).

Other approaches include: adding explicit protein relax-
ation into the protein dipole Langevin dipole methodology
with a linear response approximation (Sham et al., 1997,
1998); the use of a nonuniform response parameterized on
fragment hydrophobic constants, which implicitly draws on
the relationship between a group’s polarity and its ability to
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partition into water (Mehler and Guarnieri, 1999); aswell as
an iterative mobile cluster approach for calculation of mul-
tiple-site ligand binding to flexible macromolecules
(Spassov and Bashford, 1999).

The multiconformation continuum electrostatic (M CCE)
method allows multiple positions of hydroxyl and water
protons, side chain rotamers, and ligands in the calculation
of the pH dependence of the ionization equilibria of titrat-
able groups (Alexov and Gunner, 1997, 1999). An analysis
of the pH titrations of 166 residuesin 12 proteinsis reported
here. The benchmark root mean square errors of these
titrations are comparable with those found with other ap-
proaches (Antosiewicz et al., 1994, 1996; Mehler and
Guarnieri, 1999). Because improvement in pK, calculations
depends on the protein changing side chain position with
pH, MCCE highlights motions that may be important for
maintaining protein structure and function.

METHODS
The MCCE method

MCCE calculates the equilibrium conformation and ionization states of
protein side chains, buried waters, ions, and ligands at a defined pH.
Preselected choices for atomic positions and ionization states for side
chains and ligands are used. Each specified side chain or ligand position
and charge is caled a conformer. Look-up tables are calculated of elec-
trostatic and nonelectrostatic conformer self- and pair-wise interactions.
Protein microstates have one conformer for each side chain, and ligand.
Monte Carlo sampling establishes each conformer’s probability in the
Boltzmann distribution at a given pH or E, (Alexov and Gunner, 1997,
1999). The method can compare mutated with wild-type proteins (Alexov
et al., 2000) or protein with reactant or product bound (Alexov and Gunner,
1999). The MCCE procedure is divided into three stages: 1) selection of
conformers (steps 1-3 below); 2) caculation of energy look up tables (steps
4-5); 3) Monte Carlo sampling and caculation of pK,s (steps 6—7). Early
descriptions of the method can be found in Alexov and Gunner (1997, 1999).

Step 1: generate protein data file, striped of surface
waters, complete with all protons except those on
hydroxyls or waters

All protons in the origina protein coordinate file are stripped off. A
translation table brings residue and atom names into compliance with the
conventions of the MCCE package. Residues with missing atoms are
reported. Every independently ionizable group must have a unique residue
name and number so backbone N- and C- termina atoms are given a
residue designator that differs from their side chain. The chain terminus
conformer interacts with the terminal side chain. The program Proteus
(Samir Lipovaca City College of New York) places protons with no
degrees of freedom. Protons with no partial charges, such as methylene
protons, are added in their torsion minima. Only buried waters are treated
in atomic detail. Water accessibility is determined with the program
SURFV (Sridharan et al., 1992; Bharadwaj et al., 1995) and waters with
>10% surface exposure are deleted. lons are also automatically deleted if
they are on the protein surface but retained if they are buried.

Step 2: identify residues with strong electrostatic
pair-wise interactions

One DelPhi (Nicholls and Honig, 1991) continuum electrostatics calcula-
tion for al polar and ionized acidic and basic residues finds the pair-wise
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interactions between residues as well as the interaction between residues
and the backbone (see step 4). Residues with pair-wise interactions greater
than =2.1 ApK units (2.9 kcal/mol) will be provided with additional
conformers from the heavy atom rotamer library (Dunbrack and Karplus,
1994; Dunbrack and Cohen, 1997).

Step 3: generate composite protein structure

Conformers must be generated that could be at low energy over the entire
range of the calculation before knowing the position or ionization state of
other groups. However, if conformers that make good hydrogen bonds to
ionized sites are unavailable, the calculated ionization free energy will be
wrong. Inside the protein, extra, bad conformers increase the size of the
calculation. However, because they are not selected in Monte Carlo sam-
pling, they do not affect the outcome. On the protein surface, extra
conformers change the protein-solvent boundary, introducing errors into
the electrostatic energy terms. Therefore, conformer preselection tries to
generate as many good choices as possible without including positions that
will never be found in low energy microstates.

Side chains identified as making strong pair-wise interactions in step 2
are replicated on the backbone in rotamer libraries positions (Dunbrack and
Karplus, 1994; Dunbrack and Cohen, 1997). New side chains with atoms
closer than 2.0 A to fixed atoms (backbone and nonpolar side chains) are
deleted. If all rotamers clash with the rigid part of the protein, additional
conformers are made by 30° rotations around the final bond.

The working protein data file contains a single copy of the atomic
positions for the backbone and side chains with no degrees of freedom. It
also includes complete copies of each side chain conformer. The following
conformers are generated for the origina side chain as well as for each
added library rotamer.

Each Arg and Lys gets one ionized and one neutral conformer. Each His
gets two ionized and four neutral conformers. Two basic conformers are
formed by interchange of atoms, equivalent to rotation around the CB—CG
bond (see Fig. 6B). Each of these has two neutral forms in which ND1 or
NE2 is unprotonated and one ionized form. Each Asn and Gln has two
conformers with the terminal O and N interchanged representing 180°
rotation of O—C—N. Each Asp, Glu, and Tyr gets one ionized and two
neutral conformers with the proton in the torsion minimum. Each Ser and
Thr has three conformers with a proton in each torsion minima. Hydroxy!-
containing residues (Ser, Thr, neutral Asp, Glu, and Tyr) have extra
conformers that can hydrogen bond with all nearby acceptors. Water gets
conformers to make and accept available hydrogen bonds plus a conformer
with no interaction with the protein, representing water in bulk solvent.

Step 4: electrostatic self- (reaction field) and
pair-wise interactions

As described in Alexov and Gunner (1997), one DelPhi (Nicholls and
Honig, 1991) calculation is carried out for each conformer. Parse partial
charges and radii (Sitkoff et al., 1994), awater probe radius of 1.4 A, 0.15
M salt, and a 2.0-A Stern ion-exclusion radius are used. Focusing yields a
resolution better than 2.13 grids/A (Gilson et al., 1987). Each DelPhi
calculation has partial charges on atoms of only one conformer. Net ionized
residue charges are =1, and they are O on polar, or neutral, ionizable
confomers. The net charge for phosphate is —2 and +2 for calcium and
magnesium. The potential (V) is collected at atoms of all other conformers.
The pair-wise electrostatic interaction energy between the designated con-
former (j), which is the source of the potential and the distal conformer (k)
is

atoms.in.conf.k

E Wi Oe (1)

k'=1

AGE =

in which ¥,_,,. is the potential at atom k' in conformer k from partial
charges on conformer j. The partial charge, q,., that would be on k’ in the
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FIGURE 1 Dielectric boundary used for calculation of (A) pair-wise
interactions and (B) reaction field energy. A2 is the only conformer with
partial charges in the DelPhi calculation. Speckled region at e, = 4.
Conformers within dashed lines and the surrounding area at ¢ = 80.

ionization state of conformer k. In the same DelPhi run, the interaction of
the conformer j with polar backbone and side chains without conformersis
collected in a single interaction energy (AGp;)-

One gpproximation is that al conformers are combined in the protein
structure adding to the dielectric boundary. Now only N DelPhi calculations
are needed. In contrast, N? cal culations would be needed if the right conform-
ers for each pair-wise interaction were used. However, even this would not
provide the correct position for al other conformersin agiven microstate. The
small proteins studied here are the worst casefor errors caused by extrasurface
conformers. In contrast, buried sites in large proteins will be essentialy
undisturbed by moderate changes in protein surface.

Severa steps reduce the errors in dielectric boundary introduced by
extra conformers. For the pair-wise interactions, only the active conformer
of the residue with partia charges is included (Fig. 1 A). However, other
residues must have al conformers present so al pair-wise interactions can
be determined in a single calculation. The theoretically symmetrical AG,?'
and AG{ are calculated with different conformers removed and these
pair-wise interactions are averaged. In addition, the reaction field energy
(Rocchia et al., 2001) of each conformer is determined in a second series
of DelPhi calculations with all residues in their original position except for
the conformer with partial charges (Fig. 1 B).

Some residues are more sensitive to having their electrostetic interactions
improperly calculated because of the low-dielectric material added by the
additional conformers (Fig. 1). These can be identified by comparing con-
former reaction field energies in protein prepared for calculating pair-wise
interactions (Fig. 1 A) with those found with boundary used for reaction field
energies (Fig. 1 B). Approximately 15% of the ionized conformers have
differences between these two values of morethan 1 ApK unit. However, these
residues are not found to have larger errors in calculated pK.,.

Step 5: self- (torsion) and pair-wise (Lennard-Jones)
nonelectrostatic energies for all conformers

The proton torsion energy is nonzero only for protons placed out of atorsion
minimum to make hydrogen bonds. Neutra Tyr has two energy minimain the
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plane of the Tyr ring with 22.59 ApK unit (3.5 kcal/moal) barrier between them,
0 E(p) = —3.5/2 cos(2¢) kea/moal in which ¢ is the torsion angle. Ser and
Thr have three degenerate low energy positions with E(¢) = —1.3/2 cos
3(¢ — 60°) kcal/mol. The energy of a neutral Asp and Glu hydroxyl
proton is the sum of atorsion potential with minima at 0° and 180° and
a 0.96 ApK unit barrier and a —2.0 ApK unit electrostatic attraction
between hydroxyl proton and nonbonded carboxylate oxygen when both
are in plane so E(¢) = —((2.7/2) cos(¢) + (1.3/2) cos(2¢))kcal/mol. This
results in a —2.00 ApK unit preference for the syn (0°) over anti (180°)
conformation, comparable with the value found by solid-state nuclear
magnetic resonance (NMR) measurements (Gu et a., 1996). As only
library rotamers are used for heavy atom conformers, these are near torsion
minima and their torsion energies are set to zero.

The pair-wise Lennard-Jones interactions between all conformers are
calculated and added to the pair-wise electrostatic interactions. Lennard-
Jones interactions with portions of the protein that are held rigid are added
to the pair-wise polar interaction for each conformer. The A and B con-
stants are found in SM XI.

Step 6: Monte Carlo sampling to determine the Boltzmann
averaged conformer occupancy

A given protein microstate is a combination of one conformer for each
residue, cofactor, and water. The energy of microstate n (AG,) is

AG, = i:21 Sn(D{y(N[2.3k, T(pH — szoI,i)]

+ (AAern,i + AGpol,i + AGnoneI,i)}

+ % Oni) % 8.()[AGS + AGP™ @
i=1 j=i+1

in which k,T is 0.43 ApK units (0.59 kcal/moal), M is the number of
conformers, §,(i) is 1 for conformers that are present in the state and O for
all others. (i) is 1 for bases, —1 for acids, and O for neutral conformers
(polar groups, waters, neutral acids, and bases). pK g, ; is the solution pK,
of ionizable group i, AAG,,,; is the difference between the reaction field
energy for this residue type in solution (SM XII) and that found in the
protein (Nicholls and Honig, 1991); AG,; and AG,,; are the electro-
static and Lennard Jones interactions between conformer i and backbone
and side chains with no conformational degrees of freedom; AG{}"”‘e' and
AG¢ are pair-wise interactions between conformer i and j. The limits on
the summation of the pair-wise interconformer terms ensure that each
interaction is counted only once.

pKo,; is obtained from studies of peptides (Richarz and Wilthrich,
1975; Matthew et al., 1985). Asp and Glu use a carboxylic acid reference
pK, of 4.75. Studies have found that the backbone lowers the pK, of these
residues even in peptides (Oliveberg et a., 1995; Gunner et a., 2000).
Using a simple carboxylic acid reference pK, avoids double counting the
impact of the backbone in peptide and protein.

The solution reaction field energies of ionizable groups used with
protein dielectric constants 4, 8, and 20 are given in SM XIl. These
parameters were adjusted so that the average pK, error for each amino acid
type is close to zero.

Severa techniques aid Monte Carlo convergence. 1) The number of
conformers per residue ranges from 2 to more than 20. Sampling first
selects a residue and then chooses one conformer to change. Thus, all
residues make similar numbers of changes but in residues with many
conformers, each is sampled fewer times. 2) On 50% of the steps, a second
residue changes conformation. Thisis selected randomly from residues that
interact by at least 1 ApK unit with the first. The new microstate with two
changes is then subjected to Metropolis sampling (Beroza et ., 1991). 3)
After a predetermined number of steps, conformers with no occupancy are
deleted. Those with 100% occupancy are fixed on and their pair-wise and
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self-energy terms are added to the fixed, polar energy terms. This can
reduce the size of the calculation by as much as 70%. 4) The conformer
occupancies are saved after a stage of conformer elimination. Monte Carlo
sampling is reinitiated with a new seed. If the changes in occupancy after
the new cycle are less than a preset limit, the program exits.

Step 7: calculate residue pK, and n values from conformer
occupancies as a function of pH

Monte Carlo sampling is performed from pH 0 to 14 in steps of 1 pH unit
and the pK , of each titrating group is obtained from the best nonlinear, least
squares fit to

1,QYini(PH—PKi)

(Ocgy) = 1 10" e KD (3

in which ; is the occupancy of the ionized form of residue i at a given pH, n;
is the Hill coefficient reflecting the degree of cooperatively between the sites
(Cantor, 1980), and +(i) is the charge, —1 for an acidic or 1 for a basic
residues.

Timing of the MCCE calculations

The analysis of Bovine pancreatic trypsin inhibitor (BPTI) (58 residues and
173 conformations) takes 3 h, whereas RNase H (155 residues and 608
conformers) takes 8 h on a single processor of an R10,000, 180 MHz SGlI
Origin 200. Most the time is spent in the DelPhi calculations. Monte Carlo
sampling to determine all conformer occupancies at 15 pHs takes 20 min
for BPTI and 1.5 h for RNase H.

Single conformer continuum electrostatics
(SCCE) calculations

SCCE and MCCE calculations use the same protein structures with the
same parameters for atomic charge and radius. In SCCE, waters are deleted
and hydroxyl protons are placed in the most occupied MCCE position at
pH 7. The most populated form of the neutral acidic residue at low pH is
the only available neutral conformer. g, is 4.

Atomic coordinates and experimental pK, values

MCCE was used to caculate pKs in 12 proteins (Table 1). The 166
measured values are from *H -*3C heteronuclear resonance experiments
unless otherwise specified. The experimental and calculated pK, for each
residue are reported in the supplementary material (SM 1-X).

Barnase (SM-I) uses crystal structures 1A2P (Martin et al., 1999), 1B20
(Buckle et al., 1993), and the 20 NMR model structures (1BNR) (Bycroft
et al., 1991). Experimental values were measured at low ionic strength
(Oliveberg et ., 1995). The pK , of His-18 was obtained from fluorescence
measurements (Loewenthal et al., 1993).

BPTI (SM-I1) uses crystal structure (4PTI) (Marquart et al., 1983) and
20 NMR structures (1PIT) (Berndt et al., 1992). pK, from NMR experi-
ments performed at 41°C were corrected to 25°C using the method de-
scribed in March et a. (1982).

Intestinal bovine calcium-binding protein (calbindin, CabD) (SM-III)
consists of crystal structure in presence of Ca* (3ICB) (Szebenyi and
Moffat, 1986), 24 NMR structures for the holo-protein (1CDN) (Akke et
al., 1995), and 33 NMR structures for the apoprotein (1CLB) (Skelton et
al., 1995). pK s of Lys with and without calcium is from Kesvatera et al.
(1996). The acidic pK sin the apoenzyme are from Kesvatera et al. (1999).

Rat T-lymphocyte adhesion glycoprotein (CD2) (SM-1V) uses crystal
structure IHNG (Jones et al., 1992). pK s of 14 acidic residues determined
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TABLE 1 Number of polar and charged residues
Scop All D+E C + N ter Y H K R N+ Q S+ T HOH

Protein class Res N Res N Conf Res N Conf Res N Conf Res N Conf Res N Conf Res Conf Res Conf Res Conf Res Conf
BPTI Smal 58 14 4 4 51 2 2 4 4 4 18 - - - 4 4 8 6 14 4 7 4 15 4 56
Barnase a+p 110 14 1212 190 2 1 5 7 - 70 2 1 8 8 36 6 30 10 18 18 70 8 9
CabD-apo a 75 19 17 8 148 2 1 5 1 - 4 - - - 10 10 36 - - 6 12 8 31 - -
CabD-holo  « 75 10 17 19% 2 - 5 1 - 1 - - - 10 10 36 - - 6 9 8 33 1 14
CD2D1 B 176 14 23 13 153 2 1 5 5 - 26 1 8 13 - 48 11 30 17 33 26 87 - -
HEWL a+B 12919 9 9 135 2 1 5 3 2 27 11 4 6 6 30 11 42 17 33 17 8 6 717
HIV-1 B 9 2 8 2 66 2 - 5 1 - 6 1 - 4 6 - 20 4 10 9 17 9 31 1 5
Omtky3 Smal 56 15 5 5 73 2 2 5 33 28 11 8 4 4 20 1 2 5 10 9 40 1 5
ProtG a+pB 56 13 10 9 118 2 1 5 31 18 - - - 6 2 4 - - 4 8 11 47 - -
RNaseA a+pB 124 16 1010 93 2 2 5 6 - 51 4 4 36 10 - 32 4 18 17 34 25 94 4 21
RNaseHi ofg 155 25 1919 265 2 1 5 5 - 42 5 5 36 11 - 4 10 4 15 29 14 57 7 86
RnaseT a+p 104 4 12 1 137 2 - 6 9 - 92 3 3 36 2 - 4 1 4 15 22 21 79 7 118
TRX o/ 108 1 16 1 163 2 - - 2 - 7 1 - 4 10 - 54 1 2 7 14 9 3% 9 o4
All 166 145 93 1592 24 12 60 50 10 404 19 15 144 90 36 376 55 196 126 237 179 701 48 526

SCOP class (Murzin et a., 1995); res: Number of residues; N: Number of residues with experimentally determined pK_s, conf: number of MCCE
conformers with &, = 4 for representative crystal structure (Table 2). HOH: Number of buried waters retained in the calculation.

a low (0.1 mM) and high (1.2 mM) salt concentration were averaged
(Chen et al., 2000).

Hen egg-white lysozyme (HEWL) (SM-V) uses triclinic crystal struc-
tures (2LZT) (Ramanadham et a., 1981), 1BOD (Vaney et da., 1996),
tetragonal crystal structure IHEL (Wilson et a., 1992), 50 NMR structures
(1E8L) (Schwalbe et a., 2001), and the averaged NMR structure (IHWA)
(Smith et al., 1993). pK_s of basic residues are from Kuramitsu and
Hamaguchi (1980), and values for acidic residues at 100 mM ionic strength
are from Bartik et a. (1994).

Turkey ovomucoid inhibitor domain 3 (OMTKY 3) (SM-VI) consists of
OMTKY 3 complexed with human leukocyte elastase (1PPF) (Bode et al.,
1986), Streptomyces griseus proteinase B (3SGB) (Read et al., 1983), or
a-chymotrypsin (1CHO) (Fujinaga et a., 1987). The proteases are re-
moved. There are 50 NMR structures (1OMU) (Hoogstraten et al., 1995).
Acidic residue pK s are measured at low (10 mM) and high ionic strength
(1 M) (Schaller and Roberston, 1995). Basic residue pK s are measured at
15 mM and 500 mM ionic strengths (Forsyth et al., 1998).

B1-immunoglobulin G-binding domain of protein G (ProtG) (SM-VII)
uses crystal structure (1PGA) (Gallagher et al., 1994), 60 NMR structures
(1GB1) (Gronenborn et a., 1991), and minimized NMR structure (2GB1)
(Gronenborn et a., 1991). pK_s at 100 mM ionic strength are from Khare
et a. (1997).

Ribonuclease A (RNase A) (SM-VIII) uses the crysta structure with
sulfate (3RN3) (Howlin et a., 1989), ion free protein (7RSA) (WIlodawer
et a., 1988), and 32 NMR structures (2AAS) (Santoro et al., 1993). pK s
at 200 mM NaCl (Rico et al., 1991; #4211). pK s of His-12, -48, -105, and
-119 in the absence of phosphate are an average of values from Ruterjans
and Witzel (1969), Matthews and Westmoreland (1973), Walters and
Allerhand (1980), and Quirk and Raines (1999); His-112 and His-119 pK s
determined at 20 mM and 100 mM phosphate (Meadows et a., 1969;
Cohen et al., 1973). Sulfate is treated as phosphate.

Ribonuclease Hi (RNase H) (SM-IX) uses crystd structures 2RN2 (K atay-
anagi et a., 1992) and 1RNH (Yang et ., 1990) and Mg?" containing form
(1RDD) (Katayanagi et d., 1993) and 8 NMR derived structures (1RCH)
(Yamazaki et a., 1997). pK_s are from Oda et a. (1993, 1994).

Ribonuclease T1 (RNase T) (SM-X) uses the crystal structure with vana-
date (3RNT) (Kostrewa et al., 1989). Vanadate was treated as phosphate.
Measured pK s are from Inagaki et a. (1981) and McNutt et a. (1990).

Human Immunodeficiency Virus Type-1 Protease (HIV-1) uses the
crystal structure (1HIV) (Thanki et al., 1992) with dihydroethylene-con-
taining inhibitor, which is removed. pK_s are of the aspartyl dyad from
inhibitor free enzyme kinetic studies (Hyland et al., 1991; Ido et ., 1991).

For residues in Barnase, OMTKY3, BPTI, Cabindin, and RNaseHi,
there is more than one pK, reported. The value used is either an average or
the pK, of the site closest to the atom losing the proton. Overall, the
uncertainties are smal (= 0.3 pK units). The n values (Eq. 3) were
estimated from the published titration curves.

Even in these well-characterized proteins, only 166 of the 374 ionizable
residues (Asp, Glu, His, Tyr, Lys, and Arg) have measured pK s (Table 1).
There are no Arg pK s reported. Residues titrating in the same pH region
influence each other. Thus, errorsin the titration of Arg may influence Lys
or Tyr. Likewise, errors in titration of missing Asp or Glu can impact the
titration of the reported residues.

The following have incomplete titration curves that miss the plateau at low
or high pH: Lys-34, Asp-7, and Asp-27 in OMTKY 3, Lys-25 in CabD, Tyr-3,
Tyr-33, Tyr-45, and Lys-13 in ProtG, Asp-93 and Glu-73 in Barnase, Tyr-23
in BPTI, Asp-48 and Asp-66 in HEWL, and His-114 in RNase H. Generdly
titration curves justify the reported values. There are eight residues where only
alimiting valueisavailable. Thisistaken asthe true pK,, which may overstate
the error of the caculations (see supplementary material).

RESULTS AND DISCUSSION

Comparison of MCCE calculated and
measured pK_s

The first pK, calculations using detailed protein structures
and energies derived from continuum electrostatics held the
protein rigid, alowed only changes in residue ionization
states, and used a low protein dielectric constant (e, = 4)
(Bashford and Karplus, 1990; Lim et al., 1991; Yang et dl.,
1993; Honig and Nicholls, 1995). SCCE does not match
experimentally determined pK_s very well (Antosiewicz et
a., 1994; Demchuk and Wade, 1996). However, SCCE
provides good benchmarks for comparing different meth-
ods. SCCE root mean square (RMS) errors at e, Of 4
(Table 2) are similar to those found previously. MCCE and
SCCE calculationswith e, = 4 are compared in Fig. 2 and
Table 2. Experimental pK_s for each residue and values
calculated with different Protein Data Bank files and &,
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TABLE 2 Errors in calculated pK_s

Georgescu et al.

*SCCE gy = 4 *MCCE g, = 4 *MCCE "MCCE & = 4

*Errors in range Eprot  Eprot

= =20
RMS Max *Errors RMS 0Oto 0.75to Max RMS RMS RMS
Protein N PDB R (A) eror eror >15 eror 075 15 >15 emror error error Added structures error
BPTI 14 4PTI 150 080 —17 1 064 10 4 0 13 047 041 1PITS 0.45
Barnase 14 1A2P 150 211 -37 7 1.04 7 6 1 -17 091 089 1B20, 1BNRS 0.81
CabD-holo 10 3ICB 230 087 15 1 0.66 8 1 1 15 038 059 1CDNS® 0.45
CabD-apo 19 1CLB® N.D. ND. ND. 071 14 5 0 14 N.D. N.D. - N.D.
CD2d1 14 1HNG 280 162 41 4 077 12 0 2 17 076 0.73 - N.D.
HEWL 19 1BOD 184 174 —-41 7 063 15 4 0 -11 074 090 2LZT, 1HEL, 1E8° 0.58
HIV-1 2 1HIV 200 N.D. ND. N.D. 062 1 1 0 -08 N.D. N.D. - N.D.
Omtky3 15 1PPF 180 206 —44 7 1.20 7 4 4 —-29 N.D. N.D. 1CHO, 3SGB, 10MU® 1.05
ProtG 14 1PGA 207 213 -50 6 067 10 4 0 13 063 075 1GB18 0.70
RNaseA 16 3RN3 145 269 —6.8 9 0.99 9 6 1 25 066 044 7RSA, 2AAS® 0.83
RNaseH 24 2RN2 148 275 87 13 104 12 8 4 —-26 087 077 1RDD, 1RNH, 1IRCH® 0.73
RnaseT 4 3RNT 180 418 51 3 0.75 3 1 0 11 054 063 - N.D.
TRX 1 2TRX 168 N.D. N.D. N.D. 010 1 0 0 03 N.D. N.D. - N.D.
Eight proteins 126 0.89 0.73

All proteins 166 229 -87 58 0.82 109 44 13 ~3 0.68 0.70

N, Number of experimental pK_s, PDB, representative structure file; R, reported resolution; SCCE, single conformer continuum electrostatics; MCCE,

multiconformer continuum electrostatics; N.D., not determined.

All electrostatic calculations use DelPhi (Nicholls and Honig, 1991) with a solution dielectric constant of 80; Parse (Sitkoff et al., 1994) charges and radii
and a salt concentration of 0.15 M. The protein di€lectric constant (o) is 4, 8, or 20.

RMS error, root mean square error (in pH units) is RMS.error = sgrt((UN) =N, (PKexp — PKao)?) in aprotein with N measured pK .s; Max error, largest
error in pK, for this protein. Eight proteins, Statistics for the proteins where added structures were considered.

*, Calculations using only the representative structure.
T, Calculations that consider added structures.
*, Number of residue pK s with errors in the given range.

S, NMR structures; all other coordinates obtained by x-ray crystallography.

values are in the supplementary material (SM-1-X). For the
166 residues, the average absol ute error decreases from 0.46
(SCCE) to 0.11 pH units (MCCE). The RMS error is re-
duced from 2.29 to 0.81 pH units. Less than 10% of the
calculated pK s differ from experiment by more than 1.5 pH
units. With SCCE 40% of the pK s arein error by this amount
and 7% have errors greater than 4 pH units (Table 2).
Eighty-one residues are on the surface with no special
interactions. However, 35 experimental pK s are shifted by

>1.0 ApK unit from isolated amino acids (Table 3). Thirty-
Six residues are buried and have lost >3 ApK units (4.08
kcal/mal) reaction field (solvation) energy. Fifty-three have
ion pair interactions of >3 ApK units. Thus, 85 residues are
in one or more perturbed categories with many in more than
one class. Surface, noninteracting residues are easiest to
model. Their SCCE RMS error isonly 1.57, and the MCCE
error is 0.67 pH units. Of the unperturbed residues His have
the largest RM S error because of His-124 in RNAse H (see

14

FIGURE 2 Calculated versus mea-
sured pK,s for (a) single conformer
(SCCE) and (b) multiconformer
(MCCE) continuum electrostatic cal-
culations. ey = 4. Asp (@), Glu
(&), Ctr (@), His (¢), Ntr (@), Tyr
(A), and Lys (O).

(b)
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TABLE 3 Experimental and calculated pK_s for different residue types
Experimental pK_s Calculated pK_s
Eprot = 4.0
Eprot = 4.0 RMS error (N) €t = 8.0 gpo = 20.0

Null Av. Max Av. Av. Av. RMS Av. RMS
Residue N pK, pK, SD shift pK, err All Unperturbed  Shifted Buried SE pK, emror pK, error
ASP 48 400 332 107 -398 324 0.08 0.85 0.51(20) 0.78(15 090(16) 1.09(17) 351 0.83 357 1.00
C-ter 9 380 307 051 -093 304 0.02 0.78 0.90(5) 0.86(3) 0.65(1) 0.90 (2) 303 074 303 083
GLU 45 440 410 076 —263 3.82 0.25 0.92 0.66(22) 107(8 120(10) 113(190 403 055 417 088
HIS 15 630 6.76 0.96 176 6.60 016 110 1.41(5 0.85(7) 1.74(2) 1.02 (7) 658 076 662 058
LYS 36 1040 10.70 045 -—-1.11 10.67 0.03 0.84 0.54(23 156(1) 0.62(2 1.71(5) 11.28 089 1123 0.83
N-ter 3 750 7.82 016 022 747 031 042 0.42(3) (0 (0 (0) 763 026 764 012
TYR 10 1020 1058 083 -—-191 10.78 -0.09 0.77 054(4) 026(1) 095(5) 118(3) 1013 0.67 10.61 0.56
Tota 0.74 0.90(35) 1.00(36) 1.11(53)
MCCE 166 0.83 0.67 (81)* 1.09 (85)" 0.70 0.74
SCCE 144 223 157 259"

N, number of residues with experimentally determined pK s, experimental pK_s, null pK,, amino side chain pK_s in peptides in solution (Richarz and
Waiithrich, 1975; Matthew et al., 1985); Av. pK_, average of experimental pK s for residues considered here; SD, standard deviation of measured pK s, Max
Shift, maximum difference between experimental and null pKs; For the calculated values, Av pK, the average calculated pK; Av Err, average difference
between calculated and experimental pK,; RMS error, root mean square error (in pH units). Value in parenthesis gives number of residues in each of the
following classes. All, all residues; Shifted, residues whose experimental pK_, differs from the null value by more than =1 pH unit; Buried, residues with
aloss of reaction field energy of more than 3 ApK units (4.08 kcal/mol); SE (strong electrostatic), Residues where occupied conformers have favorable
pair-wise electrostatic interactions of more than 3 ApK units; Unperturbed, al other residues.

*RMS errors for unperturbed residues.

TRMS errors for perturbed residues. Most perturbed residues are counted in more than one category (Shifted, Buried, SE).

below). Perturbed residues have larger errors with SCCE
(RMS eror 2.58 pH units). MCCE provides significant
improvement (RMS error 1.09), but these residues pose the
greatest challenge for calculation (Table 3). The largest
errors come from residuesin strong interactions (RMS error
1.17) as do some of the greatest improvements. One diffi-
culty isthat many ion pairs involve Arg for which there are
no measured pK_s.

pPK,s calculated with different structures of the
same protein

Calculations should provide values that are the same for all
nominally identical structures of the same protein. The
average standard deviation with SCCE of the 32 residuesin
lysozyme structures (2LZT and 1BOD) is 1.4 pH units and
only 0.5 pH units with MCCE (SM-V). Thus, MCCE con-
formational flexibility greatly diminishesthe dependence on
the initia structure. In addition, the RMS error for the 19
residues with known pK s is cut in half.

The pK s derived from crystal and solution structures
were compared for 126 residues in eight proteins (Table
4). MCCE uses a rigid backbone and nonpolar side
chains. The sampling of conformational space is in-
creased in an ensemble of NMR structures, where each
has somewhat different backbone and side chain posi-
tions. Thus, the average RM S variation of residue pK_sis
1.5 pH units when different NMR coordinate files are
compared. However, the RMS error of the averaged pK s
is 0.83 pH units, smaller than for the crystal structures

(0.94). Similar improvement was found in single con-
former studies with g, of 20 (Antosiewicz et a., 1996).
Calculations with single, deposited average NMR struc-
tures have slightly larger errors (RMS error 1.02 pH
units). However, the improvement with analysis of en-
sembles of NMR structures comes at the expense of more
calculations. Here, 271 NMR structures were analyzed
for the comparison of eight proteins.

Comparison of experimental and calculated
n values

The Hill coefficient, n, in Eq. 3 measures how much residue
titrations influence each other. Neighboring residues titrat-
ing in the same pH range have smaller n values. Experi-
mental n values were obtained for 94 residues in CabD,
Barnase, OMTKY 3, CD2d1, and RNaseH, either from the
published values or from the shape of published titration
curves. Even in these small proteins, half of the residues
have n values smaller than 0.85, whereas only two have
values significantly larger than 1. The MCCE derived val-
ues (Eqg. 3) are well correlated with those determined ex-
perimentally (Table 5).

The correspondence between calculated titration curves
and MCCE site occupancies become worse as n decreases.
This is because Eq. 3 provides only an approximation for
the behavior of individual residues, missing the complex pH
dependence of clusters of interacting residues (Onufriev et
al., 2001).

Biophysical Journal 83(4) 1731-1748



1738

Georgescu et al.

TABLE 4 MCCE calculations with NMR and x-ray derived structures

X-ray NMR
Protein PDB RMS error Max error PDB n RMS error Max error RMSV RMS error* Max error*

BPTI 4PTI 0.64 1.30 1PIT 20 0.62 1.78 1.40 0.85 154
Barnase 1A2P 1.02 1.50 1BNR 20 0.94 1.66 1.63

CabD-holo 3ICB 0.67 1.60 1CDN 24 0.47 0.99 1.17 0.67 1.21
HEWL 2LZT 0.86 1.75 1E81/IHWA 50 0.74 1.75 1.77 1.22 2.88
Omtky3 1PPF 1.20 3.00 10MU 50 1.10 254 0.87

ProtG 1PGA 0.67 1.17 1GB1/2GB1 60 0.65 1.44 0.60 0.87 2.17
RNaseA 3RN3 0.99 2.46 2AAS 32 1.28 2.77 221

RNaseH 2RN2 1.04 2.60 1RCH 8 1.15 2.44 1.60 1.33 2.83
All 0.93 3.00 0.84 2.77 154 1.02

£prot = 4.0. For NMR structures. n, the number of structures analyzed; RMS error and Max Error. consider the average of the calculated residue pK, given

al n structures. The root-mean-square-variation (RMSV) of pK_sfor aresidue (j) in agroup of n NMR derived structuresis: RMSV = sgrt((1/n) =L,

(PKay

- ij)z) inwhich pK, isthe average ensemble pK . RMS* and MaxErr* represent cal culations using the single averaged structure deposited with the NMR

structures.

Calculation of water and ion binding

Solvent exposed waters are removed, whereas buried waters
are treated in the same detail as side chains with conforma-
tions allowing rotation about the oxygen. Each water has an
extra conformer in bulk solvent with no interactions with
the protein. The reaction field energy of free, solvated water
controls the occupancy of interior sites. The water/hexane
partition coefficient suggests a —3.56 ApK units (—4.84
kcal/mol) reaction field energy for an isolated water in bulk
water (Wolfenden and Radzicka, 1994). For water to be
bound, the remaining reaction field energy plus added in-
teractions with the protein must be more favorable than this.
There are 38 buried, crystallographic waters (Table 1). With
a solution reaction field energy of —3.56 ApK units, the
average water site occupancy is only 33% (pH 7). The
fraction increases to 77% as the penalty for removing the
water from bulk was decreased to 0.87 ApK units. Similar
results were found in earlier MCCE calculations (Alexov
and Gunner, 1999). In the group of proteins studied here
only Asp-66 in HEWL has a pK, that depends on bound
water (see below). The indifference to water in this data set
can be seen in the similarity of the pK s derived from crystal
structures and those using NMR structures where no waters
are included. However, in other systems, bound water can
have alarge impact on the stability of buried charges (Gibas

TABLE 5 Distribution of Hill coefficients (n) values

Experimental n values

Parameters n<08 08 =n=11 n>11
Calculated n < 0.85 32 4 0
n 08 =n=11 15 41 0
Values n>11 0 0 2

Experimental n values for 94 residues obtained either from published
values or estimated from the shape of the published titration curves. MCCE
values calculated with the representative structure (Table 2), e, = 4.
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and Subramaniam, 1996; GarciaMoreno et a., 1997,
Alexov and Gunner, 1999).

Analysis of salt-bridges and corrections for
strong electrostatic interactions

It is often difficult to obtain the correct pK s for residuesin
ion pairs (Sindelar et al., 1998). Continuum electrostatics
calculations often over-stabilize the ionization of charges,
lowering acid pK s and raising those of bases. MCCE with
no correction yields pK s for the 98 acids —0.59 pH units
too low and for the 43 bases 0.54 pH units too high. An
empirical function (SOFT) (Egs. 4a and 4b, Fig. 3) was
introduced to weaken strong pair-wise electrostatic interac-
tions with other conformers (AGﬁ') and with backbone and

nonconformer containing side chains (AG, ).
o AGﬁI
AG{(SOFT) = r AbSAGEKT)—5.5) (49)
KT X |1+ 1+ e(Abs(AGs/kT)S.S):|
AGpol,i
AGpoI,i(SOFT) = r ABS(3Gyol TKT)—5.5)
KT X _1 + 15X 1+ e(AbS(AGpo|,i/kT)5.5):|

(4b)

With full strength interactions the global RMS error is 1.68
pH units (Tables 2 and 6), whereasiit is 0.86 with the SOFT
function. The average errors for the acids and bases are now
—0.16 and 0.07 pH units, respectively. This function has
little effect on the pK, of most groups, but for 20 residues
the error is decreased by >1.5 ApK units (Fig. 4).

The SOFT function can be viewed as increasing the
effective dielectric constant but only for relatively close
neighbors (Fig. 3). The largest change halves the interaction
energy, equivalent to an e, of 8. There are several reasons
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FIGURE 3 SOFT function applied to reduce strong pair-wise (4A) con-
former-conformer (Eg. 4a); (O) conformer-polar group (Eq. 4b) electro-
static interactions. Dashed line, initial AGS; dotted line, energy halved.

that this may be necessary. Interaction energies are very
sensitive to small changesin position when groups are close
together. If structures report the closest allowable separation
for salt-bridges as the time-averaged position then the in-
teractions will be too large. Small excursions, weakening
electrostatic interactions are not taken into account. In ad-
dition, MCCE uses L ennard-Jones parameters (SM-XI1) that
yield good values for hydrogen bonds. These may underes-
timate the cost of bringing ion pairs together, overestimat-
ing the electrostatic interactions. Lastly, the available con-
formers may not be optimal for stabilizing the charge-dipole
state of the ion pair at low and high pH. Thus, the SOFT
function represents a pragmatic solution to the problem of
obtaining good values for ion pairs. However, future imple-
mentations of MCCE will aim to use enhanced local con-
former flexibility to render this function unnecessary.

TABLE 6 Accuracy of pK, calculations with and without the
SOFT function

RMS error Max error
Protein PDB N Soft-off  Soft-on  Soft-off  Soft-on
BPTI 4PTI 14 0.69 0.64 1.29 1.30
Barnase 1A2P 14 2.14 1.04 311 1.50
CabD-apo 3ICB 19 1.25 0.71 2.25 1.39
CabD-holo  1CLB 10 0.75 0.66 1.92 1.56
CD2d1 1HNG 14 1.21 0.77 2.84 1.67
HEWL 1BOD 19 0.86 0.63 1.96 111
HIV-1 1HIV 2 0.58 0.62 0.73 0.81
OMTKY3 1PPF 15 1.49 1.20 3.48 2.97
ProtG 1PGA 14 1.32 0.67 2.36 117
RNaseA 3RN3 16 2.20 0.99 3.80 2.46
RNaseH 2RN2 24 1.94 1.04 3.71 2.60
RNaseT 3RNT 4 5.80 0.75 8.30 111
All 165 2.16 0.83 48 3

gt = 4.0. N is the number of residues with measured pKs for each
protein. SOFT function is Eq. 4.
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FIGURE 4 Comparison of the error in the pK_s calculated with and
without the SOFT function (Eq. 4). (O) acids; (®) bases. Along heavy line
pK s are unchanged. Residues in the shaded region have larger errors with
the SOFT function. Those in the white region have their errors reduced.

MCCE calculations with different protein
dielectric constants

Residue pK ;s were calculated at &, Of 4, 8, and 20 (Tables
2 and 3). With SCCE, there is marked improvement as &,
isincreased (Antosiewicz et al., 1996; Demchuk and Wade,
1996). However, MCCE calculations are only moderately
sensitive to e, The RMS error at e, = 8 (0.69) is
slightly smaller than with e, = 4 (0.84) or gy = 20
(0.70). Here, site titration is stabilized by either explicit
conformation change at small e, or by the averaged
dielectric response as &, increases. Fewer conformational
changes are seen as g, IS increased.

With larger e, buried charges have a smaller AAG,,,
and smaller pair-wise interactions. Because most pair-wise
interactions are favorable, changes in these two terms tend
to offset each other. However, explicit conformational flex-
ibility can stabilize a charge more than e, of 20. For
example, the MCCE pK, of Asp-7 in OMTKY 3 increases
from 2.8, the correct value, 10 5.0 as g, increases from 4
to 20. In other cases the ionized form is too stable with g,
of 20 indicating the high dielectric constant either overes-
timates the local protein flexibility or weakens unfavorable
pair-wise interactions.

Conformational flexibility in the
MCCE calculations

In the proteins used here, 55% of the residues have multiple
conformers either because they are polar (23%) or ionizable
(32%). Overall 62% of the available conformers have some
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FIGURE 5 Number of polar (Ser, Thr, Asn, GIn) conformers that have
changed occupancy by the given percentage as the pH is changed from O
to 14.

occupancy and 48% are occupied by more than 10% during
the titration. Focusing on changes in polar residues (Asn,
Gln, Ser, Thr, and waters), 17% do not change conformation
between pH 0 and 14, 65% show small changes of 1% to
20%, whereas only 4% change occupancy by >50% (Fig.
5). Most motions are hydroxy! reorientation or rotation of
Asn or GlIn, which would not be seen by x-ray crystallog-
raphy. However, these rotations rearrange hydrogen bond
networks and so can have significant impact on calculated
pK_ s (Hooft et al., 1996; Nielsen and Vriend, 2001). In
addition, severa residues take heavy atom conformations
different from that found in the protein data file at some
point in the pH titration, and these have significant impact
on calculated pK s (see below).

MCCE analysis of individual proteins

The benchmark pK, calculations show the MCCE method
yields as good fit to data as other current methods (An-
tosiewicz et a., 1996; Mehler and Guarnieri, 1999) (see
below). The unique advantage of this method is that it
follows explicit movement of side chains and waters during
a titration and so highlights important conformational
changes (Alexov and Gunner, 1999).

Lysozyme

Lysozyme is a glycosyl transfer enzyme (Vocadlo et al.,
2001). The cleaved bond is held between Glu-35 and Asp-
52. There are 31 ionizable residues and all have measured
pK s with the exception of the 11 Arg, 1 Tyr, and the N
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TABLE 7 Outcome with different methods for pK,
calculations: the results for lysozyme

Method gt RMS error Glu-35 Asp-52 Asp-66
Exp pK, 62*+01 37*x01 09=*05
MCCE 4 0.86 6.2 30 26
MCCE* 4 0.98 5.3 7.1 12
SCCE 4 2.05 5.3 7.8 -10
M-G 4 0.72 5.9 35 2.6
SC-W 4 1.36* 59 4.9 33
Y-B 4 1.30 4.2 6.8 20
D-w 15/75 0.81 45 3.0 29
V-SK 20 0.70 4.3 33 18
A-MC-G 20 0.80 36 34 14
w 20 0.98 4.7 NR NR

Calculations of lyzozyme active site cluster, Glu-35, Asp-52, and Asp-66
pK s using coordinate file 2LZT. Residue with the highest pK, is high-
lighted. SCCE, MCCE data presented here; MCCE*, Asn-46 is fixed in
conformer found in 2LZT; RMS error, all calculations compared to the 19
experimental pK_s in (Bartik et al., 1994) with the exception of S-C-W
(Sham et al., 1997) where only seven residue pK_s were reported. M-G
(Mehler and Guarnieri, 1999); Y-B (You and Bashford, 1995); D-W
(Demchuk, and Wade, 1996); V-S-K (Van Vlijmen et a., 1998); A-MC-G
(Antosiewicz et d., 1996); W (Warwicker, 1999); NR, values not reported.

terminus. Glu-7-Lys-1 and Asp-48-Arg-61 are ion pairs.
Glu-35, Asp-52, and Asp-66 are in acluster of residues with
like charge. With the exception of Lys-1, these interacting
residues are all buried, with AAG,,,, 3 ApK units. Many pK,
caculations have been carried out on this protein (see
below). The MCCE RMS error for 1BOD is 0.63 pH units.
Three residues have errors of ~1.1 pH units, whereas all
other errors are smaller (SM-V).

Polar side chain motions

The active site, Glu-35 has a pK, of 6.2, Asp-52 of 3.7, and
Asp-66 of 0.9. The interaction between 35 and 52 isonly ~1
ApK unit. The high Glu pK, has been hard to caculate. With
SCCE the order of ionization of 35 and 52 are interchanged
(Table 7). However, MCCE cdculations with several x-ray
and NMR structures reproduce the pK_s. One determinant is
Asn-46. At low pH, conformers with OD1 and ND2 near
Asp-52 are both occupied. At high pH, the Asn dways has
ND2 closer to the ionized Asp stabilizing it by ~2 ApK units.
Monte Carlo sampling with the Asn fixed in the conformer
found in the crystal structure (OD1 closer to Asp-52) inter-
change the order of titration of Glu-35 and Asp-52 (Table 7).

Small motions yield significant changes

When Asn-46 is fixed the pK, of Asp-66 decreases by 1.4
pH units. The difference in interaction with ionized Asp-52
and Glu-66 of ~0.5 ApK unit is too small to explain the
change. However, reorientation of Thr-51, Ser-60, Thr-69,
two waters, and Arg-68" al stabilize Asp66~ more when
Asn-46 isfixed. The Asp-66 pK , also decreases as the water
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TABLE 8 pK_s of interacting residues in RNaseA and CD2:
the impact of ion binding and mutation

Experimental pK_s SCCE MCCE
wild wild ~ wild
CD2 type Mutant type type WT* E29Q E41Q
Glu-29 45 4.5 (E41Q) 18 4.8 39 - 32
Glu-41 65 50(E29Q) 75 58 62 41 -
Experimental
RNAse _ PKS gece MCCE
A No PO, +PO, NoPO, NoPO, Dynamic Fixed PO,
His-12 5.8 7.0 -10 4.8 6.8 7.6
His-119 6.1 7.1 6.7 54 6.2 6.4

Experimental pK_s for wild-type (WT) and mutant CD2 (Chen et a.,
2000). The structure IHNG used for all calculations. WT* has Glu-29
fixed in the heavy atom position in IHNG. Calculations of the E29Q and
E41Q mutants disallowed all ionized conformers of the appropriate Glu
forcing the residue to remain neutral. Previous calculations have shown
similar pair-wise interactions of a neutral Glu and a Gln with surrounding
residues (Alexov et a., 2000).

Experimental pK_s for RNase A (3RN3) in the absence of phosphate
(Ruterjans and Witzel, 1969; Matthews and Westmoreland, 1973; Walters
and Allerhand, 1980; Quirk and Raines, 1999) and with phosphate (Mea
dows et a., 1969; Cohen et a., 1973). The SO, in 3RN3 is treated as a
dianionic PO,. All simulations use the same energy |ook-up tables, which
has one conformer with the ion as found in the data file and another with
no interactions with the protein. No PO,, Only the noninteracting con-
former alowed; dynamic, both conformers allowed; fixed PO,, only the
bound conformer allowed.

solution reaction field energy is diminished, increasing the
occupancy of stabilizing, buried waters.

CD2d1

Rat CD2d1, in the immunoglobulin superfamily, is the
N-terminal domain of the T-cell antigen CD2 (Driscoll et
al., 1991). It is important for cell surface recognition
(McAlister et a., 1996) and transmembrane signaling dur-
ing T-cell activation (Sunder-Plassmann and Reinherz,
1998). The CD2 ligand-binding surface has a high propor-
tion of charged and polar residues including Glu-28, Glu-
29, and Glu-41, Arg-31, and Thr-37 so ionic interactions are
thought to be important for binding and specificity. The
pKs of 14 of the 55 ionizable residues have been deter-
mined (Chen et a., 2000) (SM -1V).

Rotamer changes on the protein surface

Asp-28, Glu-29, and Glu-41 are in a cluster on the binding
surface (Fig. 6 A, Table 8). Glu-41, with apK of 6.5, helps
bind target proteins (van der Merwe et al., 1995; Chen et al.,
2000). At low pH, Glu-41°, Glu-29~ occupy rotamers close
to Arg-31" and Lys-43" further from Asp-28~. As Glu-41
isionized, Glu-29™ reorients. Fixing Glu-29 in its original
rotamer lowers its pK, by 0.7 pH units, whereas that of
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Glu-41 is raised by 0.4 pH units. This cluster is modeled
less well at e,y = 20.

Calculation of pK_,s in mutated proteins

Glu-29 and Glu-41 have been mutated to GIn and pK_s
measured for nearby residues (Chen et a., 2000). MCCE
calculates pK s in mutated proteins by supplying conform-
ers for the replacement residue. These are added to the
wild-type structure, so interactions for both wild-type and
mutant side chain are in the same energy look-up table.
Monte Carlo sampling then allows only appropriate residue
conformers (Alexov et al., 2000). Previous calculations
have shown that interactions with neutral Asp are compa-
rable with that of Asn (Alexov et a., 2000). The mutation of
Glu-29 and Glu-41 in CD2 were therefore modeled with the
wild-type energy look-up table where the mutated acid was
simply forced to remain in aneutral conformer. If Glu-29is
mutated to Gln, the pK, of Glu-41 is lowered by 1.7 pH
units in agreement with the experiment shift of 1.5 pH units
(Table 8). However, mutation of Glu-41 to Gln lowers the
caculated pK, of 29 by 1.6 pH units in contrast to the
measured negligible change.

Prot G

Streptococcal protein G, an immunoglobin binding protein
with small (55-75 amino acids) repeating domains (B1, B2,
and B3), binds immunoglobin-G constant regions (Tashiro
and Montelione, 1995). The pK s of 13 of the 21 ionizable
residues have been determined (Khare et a., 1997) and
residue ionization studied previously by an SCCE based
approach with e, of 20 (Khare et a., 1997). Glu-56 and
Lys-28 are buried (AAG,,,, > 3). lon pairs include Glu-27
with both Lys-28 (3.0 A) and Lys-31 (3.0 A), Glu-15 with
Lys-4(3.4A), Asp-47 with Lys-50 (3.0 A), and Glu-19 with
the N terminus (3.4 A). Each pair has >3 ApK units
pair-wise interaction with each other.

Accurate pK,s of ion pairs can rely on side chain motions

Protein G has five residues in salt bridges. SCCE at e,; =
4 for the five residues with known pK s have an RMS error
of 3.1 pH units, whereasitis0.75 with MCCE. Inthe crystal
structure (1PGA) Glu-27 is close to Lys-28 and Lys-31 so
the SCCE pK, of Glu-27 is too low and that of Lys-28 too
high. In the average NMR structure (1GB1) the Glu is
further than 8 A from either Lys. MCCE provides good
pK s for both Lys-28 and Glu-27 starting with the 1PGA
structure because a new Glu conformer is selected that is
closer to that found by NMR. Changes in conformation
reducing ion-pair stabilization had been suggested in previ-
ous SCCE based calculations at &, = 20, which could not
obtain the correct pK, for this Glu (Khare et a., 1997). The
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FIGURE 6 (Top) Position of occupied conformers of interacting resi-
dues on the binding surface of rat CD2d1 (LIHNG). The order of ionization
is Glu-28, Glu-29, and then Glu-41 as the pH israised. Glu-29 moves from
neutral conformer A to ionized position B. The B conformer has more
favorable interactions with Lys-43 and Arg-31. At low pH, the neutral
Glu-41 isfound with the proton at position A (78%) and B (18%). (Bottom)
Conformer positionsin the active site of RNaseA (3RN3). His-119, His-12,
and the doubly ionized PO, shown. The imidazole nitrogens (ND1 and
NE2) in darker gray. His-12* and His-119*, found in the deposited struc-
ture, differ from His-12 and His-119 by rotation around the CB—CG bond.
His-119 positions A and B are included in the deposited structure file. At
low pH ionized His-12* predominates (70% occupied) and His-119B* and
His-119B are both found. Between pH 3 and 5, a small amount of ionized
His-119A is occupied. Both His-119 proton tautomers (ND1 or NE2
protonated) are occupied. PO, dissociates from the protein as His-12 looses
its proton.
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accurate pK, for Glu-15 aso relies on several rotamers
being occupied during its titration.

OMTKY3

The avian ovomucoids are glycoproteins composed of three
tandem, homologous structural domains, each acting as a
serine protease inhibitor (Laskowski et a., 1987). Structures
of the third domain, complexed to different proteases, have
been determined. The ionization states of the 15 the 16
ionizable residuesin theinhibitor have been measured in the
absence of protein target (Schaller and Roberston, 1995;
Forsyth et al., 1998). Previous calculations of pK_s were
made using an SCCE based approach with e, = 20
(Forsyth et a., 1998). NMR studies show the binding region
in solution is located between Lys-13-Pro-22 and Asn-33-
Ala-40 (Song and Markley, 2001). Lys-13 and Lys-34,
Glu-19, and Tyr-20 are found at this interface (SM-VI).

Problems calculating pK_,s of residues in clusters

Lys-13, Lys-34, and Tyr-11 form a triad titrating near the
same pH, amotif that is often causes problems. In 1PPF the
pK, of Lys-13 and Tyr-11 are both 1.6 pH units too high,
whereas Lys-34is2.6 pH unitstoo low. Theionized Lys-34
is destabilized by loss of reaction field energy and unfavor-
able interactions with backbone. A favorable interaction of
—1.2 ApK units between Lys-13° and Tyr-11" helps stabi-
lize the anionic Tyr. In 3SGB the two Lys pK s are close to
experiment, whereas Tyr-11 is >4 pH units too high. The
AAG,,, for Lys-34 and its interaction with backbone are
reduced by 3 pH units shifting its pK, up. This Lys takes
different conformations when it is neutral and ionized.
However, the occupied conformer of Lys-13° has little
interaction with the Tyr-11", which now remains neutral
even at pH 14.

RNaseA

Bovine pancreatic RNaseA is a ribonuclease with a well-
defined binding cleft containing His-12 and His-119 and
Lys-7, Lys-41, and Lys-66. Of the 36 ionizable residues 16
have known pK_s (Rico et a., 1991; Quirk and Raines,
1999) and residue ionization has been studied previously by
an SCCE based approach with e, = 20 (Antosiewicz et
al., 1996).

Selection of His tautomers

His-12 and His-119 are functionally important residues.
There are two positions for His-119 in 3RN3. Previous
studies have shown the calculated pK, depends on the
choice of rotomer and neutral His tautomer, which must be
preassigned in SCCE based methods (Antosiewicz et al.,
1996). With MCCE dll rotamers and tautomers are available
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during Monte Carlo sampling (Fig. 6 B). With this freedom
the calculated pK_s are 0.7 to 1.6 pH units lower than the
experimental value (phosphate free) and relatively indepen-
dent of the structure analyzed (SM VI11).

lon binding

His-12 and His-119 bind phosphate increasing the pK, of
each by 1 to 1.2 pH units (Table 8) (Cohen et al., 1973;
Matthews and Westmoreland, 1973; Walters and Allerhand,
1980). In MCCE ion binding is modeled by providing the
phosphate with two conformers. One interacts with the
protein, whereas the second isolated conformer has —45.6
ApK units (—62 kcal/mol) of reaction field energy. When
bound the phosphate looses 9.5 ApK units of reaction field
energy (3RN3), which must be replaced by favorable inter-
actions, primarily with ionized His-12 and His-119, for the
protein bound conformer to be occupied. Although it is
possible to dynamically calculate the phosphate ionization
state within MCCE, this was not done here. Rather, phos-
phate is always doubly ionized. Monte Carlo sampling was
carried out under three conditions using the energy look-up
tables for 3RN3. In one, the phosphate conformer bound to
the protein is forced to be occupied, in another the unbound
conformer is fixed on, lastly both conformers are allowed
and so the ion remains in equilibrium with the protein.
Comparing phosphate bound and free, the pK, of His-12
increases by 2.8 and His-119 by 1.0 pH unit (Table 8). The
shift is intermediate if phosphate remains in equilibrium
with the protein. Here the phosphate dissociates, as His-12
looses its proton. The calculations thus reproduce the order
of ionization of 12 and 119 as well as the magnitude of the
pH shifts with and without phosphate. The experimental pK
shift of 1 to 1.2 pH with added phosphate is closer to that
found in the dynamic cal culations suggesting that the ion is
lost when the two His are neutral.

Unstable calculated pKs for residues in a buried ion pair

His-48 has a measured pK, of 6.3 (Table 3). With MCCE
the pK, is 2.5 pH units too high in the crystal structure
3RN3, whereas in NMR structures (2AAS) the average is
1.7 pH unitstoo low with an RM S variance of 4.4 pH units.
The variability of His-48 is coupled to changes in Asp-14
with which it has an interaction of ~—5 ApK units when
both areionized. NMR structures, which gave very different
pK_s for these groups, were compared. When the Asp
AAG,,,, is moderate and its interaction with the backbone
favorableit titrates at low pH and the His remainsionized to
very high pH (10 or greater). However, there are structures
where the Asp AAG,,, is >9 ApK units so it now stays
neutral until pH 10. Here the favorable His*:Asp™ pair-
wise interactions are never important because the His ti-
trates well before the Asp. Thus, small shiftsin Asp AAG,,
significantly changes the pK_ of both Asp and His.
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RNase T1

Aspergillus oryzae RNase T1 and Barnase from Bacillus
amyloligefaciens are guanine-specific microbial RNases
with an active site similar to RNase A (Mauguen et al.,
1982).

Stabilization of ionized His

RNase T has three histidines (27, 40, and 92) all with
elevated pK_s, measured between 7.3 to 7.9. The MCCE
pK s lie between 7.1 and 9.0, reproducing the high values.
His-40 and His-92 are near Glu-58 in a cluster that binds
phosphate. In MCCE the phosphate leaves the protein near
pH 4, slightly lower than where Glu-58 becomes ionized.
Glu-58" then stabilizes the ionized His as suggested previ-
ously (McNutt et al., 1990). His-92, with the higher calcu-
lated pK, has a stronger interaction with Glu 58~ than does
His-40. The high pK, of His-27, which is distant from 40
and 90, relies on a favorable interaction with Glu-82~.

An isolated, buried Asp stabilized by polar side chains

Asp-76 has aprofound effect on the conformational stability
of RNase T (Giletto and Pace, 1999). Protein unfolding
studies suggests that it is fully ionized at physiological pH
with a pK_, below 1. The calculated pK, is 3.4. The residue
is deeply buried with a AAG,,,, 6 ApK units, Dipolar inter-
actions with Asn-9, Tyr-11, and Thr-91 alone provide —6.5
ApK units stabilization. The Asn is in the conformer found
in the protein data file at high pH but is rotated by 180°
when the Asp is neutral. The hydroxyl in the Tyr and Thr
take a distribution of positions that change with pH. In
addition, favorable interactions with Arg-77 and His-92 add
another —2 ApK units when they are ionized.

RNaseH

RNaseH is a smal endonuclease (124 residues), which
cleaves the RNA strand of a DNA-RNA hybrid. Four acidic
residues (Asp-10, Asp-70, Asp-134, and Glu-48) and a
Mg"? form the active site. There are 36 ionizable residues.
All acidic residues, as well as the His and Ntr, have mea-
sured pK s (SM 1X). Previous analysis of acidic residue
pK s used an SCCE-based approach with g, of 4 and 10
(Oda et d., 1994).

Effects of conformational changes not considered
by MCCE

His-124, near the active site, has a pK, of 7 (Oda et d.,
1994). However, its calculated pK, is 4.5 in 2RN2, 1RDD,
and in the NMR structures 1RCH. These structures were
obtained above pH 8 where the His is neutra and the
calculations show this His form istoo stable (Katayanagi et
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al., 1992). All have His-124 pointed out toward the surface
with a AAG,,,, of less than 0.25 ApK units. However, all
have ~—1.5 ApK units interaction with the backbone de-
stabilizing the positively charged His. The nearby Lys-122
also shifts the pK, down dlightly (<0.5 ApK unit). Given
only structures with an outward conformation for His-124
the MCCE yields afirm, incorrect prediction that the pK, is
lower than 5. However, 1RNH has the His buried within the
protein close to the active site acidic cluster (Oda et al.,
1993). Although this structure is also made above pH 8, the
calculated pK,, is 8.7, so the ionized His is now too stable.
Hereit haslost more reaction field energy but has favorable
interactions with four acids. Thus, it appears that the correct
pK, may be obtained if the His can move between the
buried (ionized) and exposed (neutral) forms, which would
reguire changes in backbone conformation. The Hisisin a
loop with a sequence GHAG. The Gly may aid mobility.
However, backbone changes cannot currently be considered
in MCCE conformer sampling.

Errors in the calculated pK, for Asp-10

There are two acids, Asp-70 and Asp-13 near Asp-10.
1RDD has a Mg*? bound to the cluster, whereas the other
structures do not. Experimental and calculated titration
curves (Oda et al., 1994) show coupling of Asp-10 and
Asp-70 with most of 70 titrating near pH 2.5 and 10 near pH
6.5. With Mg™2, the measured Asp-10 pK, decreases by 2
pH units, whereas the other two acidic residues show mod-
erate shifts (0.8 pH units) (Oda et a., 1994). Although
Asp-70 and Asp-134 are reasonably calculated in presence
(1RDD) and absence (1RNH) of Mg*? the Asp-10 calcu-
lated pK, is at least 4 pH units too high. Severa factors
contribute. Asp-10 is the most deeply buried of the three
acids and the most destabilized by the others. In addition,
the neutral Asp-10 isactually stabilized by interactions with
ionized Asp-134 and Asp-70. A variety of Monte Carlo
calculations were carried out in an attempt to lower the
Asp-10 pK, The Mg*? position was varied. pK,s for
Asp-70 and Asp-134 remained close to experimental values,
but Asp-10 remained neutral. There are several exposed
crystallographic watersin the active site that are stripped off
during protein preparation. These were added back, chang-
ing the calculated Asp-10 pK, by less than 0.5 pH units.
Thus, MCCE calculations of thisresidue are so aberrant that
thisis the one residue whose calculated pK , is not included
inthe RMS error for the method. Given its position it ishard
to justify a pK, as low as 6 in any available crystal or
solution structure. It should be noted that in MCCE calcu-
lations at &, = 20 the pK, is far closer to that measured.
Thus, it appears that there are conformational changes on
ionization that are not captured in the current MCCE meth-
odology or in any of the available structure.
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Error assessments

Benchmark calculations are carried out to validate a method so
it can be used to estimate unknown pK_s. Thus, it isimportant
to recognize when a calculated pK , ismore likely to be wrong.
Of the 166 residues considered here, in the standard structure
chosen to represent each protein, 26% have errors >1 ApK
unit and only 3% 2 ApK units. The four residues with errors
>2 ApK units are A3p-10 and His-124 in RNase H, His-48 in
RNase A, and Lys-34 in OMTKY 3, al described above.

Several parameters were compared to determine if resi-
dues with a poor fit to the experimental data could be
identified. The average value of n (0.89) in Eq. 3isthe same
for the residues with errors greater and smaller than 1-pH
unit. The fit to theoretical titration curve (Eg. 3) was aso
similar for both classes. However, when multiple protein
structures were available, the variability is significantly
greater for residues with greater error. Thus, if the standard
deviation of the calculated pK, is <0.8-pH units most
residues (88%) have errors <1-pH unit, whereas, if it is
>1.2-pH units most (72%) have calculated pK ;s with errors
>1-pH unit. Three of the four residues with errors >2-pH
units have standard deviations of >2. The variability in
calculated pK, sometimes highlights clear changes in struc-
ture (such asfor His-124 in RNase H). However, often asin
the case of His-48 and Asp-14, the structures are not very
different. Rather modest differences in energy terms deter-
mine which residue in a cluster is ionized first.

Residues in clusters, where several interacting groups
titrate near the same pH, are the most difficult to calculate.
There are two clusters in barnase, Asp-8, Asp-12, and the
Ctr, and in the active site Asp-54, Asp-75, Asp-86, and
Glu-73. In OMTKY 3 there is Tyr-11 and Lys-13 and Lys-
34. In RNase H Asp-10, Asp-70, and Asp-134 are in the
active site. Asp-52, Asp-66, and Glu-35 are in the active site
of lysozyme. Of the 17 residues with errors of more than 1.4
pH units, eight arein these four clusters. Here small changes
in energies change the order of ionization leading to large
pK, shifts. Finer sampling of MCCE conformers just for
these clusters may lead to more reliable results. For exam-
ple, the rearrangement of Asn-46 is the key to obtaining the
correct order of ionization in the lysozyme cluster (Table 7).

As expected, including calculations with more structures
improves the reliability of the calculations by increasing the
conformational space sampled. One structure is used as
representative for each protein. Multiple structures were
analyzed for eight proteins. The RMS error for the repre-
sentative structures is 0.89, whereas it is 0.73 when pK_s
obtained from al proteins are averaged.

Comparison between the results with different
methods for pK, calculation

The MCCE calculations provide a global RMS error of
~0.8 ApK units. This is comparable to calculations with
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data sets of ~90 residues using SCCE based methods at
gprot = 20 (Antosiewicz et a., 1994, 1996; Khare et a.,
1997). Another approach using a nonhomogeneous environ-
ment with a microenvironment-modulated screening func-
tion (sigmoidally screened Coulomb potentials) gives an
excellent match to measured data (RMS error ~ 0.5 for
~100 residues (Mehler and Guarnieri, 1999)).

The RMS error for a group of residues provides a rough
view of the goodness of fit of the calculations. However,
there are differences in the residues considered for each
protein and in the experimental values chosen for compar-
ison. Different methods also obtain good valuesfor different
residues. A second approach is to consider the outcome for
asmall group of residues. The cluster in lysozyme contain-
ing Glu-35, Asp-52, and Asp-66 has been considered in detall
in earlier work, all of which compare the structurein 2LZT.
All e, = 4, single conformation calculations (SM-V), or
calculations with limited flexibility (You and Bashford,
1995) find that Asp-52 has a pK, higher then Glu-35. With
eprot = 20, single conformer calculations (Antosiewicz et
a., 1996; Warwicker, 1999) or averages of multiple struc-
tures generated by molecular dynamics (Van Vlijmen et al.,
1998) find the pK s of these two groups to be similar, close
to the pK s of these acids in solution. Methods that raise the
interior dielectric constant are strongly biased to return a
pK close to the solution value. Methods where the interior
dielectric is defined for individua residues (Demchuk and
Wade, 1996) dso return low pK,s for both Glu-35 and
Asp-52 because significant portions of the protein have an
£prot OF 15 0r higher. The average experimental residue pK ;s
are dlightly stabilized relative to what is found in small
peptides with a modest standard deviation (Table 2). Thus,
high e, calculations model the bulk of the data well but
have difficulties calculating the rare but interesting shifted
pK,.

Linear response approximation calculations by Warshel
and collaborators (Sham et al., 1997), which use the semi-
microscopic version of the protein dipole Langevein dipole
method to incorporate the effects of relaxation, obtain the
correct order of titration for the residues. This methodology
alows backbone and side chain positions to respond to
changesin charge. The calculation of Mehler and Guarnieri
reproduce the pK s of the cluster very well. The screening
function introduced in this method depends heavily on
resides surrounding a residue. If they are more polar the
electrostatic interactions are more heavily screened. The
empirical function appears to be able to find good pK,
values for groups throughout a protein (Mehler and Guarni-
eri, 1999). As described above, MCCE obtains good values
for the pK _s. Therotation of Asn-46 occurswith thetitration
of Agp-52. This conformational change represents a specific
mechanism for dielectric relaxation of this particular Asp,
diminishing the energy difference between ionized and neu-
tral forms of the acid.
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CONCLUSIONS

The ionization state of proteins as a function of pH, metal
ion, and mutation was calculated for several soluble pro-
teins. In each, MCCE calculations show the importance of
electrostatic and dynamic factors in evauating the free
energy of aresidue as it changes ionization state. The loss
of reaction field energy, pair-wise interactions with the
backbone, and polar and ionized side chains captured in
classical, single conformer continuum electrostatic studies
remain important. However, the conformational flexibility
in MCCE improves the match to benchmark pK_s without
blunting interaction energies as is done in methods that use
high average dielectric constants. Rather MCCE allows the
protein explicit mechanisms of relaxation as the charge state
changes. The structure can change with pH to follow
changes in hydrogen bonding patterns and ion binding site
occupancy.

MCCE adlows only limited changes in conformation.
Thus, the motions seen here as coupled to residue ionization
represent possible conformational changes. In particular, the
importance of backbone motions can now be seen only by
comparison of different starting structures. Future calcula-
tions will aim to sample more degrees of freedom to allow
ever more regdlistic view of the interaction of protein with
charged groups.
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gova's to n calculations, and the financial support of National Science
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