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A Self-Consistent, Microenvironment Modulated Screened Coulomb
Potential Approximation to Calculate pH-Dependent Electrostatic Effects
in Proteins
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ABSTRACT An improved approach is presented for calculating pH-dependent electrostatic effects in proteins using
sigmoidally screened Coulomb potentials (SCP). It is hypothesized that a key determinant of seemingly aberrant behavior in
pK, shifts is due to the properties of the unique microenvironment around each residue. To help demonstrate this proposal,
an approach is developed to characterize the microenvironments using the local hydrophobicity/hydrophilicity around each
residue of the protein. The quantitative characterization of the microenvironments shows that the protein is a complex mosaic
of differing dielectric regions that provides a physical basis for modifying the dielectric screening functions: in more
hydrophobic microenvironments the screening decreases whereas the converse applies to more hydrophilic regions. The
approach was applied to seven proteins providing more than 100 measured pK, values and yielded a root mean square
deviation of 0.5 between calculated and experimental values. The incorporation of the local hydrophobicity characteristics
into the algorithm allowed the resolution of some of the more intractable problems in the calculation of pK,. Thus, the
divergent shifts of the pK, of Glu-35 and Asp-66 in hen egg white lysozyme, which are both about 90% buried, was correctly
predicted. Mechanistically, the divergence occurs because Glu-35 is in a hydrophobic microenvironment, while Asp-66 is in
a hydrophilic microenvironment. Furthermore, because the calculation of the microenvironmental effects takes very little CPU
time, the computational speed of the SCP formulation is conserved. Finally, results from different crystal structures of a given
protein were compared, and it is shown that the reliability of the calculated pK, values is sufficient to allow identification of
conformations that may be more relevant for the solution structure.

INTRODUCTION

The electrostatic interaction between two charges in a dibeen demonstrated that the generalized Born-surface area
electric medium decreases rapidly as the separation betweepntinuum solvation model also gives rise to sigmoidal
the two entities is increased. This is a result of the dielectricscreening (Mehler, 1996b). Thus, the general sigmoidal
medium’s intrinsic ability to shield the electrostatic field screening form applies to both high and low dielectric
arising from the charge. There is compelling experimentaimedia. Theoretically, the Lorentz—Debye—Sack (LDS) the-
and theoretical evidence that the general functional form obry of polar solvation also leads to sigmoidally screened
this screening is sigmoidal. Early experiments on organielectrostatic fields (Debye, 1929; Lorentz, 1952; Sack,
acids (Debye and Pauling, 1925; Schwarzenbach, 193@,926; Sack, 1927). LDS theory has been used to develop
Webb, 1926) were collected together and presented as megadial dielectric permittivity profiles to describe ion and
values in tabular form (Conway et al., 1951) that produceddipole field sources (Ehrenson, 1989) and to derive an
a smooth, sigmoidal screening as a function of separatiogxpression for the hydration energies of spherical ions
with an asymptotic value of about 80. Experiments on wate{Bucher and Porter, 1986) from the integral form of the
as a dielectric medium indicate that the electrostatic field, aBorn Equation (Born, 1920). Subsequently, Ehrenson
loci only two solvation layers£6 A) away from a charge, (1989) showed that by using Bher’s analytic expression

is dramatically damped, almost approaching the bulk dielec(Bgttcher, 1938) of Onsager's theory (Onsager, 1936), the
tric screening ofe = 80 (Harvey and Hoekstra, 1972; reaction field corrected LDS theory for both dipolar and
Pennock and Schwan, 1969; Takashima and Schwan, 196%symmetric ion field sources also yielded sigmoidal screen-
When two charges are in close proximity, however, theing. (For a review of LDS theory and its relation to protein
dielectric screening rapidly diminishes approaching the vacelectrostatics, see Mehler, 1996a.) In various applications
uum value because there is no intervening dielectric. Thesgzollura et al., 1994; Mehler, 1996a; Mehler and Solmajer,
conditions are simultaneously satisfied with a radially de-1991), it has been shown that sigmoidal screening leads to
pendent sigmoidal screening function. Additionally, it hasthe reliable prediction of properties dependent on electro-
static effects in proteins, and therefore is an attractive for-
_ — o mulation for the development of implicit solvent models
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achieved by the finite difference Poisson—BoltzmannTHEORETICAL BASIS AND CHARACTERIZATION
(FDPB), but requires substantially less computing effort. OF MICROENVIRONMENTS

Interestingly, although these various methods predict a ma, . .
jority of the pK, shifts correctly, they were consistent in the Calculation of the electrostatic free energy

occasional dramatic errors on singularly important residuesThe calculation of the pkof titratable groups in proteins is
The divergent pK shifts of the two titratable acids of hen greatly simplified by considering the thermodynamic cycle
egg white lysozyme, Glu-35 and Asp-66, are particularly(Bashford and Karplus, 1990; Bashford and Karplus, 1991;
problematic. The divergent pKshifts cannot be simply Warshel, 1981)

explained by the buried fraction (Demchuk and Wade,

1996), since the two titratable groups are nearly completely 2.303RTpK\(s) - .
buried. Thus, it appears more likely that the unique local AH(s) <= A (s)+H(s)
environment around each residue is a key determinant fo, , (AN N g A (A~
. . . IJ“s,p( ) /-Ls,p( )
the pK, of Glu-35 to be two pK units higher than its water \ B \ .
value, whereas in Asp-66 the gks more than two units AH(p) <=  A(p)+H(s)
lower. Ponnuswamy et al. (1980), showed that at a detailed 2.303RTpK(p)
level, the local environmental hydrophobicity that sur- (1)

rounds each resqjue |s.d|st|n.ct and can be quite d|f1‘e_rer\;\,here (p) and (s) refer to protein or solvent, respectively.
from all other residues, implying that a different screeningrn,s. the pK of group A in the protein can be calculated
would be required for each site (for PB calculations, each, o its pK, in model solvent (water) and the additional
site would require its own internal permittivity value) as has hanges in free energy that arise when the titratable group is
been pointed out by Warshel (King et al., 1991). transferred from water into the protein. Here, only the

In this work we hypothesize that a key source of singleg|gcirostatic contributions are considered and(pKis ob-
residue aberrations in pKs a result of the special protein zined from the relation

microenvironment that exists around the singular residue.

To test this hypothesis, a strategy has been developed to A A W+ Awi

quantitatively characterize the hydrophilicity or hydropho- PKa(p) = PKa(S) + 5 303RT * ()
bicity of the microenvironment around each titratable )

group, and then use this property to modulate the Compdz\/herew',L1t is the interaction free electrostatic energy of the
nents of the electrostatic free energy operative in proteingharged group in the field of all the other groups in the
The advantage of this approach is that by using physicoProtein, andAw; is the change in self-energy on transfer-
chemical properties independent of the parameters requirdénd the group from water into the protein.

to calculate the electrostatic effects, one might gain addi- In Mehler (1996b), it was shown that with an SCP of the
tional insight into the relation between protein structure andorm

the forces that control its function. Accounting for every

local microenvironment in the entire protein structure could o) =D,
become prohibitively costly. Therefore, to preserve the i
computational speed of the SCP, the quantitative calculation

of the microenvironments has been implemented in a way/n€req; is the charge at point, r; = |r — r;| and D) is
that requires virtually no additional CPU time. a screening function, the total electrostatic free energy of a

In the next section of this paper the method for quanti-SyStem consisting of M groups could be expressed as the
fying the microenvironments is presented, and the dielectri§UM of the interaction term and a transfer contribution as
screening function used previously (Mehler, 1996a; Mehler N
and Eichele, 1984) is reformulated to account for the local w= S W+ At
variation in the dielectric properties of proteins. The algo- A A
rithm is applied to calculating the pKn bovine pancreatic
trypsin inhibitor (BPTI), triclinic hen egg white lysozyme where A may refer to subgroups of each amino acid residue
(HEWL), ribonuclease A (RnaseA), ribonuclease T1 (Rna-and other groups contributing to the total charge of the
seT), ribonuclease HI (RnaseHI), calbindinD9k (Cab) andsystem. As discussed in the introduction, both experimental
the B1 immunoglobulin G-binding domain of protein G results and theoretical considerations indicated thaf) D(
(ProtG). These seven proteins provide a data set of 108hould have a sigmoidal form (for details, see the appendix)
measured pKvalues that have been used to develop theas originally proposed by Mehler and Eichele (1984).
parametrization of the algorithm. Subsequently, the method For the calculation of the pK it is not necessary to
is tested on turkey ovomucoid inhibitor domain 3, HIV evaluate the total electrostatic free energy, but only the
protease, and other crystal forms of some of the proteins igontribution from each titratable group in the field due to all
the test set. Finally, the results obtained here are comparete other groups in the protein. In most péalculations the
with other calculations and potential improvements for thefull titration charge is placed at one or more fixed positions
quantification of the microenvironments are considered. in the protonatable moiety of thd titratable residues, and

G
D(rpr;’ 3)

(4)

A=1
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the equilibrium charge state is calculated from the distribuTABLE 1 Parameters for the dielectric screening functions*

tion of the charge over thé*donization microstates (Bash- Do A Remarks

ford and Karplus, 1991; Berqza et al., 1991; Gilson, 1993) ] 150 0.003 Default screening for BR- 0.7
In the procedure developed in Mehler (1996b), the assigng_ 50 0.00475 Default screening for BE 0.7
ment of the ionization charge over the atoms of the protop, 2.0 0.011 Special screening for BE 0.3

natable moiety was determined variationally to allow it toD,, 2.353 0.01443 D= 77.695k = 35.644
respond to the protein environment. To reduce cOMPUtiNGgor the definition of the screening function and the parameters, see the
time, the direct determination of thé'Zharge microstates appendix.
was bypassed by coupling the total variational ionization”BF = buried fraction.
charge of each group, at the given pH, to the HendersonFour parameter fit to [ (see text and the appendix).
Hasselbalch equation. In this paper the method presented in
Mehler (1996b) is still used, but has been modified; the
details of the modified approach are discussed in the appendigmounts to nearly 4.5 pK units, while, at= 3 A, the

The calculations reported in Mehler (1996b) were basedlifference is 1.4 pK units. In contrast, at= 8 A, the
on a single screening function that had been parametrizedifference is only 0.09 pK units and continues to decrease
earlier on the basis of pKshifts in bifunctional organic with increasingr. Thus, for small separations between
acids and bases ([ defined in Mehler and Eichele, 1984). groups, the contributions to the interaction energy are quite
Thus, the only parameter introduced in Mehler (1996b) wasensitive to which screening function is used. This is also
a scaling of the interaction energy of nearby charges. Téhe case for the transfer energy, since the Born radiinR
improve and generalize the approach followed in MehlerEq. A2, lie between about 1.2 A and 2.6 A. Which screening
(1996b), it is hypothesized that the screening for groupdunction is used for a given titratable group depends on the
deeply buried in the protein should be less than for solventraction of the group’s solvent accessible surface area that is
exposed groups. This reflects the commonly accepted viewuried in the protein, i.e., the buried fraction. When these
that the protein interior is more hydrophobic than water. Totwo screening functions are incorporated into the calcula-
implement this hypothesis, two new screening curves wergon, there was some improvement in the pilues, but the
constructed by redefining Jand A (see appendix, Eq. A1) pK,of Glu-35 in lysozyme was still too small by more than
so that, for small separations, one curve would provide mor@ne pK unit.
screening than ), used in Mehler (1996b), whereas the
other would provide less screening. These two screenin% tificati £ th . . t
functions, O and D,, as well as the screening function in uantitication of the microenvironmen
water, O, are shown in Fig. 1 (Bwill be discussed below) Analysis of the local environments around Glu-35 and
and the values of Pand A are given in Table I. Although Asp-66 in lysozyme shows that for the former the nearest
these two screening functions appear to be very similar, foneighbors are largely hydrophobic residues, whereas for the
small values ofr (see inset, Fig. 1) the energy is quite latter residue the nearest neighbors are much more hydro-
sensitive to small changes in the screening. Thus,=at2  philic. The increased hydrophobicity around Glu-35 has
A, the difference between the two curves for unit chargesonsequences for both components of the electrostatic free
energy: the energy transfer term will become more positive
(more unfavorable), which can be effected by a decrease in
RP (see Eg. A6). The screening of the Coulomb potential
should also decrease, especially for interactions with nearby
atoms so that they are larger in magnitude relative to a less
hydrophobic region. However, this will be partially offset
by the fairly small partial charges on atoms in hydrophobic
groups. Sincav™ is usually negative, whereag" will be
positive for hydrophobic regions, the resulting shift in pK
will depend on the subtle balance between these two quan-
tities. The transfer of Asp-66 from water to a relatively
hydrophilic environment, where JiR") is larger, will result
in a smaller transfer energy (less unfavorable; it could be
negative if the local environment is more hydrophilic than
water), and the Coulombic screening should be greater.
These considerations clearly suggest that the relevant quan-
tity for characterizing the local environment, here called the
microenvironment, is the hydrophobicity or hydrophilicity
FIGURE 1 Screening functions defined in TableSblid ling D,,; short (here We USFT‘ Hpy to refer to the;e properue; and their
dashed lineD;; long dashed lineD,; anddots D,. The inset is a detail V@lU€S in particular cases) of the residues or their fragments
from 0.5 to 3 A. (See the appendix for details). near the given titratable group.

80
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There are a large number of Hpy scales available fofined on the basis of a distance criterion, and only atoms
evaluating the hydrophobicity of amino acid residues (Cor-satisfying it are included in the calculation of the total Hpy
nette et al., 1987). Generally these scales have been usedamund the given group. The initial set of values that have
evaluate the hydrophobicity of a particular residue, or atbeen used in the calculations are tabulated in Table 2. Note
least its side chain. Here, the hydrophobicity of the particthat the water value was estimated from the fragmental
ular residue is not required, but instead, because the reonstants of aliphatic OH and, K, (Rekker, 1977).
sponse of the residue to changes in the local environment is The microenvironment of any group is defined as the
the quantity of interest, it is a quantitative measure of theregion that lies within a sphere of radius 4.25 A from any
hydrophobicity/hydrophilicity of the microenvironment that (nonhydrogenic) atom belonging to the group. This radius
is needed. A hydrophobicity scale based on atoms or smallas chosen because it essentially includes the first shell
fragments is most appropriate for the algorithm proposediround each atom, but does not extend to atoms beyond this.
here because it allows the microenvironment to be definedh addition, this value is in reasonable agreement with the
in a simple, distance dependent way. In addition, this type otriterion used by Ponnuswamy et al. (1980). In analogy with
scale can account for the fact that side chains generally dthe formula used to calculate log P from the fragmental
not have a single Hpy value along their entire length, nor ddydrophobic constants (Rekker, 1977), the Hpy value for
all the atoms of a side chain necessarily belong to a giveeach microenvironment of a group is calculated from the
microenvironment. A further important advantage of a frag-formula
ment-based scale is that the presence of coenzymes, pros- Na
thetic groups, ligands, or nucleic acids can all be accounte _
for with a consistent scale. From these considerations, thg|pyA = 2 20,RFHG (1 =4.25A (B A). ®)
Rekker Fragmental Hydrophobic Constants (Rekker, 1977;
Rekker, 1979) were selected to evaluate the hydrophobicin Eq. 5, RFHG is the contribution of atom b to the
ties of the microenvironments in the present calculations. fragment's fragmental hydrophobic constant as given in

The Rekker scale was the first fragmental system develTable 2,N, is the number of atoms in group A and
oped and is based on assigning hydrophobicity parameters
and correction factors to small functional fragments to cal-
culate log P values (for details, see Rekker, 1977). This
scale has been widely used in the pharmaceutical industry as ensure that each atom in the microenvironment is counted
a means to calculate partition coefficients of potential drugonly once. Schematic representations of the microenviron-
candidates. Here, we usenidtto obtain the hydrophobicity/ ments around Glu-25 and Asp-66 in lysozyme are presented
hydrophilicity of a particular residue, but to obtain this
quantity for the local protein environment. This is done by

(1) identifying fragments of all the residues that are in theragLe 2 Rekker fragmental hydrophobic constants* for
neighborhood of the titratable residue, (2) assigning themino acid residues

a Bb

4 — 1 if atom b has not been counted
b 0 if atom b has been counted,

Rekker cgefficients to these fragr_‘ngnts, 3) su_mming therq:ragme,ﬁ f Values Remarké

to determine the local hydrophobicity/hydrophilicity of the

region around the titratable residue, and (4) assigning a H g'gg

appropriate screening for this environment. Three otheEHz 0.704

fragmental systems have been proposed, of which two areonH -157 CON-2.03; 0:~1.01; N: =1.01; C: 0.0; H,,

based on functional fragments (Leo et al., 1975; Suzuki an@henyl 1.886 Each C: 0.314

Kudo, 1990) and one is atom based (Ghose and CrippedRP 2.628 Each C or N: 0.222; H; 0.1

1986). All the fragmental systems that have been proposengi :i'ggg

to date are calibrated on the basis of partition coefficientsyg —014 C.N:—0.068: H: 0.10

(log P). The parameters are therefore completely indepenisH 0.04 C:N:—0.032; H: 0.10

dent of protein structural information. Thus, their successfulcoo -1.29 0:-0.645;C: 0

use to describe local protein environments will give somecOOH  —0.954 0:=0.477; C: 0

indication of the universality of the hydrophobic conceptg:jzco _%)'970 N:—0.868; 0:~1.143; C: 0

and the transferability of scales developed from differentg _051

physical concepts. A recent report compared the four meth=s—s— 0.37

ods and showed that the Rekker system was one of the moet —1.491

accurate available (Mannhold et al., 1995). Arg —4.928 NH:—1.825; NH2:-1.428; C: 0.15
Arg* —4.531

In this initial application the original values of the hy-
drophobic fragmental constants and correction factors were2
*|
used (Rekker, 1977). For each fragment the values wer o
titioned to the atoms belonaing to that fragment. and tQStructure of each protonatable fragment is given in Table 3.
pgr . : ging g ! See Table in Appendix of R. F. Rekker (1979).
simplify the calculations, net charge on a specific group waspojar hydrogens are 0.0 unless stated otherwise.
not accounted for. Then the microenvironment can be delsee Rekker (1977, p. 108).

—-1.029 0:-1.58; H,.4 0.462; H: 0.09
. F. Rekker (1977, 1979).
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Microenvironment of Glu 35 Microenvironment of Asp 66
Total hydrophobicity = 1.25 Total hydrophilicity = -6.61
Gly 67
Trp 108 Ala 3l -0.55 Cys 80
121 Q < -101 Ne SN 053
C— Leu 56 4 \ (o
/ N, H s, B Asn 65
JON o) -1.01 Arg68 o/ “H s\ fror
CB CDl O -2.49 ,A\CB - o / C
~c - —C C Nz /TN
A l | "H °
N.
_C_ . H Ca C—Cf N-H ZSH H-Q
y /ﬂ Gln 57 CJ\ _o_ H - Cy
~
Yal 109 H 1.06 Thr 69 C\B H f Ser 60
: —N -1.56 H ~ -
/C N‘C’CB H 0 o\ 0.96

A H ! Cz.
030 Trp 111 % Tyrss R
- Thr 51
0.46 079 0.22

FIGURE 2 Residues defining the microenvironments of Glu-35 and Asp-66 in HEWL. The number under each residue is its contribution to the total
hydrophobicity or hydrophilicity. Atoms within 4.25 A of any atom of the titratable moiety (shown in bold) are labeled. See text for details.

in Fig. 2. These diagrams show that in most cases only some Three measures for characterizing the hydrophobicity of
atoms of a given amino acid residue are located within 4.25he microenvironments are defined: first is Hpgefined in

A of one or more atoms of the group in question. Moreover Eq. 5, second is the total hydrophobicity of the microenvi-
these arrangements of the atoms in space clearly show homwnment due to the fraction of the group buried in the
the protein architecture has evolved to create the hydrophgrotein and the fraction exposed to solvent

bic microenvironment around Glu-35 and the hydrophilic B
microenvironment around Asp-66. THpYa = BFx Hpya + (1 — BF)HpY, (6)

In addition to the Hpy of the protein microenvironments, \yhere Hpy, is the value of Hpy in the solvent, and finally,
the Hpy in the solvent are needed to calculate the gain 04 measure of the hydrophobicity of a given group’s micro-
loss of hydrophilicity in the solvent to protein transfer environment relative to what it would be if the group was
process. These were calculated by immersing each titratabigtally immersed in water, i.e.,
residue in an equilibrated water droplet and carrying out 100
ps of dynamics after heating to 300 K. The residues were rHpya = THPYa/HpyA. (7)
capped with neutral fragments at the termini. From the

int | 70100 31 struct tracted H These quantities have been calculated for all proteins in
interval 74— PS, structures were extracted, an Hpy,q qatq set, and average values, calculated from the seven
calculated for each structure using the water fragment val-

. . . . roteins in the data set for each type of titratable residue, are
ues given in Table 2, and the final value was obtained fronﬁ P

th fthe H | lculated f the 31 st iven in Table 4. It is of interest that the buried fractions and
€ average ot the ripy values caiculated from the S StuCq,;- o0 vironments are quite different for the different res-

tures using Eq. 5. The results for the protonatable reS|due|aue types. The reciprocal aHpy is an indication of the

are given in Table 3 and the atoms belonging to the titrat- . . -
: ) th tal hydrophobicit t fer-

able groups, as defined in the PAR19 parameter set Olpcrease n the environmental hydropnobicily on transter

CHARMM (Brooks et al., 1983), are also shown. It should

be noted that in analogy to Rekker's (1977) formula for

calculating log P from the hydrophobic fragmental con-TABLE 3 Hydrophilicity of titratable groups in water

stants, Hpy as defined in Eq. 5 is an extensive quantity. Titratable

Therefore, in an environment that is uniformly hydrophobic Résidue Group* Hpy?
or hydrophilic its magnitude will tend to increase with His C-Imidazole —18.453
increasing size of the group. In addition, basic groups will Lys C-NH, —11.420
tend to orient the waters with the dipole pointing away from %r/? g(_'ggc(NHZ)Z _8.368
the titration site (oxygen pointing toward the group), which Asp C_COO _13.492
will tend to increase the hydrophilicity of the microenvi- G C-COO ~12.832

ronmgnt, whereas for the &_ICIdIC_grOUPS the dipole will ter]Q*Moiety of the titratable residue that carries the charge
to orient toward the ftitration site (hydrogens nearer thecHarRMM PAR19 (Brooks et al., 1983).
acidic group) tending to increase the hydrophobicity. *Not calculated, set to Lys value.

as defined in
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TABLE 4 Average values of the microenvironment TABLE 5 Buried fractions, screening function assignments,
properties for each type of titratable residue and properties of the microenvironments of HEWL
Residue o o Residue
(No) BF Hpy THpy rHpy No. Residue BF* DB trint  Hpy®  THpy" rHpyl
Tyr (31) 0.76(0.20) —0.55(1.71) —2.48(2.08) 0.30(0.25) 1 NTERM  0.493 11 -1.22 -6.39 0.56
His (13)  0.63(0.26) —3.53(2.90) -9.51(3.21) 0.52(0.18) 1 LYS 0.441 11 1.88 -555 0.49
Asp (36) 056 (0.25) —3.55(2.98) —8.20(2.83) 0.61(0.25) 5 ARG 0.597 1,1 -3.67 -6.79 059
Glu (45) 0.52(0.25) -1.35(2.80) —7.11(3.13) 0.55(0.24) 7 GLU 0.267 31 -1.36 -9.77 0.76
Arg (32) 0.40(0.23) -—1.02(1.68) —7.50(1.93) 0.66 (0.17) 13 LYS 0.310 1,1 -0.65 -8.08 0.71
Lys (49) 0.33(0.22) -0.42(1.17) -7.77(251) 0.68(0.22) 14 ARG 0.270 1,1 -0.38 -844 074
Averages calculated from the seven protein data set; values in parentheses 15 HIS 0.711 21 ~19  -673 036
in colugmns 2-5 are the standard de\ﬁations ’ P 18 ASP 0.561 11 ~009 —5.97 044
' 20 TYR 0.769 2,2 -0.14 -2.04 024
21 ARG 0.223 11 -0.77 -9.04 0.79
ing the i bl ¢ | its final o 23 TYR 0.547 1,1 1.04 -322 038
ring the t|_trata e group from so vent t.o its |na.posmon in a3 LYS 0.404 11 114  -797 064
the protein. Thus, for the lysines, this increase is only about 35 LU 0.869 2.2 125 —059 0.05
1.5, which is not surprising considering the small value of 45 ARG 0.289 31 -222 -876 0.77
BF. Histidine is the second most buried residue, but on the 48  ASP 0.497 11 —406 -880 0.65
average, its microenvironment appears to be quite hydro- gg ﬁi’; gggf 21; :2'22 :i'gg 8'22
philic, and the increase in hydrophobicity is less than two. g, ARG 0.607 11 178 557 049
The titratable moiety of Tyr is the most buried with the most g ASP 0.931 1,2 ~6.70 -7.17 053
hydrophobic microenvironments. In an initial more ex- 68 ARG 0.336 1,1 -352 -877 0.77
tended study of the microenvironments of all groups ina 73 ARG 0.423 11 067 -631 055
sample of 13 globular proteins comprising a total of 7132 ASP 0391 L1 ~415  —984  0.73
) — —— 96 LYS 0.709 2,1 -0.62 -3.76 0.33
groups, it was found that BeRndrHpy had values of 0.81 97 LYS 0167 03 101 968 085
and 0.43, respectively (Mehler, unpublished results). There- 101 ASP 0.648 1,1 —277 —654 0.48
fore, the average increase in hydrophobicity is about 2.3, 112 ARG 0.377 1,1 -0.48 -7.29 0.64
which compares well with the value of 2.6 obtained in an 114 ARG 0.282 11 126 -7.84 0.9
: : e 116 LYS 0.170 0,3 -0.87 -962 084
;aarher stucri]y(;)y Pc()jnnuswamy et al. (1980) using very dif 119 ASP 0393 11 238 —913 068
erent methods and assumptions. . 125 ARG 0321 11 096 806 0.71
The buried fractions (BF) and microenvironment proper- 12g ARG 0.023 0.3 0.00 —11.16 0.98
ties of each titratable moiety in lysozyme are given in Table 129 CTERM  0.197 1,1 0.53 —10.20  0.80

5. Itis seen that only a few values of Hpy are greater thangyied fraction of the titrating group.

zero. However, as will be discussed below, it was found thatscreening function assignments to transfer energy (tr), interaction energy
titratable groups with a BF less than 0.7 should be considgént).

ered as solvent exposed for the pt@lculations. Consider- jgee Eq- Z-

ing groups with BF> 0.7, only Glu-35 has a positive value .. Eg_' y

of Hpy. The values of THpy orHpy provide additional

insight into the change in the hydrophobicity of the micro-

environment when the group is transferred from water to

protein. In HEWL, THpy is always negative and the highestmicroenvironments of these two residues are the most hy-
value is—0.59 for Glu-35; the next largest value4s1.99  drophilic in HEWL, while that of Glu-35 is the most hy-
for Tyr-53. Comparison of the microenvironment of Glu-35 drophobic. It should finally be noted that the valuesidpy

with the average values and standard deviations for Glgan be negative, indicating extreme hydrophobicity, or
(Table 4) also clearly exhibits the unusual nature of the locagreater than one, indicating a microenvironment more hy-
environment around Glu-35. drophilic than water.

ConsideringHpy, the smaller the value the more hydro-
phobic the protein microenvironment of the group relative
to water. Thus, the value of Glu-35 is the smallest (it implies
that its protein microenvironment is around 20 times moreThe hydrophobicity measures of the microenvironments in
hydrophobic than water!) in HEWL, and the next value islysozyme (Fig. 2, Table 5) reveal a complex mosaic of
five times larger. Comparison of the microenvironments ofdifferent dielectric regions that present determinants of elec-
Glu-35 and Asp-66 shows how the structural characteristicsrostatic properties that are quite independent of the buried
(see Fig. 2) translate into the quantitative description of thdraction. In several important cases a totally buried residue,
differences in hydrophobicity between the two microenvi-which usually is considered to exist in a low dielectric
ronments provided by the three hydrophobicity parametersiegion, is shown to actually be found in a quite hydrophilic
In HEWL, only Asp-52 has an Hpy value slightly more microenvironment. Thus, transfer of such a residue from
negative than Asp-66. Thus, the protein contribution to thewater to protein is, in fact, only a small perturbation because

Parametrization and the microenvironment
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the screening in such a microenvironment of the protein willrmsd was used to decide if a particular combination of
be close to that in water. Nevertheless the microenvironscreening functions was to replace the default assignments
ments around the titratable groups of proteins show thatiepending only on the BF value. This approach was taken
they are generally more hydrophobic than in water (com-because of the observation from the comparison of results
pare Tables 3, 4, and 5). using different crystal forms that a particular large error
The values of [ and A used to define Pand D, were  may be due to a conformation that is not relevant for the
determined as described above to account for the expecte@lution structure (see below) or that the sources of a
differences in dielectric behavior depending on the extent Obarticular error may be due to one or more inadequacies of
burial, but the explicit values were not calibrated against th@he method. For these reasons, and because the results
PK, of the protein data set. To incorporate these two screenpgicate that the quantification of the microenvironments
ing functions into the algorithm, a switching value had to beyij| need further extension and refinement, exhaustive op-
determined, which was accomplished by assigningd2ll - {jmization was not carried out. Modification of the default
protonatable groups with a BF below a given threshold a”dscreening was applied to titratable groups with 8F0.7,

D, for the others. A value of 0.7 was found to give the yhare the hydrophobicity or hydrophilicity of the microen-

lowest root mean square deviation (rmsd) between calCWi oy ments was far from the mean value; the border region
lated and experimental palues in the data set and is used with 0.7 = BF = 0.8 was treated differently from groups

for switching between B(BF < 0.7) and B (BF = 0.7) for .with BF > 0.8. For groups with very small buried fractions

all subsequent calculations. The calculations carried out "EBF < 0.3) and microenvironments very close to water, a

thls.way do not consider the explicit effectﬁ of the mISI'O- third screening function was introduced (i Table 1 and
environments and therefore are labeled as “menv-free” cal-

culations in the following discussions. Fig. 1) that is much closer to pthan D, or D,. Table 6

From Fig. 2 and Tables 3, 4, and 5, it is apparent that fOIgives the thresholds for which the default conditions are
individual residues there c’:ar'l be c,:onsiderable variatiorﬁmdiﬁ(_:‘d for calculating the electrostatic energies, and they

around the mean values of the properties characterizing tHd€ discussed in the following paragraphs.

microenvironments. It seems reasonable, therefore, to make The protonatable mplety of Glu-35 in Iysozyme is a
use of this to identify microenvironments that exhibit espe-Puried titratable group in a very hydrophobic environment

cially large deviations from the mean, and use the physicaiSe€ Fig. 2 and Table 5). According to Rekker (1977), Table
implications of these deviant regions to modulate the eleclX: 1. p- 301), amino acid residues for which the fragmental
trostatic properties of the titratable groups in question. TdWdrophobic constants sum to a relative hydrophobicity
incorporate this idea into the algorithm, it is necessary todreater than one, are considered lipophilic, and this value
define quantitatively when the properties of a microenvi-has been used here to define an extremely hydrophobic
ronment deviate enough from the mean values to requirglicroenvironment. As mentioned above, only a few buried
modification of the menv-free assignments of the screeningyrosines are in more hydrophobic microenvironments than
functions given above. These parameters were determingdlu-35, but their pK values have not been measured. The
in the following way. The microenvironments of groups for effect of very hydrophobic environments is to reduce
which the calculated pKshowed the largest errors were screening and to make the transfer of the titratable group
analyzed to rationalize on physical-chemical grounds thdrom water to the protein more unfavorable. Since the pK
sources of the errors and the changes in screening that mighas been measured only for Glu-35, any parameter adjust-
lead to improvement. However, only reduction in overallment is arbitrary, so that in these cases (see Tablaw8)

TABLE 6 Buried fraction and microenvironment-dependent assignments of screening functions and scaling factors

BF* D, Hyp® rHpy" DI Remarks

03=-.--=07 1 — — Always O for w™ and Aw"
=07 2 > 1.0 << 0.25 2;2 Aw" Scaled by 1.75
07=-.--=0.8 2 —-40<---< —-0.50 — 1;2 Asp; Glu**
-->0.8 2 < —4.0 — 1;2 Asp; Glu**
07<---=08 2 = —40 — 11 All residue¥’
...< 0.3 1 — > 0.8 -3 Aw" Set to 0.0
--<03 1 < —1.0 07<---=0.8 31 All residues

*Buried fraction.

“Default screening functions for calculatidgy” andw™ are used for all regions not explicitly defined in the Table.

SHydrophobicity of the protein microenvironment.

Relative hydrophobicity (see text).

Ichanges in assignment of screening functions due to effects from the microenvironments. The first number in the pair is the screening funation used fo
Aw" and the second number is used Vd".

*For Lys, Tyr, Arg, and His, the screening assignments are reversgis Dsed forAw" and D, is used forw™ (see text.)

#f BF > 0.8 and THpy< —10.0 or rHpy> 0.8 bothw™ and Aw" are calculated with P
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has been scaled to increase the energy penalty for transfarsing a probe radius of 1.0 A, and the group average
ring a charge from solvent to the protein interior. (defined by CHARMM) was used to scale all thev for

The average value of Hpy for the microenvironmentsthe given group (see Table 5 for the HEWL values). The
surrounding the titratable residues in the seven proteins dBorn radii were determined in the same way as described in
the data set is about1.5, but, as noted (see Table 4), the the appendix of Mehler (1996b) except that atomic values
variations around this mean are considerable. For Asp andere calculated, and the value obtained fQrWas used in
Glu when BF> 0.7, the microenvironments of a fairly large both self energy terms in Eq. A6. For charges closer than 1.9
number of them are considerably more hydrophilic thanA, w™ was scaled by a factor of 0.35. This scaling of nearby
—1.5. For such cases, the screeningniay imply a micro-  charges is similar to that used in Mehler (1996b) and com-
environment that is too hydrophobic so that the large, unpensates for the breakdown of the point charge model for
favorable transfer energy results in pialues that are too nearby charges. However, due to the modified variational
high for the acids and too low for the bases. For 14 of theorocedure (see Appendix) the cutoff distance could be re-
53 aspartic and glutamic acids in the data set, this was theuced from 2.8 A in Mehler (1996b) to the present value.
case, and the overestimation of these, pidlues was cor- Therefore, the scaling is essentially only used where un-
rected by using D instead of O for calculating Aw", compensated steric clashes leave two charges too close
because this implies transfer to a more hydrophilic microtogether. In addition, ionic strength is taken into account
environment. For tyrosine and the bases the number of casesing a Debye screening as in Mehler (1996b). Finally, the
meeting the conditions of burial with BF greater than 0.7polar protons of histidine are treated symmetrically in as-
and surrounded by very hydrophilic microenvironments wassigning the charge of the neutral species.
too small to assess any trends. It was found empirically,
however, that using Dinstead of Q) for calculatingw™
gave a small improvement in the overall rmsd. This resuItRESULTS AND DISCUSSION
may be fortuitous because it appears to be counterintuitiveCalculation of pK,
At the same time the response of any titratable group to itsi_h lculated pK for th ite of .
environment is determined by the balance betwe8hand € calcu ‘f’“e pKfor the test suite of seven proteins are
AW", so that, as the differences in properties given in Tablé)re_sented n Tables 7-13. To evaluate the effect on the pK
4 suggest, this response may depend on residue type. Iﬂf introducing the dependence of the electrostatics on the

nally, the third screening function,;Dis only used when the micrqenvironment, the p.ﬁﬁ calculated with the screening
properties of the microenvironment indicate conditions thatfunctmn; D and b, only, €., menv—free are also tabul_ated.
Calculations were carried out in steps of 0.25 pH units and

are very close to pure solvent. ) . .
y P the pK,, of each titratable group was estimated by linear

Computational details TABLE 7 pK, values for BPTI

The calculations reported below were carried out usingResidue No.  Residue  fKk* Error® Ky Error
protein coordinates obtained from the protein data bank 1 NTERM 795 0.06 811 0.22
(Bernstein et al., 1977) as follows: BPTI:4PTI* (Marquart 3 ASP 3.70 0.13 3.81 0.24
etal., 1983), HEWL:2LZT* (Ramanadham et al., 1981) and 7 GLU 3.97 0.08 3.97 0.08
1HEL (Wilson et al., 1992), RnaseA:3RN3* (Howlinetal., 10 TYR 9.84 0.38 9.86 0.39
1989), RnaseT:3RNT* (Kostrewa et al., 1989), RnaseHI: 3o o o S PO
2RN2* (Katayanagi et al., 1992) and 1RNH (Yang et al., 23 TYR 10.11 —0.89 1068 —0.31
1990), Cah:3ICB* (Szebenyi and Moffat, 1986), protG: 26 LYS 10.44 0.34 10.42 0.32
1PGA* and 1PGB (Gallagher et al., 1994), turkey ovomu- 35 TYR 1031 -0.29 1035 -0.25
coid inhibitor domain 3(OMT3):1PPF (Bode et al., 1986), jé gg 132 82(1) 1822 ggg
and hiv protease (1HIV) (Thanki et al., 1992), where the o GLU 116 016 4.1 021
starred coordinate sets were used in the optimization pro- gg ASP 237 —081 237 —081
cedure. The preparation of the coordinates was carried out 58 CTERM 3.05 —0.00 301 —0.04
in the same way as in |, and the values of the modg| pK rmsd 0.379 0.326

used here ar&l-term, 7.5; C-term, 3.8; His, 6.3; Glu, 4.4; - K val o default assi s of th S
ASp, 4.0: Tyr, 10.0: Lys, 10.4: and Arg, 12.0. The partial T[;blaevg).ues using default assignments of the screening functions (see

charges a.nd group structures of the amino acid residues af€ror = pK(calc) — pK(exp). The experimental data were taken from
those defined in the PAR19 topology file of CHARMM March et al. (1982). The experiments were carried out at 41°C and the
(Brooks et al., 1983), whereas the partial charges of theéffective pK, values corrected to 25°C. The pkalues used here are
neutral forms of the titratable groups were taken from thedverages over values reported from NMR shifts on different carbons;
tai i t luded f th . See March et al.
PAR22 (MacKerell et al., 1992; MacKerell et al., 1995) t‘l";sezr)a'” assignments were excluded from the average. see farch et &

topology files. The (BR)of Eq. A6 were evaluated from the spk_values using microenvironment-modulated screening function assign-
solvent-accessible surface areas calculated with CHARMMnents.
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interpolation between the two pH values where the fractioriTABLE 8 pK, values for CabD9K
of charged species crossed the 0.5 value. The ionic strengiksidue No.  Residue  fi*#  Errof  pKy>"  Errof®
was adjusted to be as close as possible to the experimentat

" . ; LYS 10.97 0.37 10.99 0.39
conditions and is 0.1 except where stated other\lee. For 5 LYS 10.95  —0.40 1085 —0.50
most of the proteins in the data set the experimentg] pK 12 LYS 11.63 0.63 11.41 0.41
values to be used for calculating rmsd are clear from the 16 LYS 10.71 0.62 10.68 0.59
quoted reference, but in some cases more than one choice is 25 LYS 11.75 0.06 11.75 0.06
possible, and these will be noted as required for clarity.  2° LYS 11.63 0.64 11.63 0.64
Finally the Null model introduced by Antosiewi | 41 LYS 1052 —0.37 1054 —0.35
inally, the Null model introduced by Antosiewicz et al., 55 LYS 11.61 0.22 1115 —0.24
(1994) assumes that the pkKalues in the protein are the 71 LYS 1050 -0.22 1056 —0.16
same as in the model (solvent), and it was noted that the 72 LYS 1095 —0.02 10.96 —0.01
rmsd for this model is usually quite small, since most of the rmsd 0413 0.390

pK, values do not shift much from their model values.
B f this the rmsd resulting from the calculations;The P, values were calculated at4 5 mM.
ecguse 0 - 9 e pK, values using default assignments of the screening functions (see
provide only a partial measure of reliability. Of equal or Taple 6).
greater importance are the number and size of the larg&rror = pK(calc) — pK(exp). Experimental values from Kesvatera et al.

errors, and these will also be considered in assessing tH&996).
reIiabiIity of the approach pK, values using microenvironment-modulated screening function

assignments.

Bovine pancreatic trypsin inhibitor

The titratable groups in BPTI are mostly solvent exposedlLys-55, the other lysine residues are exposed to solvent so
thus the pK values are not shifted far from the null values that the results of Juffer et al. (1997), that high values; of
(see Table 7). For only three residues (Arg-20, Tyr-23, andjield better results, is not unexpected. It is noteworthy that
Tyr-35) are the BFs in the protein greater than 0.7. Tyr-23he pK, values of Lys-25 and Lys-55 are shifted upward one
is most noteworthy because the microenvironment is verpr more pKunits. The BF of these two residues is about 0.5
hydrophilic (Hpy = —5.4), and Q was used to screen the and 0.8, respectively, so that the upward shift in, gows
SCP (see Table 6) causing an increase of about 0.5 pK unitlat the interresidue interactions can be as important as the
in pK,,., which reduces the error to abot of its menv-  transfer terms in accounting for large changes in, frkm
free value. The rmsd for BPTI is quite small in agreementthe Null model values.
with other calculations (Antosiewicz et al., 1994; Demchuk
and Wade, 1996; Juffer et al., 1997).
Hen egg lysozyme

The main problem with HEWL is proper calculation of the
pK, of Glu-35, and, at the same time, to obtain reasonable
In Cab 9 of the 10 lysine residues are exposed to solvent, sealues for the pl of the other titratable residues. The
that the microenvironments are less significant in modulatsource of the difficulty is the high hydrophobicity of the
ing their electrostatic effects. The results given in Table 8microenvironment of Glu-35 as discussed above. Quantifi-
show that the calculated pKralues of all 10 lysines are in cation of the hydrophobic characteristics of the microenvi-
good agreement with experiment, and the rmsd is slightlyonments reveals why solution of the PB equation requires
smaller than that calculated from the menv-free conditionsa low ¢ to give a reasonable result for the p&f Glu-35,
Inspection shows that small shifts in several p/Ca valuebut for many other pK such a low value causes large
lead to the decrease in rmsd with the largest shift of 0.2 pkdeviations from the experimental results. With a larger
units exhibited by Lys-12. value ofe;, this trend is reversed (Antosiewicz et al., 1994).

The authors of the NMR measurements (Kesvatera et al., The pK, values for HEWL are given in Table 9, and from
1996) also used a Monte Carlo method (Svensson et althe rmsd values it is seen that introduction of the microen-
1990; Svensson et al.,, 1991) to calculate the, pKthe  vironments leads to substantial improvement. A large por-
lysine residues. However, the resulting rmsd of 0.86 igtion of this improvement is due to Glu-35, but it is seen that
larger than the null model value of 0.74. Juffer et al. (1997)the errors in several other gkalues are also reduced, e.g.,
calculated the pKvalues using a boundary element methodTyr-53, Lys-96, and His-15. Other residues show smaller
to solve the Poisson-Boltzmann equation. In agreemerimprovements, and a few pKalues show slightly larger
with other studies (Antosiewicz et al., 1996) they found thaterrors. Glu-7, which deviates by more than one pK unit
with a low internal dielectric constang the results devi- from the experimental value, is only 27% buried and not
ated substantially from the observed values. Withear influenced by the microenvironment. This problem is fur-
20, agreement was much better (rmsd0.51). Using the ther discussed in the next section.
value of the solvent’s dielectric constant f9igave an rmsd Demchuk and Wade (1996) attempted a local character-
of 0.36 for both zero and 0.1 ionic strength. Except forization for identifying a subset of residues described by a

Calbindin D,
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TABLE 9 pK, values* of hen egg lysozyme 0
Residue b
No.  Residue pK.,” Erro® pK/o" Error® -0.24
1 NTERM 8.66 0.76 8.66 0.76 -
1 LYS 1042 -0.18 1041 -0.19 -0.4-
7 GLU 3.85 1.12 3.74 (3.12) 1.01 (0.34) !
13 LYS 10.42 0.12 10.42(11.88) 0.12 (1.58) q 7
15 HIS 6.00 0.42 5.68 0.10 -0.6—
18 ASP 3.52 0.74 3.52 0.74 i
20 TYR 10.99 0.69  11.00 (9.50) 0.70-0.80)
23 TYR 9.75 —-0.05  9.74 -0.06 -0.8-
33 LYS 11.39 0.99 11.39 0.99 4
35 GLU 492 -1.23 5.87 -0.28 1
48 ASP 3.11 -0.29 3.11 —0.29 B
52 ASP 3.95 0.28 3.49 -0.18 T T T T T T T T T 1
53 TYR 11.00 —-1.10 11.56 -0.54 2 4 6 pH 8 10 12
66 ASP 2.63 0.63 2.62 0.62
87 ASP 3.14 0.30 3.14 0.30
96 LYS 11.23 0.53 10.68 ~0.02 FIGURE 3 Glu-35 of HEWL titration curveClosed circles menv-free
97 LYS 10.65 0.55 10.55 0.45 calculation;open circles includes microenvironment.
101 ASP 4.18 0.01 4.18 0.01
116 LYS 10.12 -0.08  10.24 (11.38) 0.04 (1.18)
119 ASP 3.11 0.26 3.11 0.26

129 CTERM 2,67 —0.14  2.64(1.62) -0.18 (-1.2) menv-free calculation levels off around a pH of 10. The
behavior of the energy components in the important pH

- range 4 to 6 is surprising. Here'" and wg are nearly
The trigonal structure (Ramanadham et al., 1981) was used for all Calcufdentical, in spite of the scaling factor, but™ is less

lations except the values in parentheses that were obtained from the . int -l
tetragonal crystal structure (Wilson et al., 1992). negative thawo - From Eq. AG’Wt (C] - 1) has a value of

#pK,, values using default assignments of the screening functions (se6-8 Kcal/mol and scaling by 1.75 increases this to 12.0
Table 6). Kcal/mol. At a pH of 6 the menv-free calculation gives
SError = pK(calc) — pK(exp). The experimental pKvalues used here .. = —0.673, yielding 3.1 Kcal/mole for the transfer free

were derived from Kuramitsu et al. _(1_930) for the lysines and tyrosmes,energy_ Interestingly, the equilibrium value of the scaled
and, for aspartate, glutamate, and histidine, averages were calculated frorAn W i

the results reported by Kuramitsu et al. (1980) and Bartik et al. (1994). is 3.2 Kcal/mol, which is aChIeve_d by reducmg .the
TpK, values using microenvironment-modulated screening function assignenv-free value ofjzs to —0.514. In this case the varia-
ments. tional procedure lowers the net charge to minimize the
unfavorable transfer contribution with the consequence that
the pK;,, value is increased. The effect on the interaction
high internal dielectric constant (HD) and a set to be de£nergy is a small increase of 0.3 Kcal/mol (see Fig. 4).
scribed by a low value (LD). For HEWL, their overall rmsd
was 0.63 as compared to 0.49 obtained here. The HD subset
(see Demchuk and Wade, 1996) gave an rmsd of only 0.37, o
while here it was 0.50. J
The titration curves of Glu-35 obtained from the menv- { Q-
free calculation and with inclusion of the microenviron- -
ments are shown in Fig. 3. Both curves titrate over a fairly_ 8 —
extended pH range. The net effect of the hydrophobic mi-© -
croenvironment (scaling of" by 1.75) is to decrease the & 6 1
slope of the titration curve thereby shifting pKto a larger " 4 _'
value and further extending the titration range, so that© * |
between a pH of 4 and 6 the equilibrium charged fraction
changes from about 0.25 to 0.55. This extended titration
range of Glu-35 may have functional significance because it ( -
ensures that an ample concentration of lysozyme with pro- -
tonated Glu-35 is available over a fairly large pH range - 2
around the optimal value (Fukamizo et al., 1983). The )
dependence of the interaction energy and transfer energy on
pH is presented in Fig. 4. The effect of scaling is clearly
segn inw" for _pH Valuels greater than ab(?Ut eight. In this FIGURE 4 Energy components of Glu-35 as a function of ftbsed
region,w"" continues to increase, only starting to level off at symbols transfer energyppen symbolsinteraction energydiamonds
very high pH. In contrast, the transfer energy from themenv-free calculationgircles complete calculation.

rmsd 0.622 0.486
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Immunoglobulin G-binding domain B1 of Protein G TABLE 11 pK, values of RnaseA
The pK, values of this small protein (56 amino acid resi- R‘T\ls(i)d“e residue 8 Emor 5 Emot
dues) were recently reported by Khare et al. (1997), and the— Pz kT
calculated results are reported in Table 10. The microenvi- 1 NTERM 8.12 0.52 8.13 0.53
ronments have very little effect on the calculated,fgi¢- g 2::3 i'gé égg 431'22 é'gg
cause only 3 of the 21 titratable reS|d_ues are buried (_Tyr—3, 12 HIS 6.28 0.08 583 037
Tyr-45, and Glu-56). Hpy of Glu-56 is 0.93 antHpy is 14 ASP 2.63 0.63 2.62 0.62
0.10, so that the microenvironment of this residue is quite 38 ASP 3.72 0.62 3.81 0.71
hydrophobic, but not as hydrophobic as for Glu-35 of 48 HIS 7.11 111 6.44 0.44
HEWL. Comparison with the calculated pK given by gg E'S'g 43'235 _063c7>5 4'3335 _0'3605
Khare et al. (1997) showg rgasonably good agreement in the g, ASP 315  -035 311 0.39
overall trends of the deviations. 86 GLU 4.47 0.37 376 —0.34
105 HIS 7.09 0.40 7.10 0.40
111 GLU 4.37 0.87 4.37 0.87
, . 119 HIS 6.25 0.15 6.25 0.16
Ribonuclease A and Ribonuclease T1 121 ASP 3.86 0.76 3.92 0.82
Results for RnaseA are given in Table 11. Introduction of 124 CTERM 242 0.02 242 0.02
the microenvironments leads to overall improvement in the rmsd 0.651 0.554

calculated pK. His-48 shows the biggest improvement «pi_ values using default assignments of the screening functions (see
when the environmental effects are incorporated while thaable 6); calculations were carried out at10.15 M.

error in the pK of Glu-2 also decreases substantially. TheError = pK(calc) - pK(exp); Experimental values from Antosiewics et al.
overall rmsd obtained here was 0.55, whereas Demchuk arff®®4) Table .~~~ _ o
Wad_e (1996) obtained 0.63. For the subset labeled HD, the p;?t\flues using microenvironment-modulated screening function assign-
obtained an rmsd of 0.44, whereas here, an rmsd of 0.60 was

obtained. These results from HEWL and RnaseA suggest

that the HD selection criterion proposed by Demch_uk and The results of the pK calculations for RnaseT1 are pre-
Wade (1996) can successfully select a subset of titratablganteq in Table 12. The titratable moiety of His-92 exists in
residues with higle;, but that a single smalleg for the low 5 fairly hydrophobic microenvironment, which shifts the

d?electric re_sidues i_s not sgfficient for discriminz_iting the pK,, by about 0.6 pK units, reducing the error by about half.
differences in the microenvironment of these residues.

Ribonuclease HI

TABLE 10 pK, values* of the B1 immunoglobulin G-binding As shqwn in Table 13, incorporation of the microenviron-
domain of protein G ment improves the pKvalues of Glu-32 and Asp-148.
Residue Glu-32 is about 71% buried, but in a fairly hydrophilic
no. Residue pR,” Errof pK,,T Errof environment, with Hpy andHpy having values of-3.45
0 Lys 1084 —017 1063 037 and 0.48, respectlvelly. Thus, the menv—frge s_creenlngzof D
15  GLU 395 —045 3.95(3.12) -045 (-128)  fof the trans_fer term is changed tq,l]m_Jt D, is still .used for .
19 GLU 386 016  3.86 0.16 the interaction term. The effect of this change in screening
22 ASP 287 -0.03 287 —0.03 is to decrease both transfer and interaction energies leading
;; f\'{-g ﬁ-g _1(-)3793 13i1g3 (10.56) _1-3097}0 - to a decrease in pk. Similarly, Asp-148 is 97% buried,
33 TYR 1022 —078 1022 o8 but with an Hpy of—4.4 is still in a hydrophilic environ-
36  ASP 441 061 441 0.61
40  ASP 415 015  4.04 0.04
42  GLU 453 013  4.46 0.06 TABLE 12 pK, values of RnaseT,
46 ASP 381 021 381 0.21 . . N s
47 e 63 —0.78 262 _078 Residue No. Residue [o1'S Error* pK,/5 Error*
56  GLU 413 013 414 0.14 27 HIS 7.38 0.08 712 -0.18
40 HIS 737 -053 7.37 0.53
rmsd 0.583 0.588 58 GLU 475 0.45 473 0.43
*pK 4 values were calculated from the crystal structure 1pga, except for the ~ 92 HIS 6.81  —0.99 738 —042
ngf)s in parentheses that were calculated from 1pgb (Gallagher et al., rmsd 0.603 0410
“pK, values using default assignments of the screening functions (se&pK, values using default assignments of the screening functions (see
Table 6). Table 6); calculations carried out atd 0.15 M.
SError = pK(calc) — pK(exp); experimental pKvalues from Khare et al. ~ “Error = pK(calc) — pK(exp); Experimental values from Inagaki et al.
(1997). (1981) and Shirley et al. (1989).

TpK, values using microenvironment-modulated screening function assignpK_ values using microenvironment-modulated screening function assign-
ments. ments.
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TABLE 13 pK, values* for RnaseHI The calculated pKof His-124 is too low by more than 1
Residue No. Residue [* Erof  pK,, Erro pK unit. However, as Oda et al. (1994) note, comparison of
5 GLU 231 021 431 021 the 2RN2 (Katayanqg| etal., 1992) crystal structure (used in
10 ASP 536 016 588 0.36 the present calculations) and the 1RNH (Yang et al., 1990)
32 GLU 411 061 3.58 0.08 crystal structure shows a very large conformational change
48 GLU 399 -021 4.00 -0.20 for His-124 in the two structures. In 2RN2, His-124 is far
57 GLU 2.75 -092 275 —0.92 away from both catalytic residues, Asp-10 and Asp-70, but
61 GLU 335 -068  3.62 —04l close to a Lys from a neighboring molecule (Oda et al.,
62 HIS 6.98 —0.02 6.98 -0.02 . )
64 GLU 424 —023 495 022 1993), which would decrease the pkof His-124 as found
70 ASP 431 094 433 0.96 here. In contrast, in 1RNH His-124 is close to Asp-10 and
83 HIS 567 0.7 5.67 0.17 Asp-70, and in this configuration His-124 would be in an
12‘; 22'; g-‘; 2-23 3-23 2;? acidic environment that would increase its J#§ observed;
108 ASp 304 —051 361(244)  0064111) this point will be discussed in a following section.
114 HIS 524 024 525 0.25
Ei IC-|5|LSU 222 :ggg ggg (6.86) :222 0.24) Turkey ovomucoid third domain and HIV protease
127 HIS 756 —0.34 7.56(6.03) —0.34 (-1.87)  As a test of the microenvironment selection criteria devel-
129 GLU 304 —0.66  3.04 ~066 oped using the above proteins, the jpkalues of the 15
131 GLU 457 011 451 0.04 . .
134 ASP 402 —040 3.85 027 titratable groups in OMT3 have been calculated. The ex-
135 GLU 4.48 —002 4.39 —0.11 perimental titrations (Schaller and Robertson, 1995) were
147 GLU 439 017 443 0.20 carried out at a nominal ionic strength of 10 mM, but the
148 ASP 423 223 318 1.18 authors point out that, at the end of the titration, the ionic
igg S#ERM ‘z% _06327 3;’?5 _0'3738 strength is closer to 50 mM. pkcalculations were done at
' ' ' ' ionic strengths of 10 mM, 25 mM, and 50 mM. The smallest
rmsd 0.708 0.574

rmsd was obtained at 25 mM and these results are reported
*Calculations carried out using the 2RN2 structure (Katayanagi et al.in Table 14. Results calculatett®M ionic strength are also
1992), except for values in parentheses that are from the 1RNH (Yang ghcluded since Schaller and Robertson (1995) also measured
al., 1990) structure. For 1RNH, the coordinates of residues 1 and 153—15tfhe pK, values at this ionic Strength

were not reported. To carry out the calculation, the missing residues were . - . . .
added to the peptide chain and their conformation modeled by simple The remarkable aspect of this proteinis that, in spite ofits

minimization. small size, the pKvalues of four of the carboxy groups are
“pK, values using default assignments of the screening functions (seshifted downward by one or more pK units, although all the
Table 6). acidic groups except Asp-27 are solvent exposed. The

SError = pK(calc) — pK(exp); For the carboxylic acids, Oda et al. (1994)
reported pK values derived from*C and proton chemical shifts. The
titration curves derived from the proton chemical shifts showed more
complicated behavior, which the authors suggested may be due to the

susceptibility of the proton shifts to other factors (Oda et al., 1994). For this) ABLE 14 PK, values of turkey ovomucoid third domain

source of these large pK shifts is attributed to H-bond

reason, we have counted the ptalues determined from th€C shifts | = 0.025M 1= 1M
double in calculating the experimental values of the acid pé#lues; for ) ) . . .
the histidines, only proton chemical shifts were measured (Oda et al,Residue No.  Residue pK,,; Error” Py Error
1993). 1 NTERM 7.64 7.76
'”pK:Cl values using microenvironment-modulated screening function 7 ASP 2.87 0.20 3.57 0.58
assignments. 10 GLU 406 —0.04 430 -0.03
11 TYR 10.54 11.02
13 LYS 11.39 10.40
ment, so that the screening used to calculdtés set to D). ;g ?';g g'ii 037 13'0111 0.16
The_effect of the increased screening is a reduction/in 21 ARG 12.32 12.08
leading to a decrease qf_l pK unit in the ca!culateq,@K 27 ASP 306 0.98 3.92 1.21
Nevertheless, the remaining error for this residue, as well as 29 LYS 10.63 10.46
Asp-102, is still greater than 1 pK unit. Oda et al. (1994) 31 TYR 12.50 12.32
pointed out that these two residues did not titrate in the pH 34 LYsS 11.63 10.98
i . / 43 GLU 442  —-0.39 442 -0.30
range of 2 through 8. Both residues form ionic H-bonds with -, HSC 738 711
basic residues (Katayanagi et al., 1992). Oda et al. (1994) 55 LYS 10.83 1051
have also calculated the gKralues of the acidic groups 56 CTERM 2.84 0.47 3.09 0.60
using the FDPB method (Klapper et al., 1986; Warwicker rmsd 0.504 0.617

and Watson, 1982). Their rmsd of about 1.6 was obtained

. . . . . . *pK, values using microenvironment-modulated screening function as-
with an internal dielectric constant of 10; their calculation s?gn%ems g g

would probably have been considerably improved if they«gor = pk(calc) — pK(exp); Experimental values from Schaller and
had used ar; of 20 (Antosiewicz et al., 1996). Robertson (1995).
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formation and other electrostatic interactions (Swint-Krusethis paper. Incorporation of the modulating effects of the
and Roberson, 1995). From Table 14 it is seen that théitration site microenvironments on the electrostatic free
overall rmsd agrees well with the values obtained for theenergy leads to an improvement of about 15% in the rmsd
other proteins. Only Asp-27 is in error by a larger value,relative to the menv-free calculation for the entire data set of
which is in agreement with the trend found by Antosiewicz 103 measured pKvalues. It should be realized, however,
et al. (1996). A1 M ionic strength the rmsd is somewhat that with two different screening functions some accounting
greater, but the overall trend to larger pKvalues as of environment, based on the buried fraction only, has
observed from the measurements is preserved. The largafready been included in the menv-free calculations. There-
rmsd may be the result of using a simple Debye screening tfore, the rmsd is smaller than that obtained by Antosiewics
account for ionic strength. This approximation is probablyet al. (1994) from their FDPB calculations, but closer to the
reasonable in the range up to 200 mM, butXaV probably  overall rmsd obtained by Demchuk and Wade (1996). More
is no longer valid. significant is the decrease in the larger errors due to inclu-
As a second test the pKvalues of HIV protease have sion of the environmental effects: at the error threshold of
been calculated, but only the results for the Aspartyl dyad).5 pK unit, the decrease is 17% and increases to 33% at a
are discussed. The experimental data show a range for bothreshold of 1.0 pK unit. A scatter plot of the pKalues
pK,1 (4.9-6.8) and pk; (3.1-3.7) (Hyland et al., 1991; Ido from both menv-free and microenvironment calculations is
et al., 1991). The calculation was carried out at zero ionigyiven in Fig. 5. The regression line has a slope of 0.98 and
strength and yielded the values 5.45 and 3.32 for,pK an intercept of 0.21. The correlation coefficient was 0.99.
(Asp-25A) and pK, (Asp-25B), respectively. Thus the cal- The scatter plot shows that accounting for the microenvi-
culated values appear to fall within the experimentally desonment induces shifts in the points so that they lie closer to
termined range, and they are also in reasonable agreemett ideal line pK,c = PKeyy
with the recent calculations reported by Luo et al. (1998). An error analysis according to residue type is given in
The fraction surface area buried in the protein for Asp-25ATable 16. With the present data set the largest errors were
is 0.88, while for Asp-25B it is 0.85. Thus, as in lysozyme, found in the pK values of Asp and Glu, with the bases
the separation of the two pKvalues cannot be due to having smaller errors; for Tyr and the termini not enough
differences in the degree of burial. However, because oflata is available to be statistically meaningful. The error
small differences in conformation of the two monomers, thetrends from the present calculations are somewhat different
microenvironments of the two groups are different with from the trends noted in Antosiewicz et al. (1996), where
values for Hpy of—1.72 (Asp-25A) and-3.97 (Asp-25B).  the rmsd from all the residues were about the same.
With these valuesw'™ and Aw" of both groups are calcu-  The mean error of Asp shows that the calculated ate
lated with D, (see Table 6). Nevertheless, the lower Hpytoo large. This trend is clearly seen in Fig. 6, where the
value for Asp-25B suggests additional interactions withexperimental (Tanford and Roxby, 1972) and calculated
polar groups leading to enhanced stabilization of the deptitration curves of lysozyme have been plotted. The over-
rotonated form. Finally, in the 1HIV structure, Asp-25B is estimation of the acidic pKvalues results in the slope of the
able toform a better H-bond with Gly-27B [R(OD+ N) =  calculated curve being too steep in the pH region 2—4. In the
2.81 A] than is the case for Asp-25A [R(ODAN) = 3.23A].  pH interval 4—6, the titration curve is primarily controlled
by His-15 and Glu-35 that both titrate in this interval. The
pK;,, points of the calculated titration curves of these two
residues (see inset, Fig. 6) are shifted relative to the mea-
Table 15 summarizes the reliability of the SCP approactsured values (Bartik et al., 1994) such that their equilibrium
using the description of microenvironments developed incharges approximately cancel in the pH interval 4.5-5.5 and

Assessment of the results

TABLE 15 Summary of results

Prot (N)* rmsd Error> 0.5 Error > 0.75 Error > 1.0¢ Maximum errof
BPTI (14) 0.33 1 1 0 0.81
CabD9k (10) 0.39 3 0 0 0.63
Lysozyme (21) 0.49 7 3 1 1.01
ProtG (13) 0.59 5 3 1 1.39
RnaseA (16) 0.55 7 3 1 1.27
RnaseT1 (4) 0.41 1 0 0 0.53
RnaseHlI (25) 0.57 8 5 3 1.27
Total (103) 0.50 (0.60) 32 (40) 15 (20) 6(9) 1.39 (2.23)

*N = number of experimental values used in the summary.

#“Number of calculated pKvalues in error by more than the given threshold value.

SMagnitude of maximum error.

values in parentheses are from menv-free calculations using default assignments of microenvironments (see Table 6).
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FIGURE 5 Scatter plot of calculated versus experimental p&lues. ,_—
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lead to a flatter slope in this portion of the calculated pH

titration curve. Inspection of the slope of the His-15 exper- _ _ _
imental titration curve suggests that it is steeper than th&'GURE 6  Calculateddpen circle§ and experimentalofosed circley
ca_lculated sIope_(Ba_rtik, K.., C. Redfield, and C. M. Dobson,&t;stic;na%r\gz_gfs.Iysozyme. Inset shows calculated titration curves of
private communication). Finally, from a pH of 6 to 11, the

experimental and calculated curves are in good agreement.

enough systems have been tested to come to any general
conclusions. Variability in the conformation of side chains
was already pointed out by Bashford and Karplus (1990)
. . _ and others (Yang et al., 1993; You and Bashford, 1995) in
In th§|r analy5|s_of _p'é values calculgted with the FDPB pK calculations using the trigonal and tetragonal crystal
algorithm, Antosiewicz et al. (1996) included average val- g of HEWL. These differences are already reflected in
ues obtained from NMR structures, and they noted a treng,, 1, ,rjeq fractions of the titratable residues and in their
toward improvements in the results. The use of S'mulat'or}nicroenvironments, which can show variations that, in
to incorporate protein flexibility (relaxation effects) into the some cases, are large enough to change the screening as-

calculation of protein electrostatics has been addressed yy,nents for the calculation of the electrostatic free energy
Warshel and collaborators using linear response theor¥omponents

(Sham et al., 1997; Sham et al., 1998). Other approaches Oda et al. (1993) have pointed out the large conforma-
have been reported (Alexov and Gunner, 1997; Beroza anfly 5| gifference of His-124, which in the IRNH structure is
Case, 1996), and these authors also found some Improvgy o acidic environment (see above) that would lead to an
ments in the calculated values. However, at present Nqjcreaseq pi., as observed. They therefore suggest that the
conformation of His-124 in the 1RNH structure is probably

Limitations of pK, calculations using a
single structure

TABLE 16 Statistical summary by residue

its conformation in solution. The pk, calculated from this
structure (see Table 12) reproduces the experimental value

Resid No. M * d i .

esidue ° ean error 7 ms with only a small error and supports the contention of Oda
Asp 26 0.257 0.537 0.586 gt al. (1993). However, the pjof His-127 calculated from
Glu 27 -0.015 0.578 0567 1o 1RNH structure is i b IV 2 bK units. C
His 13 0120 0.462 oago e structure is in error by nearly 2 pK units. Com-
Lys 22 0.149 0.418 0.425 Parison of the two structures shows that His-127 also is in
Tyr 8 -0.088 0.494 0.471 two different conformations. In the 2RN2 structure His-127
N-term 3 0.496 0543 is H-bonded to Glu-119 (NE-OE1 distance of 3.4 A), in-
C-term 4 0.047 0.212

*Standard deviation.

creasing the pK whereas in the 1RNH structure the sepa-
ration between these two residues is greater (4.1 A) leading
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to a weaker interaction and a lower psp-108 also is in  clearly affects it. Thus, the hydrophobicity of the microen-
error by more than 1 pK unit when calculated from thevironment is an attribute of the macromolecule that can be
1RNH structure. This error is apparently due to the smallused to improve the electrostatic description at the given
separation of OD from the amino nitrogen of Lys-86 (2.4 A site, and also to exhibit a potential source of abnormal
in IRNH and 3.4 A in 2RN2). In the 1RNH structure, behavior leading to large pK shifts. Moreover, because of
HBUILD, Brooks et al. (1983) has placed the proton onlythe generality and importance of local hydrophobicity or
1.8 A from OD, whereas, in 2RN2, the distance is 2.4 A. Ithydrophilicity, it is expected that the microenvironment will
is clear that, due to the strong nonlinearity of the screeninglso be useful in defining implicit solvent models for use
functions (Fig. 1) in regions of smal| the response of the with simulations on biological macromolecules (Guarnieri
electrostatic interactions to small changes in distance will bet al., 1998; Hassan et al., 1999).
very large. It is rather remarkable that the Rekker fragmental hydro-
In Tables 9 and 10 several gkare reported that were phobic constants (Rekker, 1977) used to quantify the mi-
calculated from alternative crystal structures of HEWL andcroenvironments in the approach presented here work so
ProtG, respectively, and differed substantially from the val-well. This is gratifying because these quantities were de-
ues calculated with the first crystal structure. In essentiallyrived from water/octanol partition functions of a large num-
all cases, the trends exhibited by these differences are iber of organic and pharmaceutically important molecules
agreement with results calculated with a variety of theoretthat, for the most part, have little in common with amino
ical approaches (Antosiewicz et al., 1994; Bashford andhcids or protein structure. It clearly demonstrates the robust-
Karplus, 1990; Khare et al., 1997; Sham et al., 1997; Yangess of the concept of hydrophobicity.
et al., 1993; You and Bashford, 1995). Moreover, compar- Although the results presented in this paper show that the
ison of the crystal structures shows that, as in the case ahicroenvironments are important for controlling properties,
Rnase Hl, the differences in the pkalues have their origin as already recognized earlier by Ponnuswamy et al. (1980),
in conformational variations of the residues in question aghe remaining errors in the calculations clearly show that
discussed by the above authors. substantial room for improvement remains. These are many
and only a few are mentioned here. First, in the algorithm
developed here, the microenvironment was defined in terms
of atoms, not whole functional groups. In some cases this
CONCLUSIONS meant that the value of the fragmental constant had to be
In this paper a novel approach has been proposed for cathistributed over the constituent atoms of the functional
culating the modulating effects that the local environmentgroups, and this necessarily was to some extent arbitrary.
has on the electrostatic free energy controlling pH-depenSecond, it would be more correct to include the Hpy values
dent properties. This approach, combined with a modifiedf both neutral and charged forms of the titratable groups.
variational procedure for calculating the titration chargeThird, the values used in the present calculations are from
distribution has been applied to calculating the,pdlues  the original publication (Rekker, 1977), and these have been
in seven proteins with a combined data set of over 10Qpdated and extended, and finally the other fragmental
measured values. The method has yielded results that aseshemes (Ghose and Crippen, 1986; Leo et al., 1975; Suzuki
among the most reliable obtained to date while conservingnd Kudo, 1990) should also be tested for their effectiveness
the computational economy of the original algorithm in describing the properties of the microenvironments.
(Mehler, 1996b). The overall rmsd are small, and larger It is of interest that this approach led to great enough
shifts are correctly reproduced in a majority of cases. Thusmprovement in reliability to help identify conformations of
for the first time, the measured upward pghift of Glu-35  side chains that might be less relevant for the solution
in lysozyme has been correctly calculated while, at the samstructure, e.g., His-124 in RnHI (see also Oda et al., 1993),
time, the pK, values of the other titratable groups were alsoGlu-7 in HEWL, or Glu-15 in ProtG. In other cases, larger
calculated with acceptable errors so that the overall rmserrors remained in the pKvalues calculated from both
was less than 0.5. crystal structures, e.g., Glu-27 in ProtG or Asp-102 and
The quantification of the microenvironments of titratable Asp-148 in RnHI and show that the approach still needs
groups reveals a complex mosaic of dielectric regions thatonsiderable further improvement.
are usually more hydrophobic than water, but with an am-
bient level that may be less hydrophobic than expected. IAPPENDIX
this background, pockets of extreme hydrophobicity or hy-__ . . .
drophilicity are easy to identify; more difficult are the Sigmoidal screening functions
regions that differ less from the average, where the modua sigmoidal screening function, BY, can be described by a differential
lating effect on the interaction and transfer free energies isquation of the form (Mehler and Eichele, 1984)
less clear to specify. Nevertheless, using local Hpy in the dD(r)/dr = A(D, + D)(D, — D) (Ala)
manner proposed here introduces a description that is based _
on a component of the physical chemistry of the system thatth the solution
is independent of the electrostatic component, but that D(r) = B/[1 + kexp(—ABr)] — Dy, (Alb)
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where B= D + D, kis a constant of integration,JandA are parameters, form of the protonatable group, while the second term represents the
and D, is the dielectric constant of water with a value of 78.4. For the contribution from the ionization charge. The electrostatic interaction free

present applications, it is convenient to set DO by takingk = (Dg — energy of the ionization charge of atom a in group A is
1)/(Dy + 1). Then the two parametersgynd A, define the explicit form ) 1
of the solutions of Eq. Ala. wit = Efaqu>a(ra) (A5)

The screening function in water, [Dcan be obtained from the analytic

form of the radial permitivity (Ehrenson, 1989) in the following way: In (1 — BB)QE + qug
Guarnieri et al. (1998), it was shown that for a chargamd Born radius, D r,) = E —, (B#A)
R, the self energy is given by Bb D(rab)rab
* dr Cli where®(r ) is the potential at, from all the other groups in the system,

2w = 2 (A2a)  and D) is the radially dependent screening function defined by Egs. Ala
and Alb. It is seen that, as inW" only includes the contributions to the

total electrostatic free energy arising from the ionization charge (see

e’ RD(R)"
Ra

Introducing the change in variable= r/R,, Eq. A2a becomes below). It is assumed that all intraresidue interactions are included in the
pK,(s) values so that none of these terms are includeslfn even when
2 (o A is a subgroup of the titratable residue.
(o du . .
owself = 2 5 (A2b) The transfer energy term is expressed as the difference of two self-
a ’ energy terms derivable from the integral form of the Born equation
R.| e(URyu t derivable from the integral f f the B t
1

(Guarnieri et al., 1998)

so that the integral in Eq. A2b gives 1/D{Rdirectly. The integral is

evaluated numerically and the results are fitted to Eq. Alb. Here the radial  Awf = (f,o2)? { =T R S S}(BF)a.
permittivity obtained from LDS theory without the reaction field correction 2 Dp(Ra) R: DJ(RIR:
(Ehrenson, 1989) has been used, with the ionic partial charge set to a value ) . . . . .
of 0.55, which is representative of the magnitude of the average partia'ln the following, a st_Jbscrlpt onDis gsed 0 den_ote the dlelectr_lc medium;
ionization charge on the atoms of the protonatable groups [cf. CHARMM,T”“S?’ where t_he radial dependence is denoted in lower case, irgy), I
PAR19 (Brooks et al., 1983)]. To fit Pall four parameters, P D, A, and indicates a distance between the t.WO chageandg, vv_herea_s an upper

k were used and resulted in excellent agreement with the analytic resugase symbol refe_rs to a (Born) radius, and a supersc_:npt, &.gs Bsed to
obtained from LDS theory, except in the region 4.5-7 A where the fitted enote _the medium \_/vhere P a_nd s refer to protein and moqlel §olvent,
curve disagreed with the values calculated from Eq. A2b by 1-2 units (Ou{espgctlvely, and (BR)s the fraction of the surface of atom a buried in the
of around 70). However, in the present calculationg iB only used to protein. _ . .

calculate the self energy of the charges in water, and Born radii greater than The variational problem is expressed in the form

1

(A6)

2.6 A do not occur. i
dw = > dwW™ + AW = 0, (A7)
Aa
Modified self-consistent variational procedure with the constraints that,gremain constant at a given pH, i.e.,
In Mehler (1996b), the distribution of the ionization charge was written in S = E qgﬁfa =0. (A8)
the form N
_ 0
Oa = E f-0a (A3) Incorporating the constraints into the variational equations with the help of
a Lagrangian multipliers yields
where the2 are fixed initial partial chargesA 0, see below), and tHgare 8W‘£‘t 8AW§
scaling factors that are subject to variation to determine a stationary point dw= > f + - 03 )8f, = 0. (A9)
of w. For convenience, the group subscript A is omitted from Eqg. A3 and Aa dty dy

will be dropped in all further equations. It is assumed that “a” refers to the
atoms in group A, “b”, the atoms in group B, etc. To allow the total Carrying out the operations with the help of Egs. A5 and A6 yields
ionization charge to be coupled to the Henderson—Hasselbalch equation,

int
the variations of the scaling factors were constrained so that the total Wan ZAWg olsf =
ionization charge remained constant at a given pH. This constrained E f, + fa ~ Aala|0fy = 0. (A10)
variational procedure yielded a set of self-consistent equations fdt,the Aa

but with the disadvantage that, because of the way the transfer energr;%‘_ hesf . bi . . h
component was expressed, it dropped out of the variational equations a nee theaf, constitute arbitrary variations, it is necessary that

had to be included in an ad hoc way [see Eq. 15 and the discussion int r_ 0
following in Mehler (1996b) for details]. A second disadvantage was that we' + ZAWta Al (AL1)

the neutral forms of the titratable residues could not be included simultaTq gyaluate the Lagrangian multipliers both sides of Eq. A11 are summed
neously with the charged form as the residue passed through its titratiog, e 4 to yield

point.
Here, both of these disadvantages are resolved in the following way. 1 .
First, the partial charge of an atom a in group A is defined as Ay = CT(V\/A1t + 2AWh), (A12)
A
— (1 _ n 0
0. = (1 — 0a)0a + 0, (A4) and substituting into Eq. Al1 yields

whereq] is the partial charge from the neutral group, @ads the fraction W 4+ 2A0F

a a

of A in the charged state (note that, for neutral groujsis zero because faqg =0 =&
a2 = O for all a, and sinc&q = 0, Eq. A3 is still valid. Thus the first term WA + ZAWA
on the r.h.s. of Eq. A4 is the contribution to the chaggérom the neutral (A13)

(for all titratable groups, A).
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Equations A13 state that the optimal distribution of the ionization charge
on any atom is given by the equilibrium ionization charge scaled by a Choose initial f's to satisfy pK(p) = pK(w) |«
factor related to the fractional energy contribution from the chafigg)(on at the given pH
atom a to group A. Equations A13 must be solved iteratively because the
energy terms are dependent on the scaling factors. Thus, the procedure ¢
starts with an initial guess of the ionization chargé§qf) and their
distribution over the atoms of the titratable groups. At each step, a new set .
of scaling factors is obtained until, at theh step,f? = f7-%, for all a, to —p{ Calculate wint and Aw'T, Eqgs. A5 and A6
some preselected threshold, at which point the system of Egs. A13 have
been solved and are said to be self-consistent. It is important to realize that
only at self-consistency does a solution exist, because only then are the
Egs. A13 valid. The initial gues$202, generally does not solve Egs. A13
and, therefore, dogsot constitute an initial charge assignment from which Update pK(p) from Eq. 2
the charges redistribute. It is also noted that inclusion of the first term on
the r.h.s. of Eq. A4 i™ (Eq. A5) has no effect on Egs. A13 because of
the constraints (Egs. A8). Thus, any term involviiyg(or equivalentlyg,)
drops out of Egs. A13.
The pH dependence of the equilibrium charge state is coupled to the Calculate 8 's from Eq. Al4a
variational Egs. A13 by the relation *
[HT]\ ! . Check for convergence, Eq. A14b
(1 + KA()) for acids
b - Ap $n0 l'yes
Ka()\ !
1+ qey) forbases  (Al4a) Calculate new set || Increment pH;
— | of f's from Eqgs. A13 if done exit

and requiring that at self consistency
SCHEME Al Flow diagram for calculating self-consistent ionization

Oa = 2 03fa = Zaba, (Al4b) charge scaling factors.
a

where Z, is the formal charge on group A. It was found that Eq. Al4b is

sufficient to ensure convergence and is used instead of testing all the In the applications presented here and elsewhere (Luo et al., 1999)
scaling factors. The method of solution is outlined in scheme Al (forpathological scaling factors have not been observed. Table Al lists the
additional details, see Mehler, 1996b). It should be noted that coupling ofonization charge assignments for several typical cases in lysozyme at
the variational procedure to Egs. Al4 is a matter of convenience. Couplinglifferent pH values. In many cases the entire titration charge is assigned to
to a more accurate statistical mechanical treatment (Beroza et al., 1998 single atom as shown by Asp-101. This type of situation seems to be
would also be possible. However, given the accuracy of the present results|osest to the mean field approximation where the charge is usually
it seems unlikely that a more accurate treatment of the statistical problerassigned to a single titration site (Bashford and Karplus, 1991; Beroza et
would yield enough improvement to justify the additional computational al., 1991; Tanford, 1962). Note however, that, because the electrostatic
cost. This is especially so, since, as we discuss below, the method appdield changes with changes in pH, the location of the charge can shift as
ently resolves the problems associated with strongly interacting charges ishown by Arg-45. In contrast, the ionization charge in Asp-66 is distributed
the mean field approximation (Bashford and Karplus, 1991). over the carboxy moiety at pH 4 and 8 and on OD1 at a pH of 12. Such
distributions appear to be more typical for cases where the titratable groups
can interact strongly with nearby, ionizable residues. As seen from Fig. 2,
Asp-66 interacts with titratable groups Arg-68 and Tyr-53, and with several
polar groups. The phenol group of Tyr forms an H-bond with OD2 leading
By coupling the variational Egs. A13 to Egs. Al4 it is not necessary toto favorable interactions at pH below the piof Tyr-53. However, when
evaluate the % microstates explicitly. The nature of the approximations Tyr-53 deprotonates a strong repulsive interaction would develop between
made in this approach can be understood by using the relatidy = the phenoxylate oxygen and OD2. This is compensated by the Asp-66
(9/99,) (9ga/0fy), and Eq. A3. Substituting into Eq. A9 and reducing to a

single titration site 4 = 1) one easily obtains the relation

Discussion

TABLE A1 Assignment of equilibrium titration charge of

int _ —
WA+ 28W; — AaGa = 0. (A15) titratable groups in HEWL

Equation A15 is analogous to Eq. 16 in Bashford and Karplus (1991), andResidue Atom q(pH = 4) g (pH = 8) q(pH = 12)
by an appropriate choice af, the mean field approximation (Tanford and _ — _
Roxby, 1972) could be recovered. In the present approach this is not don'eA;Sp 66 €6 0.10 0.10 0.0

rather, by using Eq. A12 the Lagrangian multipliers are incorporated into 83; 822 822 10%
the variational equations and they never need to be evaluated explicitly ’ ’ )
: : . ST . Asp-101 CB -0.43 —1.00 —1.00
This way of handling Lagrangian multipliers is similar to the coupling or
: ; ) ; . Arg-45 HH11 0.0 0.0 0.54
screening operator techniques developed for applying constrained varia-
. . . . NH2 1.0 1.0 0.0
tional methods in quantum mechanics (Birss and Fraga, 1963; Mehler
- . . Arg-68 cz 1.0 1.0 0.03
1977). Itis also seen from summing both sides of Eq. A13 avbiat the
constraints (Egs. A8) are automatically enforced, which suggests that they NH2 0.0 0.0 0.14
HH21 0.0 0.0 0.72

are essential for preventing excessive or unphysical scaling factors.
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titration charge moving to OD1. At lower pH, OD1 and OD2 can also Bernstein, F.C., T.F. Koetzle, G.J.B. Williams, E. F. Meyer, M. D.
interact favorable with the titration charge on CZ of Arg-68. Brice, J. R. Rogers, D. Kennard, T. Simanouchi, and M. Tatsumi. 1977.
The ionization charge distributions of Arg-45 and Arg-68 have been The protein data bank:_ a computer-based archival file for macromolec-
included to illustrate how the variational procedure distributes charge to Ular structureJ. Mol. Biol. 112:535-542.
minimize unfavorable interactions. Beroza et al. (1991) reported soméeroza, P., and D.A. Case. 1996. Including side chain flexibility in
problems with this pair, apparently because the fixed assignment of the continuum electrostatic calculations of protein titratidnPhys. Chem.
titration charge to a single site led to very strong interactions between them 100:20156-20163.
that required special handling of the Monte Carlo procedure and gave aBeroza, P., D. R. Fredkin, M. Y. Okamura, and G. Feher. 1991. Protona-
incorrectly depressed pKor one of the arginines. Here, no such problems  tion of interacting residues in a protein by a Monte Carlo method:
arose, and, as indicated by the results given in Table Al, the ionization application to lysozyme and the photosynthetic reaction center of
charge distributions are quite reasonable; moreover, théfpkthese two Rhodobacter sphaeroides. Proc. Natl. Acad. Sci. US5804-5808.
groups were between 12 and 12.5. At pH 4 and 8, the titration charge iBirss, F. W., and S. Fraga. 1963. Self-consistent-field theory. |. General
assigned to NH2 and CZ of Arg-45 and Arg-68, respectively. These two treatmentJ. Chem. Phys38:2552-2557.

atoms are about 7 A apart, so that their interaction is fairly small. More-gode, W., A. Z. Wei, R. Huber, E. Meyer, J. Travis, and S. Neumann.
over, CZ of Arg-68 is about 4 A from OD1 and OD2 of Asp-66, which  1986. X-ray crystal structure of the complex of human leukocyte elastase
yields favorable interactions. At pH 12, both arginines are titrating. The (PMN elastase) and the third domain of the turkey ovomucoid inhibitor.
charge on Arg-45 shifts to HH11, which is about 4 A from HH21 of EMBO J.5:2453-2458.

Arg-68. However, HH21 is about 4 A from OD1 of Asp-66, with which it Born, M. 1920. Volumen und Hydrationswae der lonen.Z. Phys.

can interact favorably. 1:45-48.

The results given in Table Al show that the variational approaChB'c')ttcher, C. J. F. 1938. The dielectric constant of dipole liquRlsysica.
distributes the ionization charge in a way that is in reasonable accord with 5.535_g39.

thi physfl(t:sl sigg.is\lltilgn.ll-:lovlvever,hn |Tdar|]sci glearvtr:ie;]tttr:erpth);sg:al Slgmﬁt-hBrooks, B. R., R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swami-
cance 9 € L ual values shou ot be overinterprete epause € nathan, and M. Karplus. 1983. CHARMM: a program for macromolec-
constrained variational procedure formulated here does not require that the ;o energy, minimization, and dynamics calculatiohsComp. Chem.
individual partial charges can be used in any other context. It is only 4:187_-217. '

reqwreq that the pa_rtla! charges optimizeand 'tht thelr§um satisfy the I%ucher, M., and T.L. Porter. 1986. Analysis of the Born model for
constraints. This limitation should not be surprising. Partial charges can, a hydration of ionsJ. Phys. ChemQ0:3406—3411

best, have only limited physical significance because they lack a rigorous ) ' ' ’

definition as physical observables, and therefore, the associated quantufrP!lura, V. P., P. J. Greaney, and B. Robson. 1994. A method for rapidly
mechanical operator does not exist. Hence, a well defined expectation assessing anq refining S|mple solvent treatments in molecular modelling.

' N : Example studies on the antigen-combining loop H2 from FAB fragment
value cannot be calculated. Because of this, a given set of partial charges

. e ; ) "McP603.Prot. Eng.7:221-233.
determined by fitting to a selected set of physical data, will not perform ] . .
with uniform reliability when applied to different systems (Mehler and Conwa%/, ? IfE.t’hJ. O'I '\f chfﬁs'd?frf‘d A dArI1|1nI1arh :|Lt95§- 'lg:e Id|electr|tc
Solmajer, 1991), nor can it be a priori assumed that a given set of charges constant ot the solution In the diffuse and Fieimnoltz double layers at a

. S ) ; ) >~ charged interface in aqueous solutidnans. Faraday Soet7:756-767.
will necessarily give reliable results when applied outside the context of its
definition. Cornette, J. L., K. B. Cease, H. Margalit, J. L. Spouge, J. A. Berzofsky, and
C. Delisi. 1987. Hydrophobicity scales and computational techniques
for detecting amphipathic structures in proteids. Mol. Biol. 195:
659-685.

The authors would like to thank Dr. Christina Redfield for providing Debye, P. 1929. Polar Molecules, Dover, New York

unpublished data from the NMR titration of HEWL and for critical dis-

cussions concerning the titration of HEWL. Computational support wasPebye, P., and L. Pauling. 1925. The inter-ionic attraction theory of

provided by the Pittsburgh Supercomputer Center (sponsored by the Na- ionized solutes. IV. The influence of variation of dielectric constar\t on

tional Science Foundation), the Cornell National Supercomputer Facility, tzhlezgllglggg law for small concentrations). Am. Chem. Soc47:

the Advanced Scientific Computing Laboratory at the Frederick Cancer '

Research Facility of the National Cancer Institute (Laboratory for Mathe-D€mchuk, E., and R. C. Wade. 1996. Improving the continuum dielectric

matical Biology), and the University Computer Center of the City Univer- g%%rr%alcgot_cl’;;;%migggfKaS of ionizable groups in proteins?hys.

sity of New York. Partial support of the work by NSF grant DBI9732684 U '

is gratefully acknowledged. Ehrenson, S. 1989. Continuum radial dielectric functions for ion and dipole
solution systemsJ. Comp. Cheml10:77-93.

Fukamizo, T., T. Torikata, T. Nagayama, T. Minematsu, and K. Hayashi.
1983. Enzymatic activity of avian egg-white lysozymds.Biochem.
REFERENCES (Toky0).94:115-122.

Alexov, E. G., and M. R. Gunner. 1997. Incorporating protein conforma-Gallagher, T., P. Alexander, P. Bryan, and G. L. Gilliland. 1994. Two
tional flexibility into the calculation of pH-dependent protein properties. ~ crystal structures of the Bl immunoglobulin-binding domain of strepto-

Biophys. J.74:2075-2093. coccal protein G and comparison with NMHMiochemistry. 33:
Antosiewicz, J., J. A. McCammon, and M. K. Gilson. 1994. Prediction of 4121-4729.

pH-dependent properties of proteids.Mol. Biol. 238:415-436. Ghose, A. K., and G. M. Crippen. 1986. Atomic physicochemical param-
Antosiewicz. J.. J. A. McCammon. and M. K. Gilson. 1996. The determi- €ters for three-dimensional structure-directed quantitative structure-

nants of p’Ka's in proteinsBioche’mistry35:7819—7833. activity relationships I. Partition coefficients as a measure of hydropho-

) ) bicity. J. Comp. Chem7:565-577.

Bartik, K., C. Redfield, and C. M. Dobson. 1994. Measurement of the ) o )
individual pK, values of acidic residues of hen and turkey lysozymes by Gilson, M. K. 1993. Multiple-site titration and molecular modeling: two
two-dimensional NMRBiophys. J66:1180-1184. rapid methods for computing energies and forces for ionizable groups in

Bashford, D., and M. Karplus. 1990. gK of ionizable groups in proteins: prot.eln.s.Protelns Struc.t. Func. Genet5:266-282.
atomic detail from a continuum electrostatic modBiochem. 29: Guarnieri, F., A. B. Schmidt, and E. L. Mehler. 1998. A screened Coulomb
10219-10225. potential based implicit solvent model: formulation and parameter de-

Bashford, D., and M. Karplus. 1991. Multiple-site titration curves of velopment.Int. J. Quantum Cheng9:57-64.
proteins: an analysis of exact and approximate methods for their calcuHarvey, S. C., and P. Hoekstra. 1972. Dielectric relaxation spectra of water
lation. J. Phys. Chem95:9556-9561. adsorbed on lysozyméd. Phys. Chem76:2987—-2994.



Mehler and Guarnieri pH-Dependent Electrostatic Effects in Proteins 21

Hassan, S. A., F. Guarnieri, and E. Mehler. 1999. A screened Coulomiarch, K. L., D. G. Maskalick, R. D. England, S. H. Friend, and F. R. N.
potential based implicit solvent model: parametrization and prediction of Gurd. 1982. Analysis of electrostatic interactions and their relationship
structures of small peptideBiophys. J.76:A198. to conformation and stability of bovine pancreatic trypsin inhibitor.

Howlin, B., D. S. Moss, and Harris, G. W. 1989. Segmented anisotropic Biochem 21:5241-5251.
refinement of bovine ribonuclease A by the application of the rigid- Marquart, M., J. Deisenhofer, W. Bode, and R. Huber. 1983. The geometry
body/TLS modelActa Crys. A45:851. of the reactive site and of the peptide groups in trypsin, trypsinogen and

Hyland, L. J., T. A. Tomaszek, Jr., and T. D. Meek. 1991. Human immu- IS complexes with inhibitorsicta Crys. Sect. B39:480.
nodeficiency virus-1 protease. 2. Use of pH rate studies and solvenMehler, E. L. 1977. Self-consistent nonorthogonal group function approx-
kinetic isotope effects to elucidate details of chemical mechanism. imation for polyatomic systems. |. Closed shells.Chem. Phys67:
Biochemistry.30:8454—-8463. 2728-2739.

Ido, E., H. Han, F. J. Kezdy, and J. J. Tang. 1991. Kinetic studies of humamehler, E. L. 1996a. The Lorentz—Debye—Sack theory and dielectric
immunodeficiency virus type 1 protease and its active-site hydrogen screening of electrostatic effects in proteins and nucleic atidso-
bond mutant A28SJ. Biol. Chem266:24359-24366. lecular Electrostatic Potential: Concepts and Applications, J. S. Murray

Inagaki, F., Y. Kawano, |. Shamada, K. Takahashi, and T. Miyazawa and K. Sen, editors. Elsevier Science, Amsterdam, The Netherlands.
1981. Nuclear magnetic resonance study of the microenvironments of 371-405.
histidine residues of ribonuclease T1 and carboxymethylated ribonucleMehler, E. L. 1996b. A self-consistent, free energy based approximation to
ase T1.J. Biochem89:1185-1195. calculate pH dependent electrostatic effects in proteinBhys. Chem.

Juffer, A.H., P. Argos, and H.J. Vogel. 1997. Calculating acid- 100:16006-16018.
dossociation constants of proteins using the boundary element metho#lehler, E. L., and E. Eichele. 1984. Electrostatic effects in water-
J. Phys. Chem101:7664—-7673. accessible regions of proteirBiochemistry23:3887-3891.

Katayanagi, K., M. Miyagawa, M. Matsushima, M. Ishikawa, S. Kanaya, Mehler, E. L., and T. J. Solmajer. 1991. Electrostatic effects in proteins:
H. Nakamura, M. lkehara, T. Matsuzaki, and K. Morikawa. 1992. comparison of dielectric and charge modétsot. Eng.4:903-910.
Structural details of ribonuclease H froischerichia colias refined to Oda, Y., T. Yamazaki, K. Nagayama, S. Kanaya, Y. Kuroda, and H.
an atomic resolution]. Mol. Biol. 223:1029-1052. Nakamura. 1994. Individual ionization constants of all the carboxyl

Kesvatera, T., B. Jonsson, E. Thulin, and S. Linse. 1996. Measurement and groups in ribonuclease HI frorscherichia colidetermined by NMR.
modelling of sequence-specific pKa values of lysine residues in calbi- Biochemistry33:5275-5284.

ndin Dyy. J. Mol. Biol. 259:828—-839. Oda, Y., M. Yoshida, and S. Kanaya. 1993. Role of Histidine-124 in the
Khare, D., P. Alexander, J. Antosiewicz, P. Bryan, M. Gilson, and J. catalytic function of ribonuclease HI fror&scherichia coli. J. Biol.
Orban. 1997. Pka measurements from nuclear magnetic resonance for Chem.268:88-92.

the B1 and B2 immunoglobulin G-binding domains of protein G: com- Onsager, L. 1936. Electric moments of molecules in liquitisAmer.
parison with calculated values for nuclear magnetic resonance and x-ray Chem. Soc58:1486—1493.

.structuresBlochem|stry36:3580—3589. ) o ) Pennock, B.D., and H.P. Schwan. 1969. Further observations on the
King, G., F. S. Lee, and A. Warshel. 1991. Microscopic simulations of electrical properties of hemoglobin-bound watér.Phys. Chem?73:
macroscopic dielectric constants of solvated protelhsChem. Phys. 2600-2610.

91:3647-3661. ] ] ~ Ponnuswamy, P. K., M. Prabhakaran, and P. Manavalan. 1980. Hydropho-
Klapper, I., R. Hagstrom, R. Fine, K. Sharp, and B. Honig. 1986. Focusing bic packing and spatial arrangement of amino acid residues in globular
of electric fields in the active site of Cu-Zn superoxide dismutase: effects proteins.Biochim. Biophys. Acta623:301-316.

of ionic .strength and amino-acid modificatioRroteins Struct. Func. Ramanadham, M., L.C. Sieker, and L. H. Jensen. 1981. Structure of
Genet.1:47-59. T . )
triclinic lysozyme and it Cu(2) complex at 2 angstroms resolution.
Kostrewa, D., H.-W. Choe, U. Heinemann, and W. Saenger. 1989. Crystal Acta Crys. A37:33.

structure of guanosine-free ribonuclease T1, complexed with vanadateRekker R.E. 1977. The Hvdrophobic Eragmental Constant. Elsevier
suggests conformational change upon substrate bin&imghemistry. Amsferdérﬁ The l.\letherlarilds P 9 ' ’

28:7592-7600.
. . . . ... Rekker, R. F. 1979. The hydrophobic fragmental constant: an extension to
Kuramitsu, S., and K. Hamaguchi. 1980. Analysis of the acid-base titration a 1000 data point seEur. J. Med. Chem14:479—488.

curve of hen lysozymel. Biochem87:1215-1219. K he dielectri | ik .
Leo, A., P.Y.C. Jow, C. Silipo, and C. Hansch. 1975. Calculation of Sazco,e_\{z.ol-é. 1926. The dielectric constant of electrolylehys. 2.27:

hydrophobic constant (log P) fronr and f-constantsJ. Med. Chem. ) ) )
18:865—868. Sack, V. H. 1927. The dielectric constants of solutions of electrolytes at

Lorentz, H. A. 1952. Theory of Electrons. Dover, New York. s Shmﬁl” czccent(rjatAlorE)sP;ysb. Z£28:1912;2510'H onic st i and
e . .Schaller, W., and A. D. Robertson. . pH, ionic strength, and temper-
Luo, N., E. Mehler, and R. Osman. 1999. Specificity and catalysis of uracil ~ 5,,rg dependence of ionization equilibria for the carboxyl groups in
DNA glycosylase. A molecular dynamics study of reactant and product turkey ovomucoid third domairBiochemistry34:4714—4723.

complexes with DNABiochemistry In press. Sch bach. G. 1936. Der Einfl ) | lad f die Acidit
. _ chwarzenbach, G. . Der Einfluss einer lonenladung auf die Acidita
Luo, R., M. S. Head, J. Moult, and M. K. Gilson. 1998. pKa shifts in small ~ oiner sare. 7. Physik. Chem. AL76:133-153.

molecules and HIV protease: electrostatics and conformalioAmer. . .
Chem. Soc120:6138—6146. Sham, Y. Y., Z. T. Chu, and A. Warshel. 1997. Consistent calculations of

) pKa's of ionizable residues in proteins: semi-microscopic and micro-
MacKerell, A. D. J., D. Bashfod, M. Bellot, R. L. J. Dunbrack, M. J. Field, scopic approaches. Phys. Cheml01:4458—4472.

S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph, L. Kuchnir, K. Kuczera, .
F.T.K. Lau, C. Mattos, S. Michnick, T. Ngo, D. T. Nguyen, B. Prod- Sham, Y. Y., I. Muegge, and A. Warshel. 1998. The effect of protein
hom, B. Roux, M. Schlenkrich, J. Smith, R. Stote, J. Straub, J. Wiork- r€laxation on charge—charge interactions and dielectric constants of
iewicz-Kuczera, and M. Karplus. 1992. Self-consistent parametrization Proteins.Biophys. J.74:1744-1753.

of bio molecules for molecular modeling and condensed phase simulaShirley, B. A., P. Stanssen, J. Steyaert, and C. N. Pace. 1989. Conforma-
tions. Biophys. J.6:A143. tional stability and activity of ribonuclease T1 and mutanitsBiol.

MacKerell, A. D. J., J. Wiorkiewicz-Kuczera, and M. Karplus. 1995, An ~ Chem.264:11621-11625.
all-atom empirical Emergy function for the simulation of nucleic acids. Suzuki, T., and Y. Kudo. 1990. Automatic log P estimation based on
J. Amer. Chem. S0d.17:11946-11975. combined additive modeling methodd. Comp.-Aided Mol. Design.

Mannhold, R., R. F. Rekker, C. Sonntag, A. M. ter Laak, K. Dross, and 4:155-198.
E. E. Polymeropouos. 1995. Comparative evaluation of the predictiveSvensson, B., B."Jsson, and C. Woodward. 1990. Electrostatic contribu-
power of calculation procedures for molecular lipophilicify.Pharm. tions to the binding of CA in calbindin mutants: a Monte Carlo study.
Sci. 84:1410-14109. Biophys. Chem38:179-183.



22 Biophysical Journal Volume 75 July 1999

Svensson, B., B. Jsson, C. E. Woodward, and S. Linse. 1991. lon- droxyethylene-containing inhibitor: comparisons with molecular model-
binding properties of calbindin §: a Monte Carlo simulation study. ing. Protein Sci.1:1061-1072.
Biochem.30:5209-5217. Warshel, A. 1981. Calculations of enzymatic reactions: calculations pf Pk

Swint-Kruse, L., and A. D. Roberson. 1995. Hydrogen bonds and the pH proton transfer reactions, and general acid catalysis reactions in en-

dependence of ovomucoid third domain stabili8iochemistry.35: zymes.Biochemistry20:3167—3177. _ _
4724 -4732. Warwicker, J., and H. C. Watson. 1982. Calculation of the electric poten-

. . o tial in the active site cleft due te-helix dipoles.J. Mol. Biol. 157:
Szebenyi, D. M. E., and K. Moffat. 1986. The refined structure of vitamin  g71_g79.

D-dependent calcium-binding protein from bovine intestide Biol. Webb, T.J. 1926. The free energy of hydration of ions and the electro-

Chem.261:8761-8777. striction of the solventJ. Am. Chem. Soei8:2589—2603.

Takashima, S., and H. P. Schwan. 1965. Dielectric dispersion of crystallingvilson, K. P., B. A. Malcolm, and B. W. Matthews. 1992. Structural and
powders of amino acids, peptides and proteihsPhys. Chem69: thermodynamic analysis of compensating mutations within the core of
4176-4182. chicken egg white lysozyméd. Biol. Chem267:10842.

Tanford, C. 1962. Contribution of hydrophobic interactions to the stability Yand, A.-S., M. R. Gunner, R. Sampogna, K. Sharp, and B. Honig. 1993.
of the globular conformation of proteinsl. Am. Chem. Soc84: On the calculation of pks in proteins.Proteins Struct. Func. Genet.

. o Yang, W., W. A. Hendrickson, R. J. Crouch, and Y. Satow. 1990. Structure
Tanford, C., and R. Roxby. 1972. Interpretation of protein titration curves. of ribonuclease H phased @ A resolution by MAD analysis of the

Application to lysozymeBiochemistry 11:2192-2198. selenomethionyl proteirScience249:1398-1405.

Thanki, N., J. K. Rao, S. I. Foundling, W. J. Howe, J. B. Moon, J. O. Hui, You, T. J., and D. Bashford. 1995. Conformation and hydrogen ion titra-
A. Tomasselli, G., R. L. Heinrikson, S. Thaisrivongs, and A. Wlodawer. tion of proteins: a continuum electrostatic model with conformational
1992. Crystal structure of a complex of HIV-1 protease with a dihy- flexibility. Biophys. J.69:1721-1733.



