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ABSTRACT A computational methodology for
protein pK, predictions, based on ab initio quantum
mechanical treatment of part of the protein and
linear Poisson-Boltzmann equation treatment of
the bulk solvent, is presented. The method is used to
predict and interpret the pK, values of the five
carboxyl residues (Asp7, Glul0, Glul9, Asp27, and
Glu43) in the serine protease inhibitor turkey ovo-
mucoid third domain. All the predicted pK, values
are within 0.5 pH units of experiment, with a root-
mean-square deviation of 0.31 pH units. We show
that the decreased pK, values observed for some of
the residues are primarily due to hydrogen bonds to
the carboxyl oxygens. Hydrogen bonds involving
amide protons are shown to be particularly impor-
tant, and the effect of hydrogen bonding is shown to
be nonadditive. Hydrophobic effects are also shown
to be important in raising the pK,. Interactions with
charged residues are shown to have relatively little
effect on the carboxyl pK, values in this protein, in
general agreement with experiment. Proteins 2004;
55:689-704. ©2004 Wiley-Liss, Inc.

INTRODUCTION

The stability and function of a protein are intimately
tied to its acid base chemistry and, hence, to the pK,
values of its ionizable residues. Thus, an understanding of
the catalytic function of an enzyme or the design of a more
stable protein rests in large part on an understanding of
the environmental determinants of pK, values.

The pK, values of hundreds of residues in many differ-
ent proteins have been accurately measured, including
several rationally designed mutants.!™ X-ray or NMR
structures are available for virtually all these proteins,
allowing for an analysis of the pK, values in terms of
structure. The following four main determinants of pK,
values are generally invoked®*:

1) Charge—charge interactions (i.e., Coulomb or electro-
static effects), whereby, for example, a Lys residue lowers
the pK, of an Asp residue by preferentially stabilizing the
negative (unprotonated) form. The distance dependence of
this interaction appears to depend on the protein and
residue in question.?~® It has been suggested that surface
residues are less sensitive to charged residues due to
solvent screening of the charge.>¢

2) Hydrogen bonding (i.e., charge-dipole interactions),
whereby, for example, hydrogen bonding to a Ser residue
lowers the pK, of an Asp residue by preferential stabiliza-
tion of the negative (unprotonated) form. If the hydrogen-
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bonding partner is charged (e.g., a Lys residue), the
interaction is sometimes classified as a charge—charge
interaction. It is not clear whether hydrogen bonds to
charged residues tend to induce larger pK, shifts than do
hydrogen bonds to neutral residues.

3) Desolvation effects (i.e., Born or hydrophobic effects),
whereby, for example, a hydrophobic environment raises
the pK, of an Asp residue by a net preferential stabiliza-
tion of the neutral (protonated) form (because solvation
preferentially stabilizes the unprotonated form). Desolva-
tion effects can produce very large (4—6 pH units) pK,
shifts and are often important pK, determinants for active
site residues.® 2

4) Helix dipole interactions, whereby, for example, the
positive (N-terminal) end of an a-helix lowers the pK, of an
Asp group by preferentially stabilizing the negative (unpro-
tonated) form.>*3-17

However, the determinants of protein pK, values are not
sufficiently clear to allow for a quantitative pK, prediction
for a given protein residue. For example, a recent survey’
of the determinants of carboxyl pK, values concludes that
“empirical relationships between protein structure and
carboxyl pK, values reveal interesting and intriguing
trends but...these relationships are not very precise.”
Another survey? of His-residue pK, values reached similar
conclusions.

Several computational methodologies aimed at protein
pK, predictions have been developed in the last two
decades.’®~2° In the most popular approach, the protein is
treated by a molecular mechanics force field, embedded in
a uniform dielectric continuum with dielectric constants of
80 for the solvent and 420 for the protein interior. A pK,
shift is calculated from the difference in electrostatic
energy of a residue in its charged and neutral form, and
this shift is added to a model pK, value. The protein
structure is generally kept fixed.

Although these methods can predict most pK, values to
within 1 pH unit, significantly larger errors are not
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Fig. 1. Model compounds for Asp7 of OMTKY3 and their computed pK, values. The positions of the atoms

in bold were energy minimized. Acid form | is shown.

uncommon.?®3! Unfortunately, these larger errors are
often encountered for residues with unusual pK, values,
which are of particular interest. The errors may result
from errors in the method used to calculate energies and/or
errors in the protein structures used to calculate the
energies. For example, it has been argued that the use of a
uniform protein dielectric is fundamentally incorrect,??:3!
whereas a recent study by Laurents et al.32 concludes that
current continuum approaches tend to “underestimate the
contributions of both desolvation and charge-dipole inter-
actions to the pKs of buried ionizable groups.” Alterna-
tively, others have noted that predicted pK, values can be
affected by modest changes in a crystal structure (perhaps
induced by crystal packing forces).3%333* It has been

argued that including the dynamical motion of the protein
will improve the accuracy of continuum-based pK, predic-
tions, although such approaches have had mixed suc-
34-39

The five carboxyl pK, values of the 56-residue protease
inhibitor Turkey ovomucoid third domain (OMTKY3) pro-
vide good systems for the study of pK, determinants. The
pK, values of all the carboxyl residues of the wild-type*°
and several mutants”*! have been determined by NMR.
The carboxyl pK, values span a relatively wide range of
2.2—4.8 pH units, and even the lowest pK, values can be
determined relatively accurately, given the unusual stabil-
ity of this protein at low pH.*? Several computational
predictions®”2%-3943 of the carboxyl pK, values in OMTKY3
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Fig.2. Model compounds for Glu10 of OMTKY3 and their computed pK, values. The positions of the atoms

in bold were energy minimized. Acid form | is shown.

have been made with root-mean-square deviations
(RMSDs) in the 0.5-0.9 range (see below). However, with
the exception of the simplest method (a modified Tanford—
Kirkwood method®®), all fail to predict the most acidic pK,,
(Asp27) to within 1 pH unit.

In this study, we use an ab initio quantum mechanics
(QM) representation of the ionizable residues and their
immediate environment combined with a continuum de-
scription of bulk solvation to study the determinants of the
carboxyl pK, values in OMTKY3. This general computa-
tional approach has been used successfully by us** and
others*®*~° to predict the pK, of small organic molecules.
This approach can be extended to the prediction of a pK_ of
an ionizable residue in a protein. However, only part of the
protein, including the ionizable residue, can be treated

with QM, because of the computational expense of the QM
treatment. The rest of the protein can be treated by
molecular mechanics (MM) using a hybrid QM/MM meth-
odology.** Alternatively, the rest of the protein can be
neglected, as is done in this study. This simpler approach
provides a clearer understanding of the physical forces
that determine the pK, values. We note that this general
approach has been used successfully by Zheng et al.®! and
Ullmann et al.?%%3 to predict protein pK, values of resi-
dues near metal atoms.

The article is organized as follows. First, we briefly
outline the computational methodology. Second, we dis-
cuss the determinants of each carboxyl pK, in some detail.
Third, we compare and contrast these determinants to
draw more general conclusions about the structural deter-
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Fig. 3. Model compounds for Glu19 of OMTKY3 and their computed pK, values. The positions of the atoms

in bold were energy minimized. Acid form | is shown.

minants of carboxyl pK, values in OMTKY3. Fourth, we
suggest possible improvements to the more conventional
methods for protein pK, predictions.

COMPUTATIONAL METHODOLOGY
pK, Calculations

In our approach, the pK, of a carboxyl group in the
protein, HA, is related to the standard free energy change,
AG, of the following reaction

AG

HA(aq) + C,H;COO (aq) — A (aq) + C,H;COOH(aq)

(1
by the equation

pK, = 4.87 + AG/1.36 = 4.87 + {{G(A") — G(HA)]

Here, 4.87 is the experimentally determined pK, of pro-
panoic acid at 298 K®* and 1.36 is RTIn10 for T = 298 K in
kcal/mol. G(X) is the total free energy (in kcal/mol) of
molecule X, which is the sum of the ground state electronic
energy (E,,.) and solvation energy (G,

G = Eele + Gsol (3)

E,,. is comprised of the potential energy of the electrons
and nuclei as well as the kinetic energy of the electrons
and is calculated by standard quantum chemical tech-
niques (described in detail in the appendix) using the
GAMESS®® and PQS®® programs. G, is calculated by the
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Fig. 4. Model compounds for Asp27 of OMTKY3 and their computed pK, values. The positions of the atoms

in bold were energy minimized. Acid form | is shown.

polarizable continuum model (PCM®”) as implemented in
GAMESS, which represents the solvent as a dielectric
continuum surrounding the solute (see the appendix for
details of the PCM calculations).

Protein Model Construction

The aim of the current study is to elucidate the determi-
nants of the carboxyl pK, values in OMTKY3 by construct-
ing and analyzing the simplest possible structural model
that consistently reproduces the experimental pK, values.
Thus, for each Asp and Glu residue, we construct model
compounds that include the ionizable residues and their
immediate chemical environments. First a “small model”
is designed that includes 1) the side-chain of the ionizable
Glu or Asp residue, 2) the two amide groups next to the C

of the Glu or Asp side-chain, and 3) all groups that form
hydrogen bonds with the carboxyl group of interest (Figs.
1-6).

The coordinates of the atoms in each model are taken
from the PDB file 1PPF.%® Hydrogen atoms were added to
the PDB structure with the WHAT IF program®-7° at
pH = 7. Several new protons were added manually to
satisfy the unfilled valences where atoms were removed in
constructing the small model. For example, the small
model of Glul0 [Fig. 2(b)] consists of H,CHNH-Glu-
C(O)C(H)H,, (i.e., the four underlined hydrogen atoms
were added manually, whereas the remaining protons
were added by WHAT IF). All of the carboxyl side-chains
were originally in the unprotonated form. The acid forms
were obtained by adding the acidic protons to the carboxy-



694 H.LIET AL.
0

CHa~CHy ?HQ—CH—ITJ—fg—CHg
CHy (Ho0=C  H

0=C 0=C N—H
5 o Cry
: h

Glu43 Glu43

a. SC43 (pKa=5.1) b. SM43 (pKa=4.7)

Q CHg
fre yr e CIJH2~—CH—-N—C|£—C|:H-(|}H-CH3
i CH0=C H  N—H
g - R 6 CH SHH=C
H N : LI
Bluad Q O=CH Gluda o ‘o=tm

PTG GH) C—NH-CH-CHg
CHLCH N—H CHeCH N—H

c. MM43 (pKa=4.6)

d. LM43 (pKa=4.5, Exp=4.8)

Fig.5. Model compounds for Glu43 of OMTKY3 and their computed pK, values. The positions of the atoms

in bold were energy minimized. Acid form | is shown.

late groups. Two or three protonation sites (i.e., conform-
ers of the COOH group) were considered for each acid
form, whereas only one base form was considered. The
total free energy of the acid form is taken to be the
“conformational average” of the free energies of each
conformer (G,),”*

conformers
G= —RTIn[ > exp(—G/RT)]

i

conformers

=G, — RTIn[1+ Y, exp(—AG/RT)] (4)

i#0

where G, is the lowest energy conformer and AG; = G, —
G,. From the latter form of Eq. 4, it can be seen that only
low energy conformers (AG; < 2RT =~ 1 kcal/mol at 25°C)
contribute significantly to the free energy. If significant,
this contribution will lower the free energy of the acid,
thereby increasing the pK,. Physically, this pK, increase
is entropic in nature, because several accessible protona-
tion states increase the protonation probability. In our
study, this contribution is always less than ~0.2 pH units.

Because we seek the simplest possible computational
model that consistently reproduces the experimental pK,
values, we optimize only a few structural parameters. The
positions of the atoms in the carboxyl group (CH,COO™ or
CH,COOH) are optimized by energy minimization, except
that the Cartesian coordinates of one of the oxygens are

kept fixed (except for Glu43). This allows for the carboxyl
bond lengths and angles to adjust to the change in
protonation state without greatly altering the overall
structure. In addition, for Asp7, Glul9, and Asp27, the
positions of the neighboring OH protons of Ser9, Thr17,
and Tyr31, respectively, are also optimized because their
positions are predicted to depend significantly on the
protonation state of the carboxyl group. Optimized atoms
for each model are indicated in Figures 1-6.

Often the pK, predicted using the small model (SM) is
quite close to the experimental value, (Table I) indicating
that the most important intraprotein interactions are
included in the SM. To analyze the interactions further, we
construct several small models in which key hydrogen
bonds are removed; these are called very small (VS)
models (Figs. 1-6). We also construct a side-chain (SC)
model, in which the peptide backbone atoms are replaced
by a methyl group, to determine the effect of the peptide
groups on the pK,.

To determine the effect of protein groups not directly
hydrogen bonded to the carboxyl group, we construct
several medium models (MMs) in which side-chains in the
vicinity of the carboxyl group are added one at a time,
without geometry reoptimization. The model in which all
of the neighboring groups are included is termed the large
model (LM), and the pK, obtained by using this large
model is taken to be our best prediction of the experimen-
tal value. With the exception of Asp27, we are able to show
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TABLE I. Computed pK, Values of the Model Compounds of the Five Carboxylic
Residues in Turkey Ovomucoid Third Domain (OMTKY3)"

Models Asp7 Glul0 Glul9 Asp27 Glu43 rmsd
Experiment? 25 41 3.2 2.2 4.8

SM 2.1 4.0 3.0 -0.1 4.7 1.05
LM 24 4.3 2.7 19 4.5 0.31
SC 49 4.7 49 4.8 51

VS-a 3.1 3.2 1.7

VS-b 2.8 8.9 3.7

VS-c 2.8

MM-a 1.6 4.0 2.9 04 4.6 0.92
MM-b 2.9 3.9 11

MM-c 4.1

"The models are displayed in Figures 1-6. The pK, values are calculated with the average free energy
changes (Eq. 4 in text). The free energy changes and pK, values for individual conformers are listed in

Table II.
2Reference 40.

that the pK, values change very little in going from the SM
to the LM. For this reason, we have not considered models
larger than the LMs.

RESULTS
Aspartate 7

The crystal structure shows two possible hydrogen
bonds to the carboxyl group of Asp7: Ser9-OYH-0%2-Asp7

(0"-02 distance = 3.3 A) and Ser9-NH—0?'-Asp7 (N-O>!
distance = 3.4 A). Accordingly, the small model of Asp7
(SM7) includes these interactions in addition to the amide
groups of Asp7 and Cys8 as shown in Figure 1(e). For the
protonated form, three different proton positions are con-
sidered: Asp7-O*?H—O"H-Ser9, Asp7-HO*>—HO"-Ser9,
and Asp7-O°>*H—OYH Ser9 (acid forms I, II, and III,
respectively).

H H H
4 Clh, o 4 Clp
: =—H : \? g —H
|| 6162 i Ser9 T ,? H Ser9 'i' ? H Ser9
e (G () e —?—C—? _?_(_;=o
H Asp7 H H Asp7 H Asp7
acid form | acid form 1l acid form IH

On energy minimization of SM7, Asp7-0°2H—OYH-Ser9
(acid form I) is the lowest in energy, with forms II and III
0.5 and 2.2 kcal/mol higher in energy, respectively. All
three contributions to the free energy are included via Eq.
4 and result in a pK, of 2.1 pH units, in good agreement
with the experimental value of 2.5. If only the lowest
energy form of the acid (acid form I) is used, the pK_ is 1.9
(Table II).

Removal of the Ser9 side-chain [VS7b, Fig. 1(c)] or the
Ser9 amide group [VS7c, Fig. 1(d)], followed by geometry
reoptimization, results in pK, increases of 0.7 pH units. If
only the Asp7-O*?H—OYH Ser9 protonation state (acid
form I) is used, then the pK, increases in VS7b and VS7c
relative to SM7 are 0.8 and 0.9, respectively. These values
are very similar to the conformational average, and we use
these results to interpret the molecular basis for the
observed pK, in terms of the electronic energy (AE,,,) and
the change in solvation energy on deprotonation (AG,,)

listed in Table II. The pK, increases on removal of the Ser9
side-chain and amide group are due to increases in AE,
that are attenuated by smaller changes in solvation en-
ergy. Both changes are expected. The hydrogen bonds
stabilize the base form, thereby increasing AE,, relative
to SM7. But formation of the hydrogen bonds leads to
desolvation of the carboxyl group, which decreases the
absolute value of AG,,;. It is of interest that the changes in
AE,,, and AG,, due to removal of the amide group are
roughly twice that due to removal of the Ser9 side-chain.
Finally, removal of both groups results in a pK, of 3.1
[VS7a, Fig. 1(b), indicating that the effects of these hydro-
gen bonds on the pK, of Asp7 are nonadditive: removal of
the amide group raises the pK, by 0.7 (SM7 — VS7c¢) or 0.3
(VS7b — VS7a), depending on whether it is removed in the
presence or absence of the Ser9 side-chain, and similarly
for the side-chain of Ser9. The data in Table II reveal that
this non-additivity is primarily due to the solvation en-

sol
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TABLE II. Computed Free Energy Changes (in kcal/mol, see Eq 1-4 in text) and pK, Values for the Individual Model
Compounds of the Five Carboxylic Residues in Turkey Ovomucoid Third Domain (OMTKY3)

Acid form I Acid form IT Acid form ITI
Model Neighboring groups AE AG pK, —107.2 AG pK, AE AG ., pK,
Asp7 SC None —-0.4 -0.1 45 —5.2 3.8 3.8 -0.2 0.1 4.8
VS-a 2 Amides —11.8 9.3 30 -—16.8 13.3 2.3 —13.2 10.1 2.6
VS-b 3 Amides —23.0 20.1 27 275 23.9 22 —256 21.6 1.9
VS-c 2 Amides, Ser9 —18.3 155 28 —26.3 22.3 19 —256 20.0 0.7
SM 3 Amides, Ser9 —28.5 245 19 -—356 31.1 16 —354 29.2 0.3
MM-a SM, Lys34 —84.6 79.8 1.3 —96.3 915 1.3 —-923 85.3 -0.3
MM-b SM, Ser9, Glul0 —31.8 29.0 28 —396 35.9 21 —38.8 33.7 11
LM SM, Ser9, Lys34, Glul0 —87.0 83.5 2.3 —99.3 95.3 19 —948 88.9 0.5
Glu10 SC None -0.3 0.0 4.6 -1.0 -0.1 41
SM 2 Amides —5.8 4.6 4.0 —6.9 4.6 3.2
MM-a SM, Lys13 —68.5 67.1 38 —T765 74.8 3.6
MM-b SM,Lys13,Ser9,Lys34 - 1144 3.7 —127.0 125.0 34
116.0
MM-c SM, Lys13, Ser9, Asp7 —18.7 175 40 —26.7 25.1 3.7
LM SM, Lys13, Ser9, Asp7, —67.5 66.4 41 782 77.0 4.0
Lys34
Glu19 SC None -0.6 0.5 4.8 -13 0.6 43 Same as IT
VS-a 2 Amides —-12.2 9.9 32 —-159 11.0 1.3 Same as II
VS-b 2 Amides, Thrl7 -9.9 154 89 —18.0 17.2 4.3 —21.6 15.6 04
SM 4 Amides, Thr17 —25.6 23.0 29 —29.7 24.8 1.3 —32.2 234 -1.6
MM SM, Asn33 -31.6 28.9 29 -362 31.0 1.0 —389 29.6 -2.0
LM SM, Asn33, Arg21 —69.4 66.4 2.7 =717 65.9 06 748 65.0 -23
Asp27 SC None 0.2 -0.5 4.6 —4.6 3.7 4.2
VS-a 3 Amides —30.6 25.8 1.3 —338 29.1 14
VS-b Tyr31 —16.2 14.6 3.7 233 18.3 1.2
SM 3 Amides, Tyr31 —41.3 346 —01 —51.1 408 2.7
MM-a SM, Leu48 —41.9 35.9 04 -513 416 —23
MM-b SM, Leu48, Lys29 —95.5 90.4 1.1 -1078 991 -15
LM SM, Leu48, Lys29, Gly25 —95.5 914 1.8 —-107.2 995 —-08
Glu43 SC None 0.2 0.0 5.0 -0.2 —0.2 4.6
SM 2 Amides -5.3 4.9 4.6 —6.5 55 41
MM SM, Cys38, Asn39, Alad0 06 -12 44 -10 -02 40
LM SM, Cys38, Asn39, Ala40, -0.3 —-04 4.3 —-2.0 0.8 4.0
Val41-42
ergy. Removal of the amide group changes AE,,, and AG,,,  of Glul0, which is neutral at pH < 3, increases the pK, by

by 5.5 and —4.4 kcal/mol (SM7 — VS7c¢) or 6.5 and —6.2
(VS7b — VS7a), depending on whether it is removed in the
presence or absence of the Ser9 side-chain, and similarly
for the side-chain of Ser9.

The low pK, of VS7a suggests that interactions with the
two neighboring amide groups have a significant effect on
the pK,: a decrease of 0.9 units relative to the usual model
value™ for Asp of 4.0 and 1.8 units relative to the
side-chain model SC7 [Fig. 1(a)]. The decrease is presum-
ably due to an interaction with the amide proton of Cys8.
Given the (N)H—O?! distance of 2.94 A and N-H-O angle
of 91°, the interaction with the charged carboxyl group is
best classified as an ion-dipole interaction rather than a
hydrogen bond. Gunner and coworkers”® previously dis-
cussed the importance of backbone dipoles in depressing
carboxyl pK, values.

Larger, medium-sized models are created from SM7 by
the addition of either the Lys34 side-chain [MM7a, Fig.
1(®)] or the GlulO side-chain [MMT7b, Fig. 1(g)]. The
addition of Lys34 (N — 0% distance = 5.3 A) decreases the
pK, by 0.5 pH units relative to SM7. Conversely, addition

0.8 pH units, due to desolvation. Comparison with a large
model LM7 [Fig. 1(h)], in which both groups are present,
show that the effects are additive and result in a final pK,
of 2.4 pH units, in very good agreement with the experimen-
tal value of 2.5. This close agreement is somewhat fortu-
itous, because mutation of Lys34 to Gln or Thr has no
measurable effect on the pK, of Asp7,” whereas our model
predicts a 0.5 unit decrease. This may indicate that the
position of the Lys34 side-chain in the crystal structure
does not reflect that in solution. Alternatively, the pK,
may be affected by interactions with the Gln and Thr
side-chain at position 34 in the mutant protein, which are
not included in the current study. In any case, our model
indicates that the very low pK, value of Asp7 is not
primarily due to Lys34, in agreement with the experiment.

On the basis of our model of Asp7, the primary contribu-
tions to the observed 1.5 unit pK, decrease relative to the
standard Asp pK, value of 4.0 are 1) a 1.0 unit decrease
due to hydrogen bonds with the amide and OH groups of
Ser9 and 2) a 0.9 unit decrease due to interactions with the
two amide groups connected to the Asp7 C®. Secondary
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contributions to the pK, value are 1) a 0.8 unit pK,
increase due to desolvation by (neutral) Glul0 and 2) a 0.5
unit decrease due to charge—charge interactions with
Lys34.

Glutamate 10

The crystal structure of OMTKY3 does not reveal any
intramolecular hydrogen bonds involving the Glul0 car-
boxyl group. Thus, the small model of Glu10 (SM10) was
chosen to be the Glul0 side-chains and the two neighbor-
ing amide groups of Glul0 and Tyrll [Fig. 2(b)]. For the
acid form, protonation of both 0! and O“® were consid-
ered.

The pK, of model SM10 is predicted to be 4.0 pH units,
in excellent agreement with the experimental value of 4.1.
Using only one acid form in which O is protonated also
results in a pK, 0of 4.0. The decrease of 0.9 units in the pK,
relative to the side-chain model SC10 [Fig. 2(a)] is thus
due to the two neighboring amide groups, presumably
mostly due to stabilization of the base by the Glu10 amide
NH, for which the (N)H—O<' distance is 4.4 A and the
N-H-O angle is 106°.

Further investigation of the crystal structure shows that
the N¢ of Lys13 is 3.9 A from the nearest carboxyl oxygen of
Glul0. It is surprising that including this residue as an
ethyl ammonium group [MM10a, Fig. 2(c)] does not affect
the pK,. Inspection of Table II reveals an interesting
explanation: the pK, values of the two different acid forms
are 3.8 and 3.6 units for O°®*H and O<“'H, respectively.
Thus, one effect of Lys13 is to make the two protonation

Thri7

Sz?H Glu19 | Glu19
?=Oel """"""""""" H= — Qe
Hy | CHg HT Hy.
HzT H-N— Hzﬁr
HN— 9y
acid form | acid form II

On energy minimization of SM19, acid form I is the
lowest in energy, with the other two 2.3 (form II) and 6.2
(form III) kcal/mol higher in energy, respectively. All three
contributions to the free energy are included via Eq. 4 and
result in a pK, of 3.0 pH units, in good agreement with the
experimental value of 3.2. If only the lowest energy form of
the acid (acid form I) is used, the pK, is 2.9 pH units (Table
D).

Removal of the Thr17 side-chain and neighboring amide
groups [VS19a, Fig. 3(b)] results in only two acid forms and
a slight pK, increase of 0.2 pH units. This is in reasonable
agreement with the 0.4 units increase in the pK, of Glu19
in a T17V variant of OMTKY3, recently reported by Song
et al.*! Both acid forms are used in the pK, prediction,
although acid form I remains the lowest energy form. The
data in Table IT show that removal of Thrl7 significantly
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states nearly isoenergetic. However, this increases the
conformational entropy of the acid slightly (cf. Eq. 4), thus
raising the pK, back to 4.0, leading to a net zero effect.

The further addition of Lys34 and Asp7 [represented by
methyl ammonium and propionate, Fig. 2(f), which are 5.4
A and 6.1 A from Glu10] raises the pK, by 0.3 pH units.
Removal of either Asp7 [Fig. 2(d)] or Lys34 [Fig. 2(e)l
results in respective pK, values of 3.9 and 4.1, respec-
tively, indicating that the 0.3 pK, increase is primarily due
to Asp7. Our findings are consistent with the mutagenesis
study of Forsyth and Robertson,” which showed that the
pK,, for Glu10 in the K34T and K34Q mutants of OMTKY3
is within 0.2 pH units of the wild-type value.

Thus, the large model [Fig. 2(f)] yields a pK, of 4.3,
which is in good agreement with the experimental value of
4.1. The main determinant of this pK, is interactions with
the two neighboring amide groups in the protein backbone.

Glutamate 19

The crystal structure shows two possible hydrogen
bonds to the carboxyl group of Glu19: Thr17-OYH—O<-
Glul9 (0-O¢' distance = 3.0 A) and Glul9-NH—O<-
Glul9 (N-O¢! distance = 2.76 A). Accordingly, the small
model of Glul9 (SM19) includes these interactions in
addition to the amide groups of Leul8 and Thr17 as shown
in Figure 3(d). For the acid form, three different proton
positions were considered: Glul9-HO<'—HO"-Thrl17,
Glul19-O¢*H—O"H-Thr17, and Glul9-O*H—O"H-Thr17
(acid forms I, IT, and III, respectively).

I Thr17 [ Glio  Thri7
....... _O_H. H
CHCH H,i CHACH H

I

e
acid form 11l

increases AE,, (by 13.4 kcal/mol), but that this increase is
canceled by a decrease in the solvation energy (of 13.1
kcal/mol). Thus, the main source of the pK, decrease
relative to SC19 [Fig. 3(a)] is primarily due to the neighbor-
ing amide groups and the Glul19-NH—O¢<'-Glu19 hydro-
gen bond in particular.

Removal of the amide group from SM19 [VS19b, Fig.
3(c)] results in a very large pK, of 8.9 pH unit. This is
partially due to a relatively large change in the geometry
on energy reminimization in the absence of the amide
group.

A medium model MM 19 [Fig. 3(e)] and a large model LM19
[Fig. 3(f)] are created from SM19 by addition of the Asn33
side-chain and, subsequently, the Arg21 side-chain. These
changes perturb the pK, of Glul9 by —0.1 and 0.2 units,
respectively. The latter pK, shift is in good agreement with
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the 0.2 unit increase in the pK, of Glu19 in a N33A variant of
OMTKYS3, recently reported by Song et al.**

On the basis of our model of Glu19, the primary contribu-
tion to the observed 1.2 unit decrease relative to the
standard Glu pK, value” of 4.4 is a 1.2 unit decrease due
to a hydrogen bond with the Glu19 amide NH. Secondary
contributions to the pK, value are 1) a 0.2 unit decrease
due to a hydrogen bond with Thrl7, 2) a 0.2 unit pK,
decrease due to charge—charge interactions with Arg21,
and 3) a 0.1 unit decrease due to charge-dipole interactions
with Asn33. The lack of a significant charge-charge
interaction is surprising given that the pK, of Glu 19 is
increased from 3.2 to 4.0 in going from 10 mM to 1 M of
KCL*° Such an ionic strength dependence is usually
ascribed to screening of charge—charge interactions,
whereas our calculations and the experiments of Song et

e
H C H
3 \Cl;|/ %(ID/
_6%' /C\Cé ~H
| |
= CH,=C ==O=H-------- O“H Tyr31
Asp27
acid form |

On energy minimization of SM27, acid form I is the lowest
in energy, with form II 3.5 kcal/mol higher in energy. Both
contributions to the free energy are included via Eq. 4 and
result in a pK, of —0.1 pH units, significantly less than the
experimental value of 2.2. We show below that the pK, is
increased significantly in larger models.

Removal of the Tyr31 side-chain [VS27a, Fig. 4(b)]
followed by geometry reoptimization results in a pK,
increase of 1.8 pH units. Comparison of the VS27a pK,
(1.7) to that of the SC27 [4.8, Fig. 4(a)] indicates that the
amide hydrogen bonds are primarily involved in lowering
the pK, relative to propanoic acid.

A similar conclusion is reached by first removing the
amide hydrogen bonds [to form VS27b, Fig. 4(c)], which
increases the pK, by 3.8 pH units. Subsequent removal of
the Tyr31 side-chain (to form SC27) increases the pK,
further by 1.1 pH units. Thus, as for Asp7, the effects of
hydrogen bonds on the pK, are not additive.

Larger models are constructed from SM27 by adding the
Leu48 side-chain [MM27a, Fig. 4(e)], followed by the
Lys29 side-chain [MM27b, Fig. 4(f)], and finally part of the
Ser26 and Gly25 main-chain [LM27, Fig. 4(g)]. These
additions increase the pK, by 0.5, 0.7, and 0.7 pH units,
respectively, so that the pK, of LM27 is 1.9, in good
agreement with the experimental value of 2.2 pH units. All
groups contain aliphatic protons that are within 3.0 A of
the carboxyl oxygens of Asp27: Leu48-C"'H'—0?! (2.84 A),
Leu48-C*"H—0%? (2.81 A), Lys29-CPH—O>' (2.87 A),
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al. show that the closest charged group (Arg21) has little
(0.2 units) effect on the pK,. We discuss this point further
in the next section.

Aspartate 27

The crystal structure shows three possible hydrogen
bonds to the carboxyl group of Asp27: Tyr31-O"H—O%-
Asp27 (0O™-0! distance = 2.5 A), Asp27-NH—O0?'-Asp27
(N-O' distance = 2.9 A), and Lys29-NH—O?®'-Asp27
(N-O°! distance = 2.9 A). Accordingly, the small model of
Asp27 (SM27) includes these interactions in addition to
the amide group of Asn28 as shown in Figure 4(d). For the
acid form, two different proton positions were used: Asp27-
0°2H—O"H-Tyr31 and Asp27-HO*2—HO"-Tyr31 (acid
forms I and II, respectively).

acid form 1l

Lys29-C°H—0?2 (2.98 A), Gly25-C*H—0?' (2.80 A). These
rather weak interactions effectively desolvate the carboxyl
group of Asp27, thereby raising the pK,. It is especially
interesting to note that the aliphatic portion of a Lys
residue can increase the pK, of a neighboring carboxyl

group.
Glutamate 43

The crystal structure of OMTKY3 does not reveal any
intramolecular hydrogen bonds to the Glu43 carboxyl
group. Thus, the small model of Glu43 (SM43) was chosen
to be the Glu43 side-chains and the two neighboring amide
groups [Fig. 5(b)]. For the acid form, protonation of both
O¢<! and 02 was considered.

The pK, of model SM43 is predicted to be 4.7 pH units,
in excellent agreement with the experimental value of 4.8.
Because there are no strong interactions of the carboxyl
group with the backbone, the pK, is shifted only modestly
from the SC43 [Fig. 5(a)]. Addition of the amide H-bonding
partners [MM43, Fig. 5(c)] and additional nearby frag-
ments of the main-chain [LM43, Fig. 5(d)] have only small
(0.1 pH units) effects on the pK,.

DISCUSSION

The single biggest contributor to low carboxyl pK,
values in OMTKY3 is backbone amide hydrogen bonding
to the carboxyl oxygens. Table III lists the pK, values
together with the distances from the carboxyl oxygens to
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TABLE III. Experimental pK, Values of the Five Carboxylic Residues in Turkey Ovomucoid
Third Domain (OMTKY3) and the Distances Between the Carboxyl Oxygens and the Nearest

Amide Protons’
Chemical shift changes (ppm)
Distances (A) Experimental® Theoretical

Residue pK.? Amide 1 Amide 2 Amide 1 Amide 2 Amide 1 Amide 2
Asp27 2.2 1.99 2.33 —0.90 —0.85 —1.08 —0.56
Asp7 2.5 2.58 2.94 -0.39 NA -0.42 +0.02
Glul9 3.2 1.87 3.84 —-0.63 NA -1.74 +0.14
Glul0 41 4.38 6.37 —0.20 NA —0.08 +0.07
Glu43 4.8 5.08 5.16 NA NA NA NA

"The chemical shift changes, both experimental and theoretical values of the neighboring amide protons on

deprotonation of the carboxylic residues are also listed.

aReference 40.

the nearest amide proton (based on crystal structures and
proton positions determined using WHAT IF) and shows a
good correlation between the number and strengths, as
judged by the hydrogen bond distances, of these hydrogen
bonds and the pK,.

It is of interest that the chemical shifts of some of these
amide protons are affected by the deprotonation of the
neighboring carboxyl group,*® as shown in the last column
of Table III. Table III also lists changes in chemical shift on
deprotonation, calculated by using the respective small
models and the lowest energy acid form (see the appendix
for computational details). With the exception of Glul9,
the agreement with experiment is good (with errors < 0.3
ppm), especially considering the amide NH bond length is
not optimized. It is not clear why the error for Glul9 is so
much larger (1.11 ppm), but it does coincide with the
largest error in the predicted pK, (0.5 pH units) and
shortest amide NH—carboxyl hydrogen bond considered
here. Overall, the computed proton chemical shift changes
further validate our model.

Gunner and coworkers’® suggested that the electro-
static potential due to amide bonds will tend to lower pK,
values of Asp and Glu residues. This suggestion is consis-
tent with our analysis, because hydrogen bonding has a
significant eletrostatic component.”* However, specific hy-
drogen bonds involving amide protons are rarely impli-
cated when rationalizing pK, shifts. Direct experimental
study of the effects of these hydrogen bonds is significantly
more difficult than side-chain—side-chain interactions,
which can be probed by using mutagenesis. A recent
survey of 250 nonhomologous protein X-ray structures
found hydrogen bonds to the main chain for 59% and 35%
of all Asp and Glu carboxyl groups, respectively.”® Thus,
such hydrogen bonds are likely to be key pK, determinants
for most Asp residues and many Glu residues.

Hydrogen bonds from side-chain hydroxyl groups of
serine and tyrosine to the carboxyl groups of Asp7 and
Asp27 have effects on the pK, values that are similar to
those of amide NH hydrogen bonds. In contrast, the
carboxyl—HO-Thr hydrogen bond to Glul9 has a signifi-
cantly smaller effect on the pK,, in agreement with the
experiment.*! In silico mutation of Thr17 to Ser has little
effect on the pK, (data not shown), indicating that it is the
hydrogen bond geometry, rather than the methyl group in

the Thr side-chain, which is the main determinant of the
pK, shift. Other mutagenesis studies”®~"® have shown
that hydrogen bonding to neutral and charged residues
can affect the pK, of ionizable residues by up to 1.67¢ and
2.478 units, respectively.

Analysis of the pK, of Asp27 shows that neighboring
hydrophophic regions can raise the pK, by as much as 0.7
pH units. It is very interesting that the aliphatic part of
the Lys29 side-chain is predicted to raise the pK, of Asp27
by 0.5 pH units. The combined effect of the hydrophobic
interactions on the pK, of Asp27 is predicted to be 2.0 pH
units. The importance of hydrophobic environments in
determining the pK, has been emphasized previously, in
particular by Mehler, Warshel, and Garcia-Moreno.*-10:18:23:27

Neighboring charged residues such as Lys (for Asp7,
Glul0, and Asp27) or Arg (in Glul9) are predicted to have
more modest effects (=0.5 units) than hydrogen bonding
on the OMTKY3 carboxyl pK, values. In Glul9, this
observation is supported by experiment:*' the pK, of
Glul9 is increased by 0.2 and 0.4 units in R21A and T17V
mutants of OMTKY3. Other mutagenesis studies”®7"°
have shown that the neutralization of a charged residue
(outside hydrogen bonding range) can change a pK, by up
to 0.7 units and that the effect tends to decrease signifi-
cantly (to = 0.2 units) for mutations of residues > 10 A
from the ionizable residue. There are two notable excep-
tions to this statement. One exception is the mutation of
Asp99 to Ser in B. amyloliquefaciens subtilisin, which
decreases the pK, of the distant (12 A) His64 by 0.4 units.?
This unusually large long-range effect may be due to the
fact that His64 is largely screened from the solvent.
Another exception is the mutation of Glu78 to Gln in B.
circulans xylanase, which decreases the pK, of nearby (5.3
A) Glul172 by 2.5 units.®° This unusually large effect may
be due to a disruption of a hydrogen-bonding network that
connects the two Glu residues.®® Charge-reversal muta-
tions introduce pK, changes that are roughly twice the size
of the pK, changes introduced by the corresponding charge
neutralization mutations. Because the charge—charge in-
teractions appear to be roughly additive, multiple charge-
reversal mutations within the same protein can produce
pK, shifts similar in magnitude to those commonly in-
duced by a single hydrogen bond.??7°8! In the most
extreme example, Laurents et al.3? changed three Asp and
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TABLE IV. Comparison Between the pK, Values Predicted for OMTKY3 in the Current Study and Previous Studies

Residue Experimental® Current study® Forsyth et al.¢ Nielsen et al. Mehler et al.® Havranek et al.f
Asp7 2.5 24 2.9 2.7 29 2.1
Glul0 4.1 43 34 3.6 4.1 4.0
Glu19 3.2 2.7 3.2 2.7 3.6 3.1
Asp27 2.2 1.9 4.0 34 3.3 2.9
Glu43 48 45 4.3 43 44 5.6
rmsd 0.3 0.9 0.7 0.6 0.5
Max. error 0.5 1.8 1.2 1.1 0.8

aReference 40.

*The predicted pK, values based on the large models (LMs) and B3LYP instead of MP2 are 2.2(Asp7), 4.4(Glu10), 2.2(Glu19), 2.2(Asp27), and

4.9(Glu43), with an RMSD = 0.5 and the maximum error = 1.0
“Reference 43.
“Reference 30.
°Reference 27.
fReference 39.

two Glu residues to Lys residues in ribonuclease Sa,
thereby introducing pK, shifts of up to 2.2 units in the
remaining 11 ionizable sites. However, the average pK,
shift was only 0.6 units, and six of the sites showed pK,
shifts of <0.3 units.

In general, we conclude the prime determinants of the
Asp and Glu pK,, values in OMTKY3 are local interactions
within ~4-5 A of the ionizable residue. It is interesting
that an ionic strength dependence of 0.8 units has been
observed*® for the pK, of Glul9, which is traditionally
ascribed to screening of long-range interactions. Given
that hydrogen bonding appears to be the prime determi-
nant of this pK,, it is possible that an ionic strength
increase may alter the hydrogen-bonding pattern around
the residue, perhaps by ion binding at a specific site close
to the ionizable residue.®**2 The ionic strength depen-
dence of the pK, values of Asp7 and Asp27, for which we
also predict that hydrogen bonding is the main determi-
nant, varied by 0.0-0.6 and 0.4—0.5 units, respectively,
depending on which proton resonance was used to deter-
mine the titration curve.*°

Comparison With Classical Electrostatic Models

The pK, values of OMTKY3 have been predicted by using
a variety of classical electrostatic approaches.??:30:39:43
Table IV lists the pK, values obtained by using these
methods along with the pK, values predicted by using the
large models in this study. Before comparing the results,
we note that the classical methods are intended to predict
pK, values with relatively little user intervention, whereas
our method is used to interpret pK, values and in Asp7/
Glu10 relies on the experimentally determined pK, values
to determine protonation states. However, it is clear that
despite using relatively small protein models, our results
are at least as good as the current literature values. Unlike
the current approach, the classical methods all predict a
relatively high pK, for Asp27. In general, Schutz and
Warshel®! have noted that these methods tend to underes-
timate pK, shifts.

We hope that this and future studies will help improve
the more conventional pK, prediction methods. Here we
highlight some findings that may help guide such improve-
ments.

1) Inspection of Table II shows that the placement of the
acidic proton in the acid form of the carboxyl group can
affect the pK, by several pH units. This has also been
observed for some residues in OMTKY3, BPTI, and ly-
sozyme by Antosiewicz et al.?? More generally, Nielsen
and Vriend®® showed that optimizing the hydrogen bond
network for each protonation state tends to improve pK,
predictions. Here we note that the lowest energy acid form
in the large models for all five residues has a C-C-O-H
dihedral angle close to 180° (acid form I).

2) Our approach describes intraprotein interactions ab
initio, using second-order perturbation theory (MP2) to
describe electron correlation and a relatively large basis
set [6-31+G(2d,p)]. The use of B3LYP density functional
theory, rather than MP2 to describe electron correlation,
leads to reasonable pK, predictions except for Glul9
where the error increases to 1.0 pK, units (see footnote b in
Table IV). Neglecting electron correlation or using smaller
basis sets leads to significantly poorer pK, predictions
(data not shown). Thus, significant improvements in pK,
predictions may be gained by using more detailed, and
presumably more accurate, force fields as they become
generally available.?38* For example, it is well known that
using a detailed charge model allows for the use of a lower
(and perhaps more physically realistic?) protein dielectric
constant.??

Future Directions

Clearly, the generality of the conclusions presented here
must be tested by the study of many more systems. We are
currently performing a similar study of the carboxyl pK,
values in ubiquitin, for which a wealth of mutagenesis
data are available.® Other studies on the pK, of active site
residues in lysozyme and xylanase are planned in the near
future. The significance of different protonation states in
calculating pK, values, as described above, highlights the
importance of sampling and including reasonable alterna-
tive conformations in the calculations. In this regard,
additional studies will also be directed at extending the
sampling of alternative conformations for the interacting
groups.
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APPENDIX

Here we provide the details of the computational meth-
odology necessary to reproduce the presented results using
the GAMESS program®® and the PQS program.®¢

The electronic energies were computed at the MP2/6-
31+G(2d,p) level of theory,®® based on structures that are
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fully optimized (only for propanoic acid and propionate) or
partially optimized (for the model compounds of OMTKY3)
in at the RHF/6-31G(d) level of theory.

The solvation energies were computed at the IEF-PCM®7/
RHF/6-31G(d) level of theory, based on the same geom-
etries. Diffuse functions (L shell) were added to the four
heavy atoms (two carbon and two oxygen atoms) in the
negatively charged carboxylate groups (—CH,COO ) un-
der consideration. The UAHF radii®® were used to define
the molecular cavities. RET = 100 was selected to prevent
the use of additional spheres; 240 initial tesserae were
used for each sphere. ICOMP = 2 was selected for surface
charge renormalization.®” The cavitation energy was com-
puted with the method of Pierotti.®® For propanoic acid/
propionate and the small model compounds, the dispersion-
repulsion energies were computed with the method of
Floris et al.®® For some of the very small, medium, and
large model compounds, the solute is contained in two
separate cavities, and the dispersion-repulsion energies
could therefore not be calculated. So, for all the medium
and large model compounds, the dispersion-repulsion ener-
gies of the corresponding small model compounds were
used. For the very small models with two cavities, the
dispersion-repulsion energies were not included in the pK,
calculations. This introduces virtually no error because

H.LIET AL.

the changes in the dispersion-repulsion energies on depro-
tonation are small (~0.2 kecal/mol) and virtually identical
for the small, medium, and large model compounds of a
given residue.

The NMR proton chemical shifts were computed at the
B3LYP/6-311++G(d,p) level of theory using the PQS
program. The effects of the solvent on the proton chemical
shifts are modeled by the method proposed by Zhan and
Chipman.®® First, an IEF-PCM energy was calculated for a
particular structure at the BSLYP/6-311++G(d,p) level of
theory using GAMESS, 60 initial tesserae per atom, and
ICOMP = 2. The resulting apparent surface charges and
their positions were printed out in a format appropriate for
PQS, scaled by one half (again following Zhan and Chip-
man), and included in the PQS B3LYP/6-311++G(d,p)
chemical shielding calculations as static charges.

Computational Programs

Geometry optimization, some MP2 single-point energy
calculation, and IEF-PCM computation were performed
with the GAMESS program.®®> The PCM option of 240
initial tesserae for each sphere was implemented into a
local version of GAMESS. The code will be released in the
July 2003 of GAMESS. MP2 single-point energy calcula-
tions for the largest systems were performed with the PQS
program®® on a QS8 QuantumStation.



