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ABSTRACT A very fast empirical method is
presented for structure-based protein pK, predic-
tion and rationalization. The desolvation effects
and intra-protein interactions, which cause varia-
tions in pK, values of protein ionizable groups, are
empirically related to the positions and chemical
nature of the groups proximate to the pK, sites. A
computer program is written to automatically pre-
dict pK, values based on these empirical relation-
ships within a couple of seconds. Unusual pK, val-
ues at buried active sites, which are among the most
interesting protein pK, values, are predicted very
well with the empirical method. A test on 233 car-
boxyl, 12 cysteine, 45 histidine, and 24 lysine pK,
values in various proteins shows a root-mean-
square deviation (RMSD) of 0.89 from experimental
values. Removal of the 29 pK, values that are upper
or lower limits results in an RMSD = 0.79 for the
remaining 285 pK, values. Proteins 2005;61:704 -721.
© 2005 Wiley-Liss, Inc.

INTRODUCTION

Proteins possess ionizable groups, which are important
for intraprotein, protein—solvent and protein—ligand inter-
actions,! and play key roles in protein solubility, folding,
stability, binding ability, and catalytic activity. The pK,
values of the ionizable residues are thus the basis for
understanding the pH-dependent characteristics of pro-
teins and catalytic mechanisms of many enzymes.

Theoretical interpretation and prediction of protein pK,
values are useful for understanding many biochemical
problems. Ionizable groups with unusually low or high pK,
values tend to occur at protein active sites,? * so identifica-
tion of unusual pK, values may facilitate the identification
of protein/enzyme active sites,?° as well as their functional
mechanisms.?” Rational design of drugs and new proteins
will benefit tremendously from fast pK, prediction meth-
ods. Some theoretical studies of proteins, such as force
field simulations, need the pK, values of ionizable groups
to determine their charge states.

The most popular pK, prediction methods for pro-
teins®~'% are based on electrostatic continuum models that
numerically solve the linearized Poisson-Boltzmann equa-
tion (LPBE). In these methods, 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 4-20 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

© 2005 WILEY-LISS, INC.

added to a model pK, value. These models®*~'7 usually

have a root-mean-square deviation (RMSD) from experi-
ment of <1. However, the currently available LPBE
models tend to overestimate the intraprotein charge—
charge interactions'®'® and underestimate the hydrogen-
bonding and desolvation effects in calculating pK, shifts.?°
The LPBE methods typically require tens of minutes to
hours of computer time.

The pK, values of small organic acids and bases can be
predicted with the Hammet-Taft method®! based on empiri-
cal relationship between pK, shifts and substituents. The
Hammet-Taft method is accurate for molecules similar to
the ones included in the parameterization and is very fast.
However, it is not generally applicable to proteins because
the protein pK, shifts are not solely due to substituent
effects.

In this article, we present a study on the empirical
relationships between protein pK, shifts and structures.
These empirical relationships are in turn used for structure-
based protein pK, prediction and rationalization. We show
that this empirical method is able to accurately predict
most protein pK, values in a matter of seconds.

This article is organized as follows: first, we describe the
empirical method for fast protein pK, prediction and the
rationale behind the approach. Second, we present the pK,
predictions made with the empirical method and compare
them to those made with other methods. Based on the
predictions, we analyze the structural determinants of
carboxyl pK, values in proteins. Some interesting pK,
sites in various proteins are discussed in detail. Finally,
we summarize our work and discuss future directions.

THEORY

The pK, value of an ionizable group in a protein is
predicted by applying an environmental perturbation,
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TABLE I pKy; 4. Values, Definitions of Center Points, and
Radii Used to Compute Desolvation Effects Using

Equations 6 and 7
PKyvioder Center points (CT) Ry ocal
C-ter 3.20 (rotroxm)/2 4.5
Asp 3.80 (rop1 + fop22 4.5
Glu 4.50 (o1 + Top)2 4.5
Surface his 650 (rgg +rnp treg tIng Trep)/s 4.0
Buried his 6.50 (rog +rnp + Tog + I'ng Trep)/5 6.0
N-ter 8.00 ry 45
Cys 9.00 rsg 3.5
Tyr 10.00 rop 35
Lys 10.50 rny; 45
Arg 12.50 rez 5.0

ApK,, to the unperturbed intrinsic pK, value of the group,
PRioder:

pKa = pKModel + ApI{as (1)

Both the pKy;.qe1 and ApK, values are determined empiri-
cally. We use pKyy,q01 Values similar to those used in other
studies'®'%17 (Table I). For ammonium groups of N-
termini and carboxyl groups of C-termini and Asp resi-
dues, the substituent effects of the backbone peptide bonds
significantly decrease their pK, values.?! These effects are
assumed to be constants and included in the pKy,qer
values. For example, we use a pKyj,q0 = 3.8 for Asp, which
is lower than the pKy;,q. = 4.5 for Glu by 0.7 units.

Next we present the empirical relationships between the
ApK, and protein structures. The functional forms of
Equations 3-5, 7, and 11 as well as the numerical values of
the associated parameters were ultimately chosen based
on trial and error. We endeavored to develop the simplest
possible model capable of predicting pK, values within ca 1
pH unit of experiment for a majority of the cases [cf. Fig.
4].

Hydrogen Bonding

Our previous study®? of the molecular determinants of
the pKa values of Asp and Glu residues in the protein
Turkey ovomucoid third domain (OMTKY3) identified
hydrogen bonding as the prime pKa determinant. For
example, Asp7 forms two hydrogen bonds to the side-chain
hydroxyl group and the backbone amide proton of Ser9,
thus lowering the pK, of Asp7 to 2.4 compared to a model
value of 3.8. Similarly, the pK, values of Glul9 and Asp27
are significantly lowered, to 3.2 and 2.2, due to two and
three hydrogen bonds, respectively. The simplest empiri-
cal relationship between the pK, shift of a carboxyl group
and its hydrogen bonds can be established by assuming a
constant pK, shift (Cyy) for each hydrogen bond:

ApKyg = Nyg * Cup (2)

Here Nyp is the number of hydrogen bonds for the
carboxyl group and ApKyy is the total pK, shift due to the
hydrogen bonds. For OMTKY3, using Cyz = —0.6 and
Nug = 2, 2, and 3, the pK, values of Asp7, Glul9, and
Asp27 are predicted to be 2.6, 3.3, and 2.0; in excellent
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agreement to the experimental values of 2.4, 3.2, and 2.2.
No hydrogen bonds are found for Glul0 and Glu43 in
OMTKY3, thus their pK, values are predicted to be 4.5
(i.e., pKyoqer Values), within 0.4 units of the experimental
values of 4.1 and 4.8. This simple approach also works well
for several other proteins (data not shown).

However, Equation 2 is not always applicable because
hydrogen-bonding strength and, hence, its effects on pK,
shift are distance and angle dependent.?® For example, the
amide N—H-: - -:O hydrogen bond is strong if the H- - -O
distance is ~2.0 A and the angle 2 NHO is ~180°, while it
is significantly weaker if the H- - -O distance is >3.0 A or
the angle ~NHO is ~90°. Including weaker hydrogen
bonds (larger Nyp) may lead to an overestimation of
ApKyp, while excluding weaker hydrogen bonds (smaller
Nyp) may lead to an underestimation. Furthermore, differ-
ent types of hydrogen bonding may have significantly
different effects on pK, shifts and need different Cyg
values.

To include distance and angle corrections for hydrogen-
bonding effects we use a distance function (Fig. 2) to
describe the pK, shifts due to side-chain hydrogen bonds
(SDC-HB),

Cus if D =d,
D-d, .
ApKspeng = Cus - 4 —d. ifd;<D<d, (3)
1 2
0 ifd, =D

and a distance/angle function to describe the pK, shifts
due to backbone hydrogen bonds (BKB-HB),

ApKgkpus
—Cosb - CHB if D = dl,ﬁ > 90°
D —
=1 —Cosb - Cyg d i d; <D < dy,6 > 90°
d; — d,
0 ifd, = D,6 = 90°

(4)

The functional forms of Equations 3 and 4 is the simplest
we could think of that describes the weakening of hydro-
gen bonds with increasing distance and orientation.?® By
comparison to experimental pK, values (Fig. 4) we found
that the orientation dependence is necessary for accurate
pK, predictions in the case of hydrogen bonds between the
ionizable groups and the backbone, but not to the side
chains. This may be due to a greater conformational
freedom of side chains, compared to the backbone, which
allows them to obtain an optimum orientation [6 = 180°
and —cos(6) = 1 (0 is defined below)] in the majority of the
cases.

The variable D is the distance between the atoms in the
hydrogen bond. It is defined as the distance between the
carboxyl oxygen atoms and the protons for the hydrogen
bonds between carboxyl groups and Asn, Gln, Trp, His,
Arg side-chain groups and backbone amides. For other
hydrogen bonds D is defined as the distance between the
carboxyl oxygen atoms and the other heavy atoms (O, S,
and N). The parameter d, is the optimum distance for
hydrogen bonds at which the ApKyg is the maximum



706

H.LIETAL.

TABLE II. Definition of D and Values of Cyy, d, and d, used to compute pK,-Shifts Due to
Hydrogen Bonding Using Equations 3 and 4

Group Type Cugp d, A dy (&) D@A)
Carboxyl Buried COO™ STR-HB +1.60 3.5 3.5 Min. of O*2-012
COO™ SDC-HB +0.80 2.5 3.5 Min. of O2-012
COOH SDC-HB —0.80 2.5 35 Min. of O+2-012
Ser/Thr—OH SDC-HB —-0.80 3.0 4.0 Min. of O-O'2
Gl/Ast/Trp-NH ~ SDC-HB ~0.80 2.0 3.0 Min. of H»2-02
His-NH SDC-HB -0.80 2.0 3.0 Min. of H»2-012
Cys—SH SDC-HB —-0.80 3.0 4.0 Min. of S-O%?
Tyr-OH SDC-HB —-0.80 3.0 4.0 Min. of O-O2
Lys—NH SDC-HB -0.80 3.0 4.0 Min. of N-O%2
Arg-NH SDC-HB —-0.80 2.0 4.0 Min. of H*>-0"2
Arg-NH DBL-HB —-1.20 2.2 2.2 Min. of H*>-Q12
N-ter-NH SDC-HB —-1.20 3.0 4.5 Min. of N-O'2
Backbone-NH BKB-HB -1.20 2.0 3.5 Min. of H-O2
Buried His-NH STR-HB —-1.60 3.0 3.0 Min. of H»2-012
Buried COOH STR-HB —1.60 35 35 Min. of O+2-012
His Buried Cys—S~ STR-HB +3.60 4.0 4.0 Min. of S-H'?
Buried COO™ STR-HB +1.60 3.0 3.0 Min. of OV2-H2
Cys—S~ SDC-HB +1.60 3.0 40 Min. of S-H'2
Backbone-CO BKB-HB +1.20 2.0 35 Min. of S-H'2
Asn/GIn—-CO SDC-HB +0.80 2.0 3.0 Min. of O-H?
COO~ SDC-HB +0.80 2.0 3.0 Min. of OY2-H2
Cys Buried Cys—S~ STR-HB +3.60 5.0 5.0 S-S
Cys—S~ SDC-HB +1.60 3.0 5.0 S-S
COO™ SDC-HB +0.80 3.0 4.0 Min. of O+2-8
Cys—SH SDC-HB -1.60 3.0 5.0 S-S
Ser/Thr-OH SDC-HB —-1.60 3.5 4.5 0-S
GIn/Asn/Trp-NH SDC-HB ~1.60 25 35 H-S
His—-NH SDC-HB -1.60 3.0 4.0 Min. of H*2-S
Tyr-OH SDC-HB —-1.60 3.5 4.5 0-S
Lys—NH SDC-HB —-1.60 3.0 4.0 N-S
Arg-NH SDC-HB -1.60 2.5 4.0 Min. of H**-S
Backbone-NH BKB-HB —-2.40 3.5 4.5 H-S
N-ter-NH SDC-HB —2.40 3.0 45 N-S
Buried His-NH STR-HB -3.60 4.0 4.0 Min. of H*2-S
Buried Cys-SH STR-HB -3.60 5.0 5.0 S-S
Tyr Cys—S~ SDC-HB +1.60 35 45 S0
COO™ SDC-HB +0.80 3.0 4.0 Min. of 0*2-0
Tyr-O~ SDC-HB +0.80 3.5 4.5 0-O
Tyr—OH SDC-HB —-0.80 3.5 45 0O
His—-NH SDC-HB —-0.80 2.0 3.0 Min. of H*2-0O
Ser/Thr-OH SDC-HB —-0.80 3.5 4.5 0-O0
GIn/Asn/Trp-NH SDC-HB ~0.80 25 35 H-O
Lys—-NH SDC-HB —-0.80 3.0 4.0 N-O
Arg-NH SDC-HB —-0.80 2.5 4.0 Min. of H**-0O
N-ter-NH SDC-HB —-1.20 3.0 45 N-O
Backbone-NH BKB-HB -1.20 3.5 4.5 H-O

value. In general, we select d; = 2.0 A if the variable D is
defined as the hydrogen-bond length, and d, = 3.0 A if the
variable D is defined as heavy atom distance. The parame-
ter d, is the distance where the hydrogen-bonding strength
is effectively zero, and is generally selected to be 1.0 A
larger than the corresponding d, value. Both d, and d, are
slightly adjusted to best reproduce the experimental pK,
values (Table II). For backbone hydrogen bonds (BKB-
HB), 6 is defined as the larger of the two open angles
/NHO.

As discussed above, a Cyyz = —0.6 in Equation 2 can be
used for many cases. However, to compensate for the

distance/angle corrections and desolvation effects (dis-
cussed in next section), a larger value is always used for
Cyp in Equations 3 and 4. We found C;z = —0.80 gives the
best agreement with experiment for hydrogen bonds be-
tween carboxyl groups and proton-donor side-chain groups.
The hydrogen bond between two carboxyl groups will
cause the higher “intrinsic” pK, value to be shifted up and
the other down, so Cyz = *=0.80 is used (see Results and
Discussion, Asp25 of HIV-1 protease for an example; in
general, interactions between ionizable residues are treated
in an iterative fashion as described in the Computational
Methodology section that follows). Cyyp = —1.20 is used for
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Fig. 1. Schematic represenation of double hydrogen bonds between carboxyl groups and arginine residues.

TABLE III. The Maximum Deviation and RMSD of 83 pK, Values Predicted with Various Methods for Five Proteins

Number of
Protein pK,values PROPKA  Mehleretal.'® Nielsen et al.1” Demchuk et al.16 Georgescuetal.®®  Wisz et al.*°
Maximum deviation
OMTKY3 13 11 1.7 2.6 29 1.2
BPTI 14 15 0.9 2.0 2.1 13 1.0
HEWL 19 1.7 1.3 35 1.7 15 1.7
RNase A* 14 1.2 15 24 1.7 2.8 1.3
RNase H 23 1.8 1.7 2.5 4.3 1.8
Total 83 18 1.7 35 2.1 4.3 1.8
RMSD
OMTKY3 13 0.44 0.86 1.19 1.26
BPTI 14 0.60 0.38 0.65 0.66 0.67 045
HEWL 19 0.66 0.67 111 0.65 0.81 0.69
RNase A* 14 0.67 0.66 1.03 0.70 1.04 0.58
RNase H 23 0.72 0.56 1.05 1.37 0.66
Total 83 0.64 0.64 1.03 0.67 1.09 0.57

“PROPKA uses the 1RNZ structure.

hydrogen bonds between carboxyl groups and backbone
amides, N-termini and Arg residues that form double
hydrogen bonds (Fig. 1) to the carboxyl group. Both are
considered to be “rigid” hydrogen bonds and are empiri-
cally found to result in larger pK, shifts than other
hydrogen bonds.

Strong, low-barrier hydrogen bonds (STR-HBs) may be
found between two neighboring groups that are buried and
have similar pK, values (e.g. Asp—Asp, Asp—Glu,
Glu—His). We find that for STR-HBs between carboxyl
groups and neighboring carboxyl groups and histidine
residues, a value of Cyyz = *1.6 gives better agreement
with experiment (Table II; this issue is discussed further
in the section Results and Discussion, Asp25 of HIV-1
protease). This correction is only applied if the ionizable
groups are within a certain distance d; (indicated as d, =
d,, in Table III). The buried groups are identified according
to the criteria presented in the next section.

As we will show below the empirical rules in Equations 3
and 4 and the parameters in Table II have been developed
and used to successfully predict hundreds of carboxyl pK,
values in more than two dozens of proteins. Next we
extend the empirical rules for carboxyl pKa values to those
of His, Cys and Tyr residues.

The extension is straightforward. Equations 3 and 4 are
used with the Cyg, D, d; and d, values given in Table II.
For backbone amide hydrogen bonds to Cys and Tyr
residues, 6 is the angle ZNHX (X = S or O). For backbone
carbonyl hydrogen bonds to His residues, 6 is the larger

one of the angles ~ COH. Significantly larger Cyg values
for hydrogen bonds involving Cys thiolates are necessary
to reproduce experimental pK, values for Cys residues and
some His residues that are in hydrogen bonding with Cys
residues. This is presumably due to the higher charge
density on the Cys thiolate group compared to Asp/Glu
carboxylates, His imidazolium and Tyr phenol groups.

A His residue has two possible base forms and the
hydrogen-bonding effects on its pK, shifts are more compli-
cated than for carboxyl groups, Cys, and Tyr residues. A
Lys or Arg residue has multiple protons and can form
hydrogen bonds before and after ionization, so the hydro-
gen-bonding effects on their pK, shifts are also compli-
cated. Our tests show that empirical determination of
ApKgpe.gp 18 relatively difficult for His, Lys, and Arg
residues. The experimental Lys pK, values in proteins are
in a relatively narrow range, suggesting that protein
interactions such as hydrogen bonding have little effects
on them. The pK, values of Arg residues are usually very
high and immeasurable, and limited experimental results
are available to derive empirical rules. We found the best
agreement with experiment if we only consider the hydro-
gen bonds to carboxylates, thiolates, Asn/Gln side-chain
carbonyl and backbone carbonyl groups when computing
pKa values for His residues (Table II). Hydrogen-bonding
effects are not considered for Lys and Arg residues. We
note that PROPKA predicts the pKa value for the ionizable
residue as a whole and not for individual atoms, such as
the N<2 and N®! atoms in His residues or 0! and 0°2 atom
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in Asp residues. Accordingly, a specific tautomeric state of
neutral His or a specific proton position for protonated
Asp/Glu is not assigned as part of the pKa prediction.

Desolvation Effects

Carboxyl groups in the protein interior (i.e., “buried
residues”) often exhibit pK, values that are higher than
the pKyyq01 values. For example, Glu35 in HEWL (2LZT?%),
Aspl10 in RNase H (2RN2%5), Glul72 in xylananse
(1XNB?®), Asp25 in HIV-1 protease (1IHPX??) and Asp26 in
human thioredoxin (1IERU?®), which have pK, values of
6.1, 6.1, 6.7, >6.2 and 8.1, respectively, are all buried
residues. Similarly, buried histidine residues that exhibit
pK, values lower than the pKy; 4. values are also found.
Typical examples are His149 in xylanase (1XNBZ2¢), and
His61 and His81 in phosphatidylinositol (1GYM), which
have pK, values of <2.3, <3.0, and <3.0, respectively.

Desolvation is the primary reason for these pKa shifts.
For C-termini, Asp, Glu, Cys, and Tyr residues, desolva-
tion preferentially increases the energies of the negatively
charged base forms thus increasing their pK, values. For
N-termini, His, Lys, and Arg residues, desolvation prefer-
entially increases the energies of the positively charged
acid forms and decreases their pK, values.

Obviously, the desolvation effects on pK, shifts depend
on the degree of protein burial. To establish an empirical
relationship that quantitatively links the desolvation ef-
fects to protein structures, we need a measure of the
degree of protein burial. For instance, the solvent acces-
sible surface (SAS) and the “depth of burial” (i.e., the
distance of a group from the protein surface) are two
measures commonly used for this purpose. In this study,
we use the number of protein atoms around an ionizable
group as an easily computable indicator of the degree of
burial for the group, and establish the empirical relation-
ship between the desolvation pK, shifts and the number of
these protein atoms.

Two different kinds of desolvation are considered. First,
we consider the region within 4 ~ 5 A to an ionizable
group. If there are no protein atoms in this region water
molecules presumably occupy it, and the group has the
maximum solvent accessible surface (SAS) and solvation
energy. If there are some protein atoms in this region less
water molecules presumably occupy it, and the group has a
lower SAS, and is desolvated. In general, the presence of
more protein atoms in this region is taken to mean less
water molecules and a larger desolvation effect. Since this
desolvation comes from local protein atoms around the
ionizable groups, it is referred to as local desolvation.

The simplest empirical relationship between the local
desolvation pK, shifts and the local protein atoms is a
constant pK, shift (Cy,.,) for each nonhydrogen protein
atom:

ApI{LocalDes = NLocal : CLocal (5)

Here Ny .. is the number of nonhydrogen atoms within
a distance Ry ,.,; to the center point of the ionizable group
(Table I), ApKj caipes 18 the pK, shift due to the local
desolvation effects. The atoms of the considered ionizable

H.LIETAL.

residue are excluded from Ny ..;. For carboxyl groups, we
find an R;,.,; = 4.5 and a C;,.,; = +0.07 produce the best
results. For other ionizable groups, various Ry .,; are used
(Table I) but C; ., remains =0.07. All local nonhydrogen
protein atoms, i.e., C, N, O and S give rise to the same
desolvation effect. Using more sophisticated rules such as
atom-specific terms did not improve the final results
significantly.

We find that the combined use of Equations 3-5 results
in good pK, predictions for most residues near the protein
surface, but works less well for proteins deeper in the
protein interior. This observation led us to consider a
second desolvation effect due to protein atoms further
away from the ionizable groups. Empirically we find that
the number of nonhydrogen protein atoms within 15.5 Aof
an ionizable group is a good indicator of the degree of bulk
burial of the group. Formally, we define an ionizable group
as “buried” (otherwise “surface”) if

Nis55 = 400 (6)

Here N5 54 is the number of nonhydrogen protein atoms
within 15.5 A of the center of the ionizable group (see Table
I for definitions). The atoms of the ionizable residue under
consideration are excluded from N5 5. According to this
criterion, Arg29, Lys91, His124, and Glul35 in RNase H
(2RN225) are typical “surface” residues that have N, 5 5 of
182, 160, 143, and 227, respectively, while Asp10, Arg46,
Glu48, and Tyr73 in the same protein are typical “buried”
residues that have N5 ;3 of 512, 451, 546, and 518,
respectively.

As in the case of local desolvation, we establish a simple
empirical relationship between the global desolvation pK,
shifts and the number of “excess” protein atoms by assum-
ing a constant pK, shift (Cgp.) for each nonhydrogen
protein atom for buried residues (cf. Equation 6) only:

ApKaiobawes = (Ni5558 — 400) - Cgiopal (7

Here (N;554 — 400) is the “excess” number of protein
atoms, and ApKgiopaipes 1S the pK, shift due to the global
desolvation. Empirically we find a Cp, = +£0.01 results
in the best agreement with experiment.

The total desolvation effects on the pK, shift thus is:

ApI{Des = ApI{GlobalDes + ApI{LocalDes (8)

We use a similar criterion to define a “buried pair” of
ionizable groups, which is used to determine strong hydro-
gen bonding as described in the previous section and the
charge—charge interactions described in the next section.
Formally, a buried pair is defined as two neighboring
groups, 1 and 2, for which:

N15_5A(1) = 400 and N15_5A(2) = 400 (9)
or
[Ny554(1) + Nys55(2)] = 900 (10)

The purpose of Equation 10 is to include the groups that
are not buried (e.g., N5 54 = 350) but have a neighboring
group that is deeply buried (e.g., N;5 54 > 550).
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Fig. 2. Schematic representation of the distance dependence of ApK,
used in Equations 3, 4, and 11.

Charge-Charge Interactions

The charge—charge interactions between ionizable
groups are traditionally believed to be the main determi-
nant of protein pK, values. For example, one of the first
theoretical analyses®® of protein pK, values included only
interactions between charged residues, and most site-
directed mutagenesis studies of pK, determinants have
focused on the effects of charged groups.'9:2%39-39 How-
ever, using the empirical rules in Equations 3-5 and 7, we
find that the experimental pK, values of more than 90% of
232 Asp and Glu residues in 26 proteins can be reproduced
very well, and the main determinants of their pK, values
are hydrogen bonds to neighboring residues or backbone
amides (as discussed in detail below). Only for about ten
Asp and Glu residues in 26 proteins, and for some His and
Cys residues in these and other proteins, were the pK,
values predicted using Equations 3-5 and 7 significantly
different from experiment. The crystal structures show
that these residues all have one or more neighboring
charged groups, suggesting that the errors are due to the
strong Coulomb interactions from these charged groups.
Invariably, these residues and their neighboring charged
groups are classified as buried. This led us to make the
general conclusion that only buried ionizable residues
have significant charge—charge interactions. This conclu-
sion is consistent with the use of residue-specific dielectric
constants in other pK, prediction methods.?-6-174° Sol-
vent screening is probably the main reason that surface
ionizable residues do not appear to experience significant
charge—charge interactions.

Based on the above considerations, we establish a very
simple empirical relationship between protein pK, shifts
and the charge—charge interactions between buried resi-
dues using the same distance function used for hydrogen-
bonding effects (Fig. 2 and Equation 3):

ifD = d,
-d, .

CCthhg' rdz if dl <D< dz
0 ifd, =D

C chgchg

ApI{chgchg = ( 1 1)

Here ApK j,geng is the pK, shift due to the charge—charge
interactions, C., .1, 15 the maximum pK, shifts due to
charge—charge interactions, and D is the distance between
the center points of the two ionizable groups (Table I). The
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parameters d; and d,, are the distances between which the
charge—charge interaction effect is maximized and zero,
respectively. The charges of the groups are assumed to be
+1 so they are not explicitly included in the formula.
Empirically we find C pgene = +2.4,d; = 4.0 Aandd, =7.0
A for all residue types produce the best results.

As discussed above, Equation 11 is only applied to
buried pairs as defined by Equations 9 or 10. One excep-
tion is for carboxyl-Tyr pairs, which are common in
proteins (e.g., Asp27-Tyr31 in OMTKY3, 1PPF*!). Empiri-
cally we find that the pK, values of Tyr residues are
always higher than the pKy 4. value by ~2 units if their
hydroxyl groups are in contact with Asp or Glu carboxyl
groups, no matter whether they are defined as “buried” or
“surface.” These pK, shifts can be best predicted by
including the charge—charge interaction from the carboxy-
late groups (COO ) that destabilize the anionic form of
Tyr. Excluding this term for “surface” Tyr residues leads to
~2 units errors in their pK, values. This observation
suggests incomplete screening of the charge in the unproto-
nated form of Tyr residues on the protein surface and may
be due to the partially hydrophobic character of the Tyr
side chain.

Physical Meanings of the Parameters

In general, there is a clear connection between a pKa
change and the change in the deprotonation free energy
(AG = 1.36ApK_, in kcal/mol). Thus, for example, Cyz =
—0.8 (the maximum Asp pKa shift due to a Ser residue)
can be taken to mean that the Asp—Ser hydrogen bond is
on average 1.1 kcal/mol stronger when Asp is ionized than
when it is protonated (0.8 is lowered by 0.07 — 0.21 due to
local desolvation, depending on the hydrogen-bond geom-
etry). This number is consistent with our quantum me-
chanical-based studies of the pK, values of carboxyl groups
in turkey ovomucoid third domain.*? For comparison, the
experimental pK, values of CH;CH,COOH and
HOCH,CH,COOH are 4.9 and 4.5, respectively. Very
similar considerations apply to C p,gchg:-

The desolvation term is a little different. pKy,q4.; i often
taken to be function of the gas phase deprotonation energy
of the ionizable group and the difference in solvation
energy of the charged and neutral form of the group.
Therefore, 1.36ApKp,,, represents the change in the rela-
tive solvation energies of the charged and neutral form of
the ionizable residue due to the chemical environment.
The dominant contribution is likely the change in the
solvation energy of the charged form of the ionizable
residue.

COMPUTATIONAL METHODOLOGY
Computer Program: PROPKA

A FORTRAN program named PROPKA has been writ-
ten that calculates pK, values of all ionizable groups
according to the empirical rules described above based on a
protein data bank (PDB) file. Because some charge—charge
interactions and hydrogen-bonding interactions depend on
the charge states of the ionizable groups, which are pK,
and pH dependent, an iterative self-consistent calculation
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must be performed as described below. For simplicity, only
two integer—charge states are considered for each ioniz-
able group at pH > pK, and pH < pK,. This simplification
gives acceptable results.

PROPKA calculates pK, values in five steps. The first
step is to read the PDB file and identify ionizable groups.
In the current implementation, only the nonhydrogen
protein atoms will be read and used for pK,, calculations in
PROPKA. Hetero-atoms such as water molecules, bound
ions, and ligands are not considered. If the PDB file
contains more than one chain or NMR models, all the
chains and models will be treated as a single protein. The
desired structure(s) for pK, predictions can be selected by
editing the PDB files.

The second step uses simple algorithms to determine the
positions of N—H protons of backbone amides, Asn, Gln,
Trp, His, and Arg residues that may be involved in
hydrogen bonding. In this algorithm, the H—N bond
length is always 1.0 A. For a backbone amide groups, the
proton position is assigned so that the vector H—N is
parallel with the C—O bond vector. For Asn, the H®
position is assigned so that the vector H>-N®? is parallel
with the vector CY —O0?®!, and the H® position is assigned
so that the vector H® —N®2 is parallel with the vector
X—C (X is the midpoint of the N°2 and O®?), and similarly
for Gln residues. For Trp, the H*! position is assigned so
that the vector H*'—N*! is parallel with the vector N*'—X
(X is the midpoint of the C®' and C** of Trp). For His
residue, the H®' position is assigned so that the vector
H®L-N®! is parallel with the vector N°*—X (X is the
midpoint of the C¥ and C*'), and the H*® position is
assigned so that the vector H*>-N*? is parallel with the
vector N°2-X (X is the midpoint of the C*? and C*!). For Arg,
the H€ position is assigned so that the vector H—N* is
parallel with the vector N“—X (X is the midpoint of the C®
and C%), the four H" positions are assigned so that two
H"—N" vectors are parallel with the vector C*—NF¢, one
H"'—N"! vector is parallel with the vector C-—N"? and
one H">—N"? vector is parallel with the vector C*—N"!,

The third step is to calculate temporary pK, values for
the ionizable groups using the protonation states of other
ionizable residues that can be easily determined. For
example, the temporary pK, values of carboxyl groups are
determined with ApKp.., ApKgpe.pup and ApKgkp pp, as
well as ApK 4,4 from Lys and Arg residues (but not other
Asp, Glu, Cys, or His residues), which are assumed to
always be positively charged when carboxyl groups titrate.
Only His and Cys residues and other carboxyl groups are
considered in the iterative procedure. Note that the tempo-
rary pK, values are not the so-called intrinsic pK, values
determined for a residue when all the other residues are in
their neutral states.

The fourth step is to iteratively determine the pK,
values. In the case of carboxyl-carboxyl interactions, the
residue with the lowest temporary pK, value will be taken
as negative. This negative residue will further increase the
pK, of the other carboxyl residue. The procedure is then
repeated to check whether this pK, increase will change
the pK, of other residues. Usually one to three iterations
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are required to reach self-consistency. We emphasize that
this iterative procedure only applies to the relatively small
number of buried or hydrogen-bonded pairs of ionizable
residues.

The fifth step is to print out the predicted pK, values and
Speciﬁc ApKa terms, i'e'7 ApI{(}lobalDes? ApI{LocalDey AszDC_
uB, ApKgpkp g and ApK pgehg-

The total computing time for a protein of around 200
residues is typically 2 sec on a Macintosh PowerBook G4.

Many Cys residues in proteins form disulfide bonds and
are not ionizable before reduction. PROPKA identifies
disulfide bonds using an S-S distance criterion of 2.5 A.
For bonded Cys groups, no pK, calculation will be per-
formed and trivial values of 99.99 will be assigned. How-
ever, for the Cys;—Xaa,—Yaa;—Cys, motifs in the thiore-
doxin family proteins, PROPKA always calculate the pK,
values of the Cys; and Cys, even when they are oxidized
(bonded). This is useful because sometimes a reduced
structure is not available for a protein of interest.

As discussed before, no hydrogen-bonding effects are
considered for Lys and Arg residues. However, desolvation
effects and Coulomb interactions are generally applicable,
and are also used to predict pK, values of Lys and Arg
residues.

An Example: Asp102 in RNase H

We use Aspl102 in RNase H as an example to illustrate
the pK, prediction with the PROPKA program. Asp102 in
RNase H (2RN22°) has 443 and 13 heavy atoms, respec-
tively, within 15.5 A and 4.5 A of its carboxyl group and it
is therefore defined as “buried,” with ApKg opaipes = 10.43
and ApK;  caipes = +0.91 [Fig. (3a)].

Asp102 forms double hydrogen bonds (DBL-HB) to Arg46,
a BKB-HB to its own NH and another BKB-HB to the NH of
Leul03, which results in a ApKpgr, g = —2.40, a ApKgkp
uB = —0.48 and another ApKgkp g = —0.46 [Fig. 3(b)].

Aspl02 also experiences a charge—charge interaction
from the positively charged Arg46 (both Asp102 and Arg46
are buried and are close to each other), which leads to a
APK hgeng = j2'40 [Fig. 3(c)l. The carboxyl group of
Aspl48 is 6.1 A from Aspl02 and should thus be consid-
ered as a possible source of ApK .1 for Asp102. Whether
Aspl48 titrates before or after Aspl02 depends on the
relative pK, values. In PROPKA, this is determined by
comparing their temporary pK, values: the residue with a
higher temporary pK, value will feel the Coulomb interac-
tion from the residue with a lower temporary pK, value
(which titrates first) and has an even higher pK, value.

Combining all the above ApK, terms, a temporary pK,
value can be obtained for Asp102:

PKremp(Asp102)

= pKModel + ApI{Des + ApI{HB + Achhgchg (12)

= pKModel + ApI{GrloballDes + Ap:[iLocalDes
+ ApKgpcng + ApKekpug + ApKengeng

3.80 + 0.43 + 0.91 — 2.40

— 0.48 — 0.46 — 2.40 = —0.60
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b &

Fig. 3. The determinants of the pK, value of Asp102 in RNase H (2RN2): (a) desolvation effects,

hydrogen bonding, and (¢) Coulomb interactions.
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Fig. 5. Some sites with interesting pK, values, discussed in the Analysis of Select pK, Value section of the
Results and Discussion: (a) Asp26 of human thioredoxin, 1ERT; (b) Asp25 of chain A and Asp25 of chain B in
HIV-1 protease dimmer, 1HPX; (c) Asp75 of Barnase, 1A2P chain A; (d) His12 of RNase A, 3RN3; (e) Cys30 of
DSBA, 1DSB chain A; and (f) Cys32 of human thioredoxin, 1ERT.

Similar to that of Asp102, the pKr,,,, value of Asp148 in
RNase H is computed as —0.79. For simplicity, only the
two integer-charge states are considered for an ionizable
group. Thus when Asp102 titrates, Asp148 is assumed to
be fully ionized thus resulting in a ApK, e, = 10.73 for
Aspl102 [Fig. 3(c)]. Finally, the pK, of Aspl02 is deter-
mined as +0.13, while the pK, of Asp148 is —0.79. The
experimental values were reported as <2.0 for both Asp102
and Asp148.*3

RESULTS AND DISCUSSION

The PROPKA program was used to calculate the pK,
values of ionizable groups in 44 proteins: OMTKY3

(1PPF*), ubiquitin (1UBQ**), xylanase (1XNBZ2°), turkey
lysozyme (1LZ3*%), RNase H (2RN2%®), Bl protein G
(1PGA*), B2 protein G (11GD*"), barnase (1A2P*%), BPTI
(4PTI*), RNase A (3RN3°° and 1RNZ%!), HIV-1 protease
(1HPX?", 1HHP®2, 1HVR®®, 1QBR™, 1QBS™, 1QBT™,
1QBU*, 3HVP®, and 4HVP®"), HEWL (2LZT?%), N-
terminus domain of L9 (1DIVZ%), D9K (4ICB?®), cardio-
toxin A5 (1KXI?®), N-terminal domain of rat CD2 (1CDC??),
chymotrypsin inhibitor 2 (2CI2%°), cryptogein (1BEO®?),
oxidized human thioredoxin, (1IERU2®), reduced human
thioredoxin (1IERT?®), a-Sarcin (1DE3°2 model 1), hirudin
(1HIC®® model 1), BUSI IIA (2BUS®* model 1), growth
factor (1IEGF® model 1), subunit ¢ of H*-transporting
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Fig. 4. Correlation plots between experimental and PROPKA predicted pK, values: (a) Asp and Glu, (b)
Cys, (c) His, and (d) Lys. The dotted lines represent a pH unit deviation from experiment.

F,F,ATP synthase (1A91 model 1), human insulin (1MHI®®
model 1), Escherichia coli disulfide oxidoreductase (1DSB®”
chain A), E. coli thioredoxin (2TRX®® chain A), E. coli
glutaredoxin (1IEGO®® chain A), human muscle creatine
kinase (1I0E”° chain A), papaya proteinase (IMEG",
1PPO"?), human disulfide isomerase (IMEK"® model 1),
serine protease inhibitor (1QLP"*), rat cathepsin B (1ITHE"®
chain A), bovine serine proteinase (2TGA”), bovine ty-
rosine phosphatase (1PNT?7), human cyclophilin A
(2CPL®), E. coli phosphotransferase (1POH®), human
lysozyme (1LZ18°), horse metmyoglobin (1YMB3!), phos-
phatidylinositol-specific phospholipase C (1GYM?®2?),
staphylococcal nuclease (1STG®2), and cis-trans isomerase
(1FKS®*). Most of these proteins were included in previous
survey studies of protein pKa values from which the pKa
values used in this study were taken.?3:%°

In the following, we report the statistics that reflect the
general performance of PROPKA and the details of some
PROPKA predictions with comparisons to other methods.

The Accuracy of PROPKA
Comparison to 314 experimental protein pK , values

The correlation plots between experimental pK, values
and the PROPKA predictions for 233 carboxyl groups, 12

Cys, 45 His, and 24 Lys residues are presented in Figure
4(a—d). Virtually all pK, values for the Asp, Glu, Cys, His,
and Lys residues in the 44 proteins studied in this work
are included. The plots show that most of the PROPKA
predictions are within 1.0 pH units of the corresponding
experimental values. Many points with errors larger than
1.0 are upper or lower limits of experimental values
[shown as unfilled marks in Fig. 4(a—d)].

For the 233 carboxyl pK, values, an RMSD = 0.79 is
obtained. Removal of 22 pK, values that are upper or lower
limits and the pK, of Asp75 in barnase (see discussion
below) results in a RMSD = 0.68 for the remaining 210
carboxyl residues. For the 12 Cys pK, values, a RMSD =
1.39is obtained. Removal of two values that are of upper or
lower limits results in a RMSD = 0.96 for the remaining 10
Cys residues. For the 45 His pK, values, a RMSD = 1.20 is
obtained. Removal of 4 pK, values that are of upper or
lower limits results in a RMSD = 1.15 for the remaining 41
His residues. For the 24 Lys pK, values, a RMSD = 0.69 is
obtained. Reasons for the relatively high RMSD observed
for His residues may include misassignment of the ring
orientation in the X-ray structure, or the need to consider
titrations of each N atom separately. Work on this problem
is underway.
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Thus for all the 314 pK, values, PROPKA predictions
result in a RMSD = 0.89. Removal of the 29 pK, values
that are of upper or lower limits results in a RMSD = 0.79
for the remaining 285 pK, values.

Five well-studied proteins

In this section we compare the accuracy of PROPKA to
five more conventional pKa prediction methods for five
well-studied proteins, OMTKY3, BPTI, HEWL, RNase A,
and RNase H, which have been selected as tests or
examples in other pK_-prediction studies.!®16:17:49:86 Three
of the methods are standard Poisson-Boltzmann methods
for calculating the pK, values. In the approach of Dem-
chuck and Wade'® an energy criterion is used to identify
residues as being near the surface or buried in the protein,
where after the pK, calculations are done using respective
dielectric constants of 80 and 15. In the approach of
Nielsen and Vriend!” the optimum positions of the protons
in hydrogen-bonded networks are determined for each
protonation state. In the approach of Georgescu, Alexev,
and Gunner®® different side-chain positions are sampled.
The two other approaches'®%® use distance-dependent
screening functions rather than a uniform dielectric to
describe solvation as well geometric and electronic polariza-
tion. Furthermore, in the approach of Wisz and Hellinga*°
the effect of hydrogen bonding on pK, values is specifically
parameterized.

All methods include parameters (such as a protein
dielectric constant or atomic radii) that have been adjusted
to obtain agreement with experimental values for some or
all of the proteins listed in Table III. The number of
parameters that have been adjusted specifically to repro-
duce experimental pK, values vary somewhat: the LPBE
approaches tend to have fewer parameters that were
adjusted manually, while the approach by Wisz and Hell-
inga has 24 variables which were fitted by a stochastic
error minimization. The number of independent variables
in PROPKA can be estimated as the number of different
values used for a particular parameter, e.g. Cyg has five
different values: 0.80, 1.20, 1.60, 2.40, and 3.6 (cf. Table
II). Counted in this way, PROPKA has 30 parameters, of
which 20 are the distance criteria Ry,ca1, Rgiopa1 = 15.5 A,
d,, and dy, used in Equations 3-5, 7, and 11.

The maximum and root mean square deviations (RMSD)
from experimental values in the predictions made with
PROPKA and other methods are summarized in Table III
(the predictions are listed in supplemental materials). The
pK, values for the C-terminus and Tyr31 of OMTKY3,
Asp48 and Asp66 of HEWL, Aspl4 of RNase A, and
Asp102 and Asp148 of RNase H are reported as upper or
lower limits. The prediction of the pK, value of His12 in
RNase A is complicated due to the strong Coulomb interac-
tion from anion binding (see below for discussion). These
eight residues are not included in the statistics summa-
rized in Table III.

It is clear from the data in Table III that for the five
well-studied proteins, the pK, predictions made by
PROPKA are among the best compared to the other
methods. A total RMSD of 0.64 (Table III) is obtained for
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the 83 pK, values using PROPKA, which is comparable to
the accuracy of the methods of Mehler and Guarnieri,'®
Demchuk and Wade,'® and Wisz and Hellinga;*® and
somewhat better than the methods due to Nielsen and
Vriend,'” and Georgescu, Alexov, and Gunner.®¢

Four proteins not included in the training set

The pK, values for most of the ionizable residues in four
proteins (Bacillus agaradhaerens xylanase®” [BadX, PDB
1QH7], ribonuclease T5® [Rnase T, PDB 1YGW], ribonucle-
ase Sa?° [Rnase Sa, PDB 1RGG], and bromelain inhibitor
VI®° [BI6, PDB 1BI6]) have been published recently. Since
these pK, values were not used in the training set used to
find the optimum parameters in the PROPKA method,
they provide important validation of the method. All
experimental and predicted values (77 total) are listed in
Supplementary Tables S6—-S9, and we only summarize the
results here. The respective RMSD (maximum) deviations
for BadX, Rnase T1, Rnase Sa, and BI6 are 0.69 (1.2), 0.82
(1.9), 0.97 (2.0), and 0.56 (1.7). In computing these values
we neglected the pK, values of Glul7 and Glu178 of BadX,
which were in error by 2.6 and 4.5 pH units, respectively.
These unusually large errors are likely due to local struc-
tural distortions by a ligand (sugar) in the X-ray structure
(an X-ray structure of the apo form of BadX is not
available). Glul7 is directly hydrogen-bonded to the li-
gand, while Glul78 is doubly hydrogen-bonded to Arg49,
which, in turn, forms two hydrogen bonds to the ligand.

The RMSD values and maximum deviations obtained
for these four proteins are comparable to the correspond-
ing values for the five well studies proteins (Table III),
suggesting that the PROPKA parameters can be used with
equal confidence for proteins outside the training set.

Analysis of 81 interesting pK, sites

Some of the most meaningful and important uses of
protein pK_ predictions are for residues in active sites and
structurally important regions in proteins where unusual
pK, values are often found. The ability to predict these pK,
values thus is an important criterion in judging the quality
of a method.®® Table IV lists 81 interesting Asp, Glu, His,
and Cys pK, values (a subset of the 314 pK, values
discussed above) and predictions made with PROPKA and
other methods. The “interesting” pK, values are selected
because they (1) are at active sites or (2) at structurally
important regions, (3) exhibit large ApK, or (4) errors >
1.5 in PROPKA predictions.

There are 48 interesting Asp and Glu pK, values in
Table IV. For the pK, values reported as lower or upper
limits, the errors are set to be 0.0 if the predictions are
within the limits. PROPKA predicts 41 (85%), 36 (75%),
and 27 (56%) of them within 1.5, 1.0, and 0.5 pH units of
experimental values, respectively. Similarly, the other
methods predict these pK, values to within 1.5 pH units
for 82%—87% of the residues, with the exception of the
approach of Nielsen and Vriend for which the correspond-
ing percentage is 64%. However, while PROPKA predicts
75% of these interesting pK, values to within 1 pH unit,
only 55%—68% of the pK, values are predicted with this
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accuracy by the other methods. Finally, the other methods
predict between 24%-50% of the pK, values to within 0.5
pH units. Since the approach by Demchuk and Wade has
only been applied to the prediction of pK, values for 7 of
the 48 residues, we excluded this study in our comparison.

In the case of His and Cys residues we identified 21 and
12 pKa values as interesting (Table IV). PROPKA predicts
11 (52%) and 9 (42%) of the 21 His values, and 10 (83%)
and 10 (83%) of the 12 Cys values to within 1.5 and 1.0 of
the experimental values, respectively. Unfortunately, the
other methods have not been applied to enough of these
residues for a meaningful comparison. In general, only
very few predictions of Cys pK, values have appeared in
the literature. Dillet et al.°’ reported predictions for the
Cys32 and Cys35 of E. coli thioredoxin, but both are too
high. Foloppe et al.?? reported predictions for Cys11 and
Cys14 of E. coli glutaredoxin with good results.

In summary, PROPKA can predict the pK, values of
“interesting” Asp and Glu residues to within 1 pH unit in
75% of the cases considered here compared to 55%—68% for
current state-of-the-art pK, prediction methods involving,
for example, extensive fitting to experimental data or mul-
tiple side-chain conformations. The better performance of
PROPKA, compared to other methods, may reflect the larger
number of parameters used in PROPKA that have been
adjusted to fit a larger dataset of carboxyl pK, values.

The corresponding performance of PROPKA for pK, val-
ues of His residues leaves room for improvement (42%) in
subsequent versions. Finally, while the accurate prediction
of pK,, values of Cys residues presents a significant challenge
to current pK, prediction methods, PROPKA predictions are
within 1 pH unit of experimental values in 83% of the cases
considered here. A few of the cases in which PROPKA is in
error by > 1.5 pH units are discussed next.

Analysis of Select pK, Values
Asp26 in human thioredoxin

The experimental pKa values of Asp26 in oxidized and
reduced thioredoxin are 8.1 and 9.9 pH units.?® The latter
value is among the highest carboxyl pK, values observed
in a protein and is therefore of particular interest. PROPKA
predicts corresponding pK, values of 7.0 and 7.4 pH units,
a result of desolvation (ApKg o papes = 1.5 and 1.6) and
charge—charge interactions with Glu56 (ApK,gchg = 1.2
and 1.4). Thus, PROPKA does not reproduce the 1.8-unit
difference in pK, values observed for the oxidized and
reduced form of thioredoxin, and the 2.5 unit error in the
latter pKa value is one of the largest observed in this
study.

The source of the large error in the pK, value of Asp26 in
the reduced form is likely to be the neglect of a charge—
charge interaction with Cys35 (ApK ;e = 0.9). PROPKA
predicts temporary pK, values (i.e., values computed
without the Cys35—Asp26 interaction) of 7.4 and 7.7 for
Asp26 and Cys35, respectively. Since the temporary pK,
value of Asp26 is lower, PROPKA assigns the 0.9 unit shift
to the pK, of Cys35, which increased to 8.6. The 0.3 unit
difference in temporary pK, values is well within the usual
errors observed for PROPKA and if the 0.9 unit shift is
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assigned to the pK, value of Asp26 instead, the resulting
pK, value of 8.3 is in significantly better agreement with
the experimental value of 9.9. Furthermore, since the
Cys35—Asp26 charge—charge interaction is absent in the
oxidized form of thioredoxin (where a Cys35-Cys32 disul-
fide bond is formed), the predicted difference in pK_ values
becomes 1.3 units,”® in reasonable agreement with the
observed difference of 1.8. Finally, mutating Cys35 to Ala
leads to a 1.3-unit decrease in the pK, value of Asp26,°? in
good agreement with the 0.9-unit interaction predicted by
PROPKA.

Asp25 of HIV-1 protease

PROPKA predicts pK, values of 3.8 and 9.3 (using the
1HPX structure; similar values and determinants are
predicted using other structures such as 1HHP,??2 1HVR,?3
1QBR,** 1QBS,*® 1QBT,** 1QBU,** 3HVP,?¢ and 4HVP"")
for the catalytic dyad of HIV protease. The latter is the
highest carboxyl pK, value predicted by PROPKA. Unfor-
tunately, the experimental values are difficult to obtain
due to the autolytic breakdown at protein concentrations
needed for NMR.** An NMR study®® at pH 5.9 suggests
that both pK, values are < 5.9, but the interpretation is
somewhat ambiguous.®* pK, values extracted from pH-
rate profiles range from 3.3-3.7 and 5.5—6.8, depending on
the substrate.®5-97

The PROPKA prediction of 9.3 thus seems to be an
overestimation, but it is not clear by how much. Asp25 and
Asp25’ in the dyad have temporary pK, values of 5.37 and
5.41 (due to desolvation). These pK, values are then
shifted by —1.6 and +1.6, respectively, since the Asp—Asp
interaction is classified as a strong hydrogen bond. The
higher pK, value is then further shifted by 2.3 due to
charge—charge interactions. This may be the source of the
overestimation since that value assumes that the inter-
Asp separation is unchanged upon deprotonation, whereas
it may increase due to the charge—charge repulsion. In
general, both pKa values should be assigned to the dyad;
the assignment of the pKa values to individual residues is
only done for computational convenience.

Asp75 of barnase

PROPKA predicts a pK, value of —1.2 units for Asp75 in
barnase, while the experimental value obtained by Fersht
and coworkers®® is 3.1. The 4.3-unit difference is the
largest discrepancy between experiment and PROPKA for
carboxyl pK, values. The low PROPKA value is due to a
double hydrogen bond (ApKpg;, np = —2.40) and charge—
charge interaction (ApK,gcng = —2.40) with Arg83 and
another charge—charge interaction (ApKzqe= —2.40)
with Arg87. The prediction is based on a 1.5-A resolution
structure*® and all three residues are in extensive hydro-
gen-bonded networks and free of crystal contacts. Thus,
the pK, error is probably not due to an error in structure.

Fersht and coworkers®® noted evidence of coupling in the
titration curves of Asp75 and Asp54, as well as Asp86.
While the titration curve of Asp75 is not shown in the
paper, the corresponding curve for Asp54 is approximately
N-shaped, and extracting and assigning an accurate pKa
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TABLE IV. Comparison of PROPKA Predictions of Unusual pK, Sites® with Five Other pK, Prediction Methods Due to
Mehler and Guarnieri (MG); Nielsen and Vriend (VG); Demchuck and Wade (DW); Georgescu, Alexov; and Gunner (GAG),

and Wisz and Hellinga (WH)
Protein Residue Exp. PropKa MG NV DW?6 GAG®® WH*0
OMTKY3 (1PPF, 20VO) Asp27 2.2 24 3.3 35 3.3 34
Glu19 3.2 3.1 3.6 2.7 1.6 42
HEWL (2LZT) Asp48 <25 14 3.1 2.7 2.7 1.7 3.1
Asp66 <2.0 13 2.6 2.2 2.9 2.6 2.1
Glu7 2.7 3.7 3.9 3.1 2.9 2.2 3.3
Glu35 6.1 5.0 4.9 5.7 4.5 6.2 52
RNase A (3RN3) Aspl4 <2.0 14 2.6 1.8 2.3 0.6 24
Aspl21 3.1 3.7 3.9 2.1 2.1 3.2 2.2
Glu2 2.8 2.7 4.3 04 2.6 13 3.9
RNase H (2RN2) Aspl0 6.1 7.0 54 6.2 104
Asp70 2.6 4.1 4.3 4.2 2.3
Asp102 <2.0 0.1 32 2.0
Asp148 <2.0 -0.8 4.2 11
Glu48 44 46 4.0 1.9 55 4.6
Glu57 3.2 2.6 2.8 15 2.5 5.0
Glul19 4.1 35 3.9 2.5 3.1 34
Glu129 3.6 3.5 3.0 1.7 2.8 34
Xylanase (1IXNB) Asp83 <2.0 14 -0.1
Aspl101 <2.0 15 04
Glu78 4.6 5.1 3.3 43
Glul72 6.7 7.3 5.0 4.7
Barnase (1A2P) Aspb4 <22 2.7 0.3 2.3
Asp75 3.1 =12 45 24
Asp93 <2.0 0.7 14
Aspl101 <2.0 1.2 24 3.2
Glu73 <21 1.6 0.6
Protein G (1PGA) Glu27 4.5 3.2 2.1 3.8 3.7
HIV-1 protease (1HPX) Asp25 >6.2 9.3
Asp25 <25 3.8
CardiotoxinA5 (TKX1) Aspb9 <2.3 2.5
CD2d1 (1CDC) Glu41 6.7 4.7
Thioredoxin (Oxid. 1IERU) Asp26 8.1 7.0
Glu6 4.9 4.9
Glu56 5.0 51
Glu68 5.1 49
Thioredoxin (Red. 1IERT) Asp26 9.9 74
Glu6 4.8 51
Glu56 5.0 45
Glu68 4.9 4.7
a-Sarcin (1DE3, NMR) Asp41 <3.0 2.9
Asp77 <3.0 34
Asp9l <3.0 3.7
Asp102 <3.0 3.7
Aspl05 <3.0 3.1
Glu96 5.1 5.0 4.3
ATP synthase (1A9], NMR) Asp7 5.6 3.9
Asp61 7.0 4.0
Human insulin (1MHI) Glu13 2.2 3.8 4.3
Error <15 41/48 14/17 14/22 6/7 20/23 16/19
Error < 1.0 36/48 10/17 12/22 6/7 15/23 13/19
Error < 0.5 27/48 417 11/22 4/7 10/23 5/19
OMTKY3 (1PPF, 20VO) Hisbh2 7.5 7.3 74 6.1 82
Xylanase (1XNB) His149 <23 1.9 3.9
BPTP (1PNT) His66 8.3 74
His72 9.2 8.1
HEWL(2LZT) His15 5.5 7.3 6.0 4.9 5.8 6.4 6.1
Cyclophilin A (2CLP) Hisb4 <4.2 2.9
His92 <4.2 3.3
His126 6.3 4.5




716 H.LIET AL.
TABLE IV. (Continued)
Protein Residue Exp. PropKa MG NV DW?é GAG®® WH?°
Metmyoglobin (1YMB) His24 <4.8 2.0
His36 7.8 6.1
Phosphatidylinositol His32 7.6 8.1
(1GYM) His61 <3.0 5.0
His81 <3.0 3.3
His82 6.9 4.8
RNase A (3RN3) His12 5.8 1.8 6.3 2.3 6.2 6.7 6.0
RNase H (2RN2) His114 5.0 6.8 52 52 45 6.1
Cathepsin B (1THE_A) His110 6.9 6.2
His111 7.7 5.2
His199 8.6 74
Bovine CT (2TGA) His40 4.6 64
1FKS, NMR His25 <3.6 6.5
Error < 1.5 11/21 4/4 3/5 2/2 4/4 3/3
Error < 1.0 9/21 4/4 2/5 2/2 4/4 2/3
DSBA (1IDSB_A) Cys30 3.5 34
Human thioredoxin (1ERT) Cys32 6.3 6.4
E. coli thioredoxin Cys32 7.1 5.6 >9.2
(2TRX_A) Cys35 9.9 9.6 >15"
E. coli Glutaredoxin Cysll <55 25 4.9¢
(1IEGO_1) Cysl4 >10.5 12.8 13.4°
HPD1 (1IMEK 1) Cys36 45 44
1IUE_A Cys283 5.6 7.8
1PPO Cys25 3.3 2.5
1IMEG Cys25 2.9 29
1THE_A Cys29 3.6 3.1
1QLP Cys232 6.8 5.7
Error < 1.5 10/12 2/2¢ 0/2b
Error < 1.0 10/12 2/2¢ 0/2°

aPredictions with errors = 1.5 are in bold and underlined.

PPredictions made by Dillet et al.*
“Predictions made by Foloppe et al.??

value from such data is difficult. Interestingly, the pre-
dicted pK, value of Asp54 (2.7 units) is quite close to the
value of 3.1 assigned to Asp75, while the predicted value
for Asp75 (—1.3 units) is consistent with the experimental
estimate assigned to Asp54 (<2.2 units).

His12 of RNase A

PROPKA predicts a very low pK, of 1.8 units for His12
in RNase (using the 3RN3) structure, a result primarily of
desolvation (ApKgopaipes = —2.0 and ApK| o .ipes = —2.7).
This value is significantly lower than the commonly re-
ported experimental value of pK, values of 5.8-6.3.%
Interestingly, previous theoretical studies also predicted
low pKa values (2.3—4.6) for this residue.®'7-%¢ The discrep-
ancy is usually attributed to ion binding. Virtually all
crystal structures of RNase A show a sulfate bound near
His12, but chloride ions have also been observed,®! and the
pK, of His12 is known to be strongly salt-dependent.®
Since some amount of salt is always present in the
experimental pK, measurements, it is possible that the
experimental value reflects titrations in the presence of a
phosphate or several Cl ™ ions.

Continuum electrostatics calculations with and without
PO?™ have shown pK, differences of up to 3.9 units, and

the presence of the ion generally leads to much better
agreement with experiment.®®® Similarly, within the
PROPKA approach, a —2 charge of sulfate could increase
the pK, of His12 by as much as 4.8 units (twice the current
maximum charge—charge perturbation of 2.4), which would
increase the predicted pK, to 6.6. The effect of bound ions
on pK, values will be included in the next version of
PROPKA, subject to extensive testing and benchmarking.

The Cys -Xaa,-YaasCys, structural motif

Thioredoxin family enzymes catalyze the breaking and
formation of disulfide bonds in proteins. They contain the
Cys;-Xaa,-Yaas-Cys, motif with Cys; less buried than
Cys,. When reduced, Cys; exhibits a much lower pK,
values than Cys,, with pK, values of 3.5, 4.5, <5.5, 6.3,
and 7.1 in disulfide bond enzyme A (DsbA, Cys30), human
protein disulfide isomerase (hPDI, Cys36), E. coli glutare-
doxin (GRX, Cys11), human (hTRX, Cys32), and E. coli
thioredoxin (bTRX, Cys32), respectively.?

In DsbA [1DSB, Fig. 5(e)], the motif is Cys30-Pro31-
His32-Cys33. Using the 1DSB chain A structure, PROPKA
predicts a pK, value of 3.4, in good agreement with the
experimental value of 3.5. According to PROPKA, the low
pK, value is primarily a result of a 3.6-unit decrease due to
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a strong hydrogen bond interaction with Cys33 (since both
are classified as buried residues). The pK, is further
lowered by three hydrogen bonds to the backbone amide
groups of Cys33 (—1.5), His32 (—0.7), and Ser27 (—0.8).

In hDPI the motif is Cys36-Gly37-His38-Cys39, and
PROPKA predicts a pKa value of 4.4 for Cys36 (using the
first NMR model of the 1IMEK), which is in good agreement
with the experimental value of 4.5. The lowering is pre-
dicted to be due to a hydrogen bond interaction with Cys33
(—1.6, since Cys33 is not classified as buried). The pK, is
further lowered by three hydrogen bonds to the backbone
amide groups of Cys39 (—0.7), His38 (—1.1), and Ala32
(—1.2). The pK, value of Cys36 in hPDI is therefore higher
than the corresponding pK, value of Cys30 in DsbA,
because of weaker Cys—Cys hydrogen bonding due to a
more solvent exposed active site in hPDI.

Conversely, the pK, of Cys11 in the Cys11-Pro12-Tyr13-
Cys14 motif in GRX is predicted to be 2.5 (using the first
NMR model in the 1IEGO file), which is consistent with the
experimental estimate of <5.5. Just as for DsbA, Cys14 is
classified as buried and the Cys11-Cys14 thus lowers the
pK, by 3.6 units. As in the two other proteins, the pK, is
lowered further by the backbone hydrogen bonds, but in
this case to Cys14 (—0.7), Gly10 (—1.0), and Arg9 (—1.9).

Finally, in the case of E. coli and human TRX, PROPKA
predicts pK, values of 6.4 and 5.6 (using chain A of the
2TRX structure and 1ERT, respectively) for Cys32 in their
Cys32-Gly33-Pro34-Cys35 motifs. These predictions are,
respectively, in good and reasonable agreement with the
experimental values of 6.3 and 7.1. According to PROPKA
the pK, values are due to hydrogen-bonding with the side
chain and backbone of Cys35, which lowers the pK, by 1.6
and 1.6 for E. coli TRX and 0.9 and 1.8 for human TRX
[Fig. 5()], respectively. Thus, the pK, values are higher in
the thioredoxins compared to hDPI because of fewer
backbone hydrogen bonds. The poorer agreement with
experiment for E. coli TRX is probably because the struc-
ture used for the prediction is that of the oxidized enzyme,
which would lead to an underestimation of the S—S bond
length (and therefore a larger pK, shift) compared to the
reduced geometry (which is not available). For example, in
human thioredoxin the S-S distance in reduced TRX is
3.92 A compared to 2.02 A in oxidized TRX.

Thus, the prime determinants of the pK, values of Cys;
in the Cys;,—Xaa,—Yaa;—Cys, structural motif is predicted
to be the strength of the Cys;—Cys, hydrogen bond (which
is modulated by the solvent accessibility of Cys,) and the
number of hydrogen bonds to backbone amides. These
conclusions are in general agreement with other studies,
in particular the work by Foloppe, Nilsson, and cowork-
ers.® It has also been suggested that helix dipole effects®®
help lower the pK, values of these residues.>'°° However,
we find that the pK, values can be satisfactorily predicted
without including this effect, in general agreement with
the findings of Aqvist and Warshel.'*?

The Determinants of Asp and Glu pK,

All the 232 Asp and Glu residues with known pK, values
(including the 48 interesting ones) discussed in the previ-
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ous sections are from 26 proteins. In these 26 proteins
there are a total of 269 Asp and Glu residues (some with
unknown pK, values): 134 Asp residues and 135 Glu
residues. The statistics of the determinants of these 269
pKa values predicted with PROPKA are listed in Table V.

According to Table V, the hydrogen-bonding effects are
the main determinants of Asp and Glu pK, values in these
26 proteins. In total, backbone-amide hydrogen bonds,
side-chain hydrogen bonds and charge-charge interac-
tions appear 197, 221, and 25 times, respectively, for the
269 Asp and Glu residues. Hydrogen bonding contributes
to the pK, shifts of Asp residues roughly twice as often as
for Glu residues (272 vs. 146 times). This difference is
mainly due to fewer hydrogen bonds between Glu side
chains and the protein backbone (145 vs. 52 times),
consistent with previous observations for other proteins.
As a result, the average pK, shift is larger in magnitude
for Asp residues than for Glu residues, as observed previ-
ously in a survey study by Forsyth and Robertson.?
Furthermore, the average pK, values of Asp (3.2) and Glu
residues (4.2) predicted by PROPKA are in good agree-
ments with the values obtained in the survey study of
experimental pKa values: 3.4 and 4.1, respectively.

The average pKa shift induced by hydrogen bonding is
roughly 0.5 pH units for both Asp and Glu residues with a
standard deviation of about 0.3. Within the standard
deviations there is no appreciable difference in the average
pK, shifts induced by hydrogen bonds to side chains and
the protein backbone.

The most common side chain—hydrogen bond interac-
tions are with Arg, Lys and Ser/Thr residues, which
account for 63% and 65% of all side-chain—Asp and side-
chain—Glu interactions. The single most likely side-chain-
induced perturbations of Asp and Glu pK, values are due
to Ser/Thr and Lys residues, respectively. pK, values of
Asp residues are more likely to be perturbed by Arg than
by Lys residues, while both are roughly equally likely to
perturb pK, values of Glu residues. However, there are a
total of 96 and 209 Arg and Lys residues in the 26 proteins
used in this study. Thus, about 50% of all Arg residues
perturb the pK, values of Asp and Glu residues, compared
to only 20% of Lys residues.

The local desolvation contributions to the pKa values of
Asp and Glu residues are very similar (0.4 versus 0.3 and
0.6 versus 0.5 for surface and buried residues, respec-
tively). For surface Asp residues 93% (107/115) have a
desolvation contribution compared to 75% (94/126) for
surface Glu residues, which is consistent with the observa-
tion that Glu forms fewer hydrogen bonds. Interestingly,
the average global desolvation contribution is somewhat
larger for buried Glu residues compared to Asp residues
(1.5 vs. 0.9). Thus, buried Glu residues tend to be “more
buried” than Asp residues, though they were observed less
often.

Only 10% of Asp and Glu residues are characterized as
buried using the PROPKA criteria, with Asp residues
being ca. 50% more likely to be buried than Glu residues.
Thus, charge—charge interactions are predicted to affect
the pK, values of only 10% of Asp and Glu residues, most
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TABLE V. The Number of Occurrences (N), the Average ApK, (Average) and the Standard Deviation of the ApK,, (o) of
Neighboring Groups for the 134 Asp and 135 Glu Residues in 26 Proteins’

Asp Glu
115 Surface 19 Buried 126 Surface 9 Buried
N Average o N Average o N Average o N Average o
BKB-HB 128 —0.49 0.40 17 —0.45 040 49 —0.72 041 3 —0.62 0.35
SDC-HB
Arg 21 -0.49 0.28 6 —-0.63 0.24 17 —0.60 022 3 -0.35 0.27
Lys 16 —0.64 0.23 1 —0.23 24 —0.56 023
Thr 20 —0.63 0.23 3 —0.69 0.19 6 -0.47 0.32
Ser 12 —0.60 024 1 —0.80 9 —-0.44 0.29 2 —0.80 0.00
Tyr 9 -0.71 0.32 2 —0.80 0.00 5 —0.78 0.04 4 —0.67 0.27
Asn 4 -0.53 0.32 4 —0.64 0.18 4 —0.55 0.32 2 —-0.76 0.06
Gln 5 —0.59 024 5 —-0.51 0.13 1 —0.80
Asp 3 —0.38 0.07 1 —1.60
Asp(+) 3 +0.38 0.07 1 +1.60 3 +0.49 0.12
Glu 3 -0.49 0.12 1 —-041
Glu(+) 1 +0.41
His 1 -0.11 1 —0.80 3 —0.59 0.21
N+ 3 -0.73 0.09 2 —0.46 0.61
Trp 2 —0.54 0.37
Arg(DBL-HB) 1 —2.40 4 —2.40 0.00 2 —2.40 0.00
Total(—) 100 —-0.60 0.30 23 -1.00 0.71 78 —0.60 0.38 12 -0.64 0.25
Total(+) 3 +0.38 0.07 1 +1.60 4 +0.47 0.11
Charge-Charge
Arg 7 -191 0.78 4 -1.06 0.79
Asp 5 +1.36 0.84 3 +0.15 0.19
Glu 3 +092 —0.68 1 +1.07
His 1 -0.15
Lys 1 -1.94
Total(—) 8 -1.69 0.95 5 -1.23 0.79
Total(+) 8 +1.19 0.76 4 +0.38 0.49
Desolvation
Local 107 +0.41 0.28 19 +0.59 0.24 M4 +0.33 0.23 9 +0.47 0.27
Global 0 19 +0.91 0.70 0 9 +1.47 0.82

In these 26 proteins, there are 89 surface and seven buried Arg, 211 surface and eight buried Lys, 71 surface and 24 buried Tyr, 37 surface and

five buried His.

by interactions with Arg or other Asp/Glu residues. How-
ever, while such interactions are comparatively rare they
may be important for catalytic function as discussed next.

Eight of the 26 proteins discussed in this section are
enzymes, and six of these utilize Asp or Glu residues as a
general acid or base in their catalytic mechanism: Glu96
(base) in a-sarcin,'®® Glu73 (base) in barnase,'®® Asp
25/Asp125 (base) in HIV protease,”® Glu35 (acid) and
Asp52 (base) in lysozyme,®* Asp70 or Glu48 (base) in
RNase H1,'°° and Glul72 (acid) and Glu78 (base) in
xylanase.'®® All ten residues are characterized as buried
and have pK, values that are perturbed by charge—charge
interactions. Clearly, a more exhaustive study of the
determinants of pK, values of catalytic residues is needed
(and underway) to explore the generality of this observa-
tion. However, the observation is consistent with the
suggestion that catalytic residues tend to have unusual
acid/base properties.”®

SUMMARY AND FUTURE DIRECTIONS

The empirical PROPKA method is presented for struc-
ture-based prediction and rationalization of protein pK,

values of all ionizable residues in a protein in a matter of
seconds. The method can predict pK, values with an
overall RMSD of 0.79 from experimental values. The
overall accuracy is comparable to current state-of-the-art
protein pK, prediction methods, such as those based on
Poisson-Boltzmann electrostatics, but seems to make bet-
ter predictions for Asp, Glu, and Cys residues with highly
shifted pK, values.

In the PROPKA approach there are three different kinds
of pK, perturbations: desolvation, hydrogen bonding, and
charge—charge interactions. The latter term is only evalu-
ated for pairs of residues that are both classified as being
buried within the protein interior. Within the PROPKA
approach, hydrogen bonding is the most common source of
pK, perturbations for Asp and Glu residues, while charge—
charge interactions only contribute in about 10% of the
cases. However, catalytic residues appear to all fall in this
category.

The PROPKA program is freely available to the scien-
tific community through a web interface at http://
propka.chem.uiowa.edu.
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Currently, the PROPKA program ignores possible pK,
shifts due to bound ligands, ions, or water molecules in the
protein structure. Work on including these effects is
ongoing, as is work on improving the accuracy of predicted
pK, values of His residues.

Finally, while we have emphasized the speed, accuracy,
and ease-of-use of the PROPKA approach, perhaps the
most important conclusion of this study is that the relation-
ship between a protein structure and the acid/base chemis-
try of its ionizable groups can be quantitatively understood
in terms of a few simple rules.
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