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Are Acidic and Basic Groups in Buried Proteins
Predicted to be Ionized?
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Ionizable residues play essential roles in proteins, modulating protein
stability, fold and function. Asp, Glu, Arg, and Lys make up about a quarter
of the residues in an average protein. Multi-conformation continuum
electrostatic (MCCE) calculations were used to predict the ionization states
of all acidic and basic residues in 490 proteins. Of all 36,192 ionizable
residues, 93.5% were predicted to be ionized. Thirtyfive percent have lost
4.08 kcal/mol solvation energy (DDGrxn) sufficient to shift a pKa by three
pH units in the absence of other interactions and 17% have DDGrxn
sufficient to shift pKa by five pH units. Overall 85% of these buried residues
(DDGrxnO5DpK units) are ionized, including 92% of the Arg, 86% of the
Asp, 77% of the Glu, and 75% of the Lys. Ion-pair interactions stabilize the
ionization of both acids and bases. The backbone dipoles stabilize anions
more than cations. The interactions with polar side-chains are also different
for acids and bases. Asn and Gln stabilize all charges, Ser and Thr stabilize
only acids while Tyr rarely stabilize Lys. Thus, hydroxyls are better
hydrogen bond donors than acceptors. Buried ionized residues are more
likely to be conserved than those on the surface. There are 3.95 residues
buried per 100 residues in an average protein.
q 2005 Elsevier Ltd. All rights reserved.
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Introduction
Ionizable residues play essential roles in proteins.
Asp, Glu, Arg, and Lys make up about a quarter of
the residues in an average protein. They account for
almost half of active site residues while about
another fifth are His1. Charged groups in proteins
are essential for protein–protein recognition,2,3 for
modulating electrostatic fields at protein active
sites,4 and for forming proton conduction pathways.5,6 The strongest long-range interactions in
proteins are the electrostatic interactions especially
between buried charged groups. The pH and salt
dependence of protein stability shows the importance of residue ionization states and screening of
electrostatic interactions in protein folding.7 Residue pKas have been measured by NMR8 or FTIR,9–12
by the difference in the pH dependence of denaAbbreviations used: MCCE, multi-conformation
continuum electrostatic; ASA, accessable surface area;
QM-MM, quantum mechanics–molecular mechanics; CE,
continuum electrostatics.
E-mail address of the corresponding author:
gunner@sci.ccny.cuny.edu

turation energies,13,14 by potentiometric titration,15
and by following the pH dependence of protein
activity. Computational analysis has also developed
to a point where reasonably accurate predictions of
residue pKas can be made.7,16–20 Calculation allows
for a systematic computational study of a large
number of ionizable groups to determine their
distribution, ionization state, and factors that
control ionization. Large-scale comparisons of this
kind cannot readily be carried out experimentally.
The interactions of residues with water and with
each other determine a protein’s folded structure.
Hydrophobic residues prefer to be out of contact
with water while polar and charged groups are
stabilized by interactions with water, imposing an
energy barrier for burial.21,22 Thus, proteins have
most charged groups and many polar residues on
their surface with the majority of hydrophobic
residues buried inside. The charged surface residues keep the protein soluble and are used for the
recognition of binding partners, such as substrates,
other proteins, or the lipid membrane. The earliest
surveys suggested that buried ionizable residues
were very rare.23,24 However, only a few small
proteins with little internal volume were analyzed.
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More recent surveys of the solvent exposure of
ionizable groups,25 ion-pairs26 or the desolvation
energy of these residues27 show that more than 30%
of ionizable residues are buried. Seventy percent of
functional ionizable residues have less than 5%
solvent exposure when substrate is bound.1 However, it is not generally known if these buried
residues are ionized.
Charges and dipoles have the most solvation
energy and conformational freedom when surrounded by water. However, attractive pair-wise
interactions are weak in water because they are
screened by the high dielectric solvent keeping
charged groups apart. Measurements of polypeptides show salt bridges are not stable in water;
however, they are stable in solvents such as
hydrated octanol.28 A backbone amide group or a
polar side-chain loses solvation energy when
removed from water.29–31 Partition coefficients for
oil–water transfer show large favorable water–ion
interactions are lost when a charged group is
moved out of water.32,33 The loss of solvation
energy shifts the pKas of acids and bases stabilizing
the neutral form. Thus, groups can only remain
ionized when buried if the interactions with water
are replaced by stabilizing interactions with dipolar
or charged groups.34 When an ion pair is brought
into an environment with a lower dielectric constant, pair-wise interactions are stronger. However,
early analysis showed the loss of solvation energy
could barely be repaid by the favorable interaction
within an ion-pair.35 Thus, salt bridges must be
properly arranged to compensate for the loss of
reaction field energy.
Protein interiors are by many measures a polar
medium. Every residue has an amide group with a
larger dipole moment than water. Polar residues
make up 25% and ionizable residues 25% of an
average protein. The concentration of polar moieties inside proteins has been estimated as being on
the order of 25 M.28 Hence, proteins are highly polar
but not polarizable, differing from water in the
relative rigidity of the polar groups, which cannot
reorient to stabilize changes in charge state. Thus,
protein interiors will not tolerate randomly introduced charges but they can stabilize particular
charges in particular locations. Many experimental
and computational studies have shown that specific
charged residues can stabilize26,36–38 or destabilize39–43 proteins depending on their context.40,44,45
Methods have been developed to calculate pKas
of residues in proteins. Quantum mechanics
(QM),46 quantum mechanics–molecular mechanics
(QM-MM),47,48 and molecular dynamics (MD) free
energy simulations49 can calculate the free energies
of residue ionization considering a small region of
the protein in detail. Recent constant pH molecular
dynamics simulations allow pH titrations to be
followed in MD simulations.50,51 Methods that do
not involve quantum mechanics simulations calculate how specific interactions with polar or charged
groups replace the lost favorable interactions with
water when acidic and basic side-chains are buried
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in the protein. The most routine methods, which
allow evaluation of all residues in a protein, are
based on continuum electrostatics (CE) using the
Poisson-Boltzmann equation52–55 although other
approaches are used successfully.16,56–58 To obtain
higher accuracy, more recent methods use nonuniform dielectric constants in the PoissonBoltzmann equation59–62 or average the results in
multiple protein structures63,64 to provide more
flexibility in modeling the protein dielectric
response. In CE methods, the interactions with
solvent water are encapsulated in the reaction field
(Born solvation) energy. As a charge is moved into
the protein interior, this favorable energy is diminished thus stabilizing the neutral form. Pair-wise
interactions amongst backbone, polar, charged sidechains, and ligands are screened by the high
dielectric water and by the dielectric properties
assigned to protein itself. In a protein with n
ionizable groups there are 2n charged states. If the
decrease in solvation energies and the compensating pair-wise interactions between charged
groups can be calculated, the Boltzmann distribution of ionization states can be obtained as a
function of pH. Given the large number of microstates this is generally obtained by Monte Carlo
sampling.52 Hybrid methods that combine molecular mechanics and continuum electrostatics have
also been developed.1,19,65–69 These keep the background dielectric constant low but allow consideration of multiple positions of protein sidechains. The aim is to incorporate some of the
reorganization of the protein to changes in charge
into explicit conformational changes rather than
averaging them in the dielectric constant.
Multi-conformation continuum electrostatics
(MCCE) samples conformational and ionization
states in one Monte Carlo simulation. Traditional
pKa calculations allow residues to be ionized or
neutral. MCCE uses Monte Carlo sampling to
equilibrate side-chain conformations and ionization
changes in the same simulation.19,66 This lets the
protein change the orientation of surrounding
dipoles when a residue undergoes a change in
charge, providing more accurate pKa.19 Changes in
polar and charged side-chain positions are followed
explicitly as a function of pH rather than averaged
into the dielectric constant, allowing the unique
surroundings of each charged group to be taken
into account. Here, MCCE was used to calculate the
degree of burial of ionizable groups in 490 proteins.
This moves beyond many previous surveys of
buried charged groups in that the focus is not on
the geometry of the environment but on the energy
of ionized and neutral states. The ionization states
of all residues were calculated to determine if
buried residues are likely to be ionized at physiological pH. The environment of each residue was
analyzed to find which interactions in the protein
are most important to keep acids and bases ionized.
The energetic role of salt bridges, backbone dipoles,
and polar side-chains in favoring ionization was
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Table 1. Protein and residue composition
SCOP class

a

Number of proteins
Number of residues
Number of proteins
Residues/protein
Ires/100res
Ires/100res with DDGrxnO
5DpKunits
Ires/100res with DDGrxn Sufficient of yield 99% neutrality

93

b

a/b

110

aCb

107
100! to %300
255
190G56
24.2G8.9
2.89G2.20

%100
35
70G20
26.4G13.7
1.87G2.28
1.38G1.90

112

Mix and
others
69
O300
200
519G231
23.0G10.0
4.49G1.95

1.93G1.75

3.03G1.31

Proteins were chosen from the pre-compiled Culled-PDB list101 with a resolution of 2.0 Å or better, less than 20% percent identity, and
R-factor less than 0.25. Mix, proteins with domains in different SCOP classes; others, other SCOP classes; Ires, the ionizable residues Arg,
Asp, Glu, and Lys. DDGrxn(1%): DDGrxn sufficient to shift residue pKas so they would be 99% neutral at pH 7 in the absence of other
interactions. The DDGrxn values are: Arg, 7.5; Lys, 5.8; Asp, 5.1; and Glu, 4.9DpK units. One DpK unit is 1.36 kcal/mol.

determined. Lastly, the conservation of buried
surface ionizable residues was compared.

buried. The loss in reaction field energy, DDGrxn, is
used here. This term measures by how much
removing the residue from water destabilizes the
ionized form more than the neutral form of a
residue. DDGrxn provides a numerical value for
burial that directly influences the resultant, calculated pKa. A DDGrxn value of 6.8 kcal/mol is
sufficient to shift a residue pKa by five pH units if
there are no other interactions in the protein. Given
a reference, solution pKa,sol of 12.5 for Arg, 10.8 for
Lys, 3.9 for Asp, and 4.1 for Glu, a DDGrxn of 5 DpK
units shifts in situ pKa to 7.5 (Arg), 5.8 (Lys), 8.9
(Asp), and 9.1 (Glu). With these pKa values, the
acids are 1% ionized, Lys 6% ionized and Arg 76%

Results
A total of 490 proteins were analyzed ranging in
size from 36 to 1357 residues and sampling all SCOP
motifs70 (Table 1). The biological units for 209 are
monomeric while 281 are oligomeric proteins. Of
the 154,537 residues, 23% are ionizable, and their
frequency is ordered GluOLysOAspOArg with
33% more Glu than Arg (Table 1). Several criteria
can be used to define which ionizable residues are

Figure 1. Distribution of the loss
of reaction field (solvation) energies
(DDGrxn) for basic and acidic sidechains in 490 proteins. Shaded
region, DDGrxn O5 DpK units
(6.8 kcal/mol);
vertical
line,
DDGrxn(1%) (see Table 1).
Table 2. Number of buried ionizable residues

Number of residues
DDGrxnO5 DpK units
DGrxnODDGrxn (1%)

Arg

Asp

Glu

Lys

7707
2483 (32.2%)
681 (8.8%)

8976
1731 (19.3%)
1677 (18.7%)

10,232
1326 (13.0%)
1355 (13.2%)

9277
566 (6.1%)
382 (4.1%)

See the legend to Table 1 for DDGrxnlimits for DDGrxn(1%).
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ionized at pH 7. A second criterion takes into
account the differences of the solution pKa,sol value
of the different groups, defining the burial
thresholds so 99% of the residues would be neutral
at pH 7 in the absence of any stabilizing interactions
(DDGrxn(1%)). The DDGrxn(1%) value is 7.5 DpK
units for Arg, 5.8 for Lys, 5.1 for Asp, and 4.9 for
Glu. This will bring the pKa values of basic amino
acids down to 5.0 and those of acidic amino acids
up to 9.0 in the absence of other interactions.
The accessible surface area (ASA) or the distance
to the surface71 can also be used to determine the
degree of residue burial. These describe the location
of the residue but do not directly provide an energy
penalty for burial. ASA, the most common
measurement, treats an atom as solvent accessible
if a water molecule with a specified radius (1.4 Å)
can touch it.72–74 The ASA of the functional sidechain oxygen and nitrogen atoms of acidic and basic
residues are roughly correlated with their DDGrxn
value (Figure 2). Differences between the two
measures can arise because a residue in a concave
cavity has less interaction with solvent than one
exposed on a convex surface. In addition, a buried
residue near the surface would have a greater
reaction field energy than one that is deeply buried
though they might both have little surface
exposure. DelPhi75 also fills cavities in the protein
with a dielectric constant of 80, increasing the
favorable reaction field energy of some buried
residues far from the surface. Overall residues
with DDGrxnO5.0 DpK units are O80% buried.
Arg with its extended guanidinium group has the
poorest correlation between ASA and DDGrxn.
Using a DDGrxnO5.0 DpK units there are 3049
buried bases and 3057 buried acids (Figure 1 and
Table 2). Arg residues are the most likely to be
buried and Lys the least. There are 4.4 times as
many buried Arg as Lys and 30% more buried Asp
than Glu. Because of the very high pKa,sol value for
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Arg, using the criterion of DDGrxn(1%) defines
many fewer as buried, while changing the number
of other residues little. With this criterion, there are
2.8 times as many buried acids as bases, with 1.8
times as many Arg as Lys. Overall, there are on
average 3.95/100 residues with DDGrxnO5.0 DpK
units and 2.65/100 with DDGrxn(1%). There are
more buried ionizable residues/100 found in
larger proteins, which have more internal volume
(Table 1). Proteins with O300 residues have 4.5G2
ionizable residues with DDGrxnO5.0 DpK units.
In addition, approximately one quarter of His
and Tyr are buried with DDGrxnO5.0 DpK units.
Charge states of the ionizable residues
MCCE was used to determine the charge states of
the ionizable residues. Residues that are R90%
ionized at pH 7 are defined as ionized. Overall, 93%
of all Asp, Glu, Arg and Lys residues are ionized
here. The percentage ionized decreases very slowly
as the desolvation penalty increases (Figure 3).
Residues with DDGrxnO7.5 DpK units are still 78%
ionized. Thus, most buried ionizable residues have
sufficient interactions with other charges and
dipoles in the protein to compensate for the loss
of solvation energy incurred when they are buried.
When analyzing the ionizable residues, they are
grouped by their desolvation penalties. Residues
with DDGrxn%2.5 DpK units (the surface residues)
are defined as being in class I, with 2.5!
DDGrxn%5.0 DpK units in class II, with 5.0!
DDGrxn%7.5 DpK units in class III, and with
DDGrxnO7.5 DpK units (the deeply buried residues)
in class IV.
Arginine
Arg is the most likely to remain charged when
buried in large part because of its very high pKa,sol

Figure 2. The relationship
between fraction ASA and desolvation energy (DDGrxn) for each
ionizable residue. ASA values of
side-chain polar oxygen and
nitrogen atoms calculated with
SURFV.103–105 The fully exposed
surface determined in Gly-X-Gly
tripeptides. Horizontal line at 20%
ASA, and vertical lines at DDGrxn
O5 DpK units and DDGrxn(1%).
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Figure 3. Fraction of residues which are R90% ionized
at pH 7. Arg ( ), Lys ( ), Asp ( ), Glu ( ), His ( ), and Tyr
( ).

value. The class I Arg (the surface Arg) have small
and on average slightly unfavorable interactions
with the backbone (DGpol) and slightly favorable
interactions with other charged or polar groups
(DGres) (Table 3). Only three of the class I Arg
residues are calculated to be less than 90% ionized.
Two of them, ArgA32 of 1JAY and ArgA18 of 1OAA,

are in NADP binding sites. In this study, many
substrates including NADP do not have atomic
charges. Groups like the anionic phosphates screen
the residues from interacting with water, but they
do not stabilize ionization of the Arg as they would
if they had been properly charged. At the interface
of the homo-dimeric protein, 1OR3, ArgA136 and
ArgB147 are close and their unfavorable pair-wise
interactions do not allow both to be ionized at pH 7.
The class I Arg residues do not interact strongly
with other groups due to the screening of water, and
only 5.2% have even one favorable interaction of
R2.5 DpK units with other residues or backbone
dipoles (Table 4 and Figure 5).
Burying an Arg residue reduces the favorable
interaction of the charge with water. However,
86% of the deeply buried Arg residues are ionized
(Table 3). The average pair-wise interaction
with side-chains (DGres) for Arg in this class is
K9.6 (G6.1)DpK units stabilizing the charged
states, of the same order as the destabilizing
DDGrxn (9.0 (G1.2)DpK). In contrast, the average
backbone dipole interactions are only slightly
favorable (K0.6 (G3.5)DpK) (Table 3). The amide
dipoles tend to yield a positive potential inside
proteins with relatively small negative regions that
can be arranged to stabilize cations.27 Thus, 81% of

Table 3. Electrostatic interactions at each level of burial
Res
A. Charged residues (R90% ionized at
Arg
I
7451 res
II
96.7%
III
IV
Lys
I
8870 res
II
95.6%
III
IV
Asp
I
8427 res
II
93.9%
III
IV
Glu
I
9190 res
II
89.8%
III
IV
B. Neutral residues (!90% ionized)
Arg
I
256 res
II
3.3%
III
IV
Lys
I
407 res
II
4.4%
III
IV
Asp
I
549 res
II
6.1%
III
IV
Glu
I
1042 res
II
10.2%
III
IV

DDGrxn

A (%)

B (%)

DDGrxn

DDGpol

DDGres

pH 7)
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5

30.9
36.1
22.1
7.6
75.3
15.7
3.0
1.6
51.4
25.7
9.8
6.9
59.5
20.3
6.4
3.5

99.9
98.0
94.4
86.2
98.7
89.2
79.3
69.7
96.7
93.5
90.6
82.0
93.0
88.1
85.0
65.8

1.6G0.6
3.7G0.7
6.0G0.7
9.0G1.2
1.1G0.6
3.4G0.7
5.9G0.7
9.3G1.4
1.3G0.7
3.5G0.7
6.1G0.7
9.4G1.3
1.2G0.7
3.4G0.7
6.1G0.7
9.4G1.3

0.1G0.5
0.0G1.1
K0.4G2.1
K0.2G3.5
0.0G0.5
K0.4G1.7
K1.3G2.9
K2.5G5.3
K1.0G0.9
K2.2G1.7
K4.1G2.9
K6.5G4.1
K0.4G0.6
K1.2G1.4
K3.1G2.8
K4.7G3.4

K0.6G1.1
K2.4G2.6
K5.6G4.2
K9.6G6.1
K0.9G1.4
K3.1G3.2
K5.0G4.4
K8.9G7.1
K0.8G1.3
K3.0G3.0
K6.3G6.4
K8.4G6.4
K0.8G1.3
K3.2G2.9
K6.2G4.6
K9.6G6.0

%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5

0.0
0.8
1.3
1.2
1.0
1.9
0.8
0.7
1.8
1.8
1.0
1.5
4.5
2.7
1.1
1.8

0.1
2.0
5.6
13.8
1.3
10.8
20.7
30.3
3.3
6.5
9.4
18.0
7.0
11.9
15.0
34.2

2.3G0.3
3.9G0.7
6.2G0.7
9.5G1.3
1.9G0.5
3.6G0.7
6.0G0.8
9.8G1.6
1.6G0.5
3.7G0.7
6.1G0.7
10.1G1.4
1.7G0.5
3.5G0.7
6.0G0.7
9.9G1.3

1.2G0.8
0.9G1.0
1.4G2.3
1.1G3.7
0.3G0.8
0.1G1.2
0.1G1.5
1.8G2.8
K0.4G0.8
K1.5G1.7
K3.1G2.8
K4.5G3.5
K0.2G0.6
K0.5G1.6
K1.4G2.2
K3.4G3.4

1.4G1.2
1.4G2.1
K0.4G2.8
K1.8G3.5
1.8G1.4
0.3G1.6
K0.7G1.8
K2.8G3.8
1.1G1.1
0.8G2.2
3.1G3.5
3.2G4.8
0.7G0.9
0.1G2.1
0.6G3.3
2.6G4.9

Units are in DpK (1 DpK unitZ1.36 kcal/mol). A, percentage of all amino acids of this type at this reaction field penalty with this charge
state. B, percentage of amino acid with this degree of burial which have this charge state. For both ionized and neutral residues DG
values are DG (ionized form)-DG (neutral form). All free energy terms are for standard state at pH 7 (DG8 0 ).
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Table 4. Charged ionizable residues and break down of pair-wise interactions
% With at least one strong interaction (DGelec!ZK2.5 DpK units,
K3.4 kcal/mol)
Res
Arg

Lys

Asp

Glu

I
II
III
IV
I
II
III
IV
I
II
III
IV
I
II
III
IV

DDGrxn

Total

% None

% Strong

Salt

Polar

bkbn

Others

alt conf.

%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5
%2.5
2.5–5.0
5.0–7.5
O7.5

2377
2781
1696
586
6970
1451
276
152
4605
2299
879
619
6046
2071
657
360

94.8
64.8
21.0
5.6
88.4
47.6
27.5
2.0
84.9
31.6
5.2
0.5
89.7
44.4
8.8
0.6

5.2
35.2
79.0
94.4
11.6
52.4
72.5
98.0
15.1
68.4
94.8
99.5
10.3
55.6
91.2
99.4

4.9
31.5
64.4
80.9
11.3
44.7
59.8
74.3
8.8
40.5
63.9
73.3
9.6
47.8
70.2
84.2

0.0
0.8
3.2
8.2
0.1
0.8
2.2
9.9
0.3
2.7
12.3
31.2
0.0
1.4
12.8
26.7

0.3
3.2
18.1
26.1
0.3
8.2
27.2
46.7
6.6
39.5
67.9
82.4
0.9
14.7
49.3
71.9

0.1
0.7
1.1
5.1
0.1
0.8
0.7
5.3
0.2
2.8
3.4
7.1
0.1
1.4
3.5
6.4

0.6
6.8
6.6
2.6
1.4
16.3
26.4
8.6
4.8
12.7
4.9
1.6
5.2
23.0
11.1
3.0

Count of pair-wise interactions %K2.5DpK units (3.4 kcal/mol) for residues at least 90% ionized at pH 7. Total, number of residues;
%none, have no individual interactions; %strong, residues with at least one interaction; Ion pair, having at least one favorable interaction
with residue of opposite charge. This can be Asp or Glu to Lys, Arg, Ntr or ionized His; Lys or Arg to Asp, Glu, or Ctr; polar, making a
favorable interaction to Ser, Thr, Asn, Gln, or neutral His or Tyr; bkbn, the total interaction to the whole backbone is %K2.5DpK units;
Others, interactions to ligands bound to protein, alt conf., residues take alternate positions at pH 7. Here the Boltzmann weighted
DDGrxnis at least 1DpK unit smaller than found for the original PDB file conformer.

K2
charges. These include POK2
4 , SO4 or the propionic
acids on buried heme groups. However, the
percentage favorable interactions with the nonamino acids would be higher had all groups treated
properly. Few of the less deeply buried Arg (classes
II and III) have more than one strong interaction
partner (Figure 5). However, only 5% of the class IV
Arg residues are ionized without having any strong

the class IV Arg residues are stabilized by ion pairs
with acidic amino acids, while only 26% are
stabilized by backbone dipoles. In addition, 8% of
these Arg residues are stabilized by polar groups,
usually Asn, Gln and Tyr. Very few stabilizing
interactions with Ser or Thr are found (Table 5). Five
percent also have favorable interactions with the
non-amino acid ligands provided with appropriate

Table 5. Interactions between ionizable residues and polar residues
Number of charge–polar residue interactions
Res–type
Arg

Lys

Asp

Glu

Side-chain O4N distance

Int–with

!ZK2.5

!ZK1.5

!ZK1.0

!Z3.9 Å

!Z3.2 Å

Asn
Gln
His
Ser
Thr
Tyr
Asn
Gln
His
Ser
Thr
Tyr
Asn
Gln
His
Ser
Thr
Tyr
Asn
Gln
His
Ser
Thr
Tyr

45
32
7
2
5
47
19
3
13
0
0
9
55
30
258
158
105
45
16
25
201
72
71
40

97
90
27
32
18
86
56
34
21
5
1
30
165
95
403
404
361
200
66
66
349
207
188
180

203
173
69
53
44
162
103
72
38
22
22
68
248
184
557
567
517
300
133
122
476
286
252
285

582
502
321
474
370
517
297
239
83
179
181
259
665
466
491
985
812
445
472
509
558
660
562
596

311
239
47
241
187
199
157
117
29
82
96
84
380
297
332
746
572
369
232
341
378
396
294
457

Numbers of strong pair-wise interactions. These include all residues independent of their level of burial. The count of residues at a given
distance does not take into account the angle between the residues.
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Figure 4. Distribution of DGpol (pair-wise interaction with backbone dipoles) for class IV residues (DDGrxnO7.5 DpK
units). Shaded region, favorable interactions.

stabilizing interactions. One- third of these occupy a
conformer with significantly less DDGrxn value than
the native Arg rotamer used to classify the burial of
residues (Table 4). The rest are stabilized by several
interactions below the K2.5 DpK unit cutoff.

Lysine
Lys is significantly less likely to be buried than
Arg with only 6% having O5.0 DpK units DDGrxn
(Table 2). While 95% of all Lys residues are ionized,
30% of these in class IV are not. Class IV Lys
residues are twice as likely as the buried Arg to be at
least partially neutral. As with Arg, pair-wise
interactions, on average, pay back the DDGrxn.
Overall, 98% of the class IV Lys residues have at
least one strong interaction partner; 74.3% of them
have at least one strong interaction with an acidic
residue, 47% with backbone dipoles, and 9.9% with
polar side-chains (Table 4). As with Arg, Ser and
Thr do not stabilize Lys ionization (Table 5). The
interactions with backbone dipoles are more
important for stabilizing charged Lys than Arg
(Tables 3 and 4). All but the most surface exposed
Lys residues are more likely to have multiple strong
pair-wise interactions than do Arg (Figure 5).
Conformational changes also stabilize Lys ionization. A significant fraction of class II and III Lys
residues find more exposed positions in MCCE
Monte Carlo sampling (Table 4). The class IV Lys
residues do not generally have available conformers significantly closer to the surface.

Aspartic and glutamic acids
Nineteen percent of the Asp and 12% of the Glu
residues have O5 DpK units DDGrxn and of these
87% of the Asp and 77% of the Glu residues were
ionized. Three percent of the surface (class I)
Asp and 7% of these Glu residues were calculated
to be !90% ionized largely because small destabilizing pair-wise interactions add to the small
DDGrxn (Table 4). The backbone dipoles help
stabilize ionization of the acids significantly more
than the bases at all levels of burial. The backbone
interactions stabilize class IV Asp and Glu residues
by K6.5 (G4.1) and K4.7 (G3.4)DpK units, while
they only stabilize the class IV Arg and Lys residues
by K0.2 (G3.5) and K2.5 (G5.3)DpK units (Table 3
and Figure 4).
The average residue pair-wise interactions for the
ionized acids and bases are similar at each level of
burial. Seventy-three percent of the class IV Asp and
84% of the class IV Glu residues have at least one
strong ion pair, a slightly smaller percentage than
found for the bases. About 10% of these are made
to ionized His residues. However, the polar sidechains (including neutral His) play a much larger
role in stabilizing the acids with 31% of the deeply
buried Asp and 27% of the Glu having at least one
strong, favorable polar interaction. The hydroxyl
containing side-chains Ser and Thr which do not
stabilize the bases do interact favorably with the
acids, while Asn and Gln and Tyr residues keep
both acids and bases ionized. Three percent of the
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Figure 5. Distribution of the number of individual strong interactions (%K2.5 DpK units) to other residues, or ligands.
A net DGpol%2.5 DpK units counts as one interaction. Residues with no strong interaction are not shown. The percentage
value in each panel shows the percentage of residues with one or more interaction.

Asp and 4% of the Glu residues interact with the
non-amino acid ligands considered here especially
ions such as Zn2C, Ca2C, and Mg2C.
Overall, 95% of the class III Asp and 91% of the
class III Glu residues have at least one strong
interaction partner, and the percentages increase for
those in class IV. Class IV acids have more multiple
interactions than do the bases (Figure 5).
Environment of neutral acids and bases
A small fraction of the Asp, Glu, Arg, and Lys
residues are !90% ionized at pH 7 (Figure 3 and
Table 3). The neutral residues are often at positive
potential from the backbone, stabilizing ionization
of acids while destabilizing the bases. Overall the
DGres value changes more between the ionized and
neutral acids and bases than does the DGpol. It is
notable that the average DGres tends to destabilize

ionization of the neutral acids, while they still
stabilize ionized form of the bases. This may arise
because there are more class IV acids than bases.
Subunit interface and ionizable residues
There are 250 oligomeric proteins analyzed here
with 2030 Arg, 2448 Lys, 2354 Asp, and 2715 Glu.
The desolvation penalties calculated in isolated
monomeric units of oligomeric proteins were
compared (Figure 6). Residues were identified as
being buried at an interface if they have a monomer
DDGrxn%2.5 and oligomerDDGrxnO5.0 DpK units.
There are 77 Arg, 29 Lys, 56 Asp, and 70 Glu
residues in this class. This represents z3% (Arg and
Asp) and z6% (Lys and Glu) of the class III and IV
residues. There are small changes between the
interfacial and other buried acids (Table 6). The
Arg and Lys residues at the interface are as likely to
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Figure 6. Distribution of the solvation energies of the ionizable residues in oligomer decomposed into monomers and
in the holoprotein. Dark (&) bar, oligomers; gray ( ) bar, monomeric units.

be ionized as are other class III and IV residues.
Interfacial Glu are z5% more likely and Asp z5%
less likely to be charged than the other buried
residues. The probability of having strong interactions with the backbone is smaller for the
interfacial bases while these are more likely to
have larger pair-wise interactions with other
residues.
Conservation of acidic and basic amino acids
Residue conservation, defined in the HSSP
database,76 was determined for residues at each
level of burial (Figure 7). Surface residues are less
likely to be conserved than those buried in the
protein core. For example, 25% of the surface
residues (DDGrxn%1.0 DpK unit) and 85% of the
most deeply buried residues (DDGrxnO10 DpK
units) are at least 50% conserved.
Burial and ionization of histidine and tyrosine
His has a solution pKa,sol value of 6.5 so it is only
24% ionized at pH 7 when free in solution. Tyr has
a pKa,sol value of 10.8 and is only 0.016% ionized at
pH 7 in solution. Twenty-three percent of the His
and 26% of the Tyr residues have DDGrxnO5.0 DpK.
Overall 0.037% of Tyr and 6% of His residues are
calculated to be R90% ionized at pH 7 (Figure 3).

For the buried residues (DDGrxnO5.0 DpK), 4% of
the His (33/841) and /1% of the Tyr (4/1395) are
ionized. For the His it may be more appropriate to
ask how many are as ionized in the protein as in the
solution. In total 30% (1078/3645) are at least 25%
ionized in the protein and 9% (71/841) of those with
DDGrxnO5.0 are this ionized. Thus, in these calculations the protein destabilizes His ionization
relative to solution. His residues are often involved
in binding metals or cofactors and these His need to
be neutral.

Discussion
The ionization states of more than 35,000 ionizable residues in 490 proteins with a range of sizes
and folds were calculated. A significant minority of
these residues are found to be buried in the protein
as defined by solvent accessibility or by loss of
reaction field (solvation) energy. MCCE calculations
show that the large majority of these residues are
R90% ionized at pH 7. The fraction ionized falls off
very slowly with residue burial (Figure 3), showing
that in general electrostatic interactions with other
charges and dipoles in a protein are predicted to
replace the solvation energy lost when a group is
removed from water. When residues with DDGrxnO
5 DpK units (6.8 kcal/mol) are considered, there are

1292

Charged State of Buried Acidic and Basic Residues

Table 6. Characteristics of ionized residues buried at subunit interfaces
%DGres !ZK2.5 DpH units (K3.4 kcal/mol) (%)
Res

Total

Avg DGrxn

Avg DGpol

Avg DGres

% All

Salt

Polar

bkbn

Others

Arg
Lys
Asp
Glu

69
22
43
60

6.8G1.5
6.7G1.7
6.9G1.7
6.6G1.3

0.3G2.6
K0.6G3.8
K4.1G3.5
K3.7G3.3

K7.4G5.8
K7.8G5.8
K7.3G6.7
K7.2G6.0

76.8
86.4
95.6
93.3

72.5
81.8
73.3
63.3

4.3
0.0
17.8
16.7

13.0
18.2
68.9
55.0

0.0
0.0
4.3
3.3

Residues were defined as buried at the subunit interface if monomer DDGrxn%2.5 and oligomer DDGrxnO5.0. Only residues R90%
ionized at pH 7 are considered here. Table 3 provides values for average interaction energies and Table 4 the percentage of strong
interactions for all residues.

essentially the same number of buried acids (3057)
and bases (3049). Considering only the most deeply
buried group (DDGrxnO7.5 DpK units), there are
more acids (1308) than bases (899). The ability of
proteins to support deeply buried acids seems to be
greater than bases. The backbone dipoles tend to
raise the potential inside any protein.27 In addition,
while the amide group of Asn and Gln can stabilize
ionization of both acids and bases, hydroxyl groups
are much better hydrogen bond donors than
acceptors so they tend to stabilize anions but not
cations (Table 5).
The data presented here represent the prediction
of the ionization states of more than 35,000 residues.
pKas are not presented because of the level of
uncertainty found in this implementation of MCCE
(MCCE1.0). Continuum electrostatics calculations
tend to overestimate the interactions between surface charged groups.7,77 Benchmark studies on
small proteins using no conformational sampling
find better match to experimental data with
dielectric constants of 10 to 20 reducing the
interactions.7 In contrast, MCCE calculations find
good matches to benchmarks with dielectric constants of 4 to 8. The version used, here (MCCE1.0)
has been benchmarked in calculations of known
amino acids19 and of hemes in small cytochromes.78
Calculations of 166 ionizable residues in 12 small
soluble proteins such as lysozyme and barnase
showed root-mean-square deviation between the
calculated and measured of 0.83 pH unit with
O90% having errors of !1 pH unit using 3Z4.19
However, this was carried out using a SOFT

Figure 7. Degree of conservation as a function of the
DDGrxn. HSSP76 conservation weight was used.

function that decreased very strong interactions by
about 50%. This is necessary because MCCE1.0 does
provide enough well solvated conformers for surface conformers. However, as all conformers are
present in all calculations of pair-wise interactions
adding more surface conformers increases the
region with a low dielectric constant, artificially
increasing the interactions. This is not a problem for
calculations of DDGrxn, since these are determined
in a calculation with only one conformer per
residue (see Georgescu et al.19 for a more complete
description).
While ionization states for both surface and
buried residues are presented here, the focus is on
the ionization state of the buried charged groups.
Studies of buried active sites in photosynthetic
reaction centers,79–81 bacteriorhodopsin,82,83 halorhodopsin,84 and fumarate reductase85 using MCCE
and other continuum electrostatics methods provide the best benchmarks for the analysis of buried
charges. These sites are far from the surface so
boundary errors are negligible. Calculations with
large dielectric constants or with SOFT do not find
good agreement with the data. The value of 3Z4
used here provides the best results. Thus, earlier
calculations with MCCE1.0 suggest that the ionization states and even pKas of buried residues are
likely to be well predicted.81,83 The predicted pKas
without SOFT for surface residues, especially those
in ion pairs are likely to overestimate the stability
of the ionized form, often pushing acid pKa to be
less than zero and bases to move to be over 14.19
However, the ionization states at pH 7 are likely to
be well estimated. A new version of the program
(MCCE2.0) has recently become available which has
much better rotamer sampling and significantly
corrects the problems that arise from errors in the
boundary. This provides a consistently good match
to buried and surface residues using the same
assumptions and parameters. Calculation of pKas
for the set of proteins examined here is in progress.
The work presented here complements earlier
surveys of ionizable groups. Some of these looked
at geometrically defined features such as surface
accessibility or found active sites in H-bonded
clusters, and others looked at how specific interactions contribute to stability without calculating
site ionization. Contributors such as protein backbone dipoles86–88 and ion-pairs26,89 have been
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explored in detail. The asymmetry of anion and
cation interactions have been seen in surveys of
main-chain to side-chain hydrogen bonds which are
far more common for acidic than basic sidechains.90 Surveys of side-chain to side-chain hydrogen bonds also show somewhat more interactions
between acids and hydroxyl side-chains.91 However, when the pattern is defined by the geometrically determined hydrogen bond, it is not
nearly as obvious as when interaction energies are
considered (Table 5). Previous calculations suggest,
as found here, that on average proteins are arranged
to enhance interaction with their charged groups.37
Charge–charge interactions83,92 replace the loss of
solvation energy when residues are buried. The
trend that the protein will stabilize buried charges
has also been found in surveys of measured pKas.
Surface carboxylic acids8 and His93 tend to have
relatively unperturbed pKas. The range of pKas
increases when these groups are buried,8 not
unexpected given the complexities of the interactions within proteins. For both buried acids and
His, the average pKa value shifts show the protein
environment stabilizes the ionized form of the
residue.
Active site residues are found to be in complex
electrostatic environments. Some surveys suggest
these buried residues destabilize the protein implying the protein will favor the neural state.94 Other
surveys suggest that active sites are characterized
by regions of large electrostatic potential.95 Many
active sites have clusters of residues of like charge
forming an internal buffer where a proton is shared
between several residues.79,83,96 These motifs contain residues where ionization states change by
proton transfer amongst sites, leading to complex,
non-Henderson–Hasselbach titrations.97,98 One
problem is that with clusters of ionizable residues
it is often difficult to identify correctly which site
has the proton19 although the net charge of the
cluster is easier to ascertain.83 It seems likely that at
least some of the buried, neutral residues are in
protein active sites.
The most contentious issue in continuum electrostatics analysis of proteins is the value for the
protein dielectric constant. This is a parameter that
accounts implicitly for protein rearrangement on
changes in charge.34,56 Values from 3Z499 to 3Z
20100 are used routinely. The higher the value, the
larger the average protein response to changes in
charge. If carried out correctly, where desolvation
energy and pair-wise interactions are both scaled
appropriately, most calculated pKas depend only
modestly on the dielectric constant used.19 This is
because pair-wise interactions in proteins tend to
stabilize the charged states. Thus, the reduction of
the unfavorable desolvation penalty and of the
favorable pair-wise interactions found when the
dielectric constant is increased tend to cancel.
Therefore, with a higher dielectric constant, it is
likely that the percentage of residues that are
charged would remain high. However, if a higher
dielectric constant were used, all of the individual

terms used in the analysis of the environment of the
ionizable groups would be smaller. Consequently
fewer residues would have large DDGrxn values
and the compensating DGres and DGpol would be
smaller.

Materials and Methods
Sample protein selection
A total of 490 crystal structures with a resolution of
2.0 Å or better, with less than 20% identity, and an
R-factor of less than 0.25 were selected from the 1059
proteins in the Dunbrack Culled-PDB list.101 The subset
analyzed here was selected to represent the different
SCOP70 classes and protein sizes. The proteins range in
size from 36 to 1357 residues. Four membrane proteins
were included while the rest are water-soluble and
classified mainly in the four SCOP classes (Table 1).
Where possible the biological unit in the EMBL-EBI
Likely Quaternary Structure or Macro-Molecular Assembly definitions were used.102 There are 209 monomers, 25
proteins with non-identical oligomers, and 256 oligomers
formed of identical subunits. Additional calculations
were run where the subunits of the oligomeric proteins
were analyzed separately allowing the comparison of
residues buried in a monomer interior and those buried
at subunit interfaces. HSSP76 provided the degree of
conservation of each ionizable residue.
Calculation of accessible surface area
The reference surface area for fully exposed side-chain
oxygen or nitrogen atoms from ten different Gly–X–Gly
polypeptides was determined with SURFV.103–105
The list of 490 proteins
12as, 13pk, 16pk, 1a05, 1a17, 1a1x, 1a26, 1a3a, 1a48,
1a4i, 1a6f, 1a6m, 1a73, 1a8d, 1a8e, 1a8 l, 1af7, 1agj, 1agq,
1ah7, 1aie, 1aj2, 1ajj, 1akr, 1aoc, 1aoh, 1aol, 1aop, 1aqz,
1aw7, 1axn, 1ayf, 1ayl, 1ayo, 1ayx, 1azo, 1b12, 1b2p, 1b66,
1b6a, 1b93, 1baz, 1bbz, 1bd3, 1beh, 1bfg, 1bft, 1bg2, 1bgc,
1bgf, 1bkf, 1bkr, 1bm8, 1bpi, 1bqu, 1btk, 1bxa, 1bxe, 1bxm,
1by2, 1byi, 1byq, 1byr, 1c1k, 1c1 l, 1c3d, 1c3w, 1c52, 1c7k,
1ccw, 1ccz, 1cdy, 1ceo, 1cex, 1chd, 1 cmc, 1cnv, 1cpo,
1cqm, 1csh, 1ctj, 1ctq, 1cv8, 1cxq, 1cyo, 1d06, 1d0d, 1d2o,
1d2v, 1d4o, 1d9c, 1daq, 1dbf, 1dcs, 1dek, 1dfm, 1dfn,
1dg6, 1dlw, 1dmg, 1dnl, 1dow, 1dqe, 1dvo, 1dxg, 1dzk,
1dzo, 1e29, 1e30, 1e5k, 1e7 l, 1e85, 1eaz, 1eb6, 1edh, 1eej,
1eer, 1ej2, 1ej8, 1ejg, 1ekr, 1elk, 1elp, 1elw, 1ep0, 1eqo,
1es9, 1et1, 1euj, 1euv, 1euw, 1ex2, 1ext, 1eyh, 1ezi, 1f2t,
1f3u, 1f46, 1f5m, 1f7 l, 1f86, 1f9m, 1faz, 1fcy, 1fe6, 1fi2,
1fip, 1fj2, 1flm, 1fpo, 1fqi, 1fqt, 1fs1, 1fsg, 1fso, 1ft5, 1fvg,
1fvk, 1fw1, 1fw9, 1fye, 1g0 s, 1g13, 1g1j, 1g2b, 1g2i, 1g2r,
1g2y, 1g3p, 1g4i, 1g5t, 1g61, 1g66, 1g6u, 1g6x, 1g7a, 1g8e,
1g8q, 1gak, 1gbg, 1gbs, 1gef, 1geq, 1gmi, 1gmm, 1gmu,
1gmx, 1gnu, 1gou, 1gp0, 1gpr, 1gr3, 1gsa, 1gsm, 1gu9,
1gux, 1gx1, 1gxj, 1gy7, 1gyo, 1h4x, 1h6 h, 1h7c, 1h8p,
1h8u, 1h97, 1h99, 1han, 1hd2, 1hdo, 1he1, 1hfo, 1hoe,
1hpc, 1hqk, 1hsl, 1htw, 1huf, 1huw, 1hxi, 1hxr, 1hyp, 1hzt,
1i0 h, 1i0r, 1i0v, 1i12, 1i1j, 1i2t, 1i40, 1i4m, 1i4u, 1i52, 1i5 g,
1i6p, 1i6w, 1i8a, 1i8d, 1i8o, 1i9 s, 1iab, 1iap, 1iaz, 1icx,
1ido, 1ifr, 1iib, 1ij2, 1ijb, 1ijv, 1ijy, 1ikt, 1im5, 1ioo, 1iow,
1iu8, 1ixh, 1j83, 1j8r, 1j98, 1j9b, 1j9 l, 1jat, 1jay, 1jb3, 1jbe,
1jbk, 1jc4, 1jd5, 1jdw, 1je5, 1jek, 1jeo, 1jf0, 1jf4, 1jf8, 1jfx,
1jhf, 1jhg, 1jhj, 1jid, 1jjv, 1jk3, 1jke, 1jkx, 1jl1, 1jm0, 1jm1,
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1jmv, 1jni, 1jr8, 1jya, 1jyh, 1jyo, 1jzg, 1jzt, 1k04, 1k0m,
1k12, 1k1a, 1k3 s, 1k4i, 1k55, 1k6d, 1k94, 1kaf, 1kcq, 1kdo,
1kfn, 1kgb, 1khc, 1km4, 1kng, 1knm, 1knq, 1koe, 1koi,
1kpf, 1kpt, 1kqr, 1kr7, 1ksk, 1kso, 1ktg, 1kug, 1kyf, 1l3k,
1l6p, 1l7m, 1l8b, 1l8r, 1lf7, 1lg7, 1lgp, 1lh0, 1li1, 1lki, 1lkk,
1lm5, 1lmh, 1ln4, 1lo7, 1lr5, 1ly2, 1m0d, 1m48, 1m6p,
1mai, 1mfm, 1mgt, 1mka, 1mla, 1mml, 1mof, 1mrj, 1mrp,
1msc, 1msk, 1mug, 1nbc, 1nfp, 1nkd, 1nkr, 1nox, 1npk,
1nsj, 1nxb, 1oaa, 1ois, 1opc, 1or3, 1oyc, 1pbv, 1pgs, 1pgt,
1phm, 1pin, 1pmi, 1pne, 1ppn, 1ppt, 1psr, 1ptq, 1puc,
1qa7, 1qau, 1qb0, 1qb7, 1qcs, 1qdd, 1qde, 1qfo, 1qgv, 1qhv,
1qip, 1qjb, 1qjc, 1qjp, 1qkr, 1ql0, 1qmy, 1qna, 1qre, 1qst,
1qtn, 1qto, 1r51, 1rh4, 1rhs, 1rss, 1sac, 1sbp, 1sei, 1sfp,
1shk, 1sig, 1slu, 1sra, 1sur, 1svb, 1swu, 1t1d, 1tca, 1ten,
1tfe, 1thv, 1tif, 1tig, 1tl2, 1tml, 1tx4, 1ubi, 1utg, 1vcc, 1vhh,
1vid, 1vie, 1vii, 1vls, 1vns, 1vsr, 1wfb, 1whi, 1wwc, 1yge,
256b, 2a0b, 2acy, 2ahj, 2arc, 2cpg, 2ctc, 2cua, 2eng, 2erl,
2fcb, 2hft, 2hrv, 2igd, 2ilk, 2lbd, 2lis, 2mcm, 2mhr, 2mlt,
2nlr, 2pgd, 2pii, 2psp, 2ptd, 2pth, 2pvb, 2scp, 2sns, 2spc,
2tgi, 2tps, 2wrp, 3bam, 3cao, 3cyr, 3grs, 3pnp, 3prn, 3pvi,
3std, 3vub, 4bcl, 4eug, and 8abp.
MCCE: multiconformation continuum electrostatics
Multi-conformation continuum electrostatic (MCCE) is
a hybrid of continuum electrostatics and molecular
mechanics.19 MCCE starts with atomic coordinates from
the Protein Data Bank (PDB)106 as inputs and solves the
Poisson-Boltzmann equations by the finite difference
method for multiple conformers.75 MCCE keeps the
protein backbone rigid while letting side-chains of polar
and ionizable groups sample additional rotamer positions.19,66 Thus, residues have pre-assigned conformers
differing in atomic positions or ionization state. Each
ionizable side-chain can be charged or a neutral dipole.
The neutral acids have several positions for the terminal
proton. Hydroxyl side-chains have protons in their
torsion minima and making hydrogen bonds. Asn and
Gln have conformers that interchange their terminal
oxygen and nitrogen atoms. Both neutral His tautomer
conformers are available.
Monte Carlo sampling yields the Boltzmann distribution of conformers for each residue given the electrostatic and non-electrostatic self and pair-wise energy
terms. The electrostatic energies for each conformer are
calculated with Delphi75 using dielectric constant of 4 as
described by Georgescu et al.19 The self-energy term is the
loss in reaction field (desolvation penalty) that occurs
when the conformer is moved from water into its position
in the protein. The DDGrxn term represents the loss of the
reaction field energy of ionized conformers minus the loss
for the neutral conformers when the residue is buried.
DGpol is the difference in electrostatic pair-wise interactions of the ionized and neutral conformers with the
amide backbone. Pair-wise electrostatic interactions are
also obtained for the interactions of each conformer with
all other conformers. The non-electrostatic energy terms
are the torsion energy and the pair-wise Lennard-Jones
energies of a conformer with the backbone and with all
other conformers. Torsion and Lennard-Jones parameters
as described by Alexov et al.79 and Parse partial charges107
are used for the DelPhi calculations. The solution reaction
field energies were 12.8DpK units (17.4 kcal/mol) for Asp,
12.9 (17.5 kcal/mol) for Glu, 11.7 (15.9 kcal/mol) for Arg,
13.6 (18.5 kcal/mol) for Lys, 8.1 (11.0 kcal/mol) for His,
and 10.3 (14.0 kcal/mol) for Tyr. In each case, these values
are the difference between the DelPhi reaction field
energy for the ionized and neutral form of the residue
isolated from the rest of the protein.

Charged State of Buried Acidic and Basic Residues

The Boltzmann distribution of conformers as a function
of pH is determined by Monte Carlo sampling. Protein
microstates are created given one conformer for each
group including residues, cofactors, and ligands. The
energy of microstate x (DGx) is:

DGx Z

M
X

dx ðiÞfgðiÞ½2:3 kb TðpH K pKsol;i Þ

iZ1

C ðDDGrxn;i C DGtorsion;i C DGpol;i C DGnonel
fixed;i Þg
C

M
X
iZ1

dx ðiÞ

M
X

nonel
dx ðjÞ½DGel

ij C DGij

(1)

jZiC1

The first line accounts for the reference chemistry of the
group in solution (pKa,sol) and the solvent conditions
(pH), the second for conformer self energies and
interactions with fixed portions of the protein, while the
third treats interactions between conformers in the
considered microstate. kbT is 25 meV (0.43 DpK units or
0.58 kcal/mol at 20 8C), M the total number of conformers, dx(i) is 1 for selected conformers and 0 for all
others. g(i) is 1 for bases, K1 for acids, and 0 for neutral
conformers (polar groups, water molecules, neutral acids
and bases). pKsol,i is the pKa,sol of group i, DDGrxn,i the
difference between the conformer reaction field energy in
solution and protein; DGtorsion,i the conformer torsion
energy; DGpol,i the conformer electrostatic interaction
with the backbone dipoles and DGnonel
fixed;i the LennardJones interaction with the backbone and side-chains with
nonel
no conformers. DGel
are pair-wise interij and DGij
actions between side-chain conformer i and j. Monte
Carlo sampling yields conformer occupancies in a
Boltzmann distribution of states as a function of pH.
The SOFT function, an empirical function used in
previous studies19,78 to reduce the strong pair-wise
interactions, is not used here. While small, flexible
proteins appear to be best calculated with a higher
value for the continuum protein dielectric constant
in MCCE, analysis of larger membrane proteins such
as bacteriorhodopsin82,83 and photosynthetic reaction
centers79,108 provides the best match to experimental
results with 3Z4.
Crystal water molecules were deleted and the cavities
filled by DelPhi with a dielectric of 80, greatly reducing
the effort needed to model water properly. The results
with explicit and continuum water have been found to be
comparable in many19,78,83 but not all cases.66,109,110 These
proteins contain numerous non-amino acid groups
co-crystallized with the protein. Hemes and their propionic acids are treated as described in our earlier
studies.78,111 Metal ions such as ClK, NaC, NiC, CuC,
2K
Mg2C, Zn2C, and Ca2C and PO2K
4 and SO4 are included
in this calculation with appropriate charges. They each
have a conformer that does not interact with the protein.
This models the ligand leaving the protein if favorable
interactions cannot pay the reaction field penalty incurred
when it is buried. Other ligands included in the protein
data files are simply treated as uncharged, low dielectric
material. Of 490 proteins 312 have at least a non-amino
acid group, and 225 of them have at least one ligand,
which is treated as uncharged here. The most prevalent
ligands where were not given appropriate charges are
glycerol (GOL), N-acetyl-D-glucosamine (NAG), acetate
ion (ACT), acetyl group (ACE), FMN, Cd2C, EPE, and
ADP.
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Determination of interactions of ionizable groups with
the rest of the protein in the Monte Carlo sampled
ensemble of protein microstates
3.
Each of the multiple conformers used in MCCE has a
different reaction field energy. The loss of reaction field
energy (DDGrxn) for the original conformer in the PDB file
is used to decide if a particular acid or base is buried.
The free energy of interaction of a conformer with the
backbone dipoles is:
DGpol;i ¼

n
X

Jbkbn
qa;i
a

(2)

a¼1

4.

5.

where qa,i is the charge on atom a. The interaction of a
residue with the backbone is the Boltzmann weighted
DGpol,i for all ionized conformers minus the DGpol,i for
neutral conformers at pH 7.0.

6.

Interaction between residues

7.

The free energy of interaction between individual
residues uses a Mean Field analysis. The interaction
between residue A and B is:

8.

DGres;A4B Z

Aconf
X
iZ1

ci

Bconf
X

cj DGAi;Bj

(3)

jZ1

where Aconf and Bconf are the number of conformers of
the two residues and cAi and cBj are the Boltzmann
weighted occupancy of conformer i and j of residue A and
B at pH 7 and DGAi4Bj is the conformer to conformer
interaction energy. This includes both Lennard-Jones and
electrostatic interactions. DGres for a given residue sums
DG res,A4B over all conformers of all surrounding
residues.

9.

10.
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