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Abstract

Coulomb’s law and a finite difference Poisson–Boltzmann based analysis are used to predict the pK values for 15
ionizable side chains(6 Asp, 6 Glu and 3 His) in ribonuclease T1. These predicted values are compared to the
measured pK values to gain insight into the most important factors that influence the pK values of the ionizable
groups in proteins. Charge–charge interactions are clearly the most important factor that determines the pK values of
most ionizable groups in ribonuclease T1. However, pK values can be shifted by several pK units by the Born self
energy associated with burying ionizable groups and by favorable intramolecular hydrogen bonding.
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: pK; Coulomb’s law; Finite difference Poisson–Boltzmann equation; Born self energy; Hydrogen bonds; Charge–charge
interactions

1. Introduction

Spitzner et al.w1x used two-dimensional hetero-
nuclear NMR spectroscopy to measure the pK
values of the 6 Asp, 6 Glu and 3 His side chains
in ribonuclease T1(RNase T1). In two succeeding
papers, Koumanov et al.w2,3x used a finite differ-
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ence Poisson–Boltzmann analysis to predict the
pK values for the same residues. In some cases,
the predicted values differ markedly from the
measured values. We have predicted the same pK
values using Coulomb’s law and a finite difference
Poisson–Boltzmann based approach using the Uni-
versity of Houston Brownian dynamics package
(UHBD), another widely used methodw4–6x. By
comparing the results of these analyses, we are
able to gain insight into the key factors that
determine the pK values of the ionizable groups
in RNase T1. Several other groups have considered
this same questionw6–16x.
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Table 1
Measured and calculated pK values of 15 ionizable side chains in RNase T1

Residue pK (measured)a pK (CL)b pK (UHBD)b pK (combined)b

Asp(4.0)c

3 3.51 3.66 3.67 3.41
15 3.49 3.72 3.64 3.35
29 4.44 3.57 4.11 4.00
49 4.37 4.22 4.21 4.30
66 3.89 3.92 3.92 3.86
76 0.5 2.69 2.56 2.13

Glu(4.4)c

28 5.39 4.52 4.82 4.86
31 4.78 4.55 4.82 4.91
46 3.58 3.88 4.88 4.28
58 3.93 3.22 2.52 3.58
82 3.24 3.07 2.99 2.90
102 5.16 5.32 5.02 5.28

His(6.3)c

27 7.08 7.78 7.59 7.65
40 7.75 7.75 7.12 7.72
92 7.31 7.53 7.08 7.56
RMSDd 0.72 (0.45) 0.78 (0.60) 0.54 (0.35)

Except for Asp 76, the pK values were measured at 358C as described by Spitzner et al.w1x and given in Koumanov et al.w2x.a

The pK for Asp 76 was measured at 258C as described by Giletto and Pacew33x.
pK (CL) was calculated using Coulomb’s law as described in the text. pK (UHBD) was calculated by a finite differenceb

Poisson–Boltzmann based approach using the University of Houston Brownian dynamics package(UHBD). UHBD is described in
w4–6x. pK (combined) was calculated using the charge–charge interaction term from Coulomb’s law,DG (CL), and the charge–ij

partial charge interaction term,DG(BG), and the Born term,DG(Born), from UHBD. In all cases, the coordinates are from the
PDB structure 9RNTw18x and single charges were placed on the following atoms: Cg for Asp; Cd for Glu; Ć 1 for His; Nz for
Lys; and Cz for Arg.

These are the pK values expected for these side chains in uncharged peptidesw17x.c

The first RMSD includes the results for Asp 76, and the term in parentheses does not.d

2. Results

The measured pK values for RNase T1 are given
in Table 1 w1,2x. The pK values, calculated by
three different methods, are also given in Table 1.
The methods used to calculate the pK values are
described next.

In addition to the 15 measured pK values, RNase
T1 contains 14 other ionizable groups(the N- and
C-termini, 9 Tyr, 2 Lys and 1 Arg residues). We
assumed the following pK values based on model
compounds from Nozaki and Tanfordw17xfor these
residues:a-COOH (3.8), a-NH (7.5), Tyr (9.6),q

3

Lys (10.4) and Arg (12.0). We assume that the
Tyr, Lys and Arg residues will not ionize in the
pH range we are considering,-pH 9, for the 15
ionizable groups in Table 1. We use Coulomb’s

law (CL):

DG (CL)s q q y´r (1)ij i j8j

to sum up the charge–charge interactions at a pH
equal to the pK of each ionizing group being
considered and the rest of the charges on the
protein. Since we are at the pK, we use a charge
of y0.5 for the Asp or Glu residues under consid-
eration and a charge ofq0.5 for the pK calculation
for the His residues. For the other residues, their
measured pK is used to calculate their net charge
at the pH being considered. The distancer between
the two charges is calculated using the 1.5 A˚
resolution crystal structure of RNase T1 deter-
mined by Martinez-Oyanedel et al.w18x (Table 1).
(Pfeiffer et al. w19x have carefully compared this
crystal structure with the solution structure deter-



213C.N. Pace et al. / Biophysical Chemistry 101 –102 (2002) 211–219

Fig. 1. Shown are correlation plots between the measured and calculated pK values of RNase T1 using Coulomb’s law(a), UHBD
(b) and a combination of both methods(c). If the data point for Asp 76 is removed, theR-values become 0.96(a), 0.92 (b) and
0.98 (c).

mined by NMR.) For reasons explained below, a
dielectric constant,́ s45, was chosen for all of
the calculations. Fig. 1 shows plots of the pK
(measured) values vs. the pK (calculated) values.
Note that usinǵ s45 leads to slopes near one for
all three of the plots.

The pK (UHBD) values were calculated by a
finite difference Poisson–Boltzmann based
approach using the University of Houston Brown-
ian Dynamics package(UHBD) w4–6x with the
following adjustable parameters:́ s45;protein

´ s75; Ts35 8C; ionic strengths20 mM;solvent

Stern Layers2.0 A; CHARMM 19 charge param-˚
eter set; w20x; and probe radiuss1.4 A. The˚
´ s45 value was chosen because it gave theprotein

lowest root mean square deviation(RMSD)
between the pK (measured) and pK (UHBD)
values. Most often, a value of́ s20 is usedprotein

with this program w6,16x. With ´ s20, theprotein

RMSDs0.89, which is considerably worse than
the RMSDs0.78 when´ s45 is used(Tableprotein

1).
The pK (CL) calculation takes into account only

charge–charge interactions between the ionizable
group and the other charged groups on the protein
which we designateDG (CL). The UHBD pro-ij

gram takes into account three terms:

DGsDG (UHBD)qDG(BG)qDG(Born) (2)i ij

whereDG (UHBD) is the charge–charge interac-ij

tion term, DG(BG) is a summation of the inter-
action of the ionizable group with the partial
charges of the polar groups in the protein and
DG(Born) is the Born self energy of transferring
a charge from the solvent to the protein. The CL
calculation might be expected to modelDG betterij

than UHBD because the actual pK values of the
ionizable groups are used in the calculation. In
UHBD, the calculated pK values are used to
calculate the net charges. To test this, we combined
the DG term from the CL calculation with theij

DG(BG) and DG(Born) terms from UHBD cal-
culation and this is denotedDG(combined) in
Table 1. Note that the RMSD is considerably
lower for the pK (combined) values than for the
pK (CL) or pK (UHBD) values.

3. Discussion

For all of the pK calculations, we begin with
the pK of the ionizable group in an uncharged
peptide. We have used the values from Nozaki and
Tanford w17x that are most often used in trying to
understand what determines the pK values of
ionizable groups in folded proteinsw6,7,11,21x. In
Table 2, we give the difference between the meas-
ured pK values and the uncharged peptide pK
values. Some of the pK values of the carboxyl
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Table 2
Factors influencing the pK values for 15 ionizable side chains in RNase T1

Residue DpKa DGb DG (CL)cij DG (UHBD)dij Buriede DG(Born)f HBg DG(BG)h

(kcalymol) (kcalymol) (kcalymol) (%) (kcalymol) (�) (kcalymol)

Asp
3 y0.49 0.69 0.48 0.83 38 0.17 1 y0.53
15 y0.51 0.72 0.39 1.03 58 0.24 1 y0.76
29 0.44 y0.62 0.60 y0.76 51 0.16 0 0.44
49 0.37 y0.52 y0.31 y0.41 8 0.05 0 0.06
66 y0.11 0.16 0.11 0.20 11 0.11 0 y0.20
76 y3.50 4.94 1.84 2.82 99 0.43 3 y1.22

Glu
28 0.99 y1.40 y0.16 y1.07 47 0.15 1 0.33
31 0.38 y0.54 y0.21 y1.10 15 0.07 0 0.44
46 y0.82 1.16 0.73 y1.24 52 0.23 1 0.33
58 y0.47 0.66 1.66 2.14 83 0.44 2 0.07
82 y1.16 1.64 1.87 2.24 73 0.21 2 y0.46
102 0.76 y1.07 y1.30 y0.81 32 0.21 0 y0.27

His
27 0.78 1.10 2.09 1.64 71 0.25 1 y0.07
40 1.45 2.04 2.04 1.12 78 0.30 2 y0.26
92 1.01 1.42 1.73 1.14 83 0.36 1 y0.40

DpKspK (measured)ypK (uncharged peptide). The pK values are given in Table 1.a

DGs2.303RT(DpK)sg1.36(DpK) (g is y1 for acidic groups andq1 for basic groups.b

The energy calculated by Coulomb’s Law with´s45 for placing a charge of"0.5 on the ionizable group at pHspK. See thec

text for details.
The energy calculated by UHBD with́s45 for charge–charge interactions between the ionizable group and all of the otherd

charges on the protein.
The average % buried calculated by the Lee and Richardsw41x procedure for: Od1 and Od2 of the Asp residues; Ó1and Ó 2e

of the Glu residues; and Nd1 and Ń 2 of the His residues.
The Born energy term calculated by UHBD.f

The number of intramolecular hydrogen bonds formed by the ionizable side chain determined using the program pfis 3.0w42x.g

This background energy term calculated by UHBD sums the interaction between the charge on the ionizable group and theh

partial charges of the polar groups in the protein.

groups are raised and some are lowered, but all of
the histidine pK values are raised. This is consis-
tent with the net charge of the protein influencing
the pK values since the pI of RNase T1 isf4
w22x. In the next column, we convert theDpK term
to a free energy term, denotedDG, using the
equation given in Table 2. The otherDG terms in
Table 2 are also given in terms of free energy.

3.1. Coulomb’s Law

TheDG (CL) term gives the energy required toij

place a charge of"0.5 on the ionizable group
being considered at a pHspK of the ionizable
group. In every case but one, when theDG (CL)ij

term is favorable, the pK is lowered and when it

is unfavorable, the pK is raised.(The outlier is
Asp 29, which will be discussed below.) This is
illustrated by theDpK and DG (CL) values inij

Table 2 and is a reflection of the fact that charge–
charge interactions play the dominant role in deter-
mining the pK values of most ionizable groups.

TheDG (CL) term takes into account the actualij

charge on each group and its distance from the
ionizing group being considered. We can also look
at the relationship between the pK (measured)
values and the net charge on the protein which
can be calculated from the pK (measured) values.
The net charge of RNase T1 is plotted as a function
of pH in Fig. 2a. Note that net charge depends
sharply on pH near the pIf4 of RNase T1 where
the carboxyl pK values are measured. In Fig. 2b,
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Fig. 2. Shown are plots of the net charge of RNase T1 as a
function of pH (a), pK (measured) as a function of the net
charge of RNase T1(b), and DpKspK (measured)ypK
(model compound) as a function of the net charge of RNase
T1 (c). The net charge was calculated from the measured pK
values in Table 1 and the model compound pK values from
Nozaki and Tanfordw17x for the pKs not measured. If the data
point for Asp 76 is removed,DpKsy0.18(net charge)–0.13
with Rs0.95.

the measured pK values are plotted as a function
of the net charge, which ranges fromq7 at the
pK of Asp 76 to y8 near the pK values of the
histidines. In Fig. 2c, the difference between the
measured pK values and the pK values of model
compounds is plotted as a function of the net
charge. This again shows the importance of the
net charge on the protein in determining the pK
values. Since the net charge on a protein can be
determined from a potentiometic titration curve,
w23x it might be possible to estimate some of the
pK values of the ionizable groups of the protein
once the net charge is known as a function of pH.
The discussion below will show when this
approach is most likely to fail.

We have used́s45 in calculating the pK (CL)
values. This is intermediate between the value for
water at 358C, ´s75, and the values commonly
assumed for proteins,́s2–4 w24x. As often point-
ed out by the Warshel group, it is unrealistic to
try and model the interior of a protein with a
single dielectric constantw15x. They have also
shown that the dielectric constant that is optimal
for the Born self-energies is not optimal for
charge–charge interactionsw15x. However, using
CL and ´s45, 10 of the 15 pK values are
predicted to better than 0.5 pK units. (Those pK
values that differ by more than 0.5 pK units will
each be discussed below.) If we calculate the pK
(CL) values with´s75, the fit equivalent to Fig.
1a becomesysy1.10q1.22x with Rs0.91 and
RMSDs0.82. If we calculate the pK (CL) values
with ´s20, the fit becomesys1.79q0.60x with
Rs0.92 and RMSDs1.31. Thus, the fit with́ s
45 is substantially better indicating that the average
´ modulating the electrostatic interactions among
the ionizing groups is intermediate between the
´ and ´ values, and this seemsprotein solvent

reasonable.
Note that the pK values of Glu 28, Asp 29 and

Glu 31 are all greater than the value expected
based on model compounds. Residues 13 to 29 in
RNase T1 form ana-helix and the ionizable
groups of Lys 25, Glu 28, Asp 29 and Glu 31 are
near the C-terminal end of the helix. The pH
dependence of the interactions among these groups
has been studied in the intact protein by Walter et
al. w25x and in the isolated peptide by Myers et al.
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Fig. 3. MOLSCRIPTw43x ribbon diagrams illustrating the two
conformations(a,b) of Lys 25 in the X-ray crystal structure
9RNT w18x.

Fig. 4. MOLSCRIPTw43x ribbon diagram showing the hydro-
gen-bonding network of Asp 76 in RNase T1.

w26x. The agreement between the results for the
peptide and the protein is remarkably good. Both
studies show that the pK values of Glu 28 and
Asp 29 are elevated in the folded protein and
helical form of the peptide, suggesting this eleva-
tion of pK values results in part from an unfavor-
able interaction between these residues and the
negative end of the helix dipole. To test this, we
tried the CL calculation after adding a charge of
q0.5 to the N of Ser 13 andy0.5 to the O of
Asp 29 w27–31x. This improved the RMSD for all
15 ionizable groups from 0.72 to 0.68, and the pK
(CL) values increased from 4.52 to 4.59 for Glu
28, from 3.57 to 3.82 for Asp 29 and from 4.55
to 4.77 for Glu 31. This shows that the helix
dipole can significantly alter the pK values of
ionizable groups in a protein. UHBD does better
at predicting these pK values than CL which

probably shows that theDG(BG) term in UHBD
is able to capture some of the effect of the helix
dipole.

Both Walter et al.w25x and Spitzner et al.w1x
observed a complex titration behavior for Asp 29.
The crystal structure of RNase T1 was determined
at pH 7 w18x. In the crystal at pH 7, the side chain
of Lys 25 is found in two conformations A and
B, approximately equally populated. In A, thezN
of the Lys forms a salt bridge with Glu 28 and in
B it forms a salt bridge with Asp 29(Fig. 3). The
NMR structure suggests that the side chain of Lys
25 is flexible and adopts a number of conforma-
tions. Thus, it seems likely that as the pH is
lowered these groups will rearrange to give the
most favorable electrostatic interactions, and this
makes it difficult to predict the pK values. The
importance of rearrangements of the structure dur-
ing titration has been emphasized by the Warshel
group w15x and is probably the reason that it is
difficult to predict pK values in a case like this
where there are several ionizable groups in close
proximity.
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3.2. UHBD

In addition to the charge–charge interaction
term, UHBD takes into account the Born self
energy,DG(Born). The Born term is always posi-
tive because burying a charge is unfavorable. It
will raise the pK values of carboxyl groups and
lower the pK values of amino groups since the
uncharged form is favored. The most buried ion-
izable residue is Asp 76 withDG(Born)s0.43
and the most exposed is Asp 49 withDG(Born)s
0.05. If the percent buried is plotted as a function
of DG(Born), the correlation coefficient is 0.90,
as expected.

Both CL and UHBD predict a pK for Glu 58
that is much too low. The Born and charge–charge
interaction terms for Glu 58 are large.DG(Born)s
0.44, and based on this value, a high pK would be
expected. However,DG (UHBD)s2.14 kcalymol,ij

which more than overcomes theDG(Born) term
and leads to a very low predicted pK. In contrast,
CL predicts that the charge–charge interaction
term to be 1.66 kcalymol. This value is smaller
than the charge–charge term for UHBD, and since
there is no Born term, the predicted pK is in better
agreement with experiment. Glu 58 is at the active
site of RNase T1 and forms a salt bridge with His
40. It is also quite close to the positive charges of
His 92 and Arg 77. Thus, at its pK Glu 58
experiences a greater positive charge than all of
the carboxyl groups except Asp 76 and Glu 82,
although its pK is considerably higher. The NMR
structures w19x suggest that this region of the
molecule is also quite flexible. It seems likely that
the structure will change as the pH is lowered and
the groups titrate, so the structure near Glu 58
may be quite different at pHspKs3.93 than it is
at pH 7. This is probably the reason that both CL
and UHBD substantially underestimate the pK of
Glu 58. McNutt et al.w32x have shown that the
pK values of all three His residues in RNase T1
are lowered in a mutant where Glu 58 is replaced
by Ala, confirming the importance of charge–
charge interactions in determining the pK values
of these groups.

UHBD also takes into account the interactions
between the ionizing group and the partial charges
of the polar groups in the protein,DG(BG). When

DG(BG) is negative, it will generally lower the
pK values of carboxyl groups and raise the pK
values of amino groups. The only ionizable group
that forms three good intra-molecular hydrogen
bonds(2.63, 2.69 and 2.89 A in length) and one˚
good intermolecular hydrogen bond to Water 111
(2.66 A) is Asp 76(Fig. 4), and it has the most˚
negative value ofDG(BG). Based on studies of
the pH dependence of the stability of the wild type
protein and the D76N mutant, this group has a
pKs0.5 in the folded protein and a pKs3.7 in
the unfolded proteinw33x. This is remarkable since
the side chain of Asp 76 is 99% buried and the
distance to the nearest positive charges is 6.4 A to˚
Arg 77 and 8.5 A to His 92. We think this is a˚
good illustration of the suggestion of Warshel that
often times ionizable groups can be solvated better
in the interior of a protein than they can be
hydrated by waterw15x.

Spitznerw1x and Koumanovw2x at first suggested
that Asp 76 might have a high pK of approximately
6.5, but in a later paper they revised this down to
a pKf2 w3x. The pK of Asp 76 is 3.5 pK units
lower than expected based on model compounds
(Table 1). The best calculated value in Table 1 is
pK (combined)s2.13, which is 1.63 pK units too
high. However, none of these calculations take
into account Water 111 which forms a good(2.66
A) hydrogen bond to Asp 76 and has the lowest˚

B factor of any water in the RNase T1 crystal
structurew18,34,35x. If we include Water 111 in
the UHBD calculations(TIP3P parameters for
water) w36x, the DG(BG) term decreases from
y1.22 toy1.62 and this lowers the predicted pK
(UHBD) from 2.56 to 1.24. When these values
are used in the calculations to give pK (combined),
the pKs1.86 for Asp 76, and the RMSD for all
15 ionizable groups is lowered to 0.48. These
results illustrate convincingly that intramolecular
hydrogen bonds with other polar groups and inter-
molecular hydrogen bonds to water molecules can
substantially lower the pK values of carboxyl
groups in proteins. Several carboxyls have been
shown to have pK values-2 in other proteins
w37–40x but in most cases they are involved in
salt bridges. Asp 76 in RNase T1 shows that
buried carboxyl groups in proteins can have very
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low pK values even when they do not form salt
bridges.

Note that all three of the histidine residues in
RNase T1 have substantially elevated pK values
(Table 1). This is in contrast to the basic protein
staphylococcal nuclease(pI)10) where all four
of His residues have depressed pK values ranging
from 5.30 to 6.52 in the wild type proteinw16x.
The results in Table 2 show clearly why the pK
values are elevated in RNase T1. Both the CL and
UHBD calculations show that positive charges on
His side chains have favorable interactions with
the other charges on the protein, and this will
increase their pK values. In addition, all three of
His residues are hydrogen bonded, and this will
also increase the pK values. In contrast, the three
His side chains are all substantially buried and this
would lower their pK values. In this case, the
DG (UHBD) and DG(BG) terms outweigh theij

DG(Born) term and this leads to the elevated pK
values.

3.3. Concluding remarks

In the microbial ribonuclease family, the pK
values of the carboxyl groups range from 0.5(Asp
76 in RNase T1) w33x to 7.4 (Asp 79 in RNase
Sa) (Pace et al., unpublished results). The large
difference between the values for the two Asp
residues is especially interesting because both of
the groups are almost completely buried.(Inciden-
tally, when Val 66 in the hydrophobic core of
staph nuclease is replaced with a Glu, the pKf8.8
w12x. This value appears to be the highest pK
observed for a carboxyl group in a protein.) The
high pK of Asp 79 in RNase Sa results because
the unfavorableDG(Born) term is not compensat-
ed by favorable intramolecular hydrogen-bonding
or charge–charge interactions. At the other
extreme, the pK of Asp 76 in RNase T1 is low
because the unfavorableDG(Born) term can be
more than overcome by favorable hydrogen bond-
ing and longer-range charge–charge interactions.
The results in Table 2 show that in UHBD, the
DG (UHBD) term is generally larger than theij

DG(Born) and DG(BG) terms, especially when
the pH being considered is not near the pI of the
protein.
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