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Abstract The experimental NMR data for the individ-
ual titratable groups in ribonuclease T1 presented in the
preceding paper were analysed by means of a continuum
dielectric model. The role of two factors, the alteration
of hydrogen loci on the ionizable groups and the con-
formational flexibility, were analysed. It was suggested
that the position of the titratable hydrogen is essential
mainly for strongly interacting groups. For groups
which are accessible to the solvent and whose ionization
is not coupled with the ionization of neighbouring
groups, this factor can be neglected. The influence of the
conformational flexibility on the electrostatic interac-
tions becomes apparent for the environment of K25. For
some strongly interacting groups, non-sigmoidal ion-
ization curves were calculated. On this basis the pH
dependence of the NMR chemical shift of the 13C�2

resonance of H27, whose ionization is coupled with E82,
was reproduced.

Keywords Proteins Æ Ionization Æ Ribonuclease T1 Æ
Electrostatic interactions Æ pKa

Introduction

Functional properties of proteins are a result of a fine
balance of non-covalent interactions. Among them,
electrostatic interactions play a role, which becomes
evident at any pH-dependent property. Protonation/
deprotonation equilibria of titratable side chains may

cause changes of the electrostatic potential and in this
way contribute to, for instance, protein-substrate inter-
actions, induce conformational changes and regulate
enzymatic activity. A well-known example for a pH-
controlled functional property of proteins is the Bohr
effect in hemoglobin. That is why electrostatic interac-
tions are in the scope of the interest of a large commu-
nity of researchers.
Kirkwood and Tanford (Kirkwood 1934; Tanford

and Kirkwood 1957) developed a theory for the treat-
ment of electrostatic interactions in proteins which was
one of the main tools for computation of the electro-
static properties of proteins for a long period. Several
different approaches for calculation of the electrostatic
interactions in proteins have been proposed in the last
two decades. The most rigorous one is the microscopic
model proposed by Warshel (Warshel 1981; Warshel
and Russell 1984). In this approach, the problem is
treated at the atomic level by explicit consideration of
the partial charges and polarizabilities in the system. In
many cases, computationally more convenient is the
macroscopic approach, where the protein molecule is
treated as a microphase with a low dielectric constant
immersed in a high permittivity medium. In fact, this is
an extension of the Kirkwood theory (Kirkwood 1934);
however, the position of the charges, as well as the ir-
regularity of the dielectric interface are taken into ac-
count. For this system, the Poisson-Boltzmann equation
is solved numerically. First Warwicker and Watson
(1982) proposed a rational method for solving the
Poisson-Boltzmann equation for proteins by means of
finite difference integration. It has been further devel-
oped (Klapper et al. 1986; Nicholls and Honig 1991) and
nowadays it is probably one of the most popular com-
putational techniques. Other successful methods can be
mentioned, such as the generalized Born model (Srini-
vasan et al. 1999); for a review see also Ullmann and
Knapp (1999). All these model assumptions point to one
and the same problem, namely, the determination of the
charge state of the titratable groups at a given pH. The
exact solution of this problem has been proposed by
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Bashford and Karplus (1990), who developed a statis-
tical mechanical method for calculation of the proba-
bility of a given titratable group to be in its protonated
or deprotonated state. Another problem that has to be
solved is the evaluation of the role of protein confor-
mational flexibility. There is a number of examples
showing that small conformational changes can have an
essential influence on the ionization of the titratable
groups (Karshikoff 1995; Berisio et al. 1999; Nakasako et
al. 1999). In principle, there are no theoretical obstacles
for including conformational diversity into the calcula-
tions. Alexov and Gunner (1997, 1999) have proposed a
procedure for incorporating of conformational flexibility
which is limited to the variance of titratable proton lo-
cation. Spassov and Bashford (1999) have elaborated a
complete theoretical approach for calculation of elec-
trostatic interactions where conformational flexibility as
well as variance of titratable proton locations are taken
into account. However, as these authors point out, the
complexity of the problem becomes prohibitively large if
these two factors are considered.
The magnitude of electrostatic interactions in proteins

cannot be directly measured; therefore, their theoretical
prediction is of key importance for the analysis and un-
derstanding of a variety of protein properties. Fortu-
nately, the ionization curves of the titratable groups in
proteins in principle can be detected experimentally.
NMR provides one of the most reliable experimental
observations of ionization behaviour of individual tit-
ratable sites in proteins. As far as NMR is sensitive to the
changes of the environment of the monitoring nuclei, the
observed titration curve reflects both proton release (or
binding) and possible conformational changes that may
take place upon changing pH. There are plenty of ex-
amples in the literature for pH dependencies of the
chemical shift with more than one inflection or adopting
a dome-like shape. In the preceding paper we also dem-
onstrated an unusual titration of several groups of
RNase T1. Obviously, such titration curves reflect all
factors mentioned above: the conformational diversity, a
variance of titratable proton locations, as well as the
cooperative ionization of titratable groups.
Here, we continue with the theoretical analysis of the

experimentally observed titration curves presented in the
preceding paper. We focused on the peculiar titration of
some groups in RNase T1 and tried to give an inter-
pretation. For instance, we showed that the complex
titration of H27 is a result of the strong electrostatic
coupling, including hydrogen bond formation of this
residue with E82. The role of the conformational flexi-
bility and the hydrogen positions on the titratable sites
are discussed.

Methods

The computational procedure used in this work does not differ
essentially from that described earlier (Karshikoff 1995). It was

assumed that only electrostatic interactions contribute to the ion-
ization properties of the titratable groups. In this way, the proto-
nation free energy DGi of the ith group is:

DGi ¼ RT ln 10ðpH� pKmÞ þ DGi ;el ð1Þ

where pKm refers to the standard free protonation/deprotonation
equilibrium of a model amino acid residue in solution corre-
sponding to a particular type, m, of titratable groups. The cor-
rection term:

DGi ;el ¼ DGi ;sol þ DGi ;pc þ DGi ;tc ð2Þ

which is the subject of calculations, comprises the contribution of
the desolvation penalty, DGi,sol, the interaction of the ith group
with the protein permanent charges, such as partial atomic charges
of the polar groups and peptide chain, DGi,pc, and the contribution
of electrostatic interactions with all other titratable groups, DGi,tc.
Description of the calculations of these terms is given elsewhere
(Karshikoff 1995). To keep consistency with the Tanford definition
for intrinsic pKa (Tanford and Kirkwood 1957), the term DGi,tc was
split into a term describing the work for charging the ith group if all
other titratable sites are in their neutral form, DGi,tc(n), and a term,
Wij, counting for the change of this work if only the jth group is
charged. The calculation of DGi,tc(n) is identical to that of DGi,pc;
however, protein permanent charges are replaced by partial charges
of the titratable groups. Thus, one formally obtains an ionization
energy term DGint,i that at given pH depends only on the protein
structure (i.e. on the situation of a given group in the protein) and
does not depend on the charge-charge interactions between the
titratable sites:

DGint;i ¼ RT ln 10ðpH� pKmÞ þ DGi;sol þ DGi;pc þ DGi;tcðnÞ ð3Þ

The influence of charged titratable groups is counted by a matrix
Wij as follows:

Wij ¼
X
k2 if g

u jc; kð Þ � u jn; kð Þð Þ qh kð Þ � qd kð Þð Þ½ 
 ð4Þ

where the sum is taken over all charged atoms, k, within group i.
The quantities u(jc, k) and u(jn, k) are the electrostatic potentials
created by the partial charges of group j in its charged and neutral
form, respectively, and qh(k) and qd(k) are the partial charges of
atoms k within the ith group in its protonated and deprotonated
forms, respectively.
The fractional protonation hi of a titratable group at a given pH

was calculated by means of the algorithm proposed earlier
(Karshikoff 1995; Miteva et al. 1997). According to this algorithm,
first the weakly interacting groups are selected and excluded from
the statistical sum by means of a variant of the Tanford-Roxby
procedure (Tanford and Roxby 1972). The statistical sum is then
taken over the rest of the sites:

hi ¼
X
xf g

xie�DG xð Þ=RT

,X
xf g

xie�DG xð Þ=RT ð5Þ

The summation is over all possible protonation states {x}, where
x=(x1, x2,...xi,...xS) is a vector of S elements corresponding to the
number of sites included in the sum. Each element xi adopts a value
of 0 for the deprotonated or 1 for the protonated state of site i. The
energy term DG(x) in the above sum has the form:

DG xð Þ

¼
PS
i

xiDGint;i þ Qi þ xið Þ
PS
j6¼i

Qj þ xj
� �

jWijj=2þ
PTR
j

Qj þ hj
� �

jWijj
 !" #

ð6Þ

where Qi is the charge of group i in the deprotonated state. The last
sum on the right-hand side of the above expression is taken over
the set of weakly interacting groups (S+TR gives the total number
of titratable sites).
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Two different computational schemes were used to calculate
DG(x). The first one, scheme 1, employs an average charge distri-
bution based on an assumption for equal representation of the
possible positions of the titratable hydrogens. In the second one,
scheme 2, calculations were performed by taking into account the
combination of all possible positions of titratable hydrogen in the
histidines and the carboxyl groups. Corresponding statistical
weights were calculated by extending the statistical sum, adopting
multiple neutral states of the above-mentioned groups. For the
carboxyl groups, only the positions corresponding to a cis con-
formation of the O-CR-O-H group are considered (Fig. 1). This
conformation is most populated for carboxylic acids in solution
and determines the pKm values. In order to reduce the computa-
tional time, trans conformations were omitted.

Parameters and input data

The protein molecule was represented as a medium with a dielectric
constant of 4. A dielectric constant of 75 was taken for the sur-
rounding solvent. This corresponds to a temperature of 35 �C
(Hamer 1971) for which the experimental data were determined.
Also, according to the experimental condition, an ionic strength of
0.03 was defined for the system. Partial atomic charges, as well as
atomic radii, were taken from the Merck Molecular Force Field
parameter set (Halgren 1996). To satisfy the limitations of the
computational scheme 1, some charge values were appropriately
changed. For the protonated state of the carboxyl groups and de-
protonated states of the guanidines and imidazoles, the net charge
of the hydrogens corresponding to these states was evenly distrib-
uted over all possible hydrogen locations. In the case of the de-
protonated guanidines and protonated carboxyls, the charges of
the corresponding heavy atoms were also averaged.
Finite difference calculations were performed in a grid box

(96 · 96 · 96) with grid length of 0.64 Å. The calculations were
followed by focusing (Klapper et al. 1986) on each titratable group
with a grid size of 0.22 Å to calculate the desolvation energy, DGi,sol.
The final charge-charge interactions are calculated after focusing to
a grid size of 0.43 Å, so that the entire molecule is in the grid box.
X-ray coordinates of RNase T1 (PDB code 9RNT) (Martinez-
Oyanedel et al. 1991) were used in the calculations. In the case of
multiple side-chain conformations, the conformers A were taken as
a reference if nothing else was noted.
The values of pKm used in the calculations are given in Table 1.

Results and discussion

The titration curves of all 29 ionizable groups in RNase
T1 were calculated employing both computational

schemes. In order to facilitate the comparison with the
experimental results, both experimental and calculated
titration curves were fitted with the functions described
in the preceding paper. Equation (2) from the preceding
paper was used for the cases where standard deviation of
the fit was less than 5% of the amplitude of the corre-
sponding curves. For all other cases, Eq. (1) was used.
This turned out to be a useful criterion for distinguishing
the groups that strongly interact with the protein charge
multipole. An important difference between the fitting of
the experimental and the calculated data should be
mentioned. The values of the chemical shift at the pH
regions flanking the experimentally accessible interval
are not fixed so that they were parameters of the fit,
whereas the theoretical curves were fitted with fixed
degrees of protonation for the extremes (1 and 0 at in-
finitely low and high pH, respectively). It must be noted
that the inflections obtained by fitting of the calculated
curves are not necessarily equivalent to pK1/2. However,
it can most certainly be applied for groups whose ion-
ization is weakly coupled with the ionization of the other
titratable groups. As far as this is the case for the ma-
jority of titratable groups, the inflections of the calcu-
lated ionization curves practically coincide with pK1/2.
For convenience, and to unify the terminology with the
preceding paper, we will use the term pKa to determine
the pH value of the inflection point of a given ionization
curve.

Weakly interacting groups

The calculated and experimental pKa values match rel-
atively well (Table 2), which is typical for the fixed
charge models. For weakly interacting groups, the cal-
culations made according to schemes 1 and 2 produced
similar pKa values, which mainly results from the weak
dependence of the desolvation energy on the proton
position for these groups. The titratable protons are
immersed in the van der Waals spheres of the heavy
atoms, so that the low dielectric medium remains prac-
tically invariant in shape upon a change of proton

Fig. 1 Schematic representation of possible positions of a hydro-
gen in a carboxyl group in a protein. In positions H12 and H11 the
hydrogen is covalently bounded to oxygen O1 and they are
respectively in cis and trans conformation to oxygen O2 (O2-C-O1-
H1x)

Table 1 Model pKa values of the titratable groups used in the
calculations

Group pKm
a

N-terminus 8.2b

D 4.0
E 4.4
H 6.3
K 10.4
1R 12.0
Y 9.4
C-terminus 3.6c

aData taken from Matthew (1985) and Bashford and Karplus
(1990)
b pKa of glycine amide (http://www.Science.smith.edu/Biochem/
Biochem_353/Common_Buffers.htm)
c pKa of N-acetylglycine (Hamer 1971)
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location. This results in small deviations (below 0.3 kcal/
mol) of the desolvation energy upon proton position
alteration. In most cases there is a tendency of com-
pensation due to an opposite change of the interactions
with the protein environment (partial charges of the
surrounding atoms). The majority of carboxyl groups
showed a preferable distribution of the titratable hy-
drogens within 40–60% (Table 2). The pKa values cal-
culated for carboxyl groups with non-even occupancy of
the titratable protons (scheme 2) were slightly shifted
towards experimental values in comparison with values
obtained with scheme 1.

The pKa value calculated for K41 is unusually low
(Table 2). According to the X-ray structure, the �-amino
group is deeply buried in the protein, which causes an
essential increase of the desolvation penalty. This is
supported by the results of Iida and Ooi (1969), who
have also suggested a pKa of 8.6 for one of the lysines in
RNase T1. A value of 11 has been calculated by Mehler
(1996). This disagreement may arise from the different
crystallographic data used in the calculations.
The pKa values calculated for some groups differ

from the experimental results. However, all of these
groups are in conformations that most probably do not
occur when the protein is in solution. Thus, for instance,
the N-terminal chain is stretched out from the protein
molecule, which leads to a low desolvation energy;
therefore the calculated intrinsic pKa remains close to
the pKm value. Although this site weakly interacts with
other titratable groups, the high negative net charge of
the molecule calculated for pH 8 shifts its pKa up with
about 1 pH unit. The NMR data (Pfeiffer et al. 1997)
suggest an increased flexibility of this part of the mole-
cule. Also, in all NMR models the N-terminal residue is
closer to the protein part, in an environment favouring
the deprotonated form. The difference between the cal-
culated and the experimental pKa seems to be related to
the difference in the conformations that the N-terminal
chain adopts in crystalline state and in solution. It will
be demonstrated below that the pKa value of the N-
terminal amino group is very sensitive to the confor-
mation of this part of the molecule. The pKa values of
E46 and D49 were calculated with the X-ray structure,
which gives different conformations for these residues in
comparison to NMR solution structures (Pfeiffer et al.
1997). Also, these residues were found to have an es-
sential mobility of their side chain.
Another factor that may produce a discrepancy be-

tween the experimental and calculated pKa values are the
crystal contacts. The elevated pKa value calculated for
E102 is most likely due to a burial of this group in the
protein interior, caused by the close contact to a
neighbouring protein molecule in the crystal. A calcium
ion is coordinated to the carboxyl group of D15 in the
X-ray structure, which may cause a conformation of this
residue different from that in solution. Also, most of the
groups mentioned above are also involved in crystal
contacts. Thus, two reasons can be given for the ob-
served differences between the experimentally observed
and the theoretically predicted pKa values. Firstly, the
crystal contacts may have an impact on the conforma-
tion of the side chains of the titratable groups. Secondly,
the X-ray structure is determined at pH 7, which is far
from the pH range where the carboxyl groups change
their ionization state. It is possible that the conforma-
tions of side chains of these or neighbouring groups
differ at low pH. One may also conclude that in spite of
improving the predicted pKa values by the introduction
of the hydrogen loci distribution (scheme 2), the con-
formational distortions due to crystal contacts may have
a dominant role. Thus, within the fixed charge model,

Table 2 pKa values of titratable sites of RNase T1

Sitea Experimentalb Calculated

Scheme 1 Scheme 2 H locationc

Weakly interacting groups

N-terminus 8.10d 9.31 9.31 –
D3 3.51 3.18 3.41 Od1-H
Y4 – 12.38 12.38 –
Y11 – >13 >13 –
D15 3.49 2.29 2.73 Od1-H
Y24 – >13 >13 –
E31 4.78 4.45 4.43 –
Y38 >13 >13 –
K41 8.6e 8.16 8.20 –
Y42 – >13 >13 –
Y45 – 9.83f 9.83f –
E46 3.58 4.34 4.35 –
D49 4.37 3.73 3.73 –
Y56 – >13 >13 –
Y57 – >13 >13 –
D66 3.89 3.87 3.83 –
Y68 – 12.26 12.26 –
E102 5.16 6.59 6.58 –
C-terminus 4.55 4.54 –

Strongly interacting groups
H27 3.36 2.69 3.28 Nd1-H

7.08 8.37 7.12 –
E82 3.24 3.24 3.53 –

6.93 8.28 6.15 –

Active site
H40 3.73 6.60 4.60 N�2-H

(40–80%)
7.75 – 7.21 –

E58 3.93 <1 <1 –
D76 –g 6.45 6.71 Od1-H
R77 – >13 >13 –
H92 4.82 4.86 5.27 N�2-H

(60–95%)
7.31 7.16 – –

a pKa values for K25, E28, and D29 are listed in Table 3
b pKa values determined by NMR. Some values differ from those
reported in the preceding paper because a different fitting proce-
dure was used. In the case of the histidines, the pKa values were
derived from the pH dependence of the 13C�1 resonance
cHydrogen locations on titratable heavy atoms of histidines and
carboxyl groups which were estimated by scheme 2. Only hydrogen
location on carboxyl oxygens with predominating occupancy
>90% are listed. If not indicated otherwise, the calculated distri-
bution for all locations is within 40–60%
dSample with phosphate (unpublished data)
e Iida and Ooi (1969)
f pKa>13 for B conformation of N99
gAmbiguous NMR data (see preceding paper)
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averaging of titratable proton charges for the weakly
interacting groups can be used to reduce the complexity
of the calculations.

Strongly interacting groups

H27 and E82 are a typical example of strongly inter-
acting groups. The ionization curve calculated for H27 is
shown in Fig. 2. It is characterized by a large plateau of
the titration curve between pH 4 and pH 6, which sep-
arates two sigmoidal segments. Both computational
schemes provided titration curves for H27 similar to the
experimentally observed. Calculations with averaged
charge distribution (scheme 1) produced a titration
curve with two inflection points at pH 2.7 and pH 8.3
(see Table 2). The results obtained by scheme 2 match
the experimental data much better. According to
scheme 2, the deprotonation occurs primarily at Nd1,
which is in a good agreement with the chemical shift of
the 13Cc resonance as a function of pH (see the pre-
ceding paper), also clearly indicating a predominant ti-
tration of the Nd1 atom of H27. The two inflection
points at pH 7.1 and 3.4 in the experimental titration
curve of the 13C�1 resonance of H27 can be interpreted
as pKa values of two groups titrating at different pH
ranges. Similarly, two pKa values can be extracted from
the titration curve of E82. These two sets of pKa values
practically coincide (Table 2), so that assignments of a
pKa of about 3.4 to E82 and a pKa of 7.1 to H27 seem
convincing.
The side chains of H40 and E58 form another

strongly interacting couple. This pair is a member of a
highly cooperative charge cluster – the active site charge
cluster – comprising also D76, R77, and H92. Although
the calculated pKa values of H40 were not essentially
different from the experimental values (see Table 2), the
reproduction of some titration curves was not satisfac-
tory. The calculation suggested a pKa<1 for E58 versus
the experimental value of 4. Using another X-ray
structure of RNase T1, Mehler (1996) has achieved an
excellent agreement with the experimental data for this
group. As already pointed out, the main source of this
discrepancy is the limitation of the fixed charge model to

one conformation. The NMR structure models show
that this region of the molecule is characterized by a
high flexibility (Pfeiffer et al. 1997). Most of the groups
in this cluster can be found in a number of conforma-
tions, some of them essentially different from that found
in the X-ray structure. In all NMR models, the
imidazole ring of H40 was found to be flipped towards
the X-ray structure.
The conformational flexibility in this region seems

also to be the main reason for pKa values according to
scheme 1, which are closer to the experimental data for
H92. The titration curve can be fitted to the sum of two
sigmoidal-shaped curves with inflections coinciding very
well with the experimental pKa values. However, the
contribution of the sigmoidal curve with an inflection
corresponding to a pKa of 4.8 is 63% in disagreement
with the presumed complete deprotonation, with a pKa
of 7.3 derived from the pH-dependent chemical shift
data. Applying scheme 2, the probability for deproto-
nation of Nd1 is pH dependent: 0.4 at pH 4 and 0.6 at
pH 7. Obviously, in order to accurately reproduce the
ionization of H92 and E58, conformational flexibility in
this region has to be considered.
The ionization of D76 is another case of non-trivial

titration. The chemical shift of this residue shows neg-
ligible pH dependence, with two hardly distinguishable
inflections (see preceding paper). This most likely reflects
a partial deprotonation of this residue. Based on a site-
directed mutagenesis experiment, Giletto and Pace
(1999) concluded that D76 has a pKa of 0.5, which in
fact is opposite to our result showing an extremely high
pKa value of 6.5 (see also Pfeiffer et al. 1998). Different
factors strongly affect the ionization of this residue: (1)
significant electrostatic interactions with active side res-
idues R77 and H92; (2) a deeply buried carboxyl group;
(3) several possible hydrogen bonds; and (4) the presence
of bound water. While the impact of the first factor
would favour a low pKa value for D76, the second im-
pact is clearly opposing a pKa of 0.5 with apparent
dominance of the high desolvation penalty stabilizing
the protonated form. The presence of bound water and
possible reorganization of the hydrogen bond network
upon ionization are ambiguous with respect to the
protonation/deprotonation equilibrium of this residue.
These two factors are not fully considered in our com-
putational model. They play probably the key role in
achieving a relevant explanation of the contradiction
among different experimental and theoretical studies.

The E28-K25-D29 triad

The difference between the experimental and theoretical
pKa values discussed above were addressed to differences
in conformations in solution and in the crystalline state
of the protein. Although this explanation is a speculative
one and, on a qualitative level, in all cases discussed
above were differences in conformations between the X-
ray and NMR structures detected. The X-ray structureFig. 2 Calculated ionization curve of H27 according to scheme 2

202



of RNase T1 used in the calculations also offers variation
of side-chain conformation for a number of groups (T5,
K25, L26, S35, K41, V78, and N99). We performed pKa
calculations for a combination of different conforma-
tions of these side chains. As expected, the conforma-
tional heterogeneity around or involving a titratable site
influences the ionization equilibria essentially. Thus, for
instance, the pKa of Y45 changes from 9.8 to a value
higher than 13 upon a change of the conformation of
N99 from A to B. To our knowledge, there are no ex-
perimental data for Y45 to further analyse this result.
K25 is an interesting case. In conformation A, this

residue forms a salt bridge with E28, whereas in con-
formation B it swaps its salt bridge partner to D29. In
both conformations, K25 showed almost identical pKa
values. However, different pKa values were obtained for
the two alternative partners of this residue. Both com-
putational schemes provide very similar results, so that
in the following analysis only results obtained by
scheme 2 will be used. The calculations showed that the
pKa values of E28 and D29 are in a good agreement with
the experimental data for these conformations of K25, in
which the corresponding carboxylate does not form a
salt bridge. The pKa values for the salt-bridged E28 and
D29 are shifted to lower values (Table 3).
The occupancy of the two conformers of K25 in the X-

ray structure is 1:1. We estimated this ratio by calculating
the occupancy of conformations A and B as a function of
pH. We assumed that van der Waals forces and inter-
actions with the solvent do not differ significantly in the
two conformations, so that only the electrostatic energy
was considered. The probability of K25 to adopt one of
two conformations was then calculated by:

pi pHð Þ ¼ e�DGel;i pHð Þ=RT

,X2
i¼1
e�DGel;i pHð Þ=RT ð7Þ

where i denotes the two lysine conformations and DGel,i is
the total electrostatic energy of all titratable sites for ith
conformation. In the region of pH 7, which is the pH of
crystallization, calculated occupancies were close to 1:1,
which coincides with that observed in the crystal struc-
ture (see Fig. 3). At pH values below 7, conformation B
appears to be more populated. This means that in the pH
range where the titration of E28 and D29 are experi-

mentally observed, the salt bridge K25-D29 is more
populated. The ionization equilibria of E28 and D29
were calculated by taking into account the pH depen-
dence of the population of K25 conformations. In Fig. 4
the titration curve of E28 is compared with the experi-
mental data. The fit of the experimental data (see pre-
ceding paper) gives pKa values of 3.9 and 5.6 with a
contribution of 0.18 and 0.82, respectively. Applying the
same procedure to the theoretical curve, one obtains pKa
values of 3.6 and 5.6 with contributions of 0.27 and 0.73,
respectively. The contributions of the sigmoidal segments
to both experimental and theoretical titration curves
agree very well with the calculated distribution of the
conformational occupancy of K25. One can conclude
that the lower pKa corresponds to conformation A (the
low-populated salt bridge K25-E28), while the observed
pKa of 5.6 corresponds to the higher populated B con-
formation. The pKa calculated for D29 in conformation
B of K25 (i.e. when these groups form salt bridge) is
about 1.5, which is out of the observable pH range. Most
likely the observed pH dependence of the chemical shift
of D29 corresponds to the low-populated conformation

Table 3 pKa values of D29, K25, and E28: experimental and cal-
culated according to scheme 2 for A and B conformations of K25

Site Experi-
mentala

Calculated

Confor-
mation A

H locationb Confor-
mation B

H locationb

D29 4.44 4.39 – 1.52 –
K25 – 12.84 – 12.41 –
E28 5.39 3.57 O�1-H 5.57 –

apKa values determined by NMR (see preceding paper)
bOnly hydrogen location on carboxyl oxygens with predominating
occupancy >90% are listed. If not indicated otherwise, the cal-
culated distribution for all locations is within 40–60%

Fig. 3 Phase diagram of the X-ray conformers of K25. In the
region of pH 7, which is the pH of crystallization, calculated
populations A and B conformers of K25 are nearly equal, which
coincides with the observed occupancies of 0.5 in the crystal
structure

Fig. 4 E28 titration curve: (––) calculated by scheme 2, taking into
account the population of the K25 conformations as a function of
pH; (– – –) calculated for conformation A; (ÆÆÆ) calculated for
conformation B; (•) experimental data
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A of K25. However, in that case, a smaller amplitude of
the chemical shift should be expected.
The above speculations were made on the assumption

that in solution RNase T1 exists only in the two con-
formations (A and B) of K25 detected in the X-ray
structure. The NMR solution structures (Pfeiffer et al.
1997) suggest that the side chain of K25 is flexible and
adopts a variety of conformations, in which the � amino
group is far from the two possible salt bridge partners
(see also Engelke and Rüterjans 1998). As seen from
Table 3, the calculated pKa values of E28 and D29 are in
agreement with the experimental ones if any of these
groups does not form a salt bridge with K25. This gives
rise to another interpretation of the experimental data,
namely that the K25 conformations A and B are less
populated, so that the observed titration curves corre-
spond to salt bridge free E28 and D29. This interpreta-
tion also explains the relative large amplitude of the
chemical shift observed for D29.

Conformational flexibility

The analysis made above is in accord with the opinion
that the conformational flexibility of the side chains has
a dominant role in the ionization behaviour of proteins.
The combination of NMR solution structures and high-
resolution X-ray structures may provide such informa-
tion, as is in the case of K25. However, it is occasional
and incomplete, mainly owing to restrictions such as
crystal contacts or populations of conformations which
are probably favourable only in the crystal state. NMR
models, being an alternative source of conformers, suffer
from the disadvantage that the side-chain conformations
are usually not very well defined.
The NMR solution structure of RNase T1 provides a

good opportunity to evaluate the influence of a confor-
mational variety on the ionization behaviour of the tit-
ratable groups. We have calculated the ionization of the
individual titratable groups for the 34 best NMR models
available in the Protein Data Bank (entry 1YGW)
(Pfeiffer et al. 1997). Typical results are illustrated in
Fig. 5. One can distinguish a small set of residues, whose
pKa values change in a relatively narrow interval (less than
1.5 in Fig. 5a). These groups (Y4, Y11, Y24, E31, Y42,
Y56,Y57, andD66) are either practically non-titratable in
the physiologically relevant pH range or well exposed to
the solvent in all structures. As a result, these groups in-
teract weakly with the protein charge multipole. The
majority of titratable sites, however, are rather sensitive to
a conformational variance of the NMR models and the
pKa variation reaches 5.0 pH units (Fig. 5b). The groups
with a complex titration, such asH27, belong to this set as
for many conformers the complexity is conserved. The
main reason for the large variation of the calculated pKa
values is the difference in solvent exposure of the titratable
groups. This test clearly illustrates the sensitivity of ion-
ization equilibria in proteins to the desolvation energy, an
effect pointed out previously by Warshel et al. (1984).

It must also be noted that pH-dependent chemical
shifts were observed for a number of non-titratable
groups with a midpoint at pH 3.6–3.9 (see preceding
paper). As far as monitoring nuclei are sensitive to
changes of the environment in general, the observed
dependence can be attributed to a global conformational
transition of the molecule with an apparent midpoint in
the pH region between 3.6 and 3.9. The pKa value of E58
was calculated on the basis of a structure corresponding
to pH 7, where the deprotonated state of this residue is
well stabilized. The presumed conformational transition
may be coupled with the ionization of this residue, an
effect which is omitted in the current considerations.

Comments on the electrostatic calculations

The fact that the weakly interacting sites can be pre-
dicted by electrostatic calculations is not surprising. It is

Fig. 5 Calculated titration curves (according to scheme 1) for 34
solution structures (––) and a crystal structure (·) of RNase T1 for
E31 (a) as a representative of the sites, which show similar
ionization properties in all structures, and the N-terminal amino
group (b) as illustration of the dependence of the pKa on
conformational flexibility for most of the titratable sites. Groups
showing an unusual titration conserve the peculiarity in the shape
of their titration curves in most of the structures
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also known that the ionization of groups with extremely
shifted pKa values is not always theoretically reproduced
with the desired accuracy. The introduction of factors
such as the alteration of proton location (Alexov and
Gunner 1997) and conformational flexibility, both dis-
cussed earlier by Spassov and Bashford (1999), is nec-
essary, which, however, increases the complexity of the
problem. In this work, we tried to reduce this complexity
by separating the weakly and strongly interacting sites.
One feature that comes out from the theoretical cal-

culations is that the strongly interacting groups may not
follow a sigmoidal-shaped titration curve. This is ap-
parent in the calculated ionization curve of H27 (Fig. 2).
Bashford and Gerwert (1992) have already discussed
such a titration behaviour. Although their theoretical
observation was for a pH range above 17, these authors
pointed out that ionization curves with multiple inflec-
tions could be observed at physiologically relevant pH.
Also, Karshikoff et al. (1994) have shown that strongly
interacting groups may behave as a single site with an
apparent pKa rather different from that expected for
these groups in proteins. In the present paper we illus-
trate that complex, non-sigmoidal-shaped titration
curves may indeed be observed.
Multi-sigmoidal curves are often experimentally ob-

served by NMR and other spectroscopic methods
(McNutt et al. 1990; Quirk and Raines 1999; Sackett
et al. 1999). The most plausible interpretation of such
curves is that they reflect the ionization of two or more
titratable groups. Similarly, the pH dependence of the
chemical shift of the 13C�1 resonance of H27, reported in
the preceding paper, indicates two pKa values corre-
sponding to E82 (pKa 3.4) and to H27 (pKa 7.1). The
calculated titration curve rather well reproduces the
experimental one, displaying two inflections at pH 3 and
pH 7; however, it represents the proton occupancy on
Nd1 of this residue as a function of pH. The stepwise
deprotonation may result from the basic assumption of
the model, namely that the protein conformation is
rigid, i.e. neither side-chain flexibility nor possible con-
formational changes during titration are taken into ac-
count. As mentioned above, a global conformational
transition at pH 3.6–3.9 is suspected, so that the rigid
structure used in the calculations does not represent a
complete picture of the site of the deprotonation pro-
cess. However, it is notable that the calculated titration
curves with two inflection points lead to pKa values
which are very close to the experimental pKa values of
the two strongly interacting side chains.
Yang et al. (1993) have shown that a complex ion-

ization with two inflection points occurs when two acidic
groups are strongly interacting. Applying a similar
analysis, the same effect can easily be shown for acid-
base couples if the intrinsic pKa value (in terms of
Tanford) of the acidic group is higher than that of the
basic group. The calculations based on the X-ray
structure showed a high desolvation energy for both
H27 and E82, which shifts their intrinsic pKa values to
3.7 and 6.5, respectively. This energy is compensated

mainly by the strong (4.1 kcal/mol) and pH-dependent
charge-charge interactions between the two sites, which
results in a complex ionization curve.
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Engelke J, Rüterjans H (1998) Dynamics of b-CH and b-CH2
groups of amino acid side chains in proteins. J Biomol NMR
11:165–183

Giletto A, Pace CN (1999) Buried, charged, non-ion-paired
aspartic acid 76 contributes favorably to the conformational
stability of ribonuclease T1. Biochemistry 38:13379–13384

Halgren TA (1996) Merck molecular force field. II. MMFF94 van
der Waals and electrostatic parameters for intermolecular in-
teractions. J Comput Chem 17:520–552

Hamer WJ (1971) Properties of dielectrics. In: Weast RC (ed)
Handbook of chemistry and physics, 51st edn. Chemical Rub-
ber, Cleveland, Ohio, p E-67

Iida S, Ooi T (1969) Titration of ribonuclease T1. Biochemistry
8:3897–3901

Karshikoff A (1995) A simple algorithm for calculation of multiple
site titration curves. Protein Eng 8:243–248

Karshikoff A, Spassov V, Cowan RQ, Ladenstein R, Schirmer T
(1994) Electrostatic analysis of two porin channels from E. coli.
J Mol Biol 240:372–384

Kirkwood JG (1934) Theory of solutions of molecules containing
widely separated charges with special application to zwitterions.
J Chem Phys 2:351–361

Klapper I, Hagstrom R, Fine R, Sharp K, Honig B (1986) Fo-
cusing of electric fields in the active site of Cu-Zn superoxide
dismutase: effects of ionic strength and amino-acid modifica-
tion. Proteins Struct Funct Genet 1:47–59

Martinez-Oyanedel J, Choe HW, Heinemann U, Saenger W (1991)
Ribonuclease T1 with free recognition and catalytic site: crystal
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