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Because of their central importance for understanding enzymatic mechanisms, pK, values are of great
interest in biochemical research. It is common practice to determine pK, values of amino acid residues
in proteins from NMR or FTIR titration curves by determining the pH at which the protonation probability
is 50%. The pH dependence of the free energy required to protonate this residue is then determined
from the linear relationship AG = RT In 10 (pH — pK,), where R is the gas constant and T the
absolute temperature. However, this approach neglects that there can be important electrostatic interactions
in the proteins that can shift the protonation energy. Even if the titration curves seem to have a standard
sigmoidal shape, the protonation energy of an individual site in a protein may depend nonlinearly on
pH. To account for this nonlinear dependence, we show that it is required to introduce pK, values for
individual sites in proteins that depend on pH. Two different definitions are discussed. One definition is
based on a rearranged Henderson—Hasselbalch equation, and the other definition is based on an equation
that was used by Tanford and Roxby to approximate titration curves of proteins. In the limiting case of
weak interactions, the two definitions lead to nearly the same pK, value. We discuss how these two
differently defined pK, values are related to the free energy change required to protonate a site. Using
individual site pK, values, we demonstrate on simple model systems that the interactions between
protonatable residues in proteins can help to maintain the energy required to protonate a site in the
protein nearly constant over a wide pH range. We show with the example of RNase T1 that such a
mechanism to keep the protonation energy constant is used in enzymes. The pH dependence of pK,
values may be an important concept in enzyme catalysis. Neglecting this concept, important features of
enzymes may be missed, and the enzymatic mechanism may not be fully understood.

Introduction

The knowledge of pK, values of residues in proteins is
essential for understanding protein function. On one hand,
the pK, value determines the protonation and thus the charge
of a residue at a given pH. This information is important for
rationalizing the interaction between proteins. On the other
hand, the pK, value determines the energy required to
protonate or deprotonate a group, information that is often
necessary to describe enzymatic mechanisms or proton
transfer processes. Thus, when discussing enzymatic mech-
anisms, the question “What is the pK, value of a group?”
implicitly asks “What is the energy required to deprotonate
a group?”. For an isolated protonatable group, the pK, value
is proportional to the standard free energy of protonation
AGpo = —RT In 10 pK, (i.e., at standard condition pH = 0)
where R is the gas constant and 7 the absolute temperature.
A linear equation relates the free energy of protonation to
the pK, value of the group and the pH value of the solution
(see Figure 1).

AG,,, = RT1n 10 (pH — pK,) (1)

prot

When the pK, value of a group is known, eq 1 is used to see
how easy it is to protonate or deprotonate that group at a given
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pH. The smaller the absolute value of the difference between
the pK, and the solution pH, the easier it is to change the
protonation state.

In proteins, protonatable residues can be rarely separated
from each other. They mutually interact more or less strongly.
A sign of this interaction is that titration curves of amino
acids in proteins are often flatter than standard Henderson—
Hasselbalch curves! or show even an irregular shape.?™ It
follows that half-points (pH at which the protonation prob-
ability is 50%, also called pK;;) or inflection points of
titration curves are not appropriate to determine the pK, value
of a site in a protein.”~7 Often however, amino acid residues
in proteins may titrate with an apparently standard
Henderson—Hasselbalch curve.* In this case, it may appear
at a first look appropriate to use the inflection point of this
titration curve as the pK, value of the residue in the protein.
Anyway, this approach is not necessarily correct as we will
demonstrate.

In this paper, we will discuss two definitions of pK, values
of individual sites in proteins and their relation to protonation
energies. We will demonstrate that these pK, values are pH
dependent, since the protonation energies of these sites do not
depend linearly on pH. Due to the interaction of several titratable
sites, the protonation energy of sites in proteins can remain
nearly constant over a wide pH range. It is important to realize
that this behavior cannot be described by a single, pH-
independent pK, value.
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Figure 1. pK, plot and protonation energy plot (eq 1) of an isolated
titratable site. (a) pK, plot of an isolated group with pK, = 6.0 (dashed-
dotted curves parallel to the x-axis). The dotted curve is the line where
pK, = pH. The red bars (here at pH 0, 3, and 7) symbolize the energy
difference for protonating a site at a given pH (in pK, units). (b)
Protonation energy plot of an isolated group with pK, = 6.0. The red
line is obtained by plotting the values corresponding to the red bars in
the pK, plot. This free energy depends linearly on pH. The protonation
energy is zero when pK, = pH.

Theory

Protonation Equilibria of Proteins. Microstate Model. We
consider a protein with N protonatable sites. Assuming that each
site can exist in two forms (protonated and deprotonated), such
a protein can adopt M = 2V states. Each state of the system can
be written as an N-dimensional vector X, = (x,,1, ..., X, n), Where
Xx,; 18 O or 1 when site i is deprotonated or protonated,
respectively. The Greek letter v will be used as state index and
the roman letters i and j will be used as site indices. Compared
to an arbitrarily defined reference state X with the energy 0,
each state X, of the system has a well-defined energy E, which
depends on the protonation energy of the individual proton
binding sites (see eq 1) and the interaction between these sites

N
E,= Y, (x,;, — X)RTIn 10 (pH — pK,, ) +

= N N
DD G — ) — W ()

i=1 j<i

where R is the gas constant, 7 is the absolute temperature, x,;
denotes the protonation form of the site i in state X, and x{ is
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the reference form of site i, pH is the pH value of the solution,
PKinti 1 the pK, value that site i would have if all other sites
are in their reference form (intrinsic pK, value), and W
represents the interaction between site i and site j. The energetic
parameters pKiy.; and W;; can be calculated using electrostatic
methods.® ™! If conformational changes need to be considered,
eq 2 will assume a more complicated expression. However,
since fundamental features are already captured by this form
of eq 2, this expression will be used in this paper without
losing generality. If more complicated expressions are
necessary, the required modifications of the formalism are
straightforward.

The pKin; value of an amino acid residue in the protein
can be shifted compared to the value of an appropriate model
compound in aqueous solution due to two effects. First, the
protonatable site can be more or less buried in the protein
which causes a desolvation of the proton binding site. This
desolvation leads to a destabilization of the charged form of
the site. Second, nontitrating charges and dipoles of the
protein may interact with the proton binding site. Depending
on the kind of interaction, this effect may stabilize either
the charged form or the uncharged form.

The probability P, of protonation state v in thermodynamic
equilibrium can be calculated from the energies of all the states
of the system

3

with § = 1/(RT) and Z being the partition function of the system.
M

Z= Y et 4)
v=1

The sum runs over all M possible states. The equilibrium
protonation probability (x;) of site i in the protein, i.e., its titration
curve, is given by

M
() = va,ip " (%)

where x,; denotes the protonation form of site i in the
protonation state X,. The probability of being deprotonated is
given by

M
1= ()= 2,(1 — x, )P (©6)

For small systems, this sum can be evaluated explicitly. For
larger systems, Monte Carlo techniques can be used to determine
these probabilities.'?

Protonation Equilibrium Constants in Proteins. When many
protons can bind to one protein, one can differentiate between
macroscopic and microscopic protonation constants.'>° The nth
macroscopic protonation constant defines the equilibrium be-
tween all states that have n and (n — 1) protons bound. There
are in total as many macroscopic protonation constants as there
are proton binding sites in the protein. However, an assignment
of a macroscopic protonation constant to an individual site is
in principle not possible.
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Microscopic protonation constants describe the equilibrium
between two protonation states that differ in the protonation of
one site while the remaining sites do not change their proton-
ation. In a protein with N proton binding sites, there are N2V~
microscopic protonation constants of which only 2V — 1 are
independent of each other.® For each site, there are 2V~!
microscopic protonation constants which can differ signifi-
cantly depending on the interaction between the sites. The
microscopic pK, values can be calculated from the energy
difference of the two respective microstates. Using eq 2, one
obtains

pK

vi mtrl

Z@w — XOW, %

Microscopic pK, values can be assigned to individual sites.
However, since for each site there are 2V~' microscopic
constants, a single microscopic pK, value does not describe the
protonation of a site appropriately over the whole pH range.

Defining pK, Values of Individual Sites in Proteins. In
order to characterize the protonation behavior of an individual
site of a protein, it is desirable to define a single pK, value that
can be uniquely assigned to that site. However, such a definition
is not straightforward and deserves some reflection. Two
definitions seem physically meaningful to us.

Tanford—Roxby pK, Value. A possible definition of the pK,
value of an individual site can be an average microscopic pK,
value. In analogy to the average protonation probability of a
site (eq 5), an average microscopic pK, value can be defined as

M

(pK) = D pK, P ®)

v

P31 is the probability of state v as defined in eq 3. Thus, eq 8
can be rewritten as

M

2 p V,ie_ﬁEv

pK) = —77— 9)

S

With eq 7 in eq 9, we obtain

N
2 (PK; intr,i 2 (XVJ - x;)le)e_ﬂE”
<pKi> = 1;11 (10
2 o PEv
v=1

N

M
Ze ﬁE”(z(xw —x)
v=1 =

M

D e

v=1

M
z pKintr,i
_v=l

(1)

Interestingly using eqs 7 and 5, it can be shown that eq 8 is
equivalent to eq 12, which was proposed by Tanford and Roxby
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to calculate the protonation behavior of a protein in an iterative
scheme.'*

(PK) = pKig; = PKings Z(<x>—x> (12)

The protonation probability of site i is given by eq 5. If we
use eq 5 in eq 12, we get

M
N Z xv,ie’ﬁEV

(PK) = PKies — 2|5
J=1 Ze—ﬁEv

v=1
M
—PE, _
ZpKimr,ie
_ =l

—x|w, (13)

M N
D20 = XKW P

v=1 j=1
M

2 e PEv

=1

(14)

M N
Z p mtrz Z e_ﬁEV( 2 (xy,i - XI)W )
— J=1

v=1

M

— EV
e’
v=1

5)

One can see that eq 15 and eq 11 are identical, which means
that the Tanford—Roxby-pK, value defines an average
microscopic pK, value of site i. Because of this equivalence,
the average microscopic pK, value (pK; will be called
Tanford—Roxby (TR) pK, value (pKtr;)."> The summation
in eq 12 gives the average interaction energy with the other
sites of the protein, which depends on the average protonation
probability (x;) of the sites and thus on pH. However, it is
not considered that also other sites can change their equi-
librium protonation probability when site i changes its
protonation.

Henderson—Hasselbalch pK, Value. An alternative definition
of the pK, value of an individual site can be obtained by
rearranging the Henderson—Hasselbalch equation:

<xi>
pKyy,; = pH + log,, l——(x> (16)

We call this pK, value Henderson—Hasselbalch (HH) pK, value
(pKyn, ;). It can be shown that with this definition, the pK, values
relates to a free energy difference. The free energy of a system
is generally defined by G = —RT In Z, where Z is the partition
function defined in eq 4. Thus, the free energy for protonating
a site is given by

AG —RT(In Z —InZ

prot,i deprot,i)

7)

proti

Based on eq 1, we can define the pK, value of site i as
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AG

prot,i (18)

PK; =PH — 210

Using eqs 4 and 17, one obtains from eq 18

M M
pK; = pH + 1 (ln(va,ie_ﬁE”) — In( Z a- xv’i)e_ﬁE"))
v=1

In 10
(19)

v=1

The two factors x,; and (1 — x,,;) are filters that cancel all terms
from the partition function (eq 4) in which site i is deprotonated
or protonated, respectively. Adding the constant term
—In X, e £ to both logarithmic terms, one obtains

v=1

pK, = pH + o 1O\ln o —In y

M M
P PG s
1 r=1

Z o PEs 2 o PE

v=1 v=1

(20)

By considering the definition of the probability (eq 3), eq 20
becomes

M M
— 1 eqy _ _ eq
pK, = pH + — 0(1n(;xv,ipv ) ln(; (1 = x, )P*)
ey
Applying a logarithmic law
M
zxv iPZq
_ 1 v=1 '
pK;, = pH + 10 In— (22)
(1 —x, )P
v=1
and considering eqs 5 and 6, we finally obtain
K, = pH + - In ﬂ (23)
PR PR T 1ol T = (v

As one can see, eq 18, which relates the pK, value to a free
energy change, is equivalent to the rearranged Henderson—
Hasselbalch equation (eq 16). With this definition, the pH
dependence of the interactions with other residues as well as
changes in average protonation probabilities of the other sites
are considered explicitly.

Meaning of the pK, Values of Individual Sites. Obviously,
the two definitions in eq 8 and eq 16 are not equivalent. For
weak interactions, the difference between the two definitions is
almost negligible; instead, for strong interactions, the difference
is significant. However, both definitions are meaningful, since
they describe different limiting scenarios. The physical picture
that is connected to the TR-pK, value (eq 8) describes a situation
in which the protonation of all sites is in equilibrium with the
solution ((x1), ..., (X)), ..., (Xa))eq- As depicted in eq 24, the
protonation of site i is changed from 1 to 0, while all other
sites maintain the average protonation that they have in
equilibrium.
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() eees Lo o)) = (€D, s 0, s () (24)

This picture implies that the deprotonation of site 7 is faster
than the equilibration of the protonation of the surrounding
residues. This scenario could be relevant for acid base catalysis
when a residue of the active site transiently takes a proton from
the substrate, but the other residues do not have time to re-
equilibrate their protonation.

The physical picture that is connected to the HH-pK, value
(eq 16) is related to the free energy difference of protonation.
The reaction starts from a situation in which site 7 is protonated
and all other sites adapt to this protonation and ends with site
i deprotonated and again all other sites adapt to the situation
(eq 25).

Yy 1, (xN)/)eq,p — (x5 s 0, .., (xN)")eq’d
(25)

In this scenario, the deprotonation of site i is considered to be
slow enough to allow all other residues to equilibrate before
and after deprotonation.

In contrast to microscopic and macroscopic pK, values which
do not depend on pH, both definitons of the individual site pK,
value lead to pH-dependent pK, values. The reason for this pH
dependence is that the interaction between the sites depends on
pH, since the charge of the sites depends on pH. Moreover, in
the case of the HH-pK, value, the number of protons bound to
the protein before and after the deprotonation reaction does not
necessarily differ by exactly one. From the pH dependence of
the two definitions of the individual site pK, values, one can
thus conclude that the deprotonation energy of a residue inside
a protein does not depend linearly on pH in contrast to the case
when pH-independent pK, values are considered.

Methods

Structure Preparation. For the electrostatic calculations, the
structures of spinach plastocyanin (PDB code 1AG6)'® and
RNase T1 (PDB code 1BVI, chain A)"” were used. The
guanosine-2’-monophosphate bound to RNase T1 was deleted
from the structure. Hydrogens were added to the structure using
the program CHARMM.'® The positions of the hydrogens were
energetically minimized, while the positions of all non-hydrogen
atoms were kept fixed. After energy minimization, the water
molecules were deleted from the structure.

Continuum Electrostatics Calculations. The intrinsic pK,
value (pKi') for each titratable site and the interaction energies
between them (the W, site—site interactions) in eq 2 were
obtained by continuum electrostatics calculations.® The
Poisson—Boltzmann equation was solved by a finite-difference
method using the MEAD program suite.'® All aspartate, histi-
dine, glutamate, lysine, arginine, and tyrosine residues were
considered as protonatable sites. Atomic partial charges for
standard amino acid groups were taken from the CHARMM?22
parameter set.?’ The pK, values of the model compounds were
taken from the literature.""' The dielectric constant of the protein
was set to 4, and that of the solvent was set to 80. The dielectric
boundary between solute and solvent was calculated using a
water probe sphere of 1.4 A radius and the atomic radii (1.0 A
for H, 1.55 A for N, 1.7 A for C, 1.5 A for O, and 1.8 A for S).
The ionic strength was set to 0.1 M. The thickness of the ion
exclusion layer was set to 2.0 A.

Continuum electrostatics calculations were performed using
the focusing technique®' in two steps using a grid with 81°
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Figure 2. (a) State equilibria of a system with two titratable sites. Four protonation microstates exist for such a system. The protonation state
vectors are given in parentheses. (b) Energetic parameters of the two discussed systems. The numbers inside the circles give the pKiy, values, and
the numbers at the arrows give the interaction energy of the protonated species in pK, units. (c) Titration curves of the individual sites (protonation
probabilities) for system 1. (d) Differently defined pK, values for the two sites of systems 1: HH-pK, (solid), TR-pK, (dashed), microscopic pK,
(dashed-dotted), and the bisection line pH = pK, (dotted line). (e) Protonation free energies for system 1 calculated from eq 1 for the differently
defined pK, values (same coding as above). (f) Titration curves of the individual sites (protonation probabilities) for system 2. (g) Differently
defined pK, values for the two sites of system 2; the lines have the same meaning as in (d). (h) Protonation free energies for system 2 calculated
from eq 1 for the differently defined pK, values (same coding as above). The colors in all graphs and schemes are associated with the corresponing

sites (red for site 1; blue for site 2).

points. The outer grid had a grid spacing of 1.0 A and was
placed at the geometric center of the protein. The inner grid
had a grid spacing of 0.25 A and was centered at the titratable
site. A similar procedure was used for the model compound,
with all grids centered at the titratable site.

Results and Discussions

Illustrative Examples. In order to illustrate the meaning of
individual site pK, value on some examples, we will discuss
first a system of two and then of three interacting sites. In
addition, we will discuss two real examples of proteins: the
titration behavior of residues in electron transfer protein
plastocyanin®® and in the enzyme RNase T1.2* The practical
importance of individual site pK, values will become evident
from these examples.

System with Two Sites. Let us consider a system with only
two interacting protonatable sites as depicted in Figure 2. For

convenience, we choose the sites to be cationic in the protonated
form, and the fully deprotonated state is taken as the reference
state. The interaction energy between the two sites is set to 2.0
pK, units when they are protonated and otherwise to zero. An
interaction energy of 2.0 pK, units and more can be found
frequently in proteins.'>2425

First, we consider two interacting sites that titrate in the same
pH range; i.e., their titration curves overlap (system 1 in Figure
2). We set the intrinsic pK, values to 7.0 and 7.1, which due to
the interaction energy of 2.0 pK, units results in the following
microscopic pK, values: pKl = 5.1, pk?} = 5.0, pk3} = 7.1,
and pK{§ = 7.0. The subscripts and superscripts of the pK, values
indicate the reactant and product state vectors, respectively. As
discussed in previous publications,®’ the individual titration
curves of the two sites can become irregular under these
circumstances. From the titration curves (Figure 2¢), one can
read half-protonation points (often called pK, values) of 5.6
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Figure 3. (a) State equilibria of a system with three titratable sites. Eight protonation microstates exist for such a system. The protonation state
vectors are given in parentheses. (b) Energetic parameters of the two discussed systems. The numbers inside the circles give the pKi,, values, and
the numbers at the arrows give the interaction energy of the protonated species in pK, units. (c) Titration curves of the individual sites (protonation
probabilities) for system 1 and system 2. The colors in all graphs and schemes are associated with the corresponding sites (green for site 1; red for

site 2; blue for site 3).

and 6.5 for the two sites. If the pK, values of the individual
sites, HH-pK, and TR-pK, (Figure 2d), are calculated, one sees
that they depend on pH. This finding is not too surprising
because of the irregular titration curves. As can be seen from
the pK, plot (Figure 2d), both the HH-pK, and the TR-pK, values
vary between the microscopic pK, values (dashed-dotted lines)
that are associated with the deprotonation of the respective site
(red arrows for site 1 and blue arrows for site 2 in Figure 2a).
The protonation free energy can be read from the difference
between the bisection line (dotted line in Figure 2d, pK, = pH)
and the respective pK, curves (see Figure 1). The pH dependence
of the protonation free energy is given in Figure 2e. The absolute
value of the free energy difference calculated from the HH-pK,
value tends to be similar or smaller than the absolute value of
the free energy difference calculated from TR-pK, value. This
finding can be explained by the fact that the additional relaxation
of the protonation of the surrounding residues, which is included
in the HH-pK, value but not in the TR-pK, value, lowers the
free energy difference.

An important finding is that the absolute free energy
difference for changing the protonation of the sites (solid and
dashed lines in Figure 2e calculated from the HH-pK, and the
TR-pK, value, respectively) is varying between the values that
are obtained from the microscopic pK, values associated with
this site (dashed-dotted lines in Figure 2e). The protonation
energy of one site in the discussed system of two interacting
sites has the magnitude of thermal energy at room temperature
(0.6 kcal/mol) or less over a range of 2.5 pH units (Figure 2e).
For an isolated protonatable site, this free energy difference is
in the thermal energy range only over a range of about 1.0 pH
unit. Thus, due to the interaction between the sites, the
protonated and deprotonated forms of the sites are close in

energy over a wide pH range enabling a less pH-sensitive
catalytic function.

Next we consider two interacting sites that titrate at a different
pH range (system 2 in Figure 2). We set the intrinsic pK, values
to 4.0 and 7.0, which, due to the interaction energy of 2.0 pK,
units, results in the following microscopic pK, values: pK|? =
5.0, pK} = 2.0, pK{) = 7.0, and pK{} = 4.0. The titration curves
of the two sites look like standard sigmoidal titration curves
that are described by Henderson—Hasselbalch titration curves
with pK, values of 2.0 and 7.0 (Figure 2f). However, if the HH-
and TR-pK, values are calculated, one sees that also for this
system, the individual site pK, values vary with pH (Figure 2g).
When site 2 titrates from pH 4 to 8 (blue curve in Figure 2f),
site 1 changes its pK, value from 2 to 4 (red curve in Figure
2g). Therefore, suppose site 1 would accept transiently a proton
during a catalytic step at pH = 8; the pK, value connected to
this reaction is about 4 even if the titration curve has its midpoint
at pH = 2. Thus, the energy required to protonate this group at
pH = 8 is according to eq 1 about 5.5 kcal/mol instead of 8.2
kcal/mol, which would correspond to a protonation energy of a
group with the pK, value of 2.0 (Figure 2h). In the pH range
from 5 to 7, the solid curve in Figure 2h displays a plateau
indicating that the energy required to protonate site 1 is nearly
constant. Thus, interactions between protonatable residues in
proteins can tune protonation energies of a site and keep this
energy constant over a pH range that is wider than the range
expected from the titration curve of this site. This aspect is put
in evidence by introducing individual site pK, values.

System with Three Sites. Three interacting sites can lead to
an even more complex titration behavior. In this case, titration
curves may be also nonmonotonic as for example for DTPA.?
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Nevertheless, the basic features of the titration behavior still
remain the same.

In Figure 3, two systems of three interacting sites are depicted.
Both systems have the same set of interaction energies between
the sites. They differ in the intrinsic pK, values of the sites
(Figure 3b). Here again the fully deprotonated state is considered
as the reference state.

In system 1, the three sites titrate in the same pH range. The
interaction between the sites keeps the protonation free energy
low over a wide pH range. Especially the site with the most
irregular titration curve (red curve in Figure 3¢ and Figure 4a)
has a HH-pK, value that is almost identical with the pH over a
wide pH range (red curve in Figure 4b). In particular, the small
difference between the HH-pK, value and the pH value implies
that the protonation energy for this site is particularly low over
this pH range (Figure 4c). The pK, values of each individual
site vary between the most extreme microscopic pK, values
associated with the deprotonation of the respective site (Figure
4b). Usually, the minimal microscopic pK, value corresponds
to the pK, value that the site would have if all other sites are
protonated, and the maximal microscopic pK, value corresponds
to the pK, value that the site would have if all other sites are
deprotonated.

In system 2, the three sites titrate at separate pH values (Figure
3c). Although their titration curves resemble standard sigmoidal
titration curves (Figure 5a), the pK, values of the individual
sites depend on pH (Figure 5b). In this system, none of the

sites has a pK, value that is close to the pH value over a wide
pH range. However, for all sites, there are certain pH ranges in
which the slope of the pH dependence of the pK, value is close
to one; i.e., the pH dependence of the pK, value is parallel to
the line pK, = pH. This interesting feature implies that the
protonation energy is nearly constant over those pH ranges. Also
for this system, the pK, values of the individual sites vary
between the most extreme microscopic pK, values associated
with the deprotonation of the respective site (Figure 5b). It can
be seen that each site has an individual pK, value that coincides
with one of its microscopic pK, values in the pH range in which
none of the other sites is titrating (see, for example, in Figure
5b the solid green curve in the pH ranges from —2 to 2, from
8 to 10, and from 13 to 15).

Plastocyanin. Plastocyanin is a small electron-transfer pro-
tein. A large negatively charged surface region, called an acidic
patch, is involved in the interaction with its reaction partners.
This acidic patch can be divided into an upper acidic patch and
a lower acidic patch (see Figure 6a). Using electrostatic
calculations, the titration curves of the amino acids of the acidic
patch were determined and correlated with experimental data.??
By chance, Glu45 (in the lower acidic patch) and Glu59 (in the
upper acidic patch) have very similar titration curves, and the
midpoint of their titration curves (i.e., their pKj,) is the same
(Figure 6b). Moreover, both curves are similar to a standard
HH curve with a pK, value of 4.95. However, the individual
site pK, values (HH-pK, and TR-pK,) show a strong pH
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Figure 5. Titation curves (a), pK, plots (b), and protonation energy plots (c) of the three sites of system 2 of Figure 3. The energetic parameters
of this system are defined in Figure 3b. The titration curves are the same as in Figure 3c. The pK, plots (b) shows differently defined pK, values:
HH-pK, (solid), TR-pK, (dashed), microscopic pK, (dashed-dotted), and the bisection line pH = pK, (dotted line). The protonation free energies are
calculated from eq 1 for the differently defined pK, values (same coding as above). The colors in all graphs and schemes are associated with the

corresponding sites (green for site 1; red for site 2; blue for site 3).

dependence, and this pH dependence is significantly different
for Glu45 and Glu59 despite their similar titration curves (Figure
6¢c). The different pH dependence of the individual site pK,
values of the two residues shows that these residues have
different electrostatic interactions with other titratable residues
of the protein. This result would have been overlooked if only
the titration curves instead of the pH dependence of the
individual site pK, values would have been analyzed.

RNase T1. Finally, we are considering the enzyme RNase
T1% which performs the hydrolytic cleavage of RNA by
acid—base catalysis. The residue Glu58 functions as a proton
acceptor in the first step of the catalytic cycle (Figure 7a).
Electrostatic calculations of the titration curves of Glu58 using
the same settings as in previous calculations®® indicate that this
residue titrates at a rather low pH (Figure 7b). The pK,,, value
of this titration curve is 1.65. The titration curve of this residue
does not deviate largely from a standard HH curve; in fact, the
low protonation probability above pH = 4 is probably not
detectable experimentally. Despite this apparent standard titra-
tion curve, the HH-pK, and the TR-pK, show a strong pH
dependence (Figure 7c). The protonation free energy deviates
largely from the value that would have been calculated
considering the pKj,, value of the titration curve (Figure 7d). If
the protonation free energy of this residue is calculated from
the HH-pK, value, it is practically constant from pH 4 to 8 (see
solid curve in Figure 7d). The free energy calculated from the
TR-pK, value is not identical with the one calculated from

the HH-pK, value, since the relaxation of the protonation of
the surrounding residues is not considered. Anyway, the
protonation free energies calculated both from the HH-pK, value
and from the TR-pK, value differ considerably from the linear
pH dependence that would have been obtained using the pKj,,
value. Again, this behavior is a consequence of the electrostatic
interaction of Glu58 with other titratable residues of the protein,
especially with His40 and His92. This example demonstrates
that pK;, values determined from titration curves may be
misleading and do not necessarily reflect the correct energetics
of protonation reactions in proteins. In contrast, the use of
individual pK, values allows one to pinpoint important features.

Conclusions

Although it is a common praxis to read pK, values of amino
acids in proteins from titration curves measured by NMR, FTIR,
or other methods and to infer the protonation free energies from
these pK, values, we showed in this article that this strategy
cannot be generally followed. Indeed, we demonstrate that the
complex interaction between protonatable sites in the protein
make protonation energies nonlinearly dependent on pH. This
behavior can be described by defining pH-dependent pK, values
for individual sites in a protein. Even if the titration curve of a
residue in a protein shows an apparently standard sigmoidal
shape that obeys the Henderson—Hasselbalch equation,
the protonation energy of such a residue may show a much more
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Figure 6. Titration behavior of two residues in spinach plastocyanin. (a) Structural representation of spinach plastocyanin (PDB code 1AG6). The
residues Glu45 and Glu59 are shown as blue and red ball-and-stick models, repectively. The copper ion (cyan sphere), its ligands, and Tyr83 (on
the right in the middle) are given as an orientation. Also the additional negatively charged residues of the acidic patch are shown. (b) Titration
curves of Glu45 (blue) and Glu59 (red). For comparison, a standard HH titration curve with a pK, of 4.95 is given (black). (c) Differently defined

pK, values for Glu45 (blue), Glu59 (red): HH-pK, (solid), TR-pK, (dashed), microscopic pK, (dashed-dotted), and the bisection line pH = pK,
(dotted line).
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Figure 7. (a) Structural representation of RNase T1 (PDB code 1BVI, chain A). The catalytically active residue Glu58 is shown in red. The two
strongly interacting residues His40 and His92 are shown in blue. (b) Calculated titration curve of Glu58 (without the substrate present). For comparison,
a standard HH titration curve with a pK, of 1.65 is given (black). (c) Differently defined pK, values for Glu58: HH-pK, (solid), TR-pK, (dashed).
The dotted line is the bisection line pH = pKj,. The black dashed-dotted line represents a pH-independent pK, value of 1.65. (d) Protonation free
energies of Glu58 calculated from eq 1 for the different pK, values. The black dashed-dotted curves gives the protonation energy of a site with a
pK, value of 1.65.

complex pH dependence than the titration curve indicates. The to reveal that the interaction with other titratable sites may lead
use of pH-dependent pK, values for individual sites allows one to constant protonation energy over a large pH range. Biologi-



pH-Dependent pK, Values in Proteins

cally it may be important that the protonation energy of a
particular residue that functions as proton donor or acceptor is
constant over a large pH range in order to allow catalysis under
different pH conditions. In this frame, we can understand why
in the active site of enzymes there are often more protonatable
residues than the specific function would require.

In this paper, we discuss proton binding to proteins. However,
the same statements are obviously valid also for nucleic acids,
lipid membranes, and all other kind of natural or synthetic
polyelectrolyes and their aggregates. Instead of protons, other
kind of ligands can be considered such as electrons, ions, or
even more complex molecules.

From this analysis, we conclude that the energetics of binding
to one particular binding site can generally not be understood
solely from titration curves. Concerted efforts of thermodynamic,
kinetic, spectroscopic, and structural investigations combined
with a detailed theoretical analysis are required to understand
these reactions.
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