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ABSTRACT: It is known that the overall charge of a protein can change as the molecule approaches a
charged object like another protein or a cell membrane. We have formalized this mechanism using a
statistical mechanical framework and show how this rather overlooked interaction increases the attraction
between protein molecules. From the theory, we can identify a unique property, theprotein charge
capacitance, that contains all information needed to describe the charge regulation mechanism. The
capacitance can be obtained from experiment or theory and is a function of pH, salt concentration, and
the number of titrating residues. For a range of different protein molecules, we calculate the capacitance
and demonstrate how it can be used to quantify the charge regulation interaction. With minimal effort,
the derived formulas can be used to improve existing models by including a charge regulation term.
Good agreement is found between theory, simulations, and experimental data.

Knowledge of the basic intermolecular interactions be-
tween biomolecules is of vital importance for our under-
standing of processes in the living cell. This includes, for
example, the interaction of a protein with small ligands, with
DNA, or with a membrane surface, as well as the interaction
between two or more protein molecules. The interaction of
two proteins, each with a nonzero net charge, is at long
distances dominated by a direct Coulomb interaction. The
protein charges come from ionized amino acid residues and
will vary with pH and other solution conditions. The majority
of models presented in the literature describing protein-
protein interactions, however, implement the protein charge
distribution as afixed set of charges (1-4) or even by a
single-point charge. This is probably still a valid approach
for proteins carrying a significant net charge, but when an
approximately neutral protein, pH≈ pI, is approaching a
charged surface or another highly charged protein, its charge
distribution will change. That is, the protonation state of the
protein not only depends on pH but also on nearby
molecules; the electrostatic potential from a neighboring
molecule will perturb the titrating groups in the protein. This
is of course the same effect as is seen internally in a protein,
where any charged amino acid may affect the apparent pKa

values of all other groups. Our aim is to formally describe
this interaction in mathematical terms and then to numerically
calculate the appropriate response function. For the latter,
we will use Monte Carlo (MC) simulations describing the
protein in atomic detail including all ion-ion interactions
within the protein and with the surrounding salt solution.

Charge regulation for colloidal particles has been discussed
by Kirkwood and Shumaker (5) and later by Carnie et al.
(6, 7) within the Debye-Hückel approximation. Zydney et
al. have used a similar approach and found the regulation
mechanism important for proteins in porous media (8), in
membranes (9), and in capillary electrophoresis experiments
(10). Bowen and Williams (11) solved the Poisson-

Boltzmann equation for a sphere in a Wigner-Seitz cell so
as to mimic bovine serum albumin. They found that inclusion
of a charge regulation term significantly improved the
agreement with measured osmotic coefficients. Ståhlberg et
al. (12-14) have studied the net charge of lysozyme in the
context of ion-exchange chromatography, where they show
how the charge regulation, i.e., the capacitance of a protein,
can be derived from the experimental titration curve.

THEORY AND METHODS

Protein Charge Capacitance: Statistical Mechanical
DeriVation.In this section, we will derive a formal expression
for the capacitance in terms of charge fluctations. The essence
is captured in eqs 5 and 6, and the reader may want to
proceed directly to this part. Let us start by considering two
proteins in a salt solution, each described by the charge
distributions [r i, qi] and [r j, qj], respectively. The mass centra
of the distributions are separated byR, which means that
the distance between two chargesi and j is given byrij )
|R + r j - r i|. The average net charge number of the
distributions does not need to be zero, that is,〈QA〉 * 0, where
〈QA〉 ) 〈∑qi〉. The free energy of interaction can be written
as,

where U(R) is the interaction between the two charge
distributions,â ) 1/kT, with k being the Boltzmann constant
and T being the temperature, and〈...〉 denotes an average
over the unperturbed system, which in the present case is
the single isolated protein in salt solution. The average runs
over all orientations and ionization states of the protein as
well as over the positions of all salt particles. This means
that the calculated averages will depend on both the salt and
protein concentrations and pH. Equation 1 can be expanded
to a second order as ln(1- x) ≈ -x - x2/2 for smallx,
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âA(R) ) -ln〈e-âU(R)〉 ≈
-ln[1 - 〈âU(R)〉 + 1

2
〈(âU(R))2〉] (1)
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The interaction energy is simply the Coulomb interaction
between the two charge distributions,

where the Bjerrum length,lB ) e2/4πε0εrkT has been
introduced. We can make a multipole expansion of the
energy, assuming thatR. ri, rj. This expansion will include
an ion-ion interaction, an ion-dipole interaction, a dipole-
dipole interaction, etc. It will also include charge-induced
charge and induced charge-induced charge interactions. Thus,
we can write an approximation to the free energy including
all terms of order up to 1/R2. Note that the ion-dipole
interaction disappears in the first order and that the first
nonvanishing dipole term will be of the order 1/R4.

Note also that〈Q2〉 * 〈Q〉2. We now define a “charge
polarizability” or capacitance,C, that quantifies the charge
fluctuations of the protein,

where linear response theory gives the relation to the
electrical potential,Φ. With this definition of the capacitance,
eq 4 can be rewritten in a more useful form,

The first term is the direct Coulomb term, and the following
terms are theinduced charge-induced chargeand charge-
induced chargeinteractions. If the protein molecules are
identical, that is,〈QA〉 ) 〈QB〉 ) 〈Q〉, the expression then
simplifies to,

and if the proteins happen to be at pH) pI, then〈Q〉 ) 0
and the leading term is the induced charge-induced charge
interaction,

which is equivalent to the findings of Bratko et al. (15) for
the intermolecular interaction between micelles subject to
charge fluctuations of the number of counterions.

The above equations show that the fluctuating charge of
a protein may under certain circumstances contribute sig-
nificantly to the net interaction between two proteins. From

eq 5, we can also write the induced charge asQind )
-Câe∆Φ, valid for small potentials. Note that in the derived
equations we have used an unscreened Coulomb potential
(eq 3) valid for no or very low salt concentrations, only. To
include the effect of salt, it is necessary to use a screened
potential; an example of this is shown in eq 14.

Macroscopic Picture.The capacitance,C, can be derived
from the protein titration curve. For a single titrating acid,
the degree of ionization,R, can be found in any elementary
physical chemistry textbook,

Taking the derivative ofR with respect to pH gives

where in the second step we have identified the capacitance
defined in eq 5. We can obtain an approximate value for the
capacitance in a protein assuming that there is no interaction
between the titrating sites: A protein contains several titrating
groups such as aspartic and glutamic acid, histidine, etc.,
each with an ideal pK0 value. When different titrating groups
are denoted withγ and their number withnγ, the total
capacitance can then be approximated with,

More realistic capacitances, where intramolecular interactions
are included, can be obtained from experimental protein
titration curves, readily available in the literature. As evident
from eq 10, the capacitance can be extracted from the slope,

Thus, we can estimate the magnitude of the regulation
interaction using the 1/R2 terms derived in the previous
section. Where experimental titration data are not available,
one may resort to theoretical models; the Tanford-Kirkwood
theory, MC simulation, etc. This shall be the topic of the
next section.

Simulation Model. In some recent studies, we have
demonstrated how MC simulations can be used to predict
protein-protein interactions in solution (3) as well as the
titration behavior of an isolated protein in salt solution (21).
Here, we shall give a brief introduction to these methods;
for a more thorough survey, the reader may consult the
references mentioned above.

The simulations are based on a simple dielectric continuum
model and exploit the Protein Data Bank to provide a detailed
structural description of the protein. The protein is treated
either in full atomic detail, “atomistic model”, or in a
simplified version, where we represent each amino acid as
a sphere, “the amino acid model”. The aqueous solvent is
treated as a structureless continuum described by the
dielectric constantεr equal to that of pure water. The ions
in the surrounding salt solution are described by charged,
hard spheres allowed to move in any direction within a
spherical cell enclosing the system of interest, see Figure 1.

pK ) pH - log
R

1 - R
(9)

∂R
∂pH

) R(1 - R) ln 10 ) C ln 10 (10)
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Some of the simulations are performed fortwo proteins
in a spherical cell. The same type of interactions are included,
but now the two proteins are allowed to translate and rotate
as well. From these simulations, we can calculate the free
energy of interaction between the proteins.

In the amino acid model, each residue is replaced with a
single sphere located at a center-of-mass of the residue
according to the crystal structure and the radius is adjusted,
so that the total protein volume is equal to that of the protein
in full atomic detail. This amounts to an average amino acid
radius of around 3.5 Å. The degree of protonation for each
amino acid is affected by pH and by the potential produced
by all other charges in the system. This has been incorporated
into the simulations via a titration scheme, where protons
are allowed to exchange between sites in the protein and
the surrounding solution. The trial energy for such an
exchange is calculated according to

where∆Uel is the change in electrostatic energy, pK0 is the
dissociation constant of the isolated amino acid, (+) applies
when protonating an amino acid, and (-) applies when
deprotonating an amino acid. Sites on the protein are selected
randomly as is the proton (a positive charge) in the salt
solution, when deprotonating the proton is inserted at a
random position. Thus, during simulation, the protein charge
will respond to changes in the electrostatic surroundings,
which of course will be more important when pH≈ pK0.
Note that, because the ionized residues are located near the
surface, we have assumed a relatively high dielectric response
from the surroundings. This allows us to use a uniform
dielectric permittivity for the whole system equal to the value
of pure water. Naturally, this assumption becomes less
applicable for charges buried in the protein interior where
the dielectric response may be smaller; in such cases, more
sophisticated models should be utilized.

The total interaction energy for the system is written as a
sum of contributions from electrostatics and hard-core
repulsions

where the indexesi and j refer to salt (s) and protein (p)
particles, separated by the distancerij. The hard-core term,
uij

hs is ∞ for rij < σi + σj and zero otherwise.
The model system is solved using the traditional Metropo-

lis MC method (22), performed in a semicanonical ensemble.
This means that the salt particles, positive or negative hard
spheres, are subject to random displacement in the surround-
ing solution, while “protons”, i.e., positive ions, can exchange
between the solution and titrating groups on the protein. The
whole system, including protein(s) and all ions, is electro-
neutral. The results from the simulation are the average
charge on each titrating group and the distribution of co-
and counterions around the protein. To calculate the response
function, i.e., the protein capacitance, we will also calculate
the protein average net charge,〈Q〉, and the averaged squared
net charge,〈Q2〉.

Again, we stress that MC simulation is just one of many
methods that can be used to estimate capacitances; Equation
6 holds for any model.

RESULTS

Using MC simulation, we have calculated the capacitance
for a number of proteins with different characteristics in terms
of number and type of residues (see Table 1). Unless
otherwise stated, we have used a salt concentration of 70
mM and a protein concentration of 0.7 mM. This choice of
conditions allows us to treat very large protein complexes
with more than 1000 residues. Figure 2a shows the capaci-
tance for calbindin D9k derived from the experimental titration
curve (21, 23) as well as from the atomistic and the amino
acid model. The two models give virtually identical results,
and below pH 9, the agreement with experimental data is
very good. The discrepancy at high pH could be due to a
minor unfolding of the protein; this would decrease the
internal electrostatic perturbation and, as seen, shift capaci-
tances toward the ideal curve. The main difference from the
ideal capacitance curve is a strong broadening of two peaks
corresponding to the response from acidic and basic residues,
respectively.

Calmodulin is another calcium-binding protein, and its
capacitance has the same qualitative appearance as calbindin.
Both proteins have a large number of Asp/Glu residues
giving rise to a large capacitance at pH 4. They also have a
large portion of Lys/Arg resulting in a second peak at pH
11-12. Figure 2b shows the capacitance for calmodulin and
for a small positively charged peptide from smooth muscle
myosine light-chain kinase (smMCLK). The capacitance for
the peptide is essentially zero below pH 10, while it peaks

FIGURE 1: Schematic picture of the model system with the protein
and salt solution enclosed in a cell.

Table 1: Titrating Residues in the Investigated Proteinsa

protein residues Asp Glu His Tyr Lys Cysb Arg

pK0 4.0 4.4 6.3 9.6 10.4 10.8 12.0
smMLCK (16) 19 0 0 1 0 2 0 3
calbindin D9k (17) 75 4 13 0 1 10 0 0
calmodulin (16) 142 16 19 1 2 5 0 6
hisactophilin (18) 118 6 7 31 3 9 1 1
M-m-CoA mutase (19) 726 47 51 12 22 36 2 43
lysozyme (20) 129 7 2 1 3 6 0 11

a The dissociation constants for the isolated amino acids are given
in the second line and the corresponding pK0 for C and N termini are
3.8 and 7.5, respectively.b Only cysteines not engaged in sulfide bridges
can titrate.

∆U ) ∆Uel ( (pH - pK0)ln 10

âUtot ) ∑
i,j∈p,s

(lBqiqj

rij

+ uij
hs) i * j (13)
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around pH 12 because of lysine and arginine residues. This
maximum is much smaller than for calmodulin, but for the
specific capacitance, i.e.,Csp ) C/Nres, the situation is
reversed.

The protein hisactophilin is of the same size as calbindin
and calmodulin, but it has a slightly different capacitance
curve, see Figure 3. Hisactophilin contains 31 histidine
residues, which is reflected in a broad maximum forCHisacto

at pH 5-6. Because of the high positive charge of hisacto-
philin at acidic conditions (+28 at pH 3 and+23 at pH 4),

the maximum is shifted downward. The isoelectric point
found from the simulations is 7.3 in perfect agreement with
experimental estimates (24). The relatively high capacitance
of hisactophilin at physiological pH suggests that charge
regulation may be of biological importance, for example,
when coupling actin skeleton to negatively charged plasma
membranes (25). In general, histidine-rich molecules are
likely to have high capacitances around pH 7, thus making
them good candidates forin ViVo charge regulation.

The capacitance increases with protein size or more
correctly with the number of titratable groups. Figure 3 also
shows the capacitance for chain A in methylmalonyl-CoA
mutase, which consists of more than 700 amino acids. The
protein can achieve a very high net charge (+14 at pH 4
and-26 at pH 10) and a significant capacitance at extreme
pH’s. The isolelectric point is 5.2.

Lysozyme is another well-studied protein, and from the
measured titration curve (26), we have extracted capacitances
and, as shown in Figure 4a, agreement with the simulation
is reasonable. Salt particles influence the capacitance (Figure
4b), but it is much less pronounced than the pH dependence.
The salt effect is rather complex because it is governed by
several mechanisms. In general, the effect of salt is to screen
the electrostatic interactions, and hence, capacitances ought
to approach their ideal values. However, the detailed charge
distribution of the protein will modulate this effect. From
this, it is difficult to derive any general statements because
the balance depends not only on pH but also on the protein
sequence and structure.

FIGURE 2: (a) Simulated, ideal, and measured [Kesvatera et al. (21,
23)] capacitances for calbindin D9k as a function of pH. pI for
calbindin is approximately 4.2. (b) Simulated (atomic model)
capacitances for smMLCK, calmodulin (calcium free), and cal-
modulin with four calcium ions bound. pI for calmodulin is
approximately 3.9.

FIGURE 3: Simulated (amino acid model) and ideal capacitances
for hisactophilin and methylmalonyl-CoA mutase (mmAm) as a
function of pH. pI for hisactophilin is 7.3, and pI for methylmalonyl-
CoA mutase is 5.2.

FIGURE 4: (a) Simulated, ideal, and measured capacitances for
lysozyme. Experimental data are taken from Sakakibara and
Hamaguchi (26). (b) Simulated capacitance for lysozyme (atomistic
model) at different pH and salt concentrations.
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The electrostatic interaction between two proteins will, at
long distances, be dominated by the direct Coulomb interac-
tion provided that the net charge,Q, is sufficiently different
from zero. The induced interactions will play an important
role only for protein-protein interactions at pH values close
to the isoelectric point of one of the proteins; this can be
seen from eq 6. We shall now illustrate this with an (artificial)
example, where calbindin is interacting with lysozyme.
Figure 5a shows the simulated free energy of interaction
between the two proteins at pH 4, which is close to the
isoelectric point for calbindin. At contact, there is a difference
in the interaction energy of 1 kT between a model with fixed
charges compared to a situation where the proteins are free
to adjust their charges.

This difference between the two models is mainly due to
the interaction between the induced charge in calbindin and
the permanent charge in lysozyme. This is a typical result,
and significant effects from charge regulation can be expected
when one of the interacting proteins has a large net charge
and the other has a large capacitance. Experimentally, this
is confirmed by Zydney and Pujar (9), who were able to
separate proteins by charge regulation at pH with high
capacitances.

Following eq 6, we can approximate the difference
between the fixed and regulated case as

where we have replaced the Coulomb interaction with a

simple screened version to approximately account for the
effect of salt. Figure 6 shows a perfect agreement between
the simulated free-energy difference and the calculated one
according to eq 14. Therefore, with minimal effort, eq 14
can be applied to existing models, for example, the DLVO
approximation, so as to account for the induced charge
interaction.

An interesting result is that, despite the fact that both
calbindin and lysozyme are positively charged when isolated
at pH 4, there is still an attractive electrostatic interaction
between the two. Such an attraction could of course be due
to charge-dipole and/or dipole-dipole interactions, but in
the present case, the main contribution to the interaction free
energy comes from the induced charges. This is further
demonstrated in Figure 5b, where one can follow how the
net charge of calbindin changes from+1.5 at infinite
separation to-0.5 at contact between calbindin and lysozyme.

DISCUSSION

We have derived an expression for the protein charge
capacitance and showed how it appears as a response to an
externally applied potential. The same capacitance also enters
the expression for the free energy of interaction between two
proteins allowed to regulate their charges. The induced
interaction coming from a charge regulation mechanism can
be important if one of the proteins is close to its isoelectric
point, while the other carries a net charge. Via the presented
formalism, existing models for protein-protein or protein-
membrane interactions can be easily improved to correctly
describe the induction interaction. Predictions of interaction
free energies and induced protein charges are in excellent
agreement with MC simulations that represent the exact
theoretical solution.

The protein charge capacitance,C, can be obtained from
measured titration curves and from any theoretical model
able to predict the protein charge; our simple continuum
simulations for the protein protonation status reproduce the
experiment very well.

The capacitance varies with pH, and its magnitude is
related to the number of titratable groups in a protein.
Typically, C will be large at pH values in the neighborhood
of the pKa values of titrating residues, although the capaci-
tance maximum can be shifted one or two pH units from
the ideal maximum. The capacitance curve will also be

FIGURE 5: (a) Simulated energy (U) and free energy (A) of the
interaction between calbindin and lysozyme at pH 4 for a protein
model with fixed charges and one with charge regulation. The amino
acid model is used, and the salt concentration is 6 mM. (b) Variation
of the net charge of calbindin and lysozyme as a function of their
separation. Circles represent simulated data based on the amino
acid model, and lines are calculated from the induced charge cf.
eq 5. The pH is 4, and the salt concentration is 6 mM.

â(Areg(R) - Afix(R)) ) â∆A(R) )

-
lB

2e-2κR

2R2
(CcalbClys + ClysQcalb

2 + CcalbQlys
2) (14)

FIGURE 6: Difference in the free energy of interaction between
calbindin and lysozyme at pH 4, with 6 mM salt for a protein model
with charge regulation and one with fixed charges. Symbols denote
the simulated difference (see Figure 5), and the solid line is obtained
from eq 14 withQcalb ) 1.46, Ccalb ) 2.23, Qlys ) 9.33, Clys )
0.88, and 1/κ ) 39 Å.
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broadened because of interactions within the protein. This
means that, in a protein with many aspartates and/or
glutamates, the capacitance will have a maxium around pH
4, while a large number of histidines will lead to a maximum
at pH ≈ 6 and similar for the basic residues.
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