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Abstract: The dielectric constants of myoglobin, apomyoglobin, the B fragment of staphylococcal protein A, and
the immunoglobulin-binding domain of streptococcal protein G are calculated fretnrns molecular dynamics
simulations in water, using the Hrlich—Kirkwood theory of dielectrics. This dielectric constant is a direct measure

of the polarizability of the protein medium and is the appropriate macroscopic quantity to measure its relaxation
properties in response to a charged perturbation, such as electron transfer, photoexcitation, or ion binding. In each
case the dielectric constant is low—2) in the protein interior, then rises to +21 for the whole molecule. The

large overall dielectric constant is almost entirely due to the charged protein side chains, located at the protein
surface, which have significant flexibility. If these are viewed instead as part of the outer solvent medium, then the
remainder of the protein has a low dielectric constant-e63depending on the protein), comparable to that of dry
protein powders. Similar results were already observed for ferro- and ferricytoclesand are probably valid for

many or most stable globular proteins in solution, leading to a rather comprehensive picture of charge screening and
the dielectric constant of proteins. This picture suggests ways, and supports some ongoing efforts, to improve current
Poissor-Boltzmann models. Indeed, treating a protein as a homogeneous, low dielectric medium is likely to
underestimate the actual dielectric relaxation of the protein; this would affect calculations of the self-energy of titrating
protons, or the reorganization energy of a redox electron.

1. Introduction reaction intermediates to about the same extent as bulk water.

Electrostatic forces play a decisive role in protein structure 1hird the polarizability of the protein is low, at least in the

and function, and they have been the object of intense interior. Thus even high_ly p(_)!ar enzyme a(_:tive sites are likely
experimental and theoretical scrutiy®. Charge screening by to have a moderate polarizability. The protein tends to use rather

protein and solvent is very complex. Recent experimental rigid, preorganized, polar groups to stabilize enzyme reaction

studies of charge screening in proteins include measurementdntermediates, unlike bulk water, which is highly polarizable.

of pKa and redox potential shifts due to point mutatiAgof This moder_ate _internal polarizability is impor_tant_ in redqcing
emission or absorption shifts of a spectroscopic pféb,and the reorganization energy, and hence the activation barrier, for
of gas-phase basicities of various protein ions, including Proton and electron transfer in enzymes. L
cytochromec. 1 Several features emerge from these and earlier 10 help quantify the polarizability of the protein interior, we
studies. First, Coulomb interactions between protein groups areNave analyzed nanosef;ond molecular dynamics simulations of
strongly screened by the surrounding solvent, often being four proteins in water: myoglobin, apomyoglobin, the 60-
reduced by a factor of 4080 compared to the bare gas-phase 'esidue B fragment of staphylococcal protein A, and the 56-
interaction. Second, the protein itself contains many polar residue immunoglobin-binding domain of streptococcal protein

groups, which allow it, for example, to stabilize charged or polar G- BY comparing the magnitude of their dipole fluctuations to
the predictions of dielectric theory, we can estimate the dielectric

constants of the four proteins. The dielectric constant calculated
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applications to trypsin, lysozyme, pancreatic trypsin inhibitor
(BPTI), and cytochrome in watef8-20 have shown that the
protein dielectric constant can vary from as little as 2 in the
protein center to values of 25 or more in the polar outer region,
with intermediate values in certain specific regions such as the
trypsin active site. In contrast, measurements on very dry
protein powders have given a static dielectric constant in the
range of 2-5 for several proteins, including myoglobin and
cytochromec.21723 Because of this variability, data for ad-
ditional proteins are important to clarify which types of behavior
can be generalized, and whether there are specific differences
between electron transfer proteins such as cytochreme \
enzymes such as lysozyme and trypsin, and other proteins. We
shall see that for all the proteins analyzed, the dielectric constant
varies from 2-3 in the interior of the molecule to 30 in

the outer part. This large outer dielectric constant arises almost
entirely from the flexible charged protein side chains located
at the protein surface.

2. Methods

Dielectric Constant. To apply the Frolich—Kirkwood theory of
dielectrics, we view the protein as a spherical dielectric medium with
a dielectric constand, and radius, surrounded by an infinite solvent ~ Figure 1. Myoglobin viewed as two concentric dielectric regions (CPK
medium with a dielectric constaaf,. We then hav# view, produced with the program Molscript (P. Kraulis)).

mMerMKTri = (2¢, + 1)(€p — 1)/(2,, + Gp) (1) explicit solvent was carried out for periods exceeding 1 ns of production
data collection, following a minimum of 26800 ps of equilibration.

whereAM, is the deviation of the protein dipole moment from its mean !N Table 1 we summarize the basic conditions of these simulation
and the brackets represent an ensemble average (taken as a time averag@!dies. In general, the molecular dynamics simulations were performed
over the trajectory in the current study). Notice that the deviatibh v_\nth periodic boundary conditions, using the CHARMM/param19 force
is not origin-dependent. The dimensionless term on the left side is field*” and the TIP3P water mod#l. Heavy atom-hydrogen covalent
conveniently referred to as th@ factor, by analogy to the Kirkwood bond I_engths. and the internal geometry of the water molecules were
g factor of a homogeneous liquid. kept fixed wlth the SHAKE algorlthr?f.‘_ Long-range for_ces were

In order to analyze the radial variation of the dielectric constant going truncated using an atom-based force-shift mefifatsing a list-based
from the center of the protein to its surface, we can view the protein as 2lgorithm wihi a 1 to 2 Ashell beyond the nonbonded cutoffs listed in
made up of two distinct, concentric, spherical regions (Figure 1): an 1able 1. This listwas updated every-225 dynamics steps. The time
inner region of radius, and dielectric constart, and an outer region  Step for integration of the equations of motion was 2 fs. Temperature
of radiusr, = rp and dielectric constarb. In this view, an analogous was maintained near the target 300 K by periodic reassignment of

fluctuation formula is easily derive¥: velocities from a Boltzmann distribution if the average temperature
over the period of 10002000 steps was outside a window of 15 K
meIIkTrf _ around the target temperature.
(2~ DIA + 2¢)(2¢,, + &) — 2014/ (64, — (1 — &)] @ 3 Resuls
(€1 + 26)(2e, + €) — 2(14/1) (e, — €)(€; — €3) Myoglobin. The first system we examine is myoglobin in

its deoxy form. The spherical radius for the protein is taken to
where AM; corresponds to the dipole moment of the inner region 1. pe (5/3}2its radius of gyration, giving, = 20.4 A, while the
The probability distribution oAM, is predicted by continuumtheory  5vac of inertia have half lengths of 23.7, 22.0, and 14.1 A
r?uir:jas\-lzizg simple forrff; which has been observed in polar indicating a somewhat flattened shape. Excluding the charged
quias: portions of the charged side chains gives a radius of 19.9 A.
AM.) = 47AM2A exp(—aAM?2 3 Convergence of th@_fact_or is shown in Flgure 2.1t is useful
P(AM,) o/ expe 2 ® to calculate the protein dipole moment with and without the
wherea is a simple function of the dielectric constamfsande,, and contribution of charged portions of the C.harged side chains, Asp,
the radiusr,. A is a normalization factor. Glu, Arg, and Lys. Indeed, the fluctuations of the charged side
Computational Details. Our analysis of the dielectric response in ~ chains are found to be quite different from the protein bulk, as
the proteins listed above is based on simulations carried out by Brooks noted for cytochrome.?® We shall refer to the “overallG
and co-workerg®-3! For each system studied, molecular dynamics in (charged side chains included) and the “unchardge¢{¢harged
portions of the charged side chains excluded). Convergence is
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Table 1. Characteristics of Protein Simulations

Simonson and Brooks

protein periodic volume edge¢A) no. of water molecules cutdrtA) simulation time (ps)
myoglobin parallelepiped 56.57/56.57/37.71 2788 9.25 1500
apomyoglobin cube 56.57 4783 9.25 1500
protein G truncated octahedron 62.21 3659 11.0 2000
protein A truncated octahedron 62.21 3627 11.0 2000

aFor the parallelepiped volume all three edge lengths are givEne cutoff is the atom based cutoff for energy and force calculations. The list
for processing the nonbonded energy and forces was built usirg2éd1shell beyond this value.
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Figure 2. Convergence of the myoglobiG factor during the
simulation. The cumulative average & is shown (Cartesian
components dashed) with (upper panel) and without (lower panel)
charged side chains.

The variance of the overall protein dipole moment is 141
(eAY% the variances of its three Cartesian components are 36,
66, and 39 (e The uncertainty irﬂﬁMﬁD computed as the
dispersion of 300 ps batch averages, 480 (eAf. The
dimensionless factor is then 9.3t 2.0. If the charged portions
of the charged protein side chains are omitted from the
calculation ofl]&MéD we obtain an “uncharged” result of 33.6
+ 5.2 (eAP, andG = 2.4+ 0.4. Thus a large portion of the
dipole fluctuation arises from the charged side chains.

The probability distribution of the overalAM, seen in the
simulation is shown in Figure 3, along with the probability
distribution predicted by continuum theoty. The agreement
is rather good, consistent with the continuum view we wish to
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Figure 3. Probability distribution of myoglobin total dipole moment.
The theoretical form of the probability distributi®ris superimposed
(solid lines).

These theoretical estimates include an implicit contribution
from electronic polarizability (in addition to the explicit
contribution of dipolar reorientation), since the force field used
contains such an implicit contribution. We can make an explicit
estimate of the contribution of electronic polarizability to the
dielectric constant as follows. We first estimate the high-
frequency dielectric constant of the protein from the Clausius
Mossotti equation. This gives a value of abou¥ 2We then
insert this value into the Fhtich—Kirkwood fluctuation formula
(in its most general form¥ along with our observe factor.
This gives us a total dielectric constagtthat is increased by
about 1, compared to our initial estimate. However, this
procedure presumably overestimates the effect of electronic
polarizability, since the observesifactor already contains part
of its effect. Therefore the exact additional contribution of

adopt in this analysis. The agreement is similar when the electronic polarizability ta, is probably between 0 and 1.
charged portions of the charged side chains are excluded (Nt e gielectric constant is sensitive to statistical uncertainty

shown). Similar agreement was seen for cytochrase If
me)Dis estimated using a fit to the continuum probability
distribution, instead of simple averaging over the trajectory, a
slightly lower overallG of 8.4 is obtained.

A protein dielectric constant of 11 is obtained ustag= 9.3
in (1). This is significantly higher than the values of-2
measured for dry protein powders, and often assumed for protein
interiors (e.g. in PoissorBoltzmann calculatior?y, but lower
than values calculated for cytochrom& BPTI, and lysozymé?
If the slightly lower estimate o6 = 8.4 is used (based on a fit
to the continuum probability distribution ojMﬁ, we obtain a
dielectric constant of 10. When charged portions of the charged
side chains are omitted from the analysis, a value of 3.5 is
obtained, in the same range as for dry myoglobin powéfers.

in mMﬁD and to the values chosen for the parametgrand

ew, Which are not uniquely defined. We can estimate the
uncertainty inep by varying wvlﬁm rp, andey over a reason-
able range. The sensitivity ta, turns out to be very weak,
indicating that our idealization of the protein surroundings as a
single, homogeneous, solvent medium with= 80 is relatively
benign. The sensitivity to statistical error MMﬁDis larger:

a change of:30 (€A} (one standard error) changgsby +3.
The sensitivity to the protein radius is also significant: a
change oft1 A changes, by 2. Thus we estimate the overall
uncertainty ine, to be 3-4. Since the overallG is still
increasing slowly at the end of our simulation, the obse®@ed
and the resulting dielectric constant are probably too low. A

(36) Simonson, T.; Perahia, Faraday Discuss1996 103 000.

(37) Simonson, T.; Perahia, D.; Bricogne, &.Mol. Biol. 1991, 218

859-886.
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Figure 4. Radial variation of theG factor of inner region 1 for

myoglobin and apomyoglobin. Theoretical curves (solid lines) are
labeled on the right by the value of the dielectric constant

longer simulation would then bring the dielectric constant closer
to values obtained for cytochromglysozyme, and BPTI. When

charged side chains are excluded, the uncertainty in the dielectric

constant is reduced to abotitl.

The radial variation of the protein dielectric constant, going
from its center to its surface, is analyzed in Figure 4. The
protein is subdivided into two regions: we view the inner part

J. Am. Chem. Soc., Vol. 118, No. 3584596
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Figure 5. Convergence of the apomyoglob@® factor during the
simulation. The cumulative average & is shown (Cartesian
components dashed) with (upper panel) and without (lower panel)
charged side chains.

as a microscopic cavity and the outer part as a continuum (Figure

1). Equation 2 gives th& factor of the inner region as a
function of its radiusr; and its dielectric constart. Before
we can apply eq 2, however, we need to assume a valug,for
the dielectric constant of the outer portion of the protein. We
could assume that, has the overall value, = 11 obtained
above, or we could assume the overall vadyes a volume-
weighted average af; andey:

3. _ .3 3 3
Iy, =€ + (r; — e,

(4)
Both of these assumptions give rise to values Gothat are
similar in all regions of theG—r; plane, except for regions of
highe; and lowr;. However, these are not physically interesting
regions for proteins since, uniformly, the inner dielectric constant
of the protein is rather low. In fact, it is nearly equivalent, and
more convenient, to use a third assumptiana:= 20. This
also gives similar values o6 in the physically interesting
regions of the&s—r; plane. This last assumption obviously does
not make use of thg, value calculated for the particular protein
under consideration. Thus it can be used for all four proteins
studied, allowing us to compare the simulation data from all
four proteins to the same theoretical model.

Using thee, = 20 assumption, Figure 4 plots the theoretical
G vsr; for a series of values of;, along with theG values
observed in the simulation. For < 10, the observe® values
fall below the curvee; = 2. Thus the dielectric constant is
quite low in the inner part of the molecule, which is less polar
and mobile than the exterior. Faor> 10, the observe@ values
increase rapidly, finally reaching tlke = 11 curve at the protein
surface. Thus the dielectric constant in the outer part of the
protein is much higher than in the interior, and dominated by

When the charged portions of the charged side chains are
omitted from the analysis, the (“uncharged3)values remain
much smaller as; increases, rising gradually to reach the=
3.5 curve at the protein surface. Thus if we view the charged
portions of the charged side chains as part of the outer, solvent
medium, the remaining bulk of the protein has a low dielectric
constant of 3.5, very close to that of dry myoglobin powdérs.
Again, this behavior is similar to cytochronee

Apomyoglobin. Depleted of its heme group, apomyoglobin
has a radius of 20.5 A, or 20.0 A if the charged groups are
excluded, only slightly larger than the intact holomyoglobin.
The axes of inertia have half lengths 23.2, 22.5, and 14.6 A,
indicating again a flattened shape. The increased fluctuations
of apomyoglobin, compared to holomyoglobin, are reflected in
increased fluctuations of the protein density in each radial shell,
by approximately a factor of 2.

The quality of convergence of the overall and the uncharged
G, shown in Figure 5, is similar to that of myoglobin, although
the z component of the overals has not fully converged after
1.8 ns. The final overallG is 15.6 £ 2.5; its Cartesian
components are 5.2, 4.6, and 5.7. Thus the anisotropy of the
dipole fluctuations is moderate. The “unchargéslis 4.5+
0.8; its Cartesian components are 1.5, 1.6, and 1.3. As in
myoglobin and cytochrome, the overallG is dominated by
the charged portions of the charged side chains.

The probability distribution of the overa (not shown) is
in somewhat poorer agreement with the continuum prediction
than in the myoglobin case. For the “uncharge@’ the
agreement is very good.

The radial variation of th& factor is shown in Figure 4 along
with the holomyoglobin data and the ‘Tl@h—Kirkwood

the charged side chains, located at the protein surface. This istheoretical curves. While apomyoglobin has several internal

similar to the behavior seen in cytochromé®
Sincee; = 2 ande, = 11, eq 4 gives an estimate ef = 13
for the dielectric constant of the outer half of the protein (atoms

water molecules, their contribution is not included in our
calculation of G. Nevertheless, the looser apomyoglobin
structure leads to a systematically higl@&rfactor, compared

more than 12 A from the center). The shortest half dimension to holomyoglobin, and a larger overall dielectric constant of
of myoglobin is 14 A, so that the rise in the dielectric constant 18+ 7 with all charges included, or£ 2 with charged groups
corresponds approximately to the point where surface groupsexcluded. The protein interior has a low dielectric constant of
begin to be included in the inner region 1. This is also the 1—4. Again, the overall dielectric constant is dominated by
point where charged residues begin to be included in region 1.the charged side chains, located at the protein surface.
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Table 2. Summary of Protein Properties

protein radius (A) I]&Miyvzﬁ [AM?0 G factor €
myoglobin, all 20.4 36, 66, 39 141(30) 9.3(2.0) 11(4)
myoglobin, u. 19.9 12,11, 10 33.3(5.2) 2.4(0.4) 3.5(1.0)
apomyoglobin, all 20.5 80, 71, 88 239(38) 15.6(2.5) 18(7)
apomyoglobin, u.c. 20.0 22,23,19 64.0(11.4) 4.5(0.8) 6(2)
protein G, all 13.8 30, 27,25 82.0(22.1) 17.5(4.7) 18(8)
protein G, u.c. 13.3 2.4,32,55 11.1(3.0) 2.7(0.7) 4(1)
protein A, all 12.5 >16 >20°
protein A, u.c. 12.2 ~3 ~4
ferricytochrome, all 16.5 36, 25,71 132(6) 16.6(0.8) 25(10)
ferricytochromec, u.c. 15.9 7,5, 4 15.8(2.0) 2.3(0.3) 3.4(1.0)
ferrocytochromez, all 16.5 37,20,70 127(7) 15.9(0.9) 24(10)
ferrocytochromee, u.c. 15.9 9,7,8 23.9(3.0) 3.6(0.5) 4.7(1.0)

au.c. = uncharged, i.e. excluding charged portions of charged side chains from the arffa§isnces of the dipole components along each
Cartesian axis® Exact value not known due to incomplete convergeA@ipole moments in eA.

s -Tprmemc o the nanosecond time scale_ sampled here._ For regions at the
o protein G, uncharged 20 surface that undergo transient local unfolding, théhkob—
ISE O protein A, all charges 18 Kirkwood analysis is not really suitable. The local response to
o protein A, uncharged 4 16 a perturbing field would be nonlinear, and poorly described by
e 14 a continuum model. We can still apply our analysis to the bulk
10 /‘l// 12 of the protein, however. When charged groups are excluded,
© 10 the G factor has converged except for the contributions of the
7.5 . outermost residues. When all charges are included, the error
s . bars are large, k_)ut there is at Ieast rough convergence _for the
V) A 1L, _bulk_ of the protein. The contribution of t_he outermost residues
25 T T el T % ¢ is still far from convergence, however. Figure 6 therefore shows
, o @ . ® 2 the variation ofG with the radiusr;, omitting the results for

0.6 0.8

r/r,
Figure 6. Radial variation of thé factor of inner region 1 for protein
G and protein A.r; is measured as a fraction of the total protein radius

ro. Theoretical curves (solid lines) are labeled on the right by the value
of the dielectric constant;.

Protein G Fragment. The protein G fragment is the 56-
residue, stable, immunoglobin-binding domain of streptococcal
protein G. Itis made up of am-helix lying on a four-stranded
B-sheet. Its effective radius is 13.8 A including all atoms, or
13.3 A excluding charged portions of charged side chains. The
axes of inertia (all atoms) have half lengths of 18.2, 11.6, and
10.0 A, so that the molecule is rather elongated.

Results for the dipole fluctuations and dielectric constant are
qualitatively similar to myoglobin and apomyoglobin (Table 2).
Convergence of the overd appears reasonable (not shown),
convergence of the uncharg&is quite good, and anisotropy
of the dipole fluctuations is moderate with and without the
charged groups. The probability distributions of the overall and
unchargeds (not shown) follow closely the continuum predic-
tion.

The overall dielectric constant is estimated to bet18 with
all charges, and 4 1 with charged groups excluded. While
the radial variation (Figure 6) is slightly noisier than for
apomyoglobin and holomyoglobin, the qualitative behavior is
the same. The overall dielectric constant is large and dominated
by the charged side chains at the protein surface. Excluding
these charged groups gives a low bulk dielectric constant, which
increases gradually from-42 in the interior to 4 near the
surface.

Protein A Fragment. The protein A fragment studied is
the 60-residue B fragment of staphylococcal protein A. Itis a
three-helix bundle, with an effective radius of 16.1 A (15.8 A
excluding charged groups), and half-axes of inertia 23.1, 12.2,
and 9.9 A. Its stability is low; it exhibits two folded forms, in
equilibrium with one or more partially unfolded forrd%.As a
result, portions of the molecule undergo transient local unfolding
at times, and the convergence of Bdactor is incomplete on

the outermost residues (the largest values pf For the bulk

of the protein, the general trend of a low inner dielectric constant
and a rapid rise to a high overall value for the whole protein

appears largely preserved. The overall dielectric constant
appears to be over 20, or 4 excluding charged groups.

4, Discussion

Limitations of the Calculations. Our calculations have
several obvious limitations. In addition to the finite confor-
mational sampling, which leads to uncertainty in the calculated
G factors, our calculations are limited by the use of a cutoff for
the electrostatic interactions. To estimate the importance of this
approximation on th& factors and dielectric constants, ideally
we should repeat some of the simulations with a much larger
cutoff; unfortunately this is very expensive to do. However, a
range of different geometries and cutoffs were used for the
proteins studied here (Table 1), for ferri- and ferro-cytochrome
c¢,2 and for BPTI and lysozym&. The similar behavior of all
eight of these proteins under different truncation conditions
suggests that the main features seen here are rather robust, and
independent of the exact electrostatic cutoff. The exact values
of the dielectric constants, on the other hand, would certainly
change under different cutoff conditions. Studies of liquid water
droplets in vacuum have shown in addition that the use of a
cutoff, in droplet simulations, does not change the general
magnitude of the calculated dielectric const&r

The continuum view itself has of course limitations due to
its macroscopic basis. An average dielectric constant is a rough
approximation to the exact microscopic dielectric response of
a protein. Nevertheless, it does reproduce many microscopic
properties fairly well, as discussed below. This is related in
part to the large compensation between protein and solvent
contributions to the dielectric relaxatiore.g. while the con-
tinuum model appears to predict poorly the individual protein
and solvent contributions to dielectric relaxation free energies,
it gives a reasonable estimate of their stfmWhen surface

(38) Simonson, T.; Perahia, 0. Am Chem Soc 1995 117, 7987
8000.
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portions of a protein undergo very large conformational changes, The dual role of the dielectric constant has not always been
as with protein A, one expects the continuum model to break clearly stated, despite many insightful discussions of the problem
down, however, and indeed, we observe here that thaiEho- (e.g.refs 46, and 47). When a perturbing charge is introduced
Kirkwood theory fails to predict the magnitude of the dipole at a particular site in a protein, it may be stabilized by
fluctuations (even though it may still give a reasonable preorganized polar groups (lardew:id, or by a large reorga-
description of the bulk of the protein). nization of the environment (larg&ix), or both. In the second
Equilibrium and Relaxation Properties: The Dual Role case, the environment is polarizable, and it is certainly reason-
of the Protein Dielectric Constant. The electrostatic and  able to speak of a large local dielectric constant. In the first
dielectric properties of proteins are very complex, and a case, the environment is polar but not very polarizable; to speak
characterization based on the macroscopic concept of a dielectricof a large dielectric constant in this case is probably more
constant raises several questions. The usefulness of such gonfusing than helpful.
characterization is clear at the outset from the many successes Statements that the definition of the protein dielectric constant
of continuum models in interpreting important properties of depend on the context, or the application, can also be misleading.
proteins®~58 either in a qualitative or a semiquantitative way. It is not the definition of the dielectric constant that changes;
However, great care must be used when discussing results andather some applications are sensitive to equilibrium properties,
concepts from experiment, continuum models, and microscopic and the equilibrium charge distribution; others are sensitive to
simulations. relaxation properties, or a mixture of equilibrium and relaxation
In continuum electrostatics, the dielectric constant plays two properties. Thus calculations of the equilibrium electric field
fundamental roles: it helps to determine the equilibrium around a protein, in the absence of any perturbation, are
distribution of charge, field, and potential, and it determines normally done with a protein dielectric constant of one or
the relaxation of the system in response to an external perturbaiwo*>8 This is because the equilibrium protein charge distribu-
tion, such as a redox electron or an ion (sae refs 39-41). tion is accurately described by the force field employed, along
This duality has often been a source of confusion. In practice, with the average experimental structure of the protein. On the
calculations of pure equilibrium properties and calculations of other hand, calculation of the relaxatioar reorganizatiorrfree
pure relaxation properties can require different values of the energy in response to a redox electron involves reorganization
protein dielectric constant. Calculations of properties involving of the weakly polarizable protein interior, the mobile charged
both the equilibrium and the relaxation behavior of the protein protein side chains, as well as the surrounding solvent. We
may require yet a third treatment. have just seen that the polarizability of the protein as a whole
The distinction between the equilibrium and relaxation appears to be best characterized by a rather large dielectric
properties of the protein is best discussed by considering a setconstant. The self-energy of a titrating proton is another
of perturbing charges, such as a titrating proton or a redox €xample of a property that depends purely on the dielectric

electron, and decomposing the perturbation free enAripo relaxation of the protein and solvent.
a static and a relaxation pdf433° Finally, calculation of s, redox potentials, binding
constants, and many other properties involves a mixture of the
A= Aguict A (5) equilibrium and the relaxation properties of the protein. Thus

Krishtalik et al. recently proposed thaKpcalculations should
be done using two different protein dielectric constants: a low
protein dielectric constant of-12 to describe the equilibrium
geld at the titrating sitei(e. to calculateAstarid, and a higher
protein dielectric constant to describe the relaxation of the
protein in response to the perturbing protore (o calculate
Aux).*t Our results give additional support of this idea, because
we find that the protein relaxation properties are characterized
by such a large dielectric constant: this makes it all the more

different values of the dielectric constant may be suitable for important to give a specific treatment to this part of the

calculating each of these terms, as emphasized recently byperturbgnon. Our results thus suggest, as pointed out edtier,
Krishtalik et alL that PoissorrBoltzmann models that treat the protein bulk as

a single low-dielectric medium contain a systematic error when

is ;-Z?rgéﬂlr']zg;ﬁ;kgﬁﬁgjgﬁlze;g“ﬁ Ccmzt:mrgtzli% uiﬁ;?ilu?ﬁre relaxation properties of the protein are calculated. This could
y P ’ be corrected at no extra computational cost by introducing a

and is [ndeed the approprlate macroscopic quantity to rneasureposition-dependent dielectric constant within the protein.
relaxation properties of the proteir.g. Aix) in response to a

charged perturbation, such as electron transfer, photoexcitation, The _reasonable Success of S'”?p'e continuum models in
or ion binding. It is, however, only indirectly related to the predmtmg 85% pKa shifts due to point mutations, gnd othgr
equilibrium polarity of the medium. Indeed, a polar but rigid propert|e§4,v ©raises the question Of. how §|gn|f|cant th's.
medium can have a quite weak polarizability. Examples are systematic error is. Cle_arly, charged side chains at the protein
the heme regions of both myoglobin and cytochramenhich surface are strongly shielded by solvent, even when they are

both contain several charged and polar groups, yet have a Iomed.eIed as part of a IOW'd'8|_eCt“C protein “?ed'“m- Thus
Fréhlich—Kirkwood dielectric constant. Other theoretical stug- cOntinuum models have a certain robustness with respect to the

ies have illustrated the high polarity, yet moderate polarizability ei);f:c: de::n'lt'f[)in c:fr:]h%plrotemsr? Ivent bOier?aLy'r Nevrt]erthrelesls,n ;
of enzyme-active site§:4445 simple analytical models, such as a pair of charges near a plana

boundary, suggest that modeling the pair of charges as part of

The first term on the right is the free energy to introduce the
perturbation, constraining the system so that it cannot relax;
the second term is the free energy released when the constraint
are removed. The first term is determined by the equilibrium
electric field in and around the protein, in the absence of the
perturbing charges. The second term is determined by the
polarizability of the protein and surrounding solvent. (For
explicit formulas seee.g. ref 38.) In practical applications,

(39) Marcus, RANNuU Rev. Phys Chem 1964 15, 155. the solvent can have a significant effect on the self-energy and
(40) Simonson, T.; Perahia, D.; Brger, A. T.Biophys J. 1991, 59,
670-90. (44) Yadav, A.; Jackson, R.; Holbrook, J.; Warshel, JAAm Chem
(41) Krishtalik, L.; Kuznetsov, A.; Mertz, BBiophys J. 1996 70, A225. Soc 1991 113 4800-4805.
(42) Landau, L.; Lifschitz, EStatistical MechanigsPergamon Press: (45) Warshel, A.; Hwang, J.; Aqvist, Baraday Discuss1992 93, 225.
New York, 1980. (46) Warshel, AProc. Natl. Sci U.SA. 1978 75, 5250-5254.

(43) Marcus, RJ. Chem Phys 1956 24, 979-989. (47) Warshel, ANature 1987, 330, 15-17.
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the interaction energy of the pair. Furthermore, a detailed & myoglabin, all charges N €]
comparison was made recently between the dielectric relaxation 9| 4 2pomyoglobin, all charges 2

. . R & protein A, all charges
properties of cytochrome predicted by molecular dynamics ® protein G, all charges 22
and by simple continuum model$. When the protein was @ cytachrome c. ll charges (ox. and red.) ] 20

) . . ” i . QO uncharged (all 6 proteins) - 18
modeled as a single low-dielectric medium, the polarizability 15 -

of the system in response to perturbing test charges near the - ] ii
protein surface was underestimated by about a factor of 2. In© — NI
pKa calculations, this would translate directly into a large error S /+
in the proton self-energy. Finally, while simple continuum
models have had success reproducing experimekitahpfts 58
it is still unclear whether the agreement is really statistically
significant,i.e better than a “null” model of zerokKy, shifts#2

The need to correctly account for large conformational
flexibility of charged groups in PoisserBoltzmann calculations
has of course been recognized before, and various more ) o ) )
sophisticated continuum models have been proposed. Some iguré 7. Radial variation of theG factor of inner region 1 for
models have placed charged groups in the outer, high-dielectric™Y°g!oPin, apomyoglobin, protein G, protein A, ferricytochrome

. . g . and ferrocytochrome. r; is measured as a fraction of the total protein
medium?° or introduced explicit solvent molecules into the low- Y ! P

. . . . " radiusr,. Charged groups excluded: circles. All charges: symbols
8,50 -
dielectric mediunf?°° or introduced a position-dependent given in legend. The large dots are the ferri- and ferrocytochrome

dielectric constant in the interfacial regidh.Other models have  3ji.charges results, to which a bulk-water correction has been applied
included explicit averaging over multiple protein conformations, (see text). Theoretical curves (solid lines) are labeled on the right by
extracted from molecular dynamics simulatiGAsVery re- the value of the dielectric constaat
cently, methods have been developed to combine molecular
dynamics and PoisserBoltzmann calculations directly, thus The six proteins present a rather unified behavior, and the
allowing conformational averaging over charged side chain salient features seen here are probably general features of many
conformations to be included naturally into the motheP® If globular proteins. High overall dielectric constants were also
the flexibility of protein charged and polar groups is explicitly ~calculated for BPTI and lysozyme, compatible with this
included in the calculation through molecular dynamics, then (although their radial variation and the contribution of charged
the role of the PoissonBoltzmann calculation would be limited ~ Side chains were not analyzed). The overall dielectric
to the calculation of the solvent polarization. In this case, a constants found here range from abouti # (myoglobin) to
low protein dielectric constant of-12 would presumably be ~ 25=+ 10 (cytochrome). The transition between the inner and
appropriate for calculating both the equilibrium electric field outer regions is fairly abrupt, and occurs at about the radius
and the relaxation of the system in response to a perturbation.where charged surface groups begin to be encountered. The
A Comprehensive View of the Dielectric Constant of dielectric constant is generally larger for the more flexible
Proteins. In summary, Figure 7 compiles ti@values for the ~ structures, as seen for apomyoglobin compared to holomyo-
four proteins studied here, as well as data for ferro- and globin. The stable but highly charged cytochromeéras a
ferricytochrome, studied by Simonson and PeraPflaResults somewhat larger dielectric constant than the other proteins. As
are also summarized in Table 2. The published cytochrome pointed out beforé? the dominance of a few charged side chains
data cannot actually be compared directly to that of the other concentrated at the protein surface is inconsistent with a
proteins, since cytochromewas not simulated in bulk water, —homogeneous continuum model for treating protein dielectric
but rather in a 24 A water droplet, surrounded by vacuum. relaxation. A more consistent picture is obtained if one views
However, we can predict the fluctuations in bulk water from the charged portions of the charged side chains as belonging to
the droplet data, using the appropriate’ffich—Kirkwood the outer, solvent, medium and calculates the dielectric constant
fluctuation formula (analogous to eq 2), and given that we of the remainder of the protein. In this picture the calculated
already know the protein dielectric constant. Thus the cyto- dielectric constants are low {3 depending on the protein),
chromec data in Figure 7 are not the raw data from the droplet anisotropy is moderate, and sensitivity to noise and model
simulations, but have a bulk-water correction applied to them. parameters is reduced. The low dielectric constants obtained
In bulk water the protein mean square fluctuations are predicted here agree with the known low polarizability of the protein bulk.

w
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to increase by about 20% compared to the 24-A droplet. They are close to those of dry powdé#s?® suggesting that in
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