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An inhomogeneous model of protein dielectric properties: Intrinsic
polarizabilities of amino acids

Xueyu Song®
Department of Chemistry, lowa State University, Ames, lowa 50011

(Received 20 September 2001; accepted 8 March 2002

A simple inhomogeneous model of protein dielectric properties is discussed. A protein in solution is
modeled as a collection of polarizable dipoles in a cavity embedded inside a dielectric medium. The
intrinsic polarizabilities of 20 amino acids are assumed to be portable to all proteins in nature. A
reasonable set of these polarizability values has been obtained by comparing dielectric fluctuations
from molecular dynamics simulations with model calculations. The results are consistent within a
data set of three small proteins. 2002 American Institute of Physic$DOI: 10.1063/1.1474582

Dielectric properties of proteins play important roles in modified by the interactions with other dipoles and the effect
their structural and functional characteristltc3A simple ap-  of solvent polarizations, depending on the particular environ-
proach is to approximate the protein interior region by aments produced by the protein of interest. We note that
dielectric continuum with a single dielectric constant, whichVoges and Karshikoffhave introduced a similar model for
is embedded in a cavity surrounded by another dielectrithe electronic polarizabilities of residues employing the idea
continuum representing the solvent. The inhomogeneous naf local dielectric constants for proteins. A distinguishing
ture of the protein interior, important for example in the di- feature of our model is the way by which the nuclear intrin-
electric response on the active site or embeddedic polarizabilities are determined. Therefore a combination
chromophoré, is neglected in this approach. Although of our model and the model by Voges and Karshikoff may
atomic point charges have been introduced inside the cavityffer a realistic representation for the dielectric inhomogene-
to refine the model,an appropriate value of the dielectric ity of proteins.
constant for a protein is not well defined in general. Our strategy of obtaining a reasonable set of intrinsic

Molecular dynamic§MD) simulations allow for a de- polarizabilities is to perform MD simulations of small pro-
tailed prediction of the protein dielectric properties in teins, and to compare the dipole moment fluctuations gener-
solution®® Despite considerable progress made recently, thated from the dynamical trajectories with a predicted expres-
computational cost involved in simulating large proteins insion of the model. A critical test of the concept of intrinsic
solution is still demanding. polarizabilities would be the consistency of values deter-

In this report, a physically well-defined middle ground mined for one residue with those for different residues of the
between the dielectric continuum approach and detailed atgsame amino acid type, both within a single protein and in
mistic models such as MD methods is presented. A proteijifierent proteins. By simulating three small proteins, and
molecule in solution is represented by a set of polarizableynalyzing the data in terms of the model, we have found a
dipoles embedded in a dielectric medium of solvent mol-reasonable set of intrinsic polarizabilities of amino acids,
ecules. The interface separating the cavity containing the diyhich is consistent within a protein and between different
poles from the solvent region can be approximated as @roteins.
solvent-accessible molecular surface generated by a suitable Before providing a detailed presentation of our model
algorithm from the native structure of the protein. Dielectric gnd calculations we would like to put our work in a proper
properties of the protein are approximated by replacing eacBontext. The basic idea of using an atomistic force field to
residue of the protein by a polarizable dipole. The positionssimulate properties of proteins has been well established by
of the dipoles can be consistently assigned based on the nagtensive studie3® In this case a consistent set of atomic
tive structure of the protein. A set of polarizability values parameters are obtained from quantum chemistry calcula-
appropriate for each of the residues would completely detefjons or by fitting experimental data, and this set of param-
mine model parameters, allowing for calculations of the pro-gters is assumed to be universal. Indeed many studies have
tein dielectric response function. shown the universality of these parameféBue to the long-

An intrinsic set of polarizabilities is introduced and ob- yange nature of the electrostatic interaction and the well-
tained for each of the 20 naturally occurring amino acidsdefined protein native structure it is reasonable to assume
This set is furthermore assumed to be universal, such thahat the dielectric properties of a protein can be described by
once a set of reasonable values has been determined, thgy.qjlection of normal modes originated from the collective
can be used for predicting dielectric properties of any larggyomic motions around its native structure. Since a protein
proteins. The intrinsic polarizability of a dipole would be ¢onsists of 20 structurally universal units it seems natural to
assume that the polarizabilities of the amino acids in proteins
dElectronic mail: xsong@iastate.edu are universal. For the electronic part of the polarizability this
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universality is evident and it is not far from the electronic whereq(r) is the charge density of the solvent aB(t;) is
polarizability of a free residue. But the nuclear part of thethe electrostatic field at positian due to solvent molecules.
polarizability is not necessarily universal due to the drasticThe summation over runs over all of the residues in the
different local environments even for the same amino acidprotein. Gaussian electric field of the solvent can be inte-
and it will be distinctly different from the nuclear polariz- grated out to yield an effective Hamiltonian of the protein,
ability obtained from free residue calculation because of the
significant constraints in the native structure. Our work pre-
sented here shows that it is possible to have a consistent and
universal set of nuclear polarizabilities if two major effects The solvent-mediated interaction tensor between the dipoles
due to local environments are removed from the moleculagy(y, ,r;) in Eq. (5) is given by
dynamics simulation, which is the method used to extract
these polarizabilities in this study. The first one is the local@(fi })
reaction field due to the outside dielectric medium and it is
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removed by subtracting the exact reaction field contribution r= Y 7=
i T

calculated from corresponding MD trajectories. Eq. (9)],
which had not been done in previous studi€s.he second
local environment effect is the cross interactions among vari

acr’) ),
(6

ous polarizable dipoles and this effect is removed in (BY.
The removal of these local environment effects is the cruci

factor to render the model effective and it has not been don

before.
The Hamiltonian of a collection of polarizable dipoles
inside a dielectric cavity can be written as

H=H,+H+H . (1)

In Eqg. (1), H, is the Hamiltonian for the interacting polariz-
able dipoles inside the cavity,

1 _ 1
Hp:EZi (mi—mi)zlai-i—E;j mi'T(ri_rJ‘)'mj, (2)

where m; is the dipole moment vector of thigh residue
centered at the position with polarizability «;, and T(r;
—1;)=ViVj(1/r;—r||) is the dipole—dipole interaction ten-
sor, whereV; andV; are the gradients with respectitpand
ry, respectively. In Eq(2), the polarizabilitye; of a particu-

lar residue is defined in terms of the dipole moment fluctua

tions with respect tan;, which is also assumed to be an

intrinsic property of the corresponding amino acid. The spe- ) )
jand surrounding solvents. It would correspond to the equi-

dibrium dipole moment of a residue of the protein in solution.

cific values of these intrinsic dipole moments, however, wil

not affect predictions of the protein dielectric response, a

will be shown in the following.

As has been shown previough?the solvent Hamil-
tonianHg in Eqg. (1) can be written in a quadratic form in
terms of electric field of the solverii(r):

1 e
Hs—zf fomdr dr'E(r)-xy, (r,r')-E(r'), 3

where “out” denotes that the integration is limited to the

where( ) denotes the ensemble average in the present of the

afolute, where B=kgT is the Boltzmann constant times

emperature. Equatiof6) determines the solvent-mediated
fiteraction between dipoles due to the reaction field from
solvent polarization. From MD trajectories the ensemble av-
erage can be done and the reaction field tensor can be ob-
tained directly from MD simulations. It should be noted that
since the MD trajectories are generated in the presence of the
solute and the ensemble average performed will be the en-
semble average of the solvent molecules in the presence of
the solute.

Combining Egs(2) and(5), we obtain an implicit rela-
tion determining the mean dipole momefmh;) of the ith
residue in terms of intrinsic dipole moment of the corre-
sponding amino acid,

M=(mi)+ @i 2 [(1= &) T(r.r) + QUri.r)1(my),
()
whered;; is the Kronecker delta for the residue indi¢eand

j. Mean dipole momen{m;) represents the dipole moment
modified” from m; due to the interaction with other dipoles

Dipole moment correlation  tensor M(r;,r;)
=B(om;om;), associated with the fluctuationdm;=m,
—(m;), is given by due to the quadratic nature of Hamil-
tonian equation(5),

Mil(ri ,I’j)= 5””01""(1_ 5”)T(r| ,r]-)-l—Q(l’i ,rj). (8)

Equation(8) shows that the correlation of the dipole moment
fluctuations, and therefore the dielectric response of the pro-
tein is independent of the mean dipole momémt) or the

region outside the cavity and the modified solvent responsitrinsic dipole momenin; .

function x,(r,r’') can be obtained from the electric field
fluctuations in the presence of the cavity!?
The interaction Hamiltoniai ,¢ in Eq. (1) is defined as

Hpszz m;-E(r;)
4

1
[ri—r|’

E(ri)zfoutdr q(r)V

With the solvent-mediated interaction tensQ(r;,r;)
obtained from Eq.6), Eq. (8) completely determines the
dielectric response of a protein within the framework of the
model, given the coordinates of the dipo{eg based on the
equilibrium solution structure of the protein, and the set of
values of the intrinsic polarizabilitiely;}. The crucial point
of the model lies in the determination of the intrinsic amino
acid polarizabilities. If available, experimental data corre-
sponding to the left-hand side of E@) would provide use-
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TABLE |. Simulation and molecular surface configurations for three pro-

teins, bovine pancreatic trypsin inhibitdBPTI), ribonuclease inhibitor Q(r, ,rj): _,32 J f dr dr’ q(r)
(RNI), and lysozym€LYZ). n out

Protein Box sizgA) No. of water 1 , 1 ,
XV V'— q(r’) ), 9
BPTI 46.7 2955 Iri—r+n[ "~ [r"=rj+n|
RNI 51.2 3871
Lyz 56.6 5014 wheren spans the integer multiples of the lattice vector cor-

responding to the periodic bd®.The formula of the Ewald
potential with a spherical shell summation scheme on con-
ducting boundary condition was us&t.

With the reaction field tenso®(r;,r;) and the dipole
ful guidance to these intrinsic polarizabilities. Alternatively, Moment correlation tensdvi(r;,r;), Eq. (8) can be repre-
MD simulation results can be used instead, provided that théénted as af8x 3N matrix equation with the set of 20 un-
right-hand side of Eq(8) is also calculated within the model KnOWns{ai}, whereN is the number of residues in the pro-
with conditions corresponding to the simulation. We have!€in- As can be seen from E(g), only diagonal elements of
adopted the latter strategy, with adjustments of the boundargﬂe inverse of dipole moment correlation tensor is affected

element calculations to fit MD results with Ewald summa-2Y the values of polarizabilities within the framework of the
tion guadratic Hamiltonian defined by E). It is readily veri-
MD simulations of three small proteins, bovine pancre-f'ed that to minimize the mean square difference between
both sides of the diagonal part of E&), one should take the

atic trypsin inhibitor (BPTI), ribonuclease inhibitor, and f 14 val ¢ h resid ¢ dcular t ¢
lysozyme with water molecules have been performed to ob2VErage of L Vailues for each residue of a particuiar type o

tain the dipole moment correlation tenddi(r;,r;). Initial amino acid. Amino a‘?'d compositions of the three proteins
J simulated are shown in Table II.

coordinates of the proteins were taken as crystal structures ; .
from the Protein Data Bank. Periodic boundary conditions For e.ac_h of the 20 amino aC|d§, the averages.and stan-
' d:)iard deviations of X/; were determined from the diagonal

hz.it\t/]eTtl)sglr;Muse? with |CUbiIC bo?Es"(()f ddiffg:enlt (I)E(})ng/tgr;fille art of Eq.(8) with the solvent-mediated contribution calcu-
wi water moiecules of bulk density 1.00°g lated by Eq.(9), within the cumulative database of the three

cHARMM19 force field was used, with the integration time proteins shown in the last row of Table II.
step 2 fs. Covalent bonds between hydrogen and heavy at- | erse intrinsic polarizabilities of amino acids deter-

oms were fIX€'7d bySHAKE algorithm: The .part|cle- mesh mined are plotted in Fig. 1, and the corresponding average
Ewald method’ was used for electrostatic interactions. For olarizabilities are shown in Table Ill. Amino acids with

each system, data were collected over 1.0 ns after initial 0.g|atively long, polar side chains have larger polarizabilities
ns equilibration. Temperature was maintained near 300 K byhan those with short, nonpolar side chains. Polarizabilities
periodically rescaling particle velocities every 1000 stepsyange froma;~1 A3 to a;~40 A3, in contrast to the im-
Since dipole moments of charged residues are not well dgyjicit assumption of the dielectric continuum theony;
fined the partial charges of the charged residues are assigned:onst. Also shown in Table Il are the electronic polariz-
based upon Lazaridis and Karplus schéfrte render the apjlities given by the model of Voges and Karshikbt is
residue neutral. Table | shows the box sizes and the numbefear that the nuclear and electronic polarizabilities have dif-
of water molecules in a unit cell used for the simulations. ferent origin. For example, the nonpolar side chain of tryp-
To make comparisons with the model calculation of di-tophan gives a small nuclear polarizability.8 A%), on the
pole moment correlation tensor based on the geometry of 8ther hand the electronic polarizabilit21 A%) is rather
single cavity inside an infinitely extended dielectric medium,large due to the electron rich aromatic ring. In the Voges and
MD simulations of a protein inside a continuous dielectric Karshikoff model the nuclear polarizability is determined
material of infinite size would have to be performed. For MD from the Onsager model based on the permanent dipole mo-
simulations with periodic boundary conditions an Ewald ment of the amino acid. Their values are substantially larger
summation has to be performed to calculate the reaction fiel@Table 1) than ours given here. This is not unexpected since
based on the same configuration. The polarization reactiothe dipole fluctuations of residues in a protein are severely
field inside the cavity in this case can be written as constrained in contrast to the unconstrained assumption in

TABLE Il. Amino acid composition of the protein®\ is the total number of residues for each protein.

Proteins N A R N D C Q E G H | L K M F P S T W Y \%
BPTI 58 6 6 3 2 6 1 2 6 - 2 2 4 1 4 4 1 3 .- 4 1
RNI 89 6 3 3 4 2 6 1 5 1 6 12 6 - 2 2 5 4 3 3 5
LYz 129 13 10 14 6 8 1 2 13 2 6 9 7 2 2 2 10 7 6 4 5

Total 276 25 19 20 12 16 8 15 24 3 14 23 17 3 8 8 16 14 9 11 11
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T T Fluctuations of polarizability values for each amino acid
Egg arise from the effect of the particular local environment not
‘*E% accounted for within the framework of the model we have
: §§ adopted. Although it would be of interest to see how the
i E statistics change as we sample more proteins, we expect that
f the major contribution to the uncertainties observed in Fig. 1
is due to the effect of heterogeneous local environments,
which can be captured only partially with the point-dipole
;m% picture of protein residues. However, considering the expo-
» TT__ nential distribution of polarizabilities within 20 amino acids
10 ¢ 2 as seen in Fig. 1, and that even a simple dielectric continuum
picture already provides a qualitative guide to the problem, it
§ is reasonable to assume that the dielectric properties of a
e ea e protein on a length scale comparable to or larger than the
VFA| LPAWCGMDYRESTKNHQ size of each residue would be relatively insensitive to the
Amino Acid Type uncertainties of the intrinsic polarizabilities.
FIG. 1. The inverse intrinsic polarizabilities of amino acids as a function of We a_lso _n_o_te that the rela_tlve_ly uqurm Qllstrlbutlon of
amino acids. Our abscissa axis is uniform and the ordinate axis is in logthe polarizabilities of amino acids in logarithmic scale shown
rithmic scale, therefore, the polarizability distribution will be close to expo- in Fig. 1 suggests the possibility that the natural amino acid
nential since all data fall on a straight line approximately. Points a_nd_ thes(?t has been evqutionarin selected partially to maximize
total lengths of the error bars represent the means and standard deviations 0 , S . . . . .
the inverse polarizabilities calculated from EE). nature§ flexibility in protein design in terms of dielectric
properties.

As a first step toward an inhomogeneous model on the
Onsager’s model. If the molecular volurpeof each amino  dielectric response of proteins, it seems the 20 intrinsic po-
acid is known we can define a dimensionless po|arizabi|it>,]ari2abi|itieS of the amino acids did capture the salient fea-
y=4mal3v and Clausius—Mossotti relation or other modelstures of protein's inhomogeneity. There are many possible
yield an effective dielectric constant, which can be viewed agvays by which the model can be extended. The model can
a local dielectric constant used in the Voges and Karshikofeasily be generalized to the dynamical c&sé.Evaluation
model. In our model, once these intrinsic polarizabilities areof the frequency-dependent intrinsic polarizabilities would
known the dielectric properties of a protein can be calculate@/low for predictions of the time-dependent dielectric re-

and there is no need to invoke the local dielectric constangponse of systems such as chromophores embedded in large
concept. proteins. In this report all of the residues are neutral and it

will be interesting to see how these intrinsic polarizabilities
will hold if charge residues are used in the calculation.

10

1/a(A™3)

TABLE IlI. Intrinsic polarizability(e) of amino acids in unit of & obtained

by taking the inverse of the averages shown in Fig. 1 and its standard  The author is grateful for the contributions and discus-
deviation shown in parenthese; is the number of residues sampled in the sjons of Hyung-June Woo at the initial stage of this work and
average for an amino acid type. Electronic polarizability,,Y of amino for the financial support by a Petroleum Research Fund, ad-

acids in unit of & from Voges and Karshikoff’s papéRef. 7) is shown in - . . .
the fourth column. The fifth column is the nuclear polarizability based onmmIStrated by American Chemical Society.

Onsager’s mode(Ref. 7 in units of A3,

Amino acid a Ng ., ay . )
M. F. Perutz, Sciencg01, 1187(1978.
Ala 1.2(0.4) 25 7.4 1.3 2A. Warshel and S. T. Russel, Q. Rev. BitlZ, 283(1984; C. N. Schultz
Arg 5.70.3 19 16.7 2.2 and A. Warshel, Proteins: Struct., Funct., Geddt.400 (2001).
Asn 9.81.1) 20 11.3 89.1 3K. A. Sharp and B. Honig, Annu. Rev. Biophys. Biophys. Chéi9,.301
Asp 4.00.3 13 9.9 20.8 (1990; T. Simonson, Int. J. Quantum Chef@8, 45 (1999.
Cys 1.80.4) 16 10.5 15.6 4R. A. Marcus and N. Sutin, Biochim. Biophys. Ac&d1, 265 (1985.
GIn 17.711.9 ) 143 75.2 5C. L. Brook;, M. Karplus, and B. M. Petitt, Adv. Chem. Phy&, 1
Glu 6.20.5 15 11.7 315 (1987; T. Simonson and C. L. Brooks, J. Am. Chgm. Sat8 8452
Gly 2.20.5) 23 5.6 13 gggg Y. Y. Sham, I. Muegge, and A. Warshel, Biophys.73, 1744
'I_:;S 11212{052())) 134 12; 212'31 8H. Nakamura, T. Sakamoto, and A. Wada, Protein End.77 (1988; H.
e ' ) Nakamura, Q. Rev. BioR9, 1 (1996, and reference therein.
Leu 1.20.6 23 12.9 1.3 7D. Voges and A. Karshikoff, J. Chem. Phyk08 2219(1998.
Lys 8.40.6) 17 14.3 9.6 8B, T. Thole, Chem. Phys59, 341 (1981); P. Th. van Duijnen and M.
Met 2.80.7) 3 14.2 30.1 Swart, J. Phys. Chem. 202 2399(1998, and references therein.
Phe 1.00.9) 8 15.0 13 9T. Simonson, D. Perahia, and G. Bricogne, J. Mol. Bil§, 859(1991).
Pro 1.30.3 8 10.7 71 10D, Chandler, Phys. Rev. &8, 2898(1993.
Ser 7.30.5 16 8.0 28.4 11X. Song, D. Chandler, and R. A. Marcus, J. Phys. Cha60, 11954
Thr 8.20.5 14 9.8 28.2 (1996.
Trp 1.80.3 9 215 5.0 12X, Song and D. Chandler, J. Chem. Phy88 2594(1998.
Tyr 5.30.9 11 16.0 20.8 13protein Data Bank entry codes of the crystal structure data used for bovine
Val 1.000.2 11 11.1 1.3 pancreatic trypsin inhibitor, ribonuclease inhibitor, and lysozyme were

1BPI, 1BTA, and 135L, respectively.
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14Ww. Jorgensen, J. Chandrasekar, J. Madura, R. Impey, and M. Klein, }8T. Lazaridis and M. Karplus, Proteins: Struct., Funct., GeB&f. 133

Chem. Phys79, 926 (1983. (1999.
158, Brooks, R. Bruccoleri, B. Olafson, D. States, S. Swaminathan, and M2°Analogous summation of the dipole—dipole interactid(r,r’) would
Karplus, J. Comput. Cherd, 187 (1983. have to be done in Eq@8). This modification is not necessary, since
16, Ryckaert, G. Ciccoti, and H. Berendsen, J. Comput. PRgs.327 determination ofe; involves the diagonal parts of E8) only, and the
(19779. reaction field on a dipole due to its own replicas vanishes.

1T, A. Darden, D. M. York, and L. G. Pedersen, J. Chem. PBgs10089  2°M. P. Allen and D. J. TildesleyComputer Simulation of Liquidgxford
(1993. University Press, New York, 1994



